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Abstract—This review contains recent data on serial femtosecond X-ray crystallography (SFX), based on a femtosecond X-
ray free electron laser, as well as on the possibilities of its application for studying photosensitive proteins. Development of
this method began rather recently, and it has already shown its effectiveness and some unique advantages over convention-
al X-ray structural analysis. This technology is especially promising for structural studies of membrane proteins and for
kinetic studies. The main principle of the method, the possibility of its application in structural biology, its advantages and
disadvantages, as well as its prospects for further development are analyzed in this review. Special attention is given to pub-
lications in which the SFX method has been used to study photosensitive proteins.
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X-ray diffraction analysis (XRD) is one of the most
powerful tools for determination and investigation of
atomic structure of macromolecules, including biopoly-
mers. XRD has been proven effective in studies of water-
soluble (globular) proteins; however, its application to
membrane proteins is still at the stage of development and
improvement. The number of structures of membrane
proteins in the protein data bank (http://www.rcsb.org/)
is only about 3% of their total number.

In recent years, a modernized version of X-ray dif-
fraction analysis has been gaining popularity — serial fem-
tosecond X-ray diffraction analysis (SFX), which utilizes
free electrons femtosecond laser pulses. This promising
technology has several advantages and can solve problems
that are beyond the reach of classical XRD, especially in
studies of membrane proteins. One of the advantages of
SFX in comparison to classical crystallography is the pos-
sibility of studying enzymatic reactions in femtosecond
periods, provided that a reaction can be triggered in the
entire volume of the crystal simultaneously. In this cate-

Abbreviations: LCP, lipid cubic phase; LSP, lipid sponge phase;
PSI(IT), photosystem I(II); PYP, photoactive yellow protein;
RC, reaction center; SFX, serial femtosecond X-ray analysis;
XFEL, X-ray free-electron laser; XRD, X-ray diffraction
analysis.
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gory, photosensitive proteins are the preferred objects of
study.

Photosensitive proteins are extremely interesting.
They are responsible for such processes as photosynthesis
and phototaxis. For the most complete characterization
of photosensitive proteins and determination of the
mechanism of their functioning, analysis of spatial organ-
ization of these molecules is required. However, many
photosensitive proteins are integral membrane complex-
es, and this significantly complicates their crystallization.
Nevertheless, quite interesting results have been obtained
recently, and this report is devoted to their review.

FREE-ELECTRON LASER TECHNOLOGY

Serial crystallography has long but relatively infre-
quent usage history. In the past, implementing XRD
sometimes required using several isomorphic crystals to
obtain a complete set of diffraction data due to rapid crys-
tal destruction under X-rays [1-3]. With increase in power
and improvement in focusing of radiation, it became pos-
sible to collect data from several positions on a single
crystal obtained before the destruction of the sample [4-
6], which significantly increased the compatibility of data
set fragments. Further software development allowed col-
lection of diffraction data from a variety of crystals of rel-
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Fig. 1. Scheme of the undulator adapted from [11]: 1) position of
electron beam entry from the accelerator into the undulator;
2) electron trap; 3) electromagnetic beam generated by the undu-
lator; 4) the system of conjugated dipole magnets.

atively small size that are frozen together on various
mounts [7].

The greatest development of the serial method of
collecting diffraction data came with the advent of the
X-Ray Free Electron Laser (XFEL) technology.

The X-ray free electron laser is a type of laser in
which the gain medium consists of high-speed electrons
that freely propagate in an undulator (Fig. 1) [8]. The
undulator (or “wiggler”) is a device for generating coher-
ent radiation, which is a sequence of short dipole mag-
nets. In such a device, regulation of the parameters of the
undulator and electron entry rate can be used to vary the
radiation characteristics. Unlike undulators installed on
synchrotrons that are several meters in length, those from
X-ray lasers are much longer and reach several hundred
meters.

An electron accelerated in the accelerator enters the
undulator, where it starts moving along a sinusoidal tra-
jectory. At this point, the particles lose energy, which is
converted into a photon flux. To obtain radiation in the
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X-ray range, electrons must enter the undulator at a speed
close to the speed of light. In XFEL, due to the consider-
able undulator length, electrons are bunched into beams
under the influence of Lorentz force. Particles in a beam
oscillate synchronously, and their radiation becomes
coherent, resulting in an additional increase in electro-
magnetic radiation intensity and in its pulsed nature [8-
10]. The effectiveness of the amplifying effect is directly
proportional to the undulator Iength. XFELs can gener-
ate coherent ultrashort (10-100 fs) electromagnetic puls-
es with peak spectral emission power much higher (up to
10* photons/s/mm?/mrad®/0.1% bandwidth (BW)) than
that of third generation synchrotron sources (up to
10%° photons/s/mm?/mrad?/0.1% BW).

Since 2009, a new XFEL center (European XFEL) is
being constructed in Hamburg. The table shows the com-
parative characteristics of this XFEL, the American
LCLS, and the Japanese SACLA. Many studies carried
out on LCLS would be conducted much faster on the
European XFEL, and it would also be possible to conduct
experiments that were previously technologically inacces-
sible.

THE METHOD OF SERIAL CRYSTALLOGRAPHY
AND ITS ADVANTAGES

The physical principle of serial crystallography does
not differ from the principle of classical X-ray analysis.
This method is also based on interaction of X-rays with
molecules whose spatial structure should be determined.
The primary photon beam, which is a plane monochro-
matic electromagnetic wave, hits an object, each electron
of which is capable of diffraction; in other words, it is a

Comparative characteristics of LCLS, SACLA, and European XFEL (adapted from [12])

Characteristic/Instrument LCLS* SACLA** European XFEL***
Location USA Japan Germany
Put into operation 2009 2011 2017
Number of light flashes per second, Hz 120 60 27,000
Minimum wavelength, A 1.5 0.8 0.5
Maximum electron energy, GeV 14.3 6-8 17.5
Length of the facility, km 3 0.75 34
Number of undulators 1 3 3, with the possibility of increasing to 5
Number of experimental stations 3-5 4 6, with the possibility of increasing to 10
Peak spectral radiation power (photons/s/mm?/mrad”/0.1% BW) 2:10% 1-10% 5-10%
Average spectral radiation power (photons/s/mm?/mrad*/0.1% BW) 2.4:10%2 1.5108 1.6:10%

* LCLS, Linac Coherent Light Source.
** SACLA, Spring-8 Angstrom Compact Free Electron Laser.
*** European XFEL, European X-Ray Free-Electron Laser.
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source of a secondary spherical electromagnetic wave.
This radiation is recorded by detectors, resulting in dif-
fraction patterns, which are then processed by software.
Then phase problem is solved, and ultimately an electron
density map is calculated, on which the spatial structure
is based.

One of the main problems of classical XRD is degra-
dation of crystals under radiation. Their destruction
occurs due to such factors as heating, destruction of cova-
lent bonds, changes in molecular charges, and formation
of free radicals [13]. Due to appearance of free radicals,
damage to a sample continues even after irradiation has
ceased [14]. For XRD, relatively large three-dimensional
crystals are typically used with sides longer than 10 um
[15]. Smaller crystals do not provide a sufficient level of
signal to obtain diffraction data; in addition, there are dif-
ficulties in centering the beam on microcrystals. Even
though modern synchrotrons can generate intense X-ray
pulses, crystallographs usually do not use them at their
full capacity. There is a certain compromise in the choice
of radiation parameters: on one hand, it should not be too
powerful, since this will cause rapid crystal destruction,
and on the other hand, it should be sufficiently intense to
obtain high-resolution diffraction data. To slow sample
destruction, cryoprotection is used, but this does not
solve the problem completely [13].

Even before XFEL technology became available for
use in structural biology, it was suggested that high doses
of X-rays delivered in short and high-intensity pulses
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could be used to obtain diffraction data [16]. Even though
a high dose of X-ray radiation destroys the crystal, it is
possible to obtain qualitative diffraction data with short
pulse duration before damage occurs. Theoretically, the
size of the analyzed sample can be reduced to the level of
a single molecule under conditions of a corresponding
increase in the intensity of the electromagnetic pulse. In
this case, spatial structures are solved by using superim-
position of diffraction data obtained from thousands of
isomorphic crystals.

This approach was applied for the first time in 2006.
With the XFEL FLASH located in Hamburg, diffraction
data was obtained from a silicon nitride membrane with
an image burnt onto it [17]. The pulse duration was 25 fs.
The image reconstructed from the diffraction data
showed no damage, although the membrane was
destroyed after irradiation (Fig. 2). Later, in 2007, X-ray
diffraction analysis was carried out for a polystyrene
sphere fixed on a silicon nitride membrane with the same
setup [18]. The resolving power of the method in this
experiment was 60 A.

With SFX technology, inevitable destruction of the
object after its irradiation requires constant replacement
of analyzed material in the area of interaction with X-
rays. There are several delivery systems. The choice of a
system depends largely on the type of analyzed sample.
Most experiments utilize a liquid jet, usually a parent
solution for growing crystals, which is put into the vacu-
um compartment of the device where irradiation occurs

Fig. 2. The first experiment on diffraction data collection by a femtosecond laser (adapted from [17]). 1) Scanning electron microscope
microphotograph of the membrane before irradiation by the laser. 2) Image reconstructed from diffraction data. 3) Scanning electron micro-

scope microphotograph of the membrane after irradiation by the laser.
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Fig. 3. Scheme of the experimental setup for femtosecond serial crystallography (adapted from [26]). Nanocrystals are pulverized in vacuum
by a gas-dynamic atomizer. X-rays pass perpendicularly through the resulting jet. Diffraction data is recorded by detectors after each pulse.
The front and back detectors is responsible for high and low resolution, respectively.

[19]. The possibility of using a liquid jet for delivering
microcrystals is explained by the fact that the intensity of
diffraction peaks in this case is much higher than that of
the water environment, allowing filtering out of water
“noise”. The jet diameter is several hundred nanometers
[20].

In Fig. 3, a scheme for a setup at Stanford University,
California, USA is demonstrated.

Unlike globular proteins, membrane proteins have
extensive hydrophobic surfaces and are located in the

Fig. 4. Schematic model of the cubic phase made up of
monoolein, water, and a membrane protein [22]. On the left is a
matrix consisting of a three-dimensional periodic membrane grid
permeated with a system of extended water channels. On the right
is an enlarged matrix section showing a lipid bilayer with an inte-
grated membrane protein molecule enveloping the water channel.

lipid bilayer of a cell, causing additional difficulties both
for their purification and crystallization, as well as for
delivering the resulting crystals to an X-ray beam. To
study this kind of samples, various methods can be
applied. One method is crystallization and delivery in
lipid cubic phase (LCP) [21] (Fig. 4). LCP are lipids,
most often monoolein, mixed with water and protein in
certain proportions. The LCP matrix enables growth of
membrane protein crystals, facilitating molecular pack-
ing in which proteins are in contact with each other as
well as with hydrophobic and hydrophilic surfaces [22].
Later, LCP was upgraded to obtain lipid sponge phase
(LSP) by mixing monoolein with polyethylene glycol or
Jeffamine [23, 24]. Unlike LCP, which is a solid, lipid
sponge phase is a viscous liquid that like aqueous solu-
tions can be sprayed, creating a stream of microcrystals
entering the region of interaction with an X-ray pulse.

Another way of delivering membrane proteins is a
formation of liquid bilayer films across an X-ray beam
which ensure continuous delivery of membrane proteins
to the interaction region [25]. This method is effective for
studying two-dimensional protein crystals.

Many molecules that do not form large crystals are
nevertheless capable of forming micro- and nanocrystals.
They are so small that it is often impossible to detect them
with an optical microscope [12]. Nevertheless, due to sig-
nificant X-ray intensity in XFEL devices, even such small
crystals provide a sufficient level of signal amplification
for obtaining diffraction data.

To reduce degradation rate, crystals are kept under
cryogenic conditions during a standard XRD experiment.

BIOCHEMISTRY (Moscow) Vol. 83 Suppl. 1 2018
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A negative consequence of freezing proteins at ultralow
temperatures can be disruption of their ability to undergo
conformational rearrangements. It was shown that about
35% of side groups of amino acid residues may have a dif-
ferent spatial arrangement under cryogenic conditions
than at room temperature [27]. Such changes often affect
the structure of catalytic sites necessary for protein func-
tioning. When analyzing by the SFX method, particular-
ly using XFEL, crystals are kept at room temperature,
since delivering microcrystals by spraying a jet of parent
solution requires its liquid state. This is important, since
studying spatial structures of molecules without freezing
allows detection of conformational features crucial to the
functioning of a protein that might be eliminated at
ultralow temperatures. Moreover, keeping proteins under
their normal temperature conditions is extremely impor-
tant for kinetic experiments, since reaction rates usually
depend on temperature.

KINETIC STUDIES

Functioning of many proteins is associated with cer-
tain conformational rearrangements. For a detailed
understanding of their functioning mechanisms, infor-
mation is needed not only on their spatial organization
“at rest”, but also in all their transitional forms that
appear because of conformational changes. Among such
sensitive methods for studies of molecular dynamics as
nuclear magnetic resonance, neutron scattering, ultravio-
let and infrared microscopy, X-ray diffraction analysis
plays a central role [28].

This is possible because many proteins remain func-
tionally active in their crystal forms. However, to obtain
an intermediate state structure, it is required that either
this protein state is stable and able to form a crystal, or
that conformational rearrangements start simultaneously
in all protein molecules forming the crystal without
destroying it. This is virtually impossible for all molecules
except for photosensitive ones. For example, in the case
of enzymes that are activated upon contact with a partic-
ular compound, we cannot deliver a substrate molecule to
each protein molecule in the crystal simultaneously, and
therefore we cannot bring all cells in the crystal to the
same conformational state. Molecules of photosensitive
proteins can be activated synchronously by irradiating
them with light having certain characteristics. That is pre-
cisely why kinetic experiments in crystals have mainly
been carried out on photosensitive proteins.

Previously, individual stages of the experiment were
sufficiently time-separated: a crystal “at rest” was
exposed to irradiation, and then a crystal that underwent
activation was exposed. Then the resulting structures were
compared. Thus, for example, information was received
on structural changes occurring under the influence of
light in the photosynthetic reaction center of Rhodobacter
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sphaeroides [29]. One crystal was studied in the dark, and
another in the light. The resolution of the resulting struc-
tures was 2.2 and 2.6 A, respectively. This revealed signif-
icant changes in the structure of reaction center mole-
cules. However, this method can demonstrate only the
initial and the final conformation, which is insufficient
for a complete analysis of the protein functioning mech-
anism.

The modern approach to kinetic X-ray diffraction
studies is the “pump and probe” method. This method
involves triggering conformational rearrangements of
molecules in a crystal by a laser pulse followed by a treat-
ment with an X-ray pulse, which provides the diffraction
data necessary for constructing the spatial structure.
Pumping and probing must be repeated many times to
obtain the necessary amount of data from crystals in their
random orientations, and to obtain information with dif-
ferent delays between the excitation and the X-ray pulses
to collect kinetic data. The delay value now varies from
seconds to nanoseconds [28]. Such experiments are
indeed kinetic, since they allow not only the detection of
intermediates and their structures, but also their lifetimes
and interconversion rates. This approach was used, for
example, to obtain data on the intermediate conforma-
tions of such photosensitive proteins as photoactive yel-
low protein [30, 31] and bacterial photosynthetic reaction
center [32].

One of the main limitations of the kinetic XRD
method is the minimum time of X-ray irradiation
required to obtain the needed diffraction data. Before the
appearance of powerful synchrotron radiation sources,
the duration of irradiation was longer than the lifetime of
intermediates. With the advent of third-generation syn-
chrotrons, it became possible to “catch” transitional con-
formations of molecules. For this, the Laue method is
used, in which diffraction data is obtained by exposing a
fixed crystal to powerful polychromatic X-ray radiation,
which differs from the standard XRD method, where a
rotating crystal is irradiated by a monochromatic beam
[33]. The Laue method reduces the exposure time of X-
ray radiation by 3-4 orders of magnitude in comparison
with monochromatic experiments, which makes possible
collection of microsecond diffraction data.

However, kinetic XRD has the same drawbacks as
classical XRD. That is the problem of preparing crystals
and preventing their damage during the experiment.
Using hard polychromatic X-rays aggravates the situation
by the fact that crystals degrade more rapidly, and the dif-
fraction data is therefore of poor quality [28]. Another
important drawback of this method is the impossibility of
reducing exposure time of a crystal below the threshold
value, which is approximately 100 ps and necessary for
obtaining diffraction data, which prevents analysis of
intermediates with shorter lifetimes [34].

With serial X-ray diffraction analysis, it is also possi-
ble to study the kinetics of various processes. For kinetic
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SFX, the same approach is used — “pumping and prob-
ing”. This technology has already shown its effectiveness
in kinetic studies of globular proteins. An example of one
of the latest successes of the method is achieving a time
resolution of 250 fs in the study of ultrafast structural
changes that occur following photolysis of the Fe—CO
bond in the complex of myoglobin with carbon monoxide
[35]. These changes take about 500 fs, which makes
kinetic SFX the only method with sufficient resolving
power to detect such short-lived intermediate states.

In addition to the possibility of analyzing short-lived
intermediates, kinetic SFX has a number of other advan-
tages: (i) proteins within micro- and nanocrystals can be
more homogenously activated than within large ones; (ii)
there is no necessity to obtain data on protein structure
both at rest and in the excited state from a single crystal,
which is often required for carrying out kinetic XRD); (iii)
kinetic SFX is more adapted to obtaining data from crys-
tals of various morphology than classical XRD and is
applicable for crystals with comparatively weak reflecting
properties [36].

DISADVANTAGES OF THE SFX METHOD

Serial X-ray analysis method certainly has its draw-
backs. One of them is high consumption of protein crys-
tals during an experiment compared to classical XRD,
since only a small share of them is affected by X-ray puls-
es and most are skipped and do not interact with the radi-
ation. For example, in a study on the polyhedrin structure
of the capsid of the CPV17 virus, the hit rate was only 4%
of the total number of crystals [37]. To carry out an exper-
iment, 632 pl of suspension with concentration of
approximately 3-10° microcrystals per liter was required.
Given that, 144,803 images were taken, of which only
5787 were suitable for further use. Such high losses are
characteristic of SFX, where crystals are delivered in a
liquid jet.

To decrease the needed volume of a sample, delivery
methods are being developed that use crystallographic
grids with small cells, which are applied similarly to a
crystallographic loop into which large crystals are placed
[38]. However, with this type of delivery, crystals are
extracted from the mother liquor, which can result in
their damage and deterioration of quality.

Another way to reduce the amount of protein need-
ed for analysis is increasing the frequency of X-ray pulses.
X-ray free-electron lasers currently used for SFX have
pulse frequencies of 60 Hz in the Japanese SACLA and
120 Hz in the American LCLS. The commissioned
European XFEL have a pulse frequency of 27,000 Hz,
which should significantly increase the efficiency of uti-
lizing crystals in this setup compared to other XFELSs.

Other disadvantages of this method are high require-
ments of computer memory necessary to store sorted dif-
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fraction data, as well as problems with the analysis of sus-
pensions containing several crystalline forms of micro-
crystals.

Moreover, there might be an intensity limit for X-ray
radiation in the SFX method above which the crystal will
be destroyed before obtaining of diffraction data is com-
plete [39]. XFELs that currently exist cannot be used to
test this proposition in practice because they are not suf-
ficiently powerful.

EXAMPLES OF SERIAL CRYSTALLOGRAPHY
APPLICATION FOR STUDYING
PHOTOSENSITIVE PROTEINS

Photosystem I. Photosystem I (PSI) is a plasto-
cyanin : ferredoxin oxidoreductase. It is a large multipig-
ment membrane protein complex located in chloroplasts
and essential for photosynthesis in plants, algae, and
cyanobacteria [40]. PSI converts solar energy into a flow
of electrons. During light absorption an electron is trans-
ferred in the electron transport chain, first to plasto-
cyanin, and then to ferredoxin [41]. The quantum yield of
this process is extremely high, approaching 100% [42].
Analysis of the crystal structure of PSI in the ther-
mophilic cyanobacterium Synechococcus elongatus
revealed that the complete functional complex in these
organisms is a trimer. One monomer consists of 12 pro-
teins and 127 cofactors, which include 96 chlorophylls,
two phylloquinones, three Fe,S, clusters, 22 carotenoids,
four lipids, and the presence of one Ca’' ion and 201
water molecules is supposed [43]. The complete trimeric
complex has a molecular mass of about 1 MDa.

In 2011, Synechococcus elongatus PSI became the
first photosensitive membrane complex on which the
SFX method using XFEL was applied [26]. The analysis
was conducted at room temperature. The microcrystals
were delivered by a liquid jet, and the X-ray pulse dura-
tion was 70 fs. Analysis of the data provided a structure
with 8.5 A resolution. Despite the low resolution, this
result was quite impressive, since the size of the micro-
crystals was 0.2 to 2 um and, given the size of the protein
complex itself, the amplification of the diffraction signal
from crystals of that size was comparatively small.

In 2012, kinetics of PSI were studied using the SFX
method [44]. Using a setup with a synchronized excita-
tion laser and XFEL, crystals of PSI complex with ferre-
doxin were analyzed with post-activation delays of 5 and
10 ps. Data on photoinduced changes in crystals was
obtained that correlated with microsecond kinetics of
electron transfer from PSI to ferredoxin. It should be
noted that after electron transfer the complex decays,
resulting in significant rearrangements in the crystal and
its subsequent destruction. This was the first example of
kinetic SFX application for irreversible photochemical
reactions.
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Photoactive yellow protein (PYP). PYP is a small
globular protein that has a photosensor function in purple
photosynthetic bacteria [45].

The p-coumaric acid chromophore in PYP absorbs
light in the blue region of the spectrum. The chro-
mophore is bound to a cysteine residue (Cys69) by a
thioether bond [40, 45]. In the dark, the chromophore is
in a deprotonated trans-isomeric form. After absorption
of a photon, it transits into an excited state, and the pro-
tein enters an photocycle that includes many intermedi-
ates. The main photochemical event controlling the entry
into the photocycle is the isomerization of the chro-
mophore from frans- to cis-conformation, which occurs
along the torsion angle of the C,=C; bond. PYP is the
ideal model for studying spatial rearrangements necessary
for a protein to function in response to an external signal.
Due to the protein environment, the majority of photobi-
ological systems are characterized by high speed and effi-
ciency of chromophore isomerization. The rate of this
process is measured in femto- and picoseconds, and the
intermediates are short-lived, which is a problem for
determining their structure, and therefore for studying
the reaction mechanism [46].

Serial kinetic X-ray diffraction analysis was first
applied to PYP in 2014 [47]. Previous studies using kinet-
ic XRD with the Laue method revealed six intermediates
in the photocycle: I, I, pR;, pPR,, pB,, and pB, (Fig. 5).

The strongest features are expressed in electron den-
sity difference maps, given the population of the pR, and
pR, states, since the sulfur belonging to amino acid
residue Cys69, to which the chromophore is covalently
bound, significantly changes its spatial arrangement with-
in both these intermediates. This occurs in a time interval
between 200 ns and 100 ps. To detect these changes in the
experiment, a delay time of 1 us was chosen.

The second data set was collected with a delay of
10 ns, during which a population of three different inter-
mediates was observed. Maximum resolution was 1.6 A.
The data obtained by kinetic XRD with Laue diffraction
gave very similar difference maps.

In a later study, structural dynamics of cis-trans-iso-
merization in PYP at the earliest stages of the photocycle
was studied by kinetic SFX [40]. Many structures were
obtained with a delay after activation from 100 fs to 3 ps;
the duration of the X-ray pulse was 40 fs, and a resolution
of 1.6 A was achieved.

Photosynthetic reaction center (RC) of purple bacte-
ria. Photosynthetic RCs are macromolecular complexes
that consist of proteins, pigments, and other cofactors
that take part in the conversion of light energy into chem-
ical energy during photosynthesis [41]. Energy can be
received by an RC during direct excitation of its own pig-
ments, but more often energy is transferred from light-
harvesting complexes.

Bacterial RCs are interesting in that their architec-
ture is similar to that of the central part of photosystem I1I
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450 nm

pG

Fig. 5. A simplified scheme of the photocycle of photoactive yel-
low protein (adapted from [47]). The cycle demonstrated here
was obtained with data from kinetic XRD. pG, the protein state
in the dark; pG*, the excited protein state after absorption of a
450-nm photon. Crystal structures of relatively long-lived inter-
mediates I, Ict, pRy, pR,, pB,, and pB, are known.

(PSII), and therefore they have been used as structural
and functional models for studying the more complex
PSII for many years. The bacterial photosynthetic RC of
Blastochloris viridis was the first membrane protein whose
spatial structure was obtained by XRD in 1985 [48]. This
photoreaction center is a four-subunit membrane protein
with a molecular mass of approximately 135 kDa. Four
bacteriochlorophyll molecules (two of which form a spe-
cial pair), two molecules of bacteriopheophytins, two
molecules of quinones, one carotenoid, one Fe?*, and
four hemes act as its cofactors.

In contrast to the case of purple bacterial RCs, PSI is
able to be crystallized in solution with low ionic strength
(9 mM MgSO,) [49]. However, such conditions are rare
for membrane proteins. Routinely, high salt concentra-
tions (50-300 mM) with the addition of polyethylene gly-
col (10-35% and more) are used for their crystallization
[24]. These solutions are not suitable for crystal delivery
by a liquid jet in SFX devices due to their high viscosity
and the risk of formation of salt crystals that can block the
injector. In 2012, the SFX method was used for B. viridis
RCs [24]. Their structure was determined at 8.2 A resolu-
tion. The technique of crystallization in lipid sponge
phase (LSP) was just then adapted and applied for the
first time for the delivery of microcrystals by a liquid jet.
LSP can be safely used for microcrystal delivery, and it is
now used for many membrane proteins.

Development of the SFX technique and improve-
ment of crystal quality resulted in improved resolution of



Fig. 6. Disruption of a covalent thioether bond in RC of
Blastochloris viridis that is sensitive to X-rays (adapted from [50]).
1) Electron density map obtained from XRD data at 100 K using
X-rays with power 4.4 MGy. 2) Electron density map obtained
from XRD data at 100 K using X-rays with power 77 MGy. 3)
Electron density map obtained from SFX data at room tempera-
ture using X-rays with power 33 MGy.

the B. viridis RC structure to 3.5 A in 2013 [50]. This
increased resolution revealed several differences between
the structures obtained by the XRD and SFX methods.
Comparing the data on the covalent thioether bond
between the N-terminal cysteine of the RC C-subunit
and the diacylglycerol molecule is indicative (Fig. 6).

As seen in Fig. 6, the continuous electron density
demonstrated on the first panel is significantly disturbed
on the second one, which is a result of thioether bond
destruction by the powerful X-ray radiation. The third
panel does not show a break in the covalent bond,
although the radiation power is sufficient for this, which
demonstrates the ability of the SFX method to provide
completely intact diffraction data.

Photosystem II. Photosystem II, like PSI, is a pro-
tein—pigment complex. It is located in the thylakoid
membrane of chloroplasts in the form of a dimer, each
monomer of which contains 19 to 31 protein subunits
depending on the species [51]. PSII is distinguished by its
ability to oxidize water with the formation of molecular
oxygen, and it is the only biological system capable of
doing this [41].

A unique part of PSII is the manganese cluster, also
known as the water-oxidizing complex. It consists of four
manganese atoms in different oxidation states, from 3 to
5%, five oxygen atoms linking them, and one calcium atom.
In 1970, a five-stage cycle was proposed for the function-
ing of the water-oxidizing complex [52]. The stages are
designated as S, to S,, where the index reflects the number
of oxidative equivalents accumulated in the complex.

For several decades, various groups of researchers
tried to determine the spatial structure of the components
that comprise the PSII complex. In 2001, Zouni et al.
determined the 3.8 A resolution spatial structure of PSII
from the cyanobacterium Synechococcus elongatus by X-
ray diffraction analysis [53]. Subsequently, the quality of
the PSII structure and the limit of its resolution have been
improved gradually for several years [54-58].

In 2011, the structure of PSII from the cyanobacteri-
um Thermosynechococcus vulcanus was obtained by XRD
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with 1.9 A resolution. This revealed the structure of the
Mn,CaOjs cluster and its protein environment, and a
more detailed mechanism for its functioning was suggest-
ed [59]. Unfortunately, this and other structures obtained
by XRD turned out to be not entirely reliable, since the
state of manganese can be modified under the action of
X-ray radiation. Approximately 25% of the ions in the
Mn(III/IV) oxidation state turn into the Mn(II) oxida-
tion state [60]. This process significantly changes the dis-
tances between atoms and deforms cluster structure [60-
62]. Therefore, even at cryogenic temperatures that pre-
vent formation of a native structure to begin with, appli-
cation of classical X-ray analysis for PSII has limita-
tions.

Serial crystallography with the use of XFEL was
applied for the first time for PSII in 2012 [63]. This
method solved the problem of manganese ion reduction
and allowed analysis at room temperature. The diffrac-
tion data obtained from microcrystals of PSII of the ther-
mophilic cyanobacterium Thermosynechococcus elongatus
was used to reconstruct the structure with 6.5 A resolu-
tion. In 2013, with optimization of techniques of micro-
crystallization and microcrystal delivery, the resolution
was improved to 5.7 A [64, 65].

The structure of PSII of the cyanobacterium 7. vul-
canus with significantly higher quality was obtained in
2014 [66]. A resolution of 1.95 A was achieved, allowing
study of the structure of the manganese cluster and its
comparison with the structure obtained using a synchro-
tron. However, in contrast to previous SFX experiments,
this one was carried out on large crystals at 100 K.
Therefore, even though no photoinduced damage was
observed in the structure, since a free-electron X-ray laser
was used, it was nevertheless obtained under temperature
conditions unnatural for the protein.

An example of successful application of the SFX
method was a 2016 study in which the structure of PSII in
the S, stage in the dark state and two PSII structures in
the S, stage were obtained, one in the presence of ammo-
nia molecules [67]. Diffraction data was collected at
room temperature, using the kinetic SFX approach, for
the transition to the S; state. Ammonia was used as an
analog of water to study its binding sites in the manganese
cluster. Resolution of 3.0 A was achieved for the S, stage,
2.8 A for the S, stage with ammonia, and 2.25 A for the S,
stage without ammonia. When compared with the struc-
ture obtained under cryogenic conditions [66], differ-
ences in the spatial arrangement of PSII monomers rela-
tive to each other and to the transmembrane a-helices
within the monomers were revealed. In addition, some
differences in bond lengths around the pigments involved
in the energy transfer process were found. It is assumed
that most of these changes are due precisely to the differ-
ence in temperatures during the recordings. The data on
PSII in the S, stage served as a source of new information
on the structural elements important for the functioning
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of the photosystem. More information on the mechanism
of functioning of the Mn,CaOjs cluster was obtained in a
study in 2017 [68]. Previously unknown photoactivated
structural changes in the water-oxidizing complex were
found, and the maximum resolution of the intermediate
structures was 2.35 A.

Bacteriorhodopsin. Bacteriorhodopsin is an
archaean protein that occurs in members of the Halo-
bacterium genus and participates in photosynthesis.
Bacteriorhodopsin photosynthesis is more primitive than
chlorophyll photosynthesis since the protein is a proton
pump that, by using light energy, transfers protons from
the cell to the surrounding media through the membrane.
The resulting proton gradient is further used in its con-
version to chemical energy [69].

Bacteriorhodopsin is an integral membrane protein.
Its characteristic feature is that it participates in the for-
mation of specific sites in membranes called purple mem-
branes. Purple membranes are two-dimensional crys-
talline layers that can occupy up to 50% of surface area of
archaean cells. Bacteriorhodopsin forms repetitive ele-
ments organized in chains. Each chain has seven trans-
membrane a-helices, each chain containing one retinal
molecule. Retinal is a chromophore that is linked to bac-
teriorhodopsin by a Schiff base [69, 70].

Because bacteriorhodopsin in archacan membranes
forms two-dimensional crystals on its own, it is a conven-
ient model object for X-ray diffraction studies. The
method of serial X-ray diffraction analysis using XFEL
was first applied to this protein in 2013 [71]. Purple mem-
branes were isolated from H. salinarum, then, using deter-
gents, small bacteriorhodopsin plates were obtained. A
suspension of two-dimensional crystals containing
sucrose was placed on a thin silicon nitride membrane,
forming a window of a silicon chip placed in vacuum. The
crystals were not cryopreserved, and sucrose prevented
their dehydration. The use of fixed targets for X-ray puls-
es allowed study with the use of only a few micrograms of
two-dimensional crystals. The maximum resolution of
the diffraction data was 8 A. Later, the technique was
optimized, providing data with 7 A resolution [72].

It should be noted that the shape of a two-dimen-
sional crystal is most natural for many membrane pro-
teins, since this state is similar to their location in cellular
membranes [73]. In addition, the conformation of mem-
brane proteins in two-dimensional crystals is supposed to
be similar to their in vivo conformation, and potential
structural changes in molecules are not as limited as they
may be in three-dimensional crystals, which is especially
important for studying the mechanisms of protein func-
tioning [74].

Bacterial phytochrome. Phytochromes are a family of
photoreceptors that take part in photosensor reactions of
plants, fungi, and bacteria. These proteins detect light
and trigger intracellular signal cascades responsible for
the organism’s reaction to light. In bacteria, they often
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function as histidine kinases in two-component signaling
systems and can be responsible, for example, for control
of carotenoid synthesis [75, 76].

All phytochromes have a similar architecture. They
have three conservative domains, PAS, GAF, and PHY,
and a tetrapyrrole bilin chromophore. The chromophore
is covalently bound by a thioether bond to a cysteine
residue in the PAS domain in bacteria or in the GAF
domain in cyanobacteria and plants. Bacterial phy-
tochromes contain biliverdin as a chromophore [76].
Absorption of light by the chromophore results in several
consecutive structural changes in the protein, which lead
to a shift in the absorption spectrum of these molecules
from the red to the far-red region. The details of the iso-
merization reaction and the sequence of structural
changes are still not fully understood.

In 2016, the crystal structure of the chromophore-
binding domain (PAS-GAF) of the bacterium Deinococ-
cus radiodurans was obtained by serial X-ray diffraction
analysis using XFEL at room temperature, attaining res-
olution of 2.1 A [77]. For comparison, another PAS-
GAF crystal structure was obtained with resolution
1.35 A using conventional X-ray diffraction analysis
under cryogenic conditions. With both XRD methods,
similar conditions were used for crystallization, and the
procedures of protein isolation and purification were
identical. In this case, both directly grown microcrystals
and crushed large crystals were used for serial analysis.
To deliver microcrystals, a jet of the parent solution was
used, and to deliver split crystals, their mixture with a
viscous substance was used. In both cases, the possibility
of obtaining qualitative diffraction data was demonstrat-
ed.

Comparison of the crystal structures of the PAS-
GAF fragment demonstrated that the crystal structures
obtained using both SFX and classical XRD are very sim-
ilar, and the differences are mainly found in unstructured
regions, while virtually no differences for atoms of the
main chain and for the chromophore were observed. No
defects were observed in the crystal structure obtained at
room temperature.

The resolution of 2.1 A, obtained in this study using
the SFX method, is sufficient for studying isomerization
reactions in a chromophore, changes in spatial arrange-
ment of water molecules, and movements of side groups
of amino acid residues. To obtain this data, researchers
plan to apply the kinetic SFX method to bacteriophy-
tochrome.

Analyzing spatial organization of protein molecules
has become an integral part of many modern biological
studies. The database of protein structures is being updat-
ed daily, and the largest contribution to this process is
made by X-ray crystallography using synchrotron radia-
tion. With all its advantages, this method has serious lim-
itations that prevent its universal use for all proteins.
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In this regard, the method of serial X-ray diffraction
analysis using XFEL is being actively developed. It has
capabilities that allow studies of kinetic processes, partic-
ularly those of photosensitive proteins, to a previously
unreachable level.

Therefore, we hope that in the future SFX will move
from the category of experimental developments to the
category of routine methods of structural biology. Then
studies will be much quicker and less labor-intensive, and
their results will become more reliable and of higher qual-

ity.
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