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Abstract

In the study of protein structure, function and mechanism, transmembrane and
membrane proteins (MPs) are of particular interest. MPs constitute 25% of all known
proteins and are involved in a host of fundamental biological processes including
ion transport and signal transduction across the membrane. Moreover, MPs are
targeted by more than 60% of existing drugs. However, in contrast to water-soluble
proteins, they are much less well understood. The primary reason for this is their
amphiphilic character which leads to complications with their isolation from the
membrane and subsequent purification. Indeed, for the study of MPs, one needs to
extract them from their native lipid environments into more tractable membrane-
mimicking systems. Such difficulties, together with the importance of MPs, make

the corresponding research an exciting but challenging problem.

Two-component signaling systems (TCS) enable microorganisms to
communicate with the environment, are present in all domains of life and are the
most abundant signaling systems in Nature. TCS consist of a signal
receptor/transducer and a response regulator. The former are usually transmembrane
receptors (histidine kinases, chemoreceptors, photoreceptors) which have a similar,
modular structure. Most TCS receptors/transducers function as higher order
oligomers (trimers of dimers in the case of chemoreceptors). Moreover, the
oligomeric state adopted is often dependent on external conditions, which makes
structural study of such receptors a difficult task, particularly for full-length systems.
The first part of the work described here focuses on structural studies of the full-
length NpSRII/NpHtrIl receptor/transducer TCS. Crystallization of the full-length
system resulted in either very small, poorly diffracting crystals or samples in which
the transducer region has undergone proteolysis. Solution scattering (SAXS/SANS)
studies described here confirm that the oligomerization and folding of full-length
NpSRII/NpHtrIl strongly depends on ionic strength of its surrounding solution: at
low salt concentration (150 mM NaCl) the complex forms dimers when solubilized

in detergent; in high salt buffers (4.0 M NaCl), corresponding to native conditions,
15



these dimers associate to form trimers of dimers. The SAXS/SANS experiments
carried out also confirm that full-length NpSRII/NpHtrll is highly conformationally
dynamic, a fact which might explain the failure, despite promising initial conditions,
for the electron microscopy analysis reported here to produce anything but a very

low resolution reconstruction of NpSRII/NpHtrll.

While functional dependence of MPs on their surrounding lipids has been well
established experimentally, the mechanisms by which lipids modulate MP structure
and function are still poorly understood. To shed light on these, the second part of
this thesis work examines, using inert gases as models, how small hydrophobic
moieties interact with MPs at the molecular level. High pressure techniques were
used to produce argon and krypton derivatives of crystals of three well studied MPs
(two different proton pumps and a light-driven sodium ion pump). The crystal
structures obtained show that a vast majority of argon and krypton binding sites were
located on the outer hydrophobic surface of the MPs — a surface buried in the
membrane and which usually accommodates the hydrophobic chains of annular
lipids. Supplementary analysis by in silico molecular dynamics (MD) carried out
here shows an even greater number of potential argon and krypton interaction sites
on MP surface within the lipid bilayer. These results suggest that MPs are stabilised
in an optimal functional conformation by the specific binding of lipids that
energetically best fit the grooves on their hydrophobic surfaces. A concept of a
general mechanism of allosteric regulation of MP function by lipids and its alteration

by other hydrophobic molecules is thus proposed.
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Résumé

Dans létude de la structure, la fonction et le mécanisme des protéines, les
protéines transmembranaires et membranaires (MP) présentent un intérét particulier.
Les MPs constituent 25% de toutes les protéines connues, sont impliquées dans une
série de processus biologiques fondamentaux comme le transport d'ions et la
transduction de signaux a travers la membrane. De plus, les MPs sont ciblés par plus
de 60 % des médicaments existants. Cependant, contrairement aux protéines
hydrosolubles, elles sont beaucoup moins bien comprises. La raison principale en
est que leur caractére amphiphile entraine des complications lors de leur isolement
de la membrane et de leur purification ultérieure. En effet, pour I'étude des MPs, il
faut les extraire de leur environnement lipidique natif pour les transformer en un
systeme plus tractable imitant la membrane. De telles difficultés, ainsi que leur

importance rendent 1’étude des MPs passionnante mais compliquée.

Les systémes de signalisation a deux composantes (TCS) permettent aux
microorganismes de communiquer avec l'environnement, sont présents dans tous les
domaines de la vie et sont les systémes de signalisation les plus abondants dans la
nature. Les TCS se composent d'un récepteur/transducteur de signal et d'un
régulateur de réponse. Les premiers sont généralement des récepteurs
transmembranaires (histidine kinases, chimiorécepteurs, photorécepteurs) qui ont
une structure modulaire similaire. La plupart des récepteurs/transducteurs du TCS
fonctionnent comme des oligoméres d'ordre supérieur (trimeres de dimeres dans le
cas des chimiorécepteurs). En outre, I'état oligomérique adopté dépend souvent de
conditions externes, ce qui rend l'étude structurelle de ces récepteurs difficile, en

particulier pour les systémes de grande longueur.

La premiére partie des travaux démontrés ici est focalisée sur les études
structurelles du TCS NpSRII/NpHtrll. Dans un premier temp, la cristallisation n’a
produit que des cristaux de mauvaise qualité ou des échantillons dans lesquels le
transducteur de signal a été protéolysé. Les expériences exploitant la diffusion des
solutions (SAXS/SANS) ont montré que I'oligomérisation et le pliage de I’ensemble
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NpSRII/NpHtrIl complet dépendent fortement de la force ionique de la solution. A
faible concentration en sel (150 mM NacCl), lorsqu'il est solubilisé dans un détergent,
I’ensemble forme des dimeres. Dans les tampons a forte teneur en sel (4.0 M NaCl),
correspondant aux conditions natives, ces dimeéres s'associent pour former des
trimeres de dimeres, comme c'est le cas pour les chimiorécepteurs. Les expériences
SAXS/SANS ont confirmé que le complexe NpSRII/NpHtrll est hautement
dynamique sur le plan de la conformation. Ce qui peut expliquer que, malgré les
bonnes conditions initiales pour mener les expériences, les études cryo-EM ont

produit une image qu’a trés basse résolution.

Alors que la dépendance fonctionnelle des MPs par rapport aux lipides
environnants a été bien établie expérimentalement, les mécanismes par lesquels les
lipides modulent la structure et la fonction des MPs sont toujours mal compris. Pour
les éclairer, ici il a été examiné comment de petites molécules hydrophobes comme
les gaz inertes interagissent avec les MPs au niveau moléculaire. L'argon et du
krypton ont été utilisés pour dériver a haute pression des cristaux de trois MPs bien
étudiés (deux pompes a protons différentes et une pompe a sodium commandée par
la lumieére). Les structures obtenues par cristallographie aux rayons X ont montré
qu'une grande majorité des sites de liaison de I'argon et du krypton sont situés sur la
surface hydrophobe externe des MPs - une surface qui accueille généralement dans
ses sillons des chaines hydrophobes de lipides annulaires. Une analyse
supplémentaire par la dynamique moléculaire in silico (MD) a montré un nombre
encore plus important de positions de I'argon et du krypton sur la surface des MP a
l'intérieur de la bicouche, en accord avec les données cristallographiques. Ces
résultats suggerent qu'un MP est stabilis€ dans une conformation fonctionnelle
optimale par la liaison spécifique des lipides qui s'adaptent le mieux
énergétiquement aux rainures de sa surface hydrophobe. Un concept de mécanisme
général de régulation allostérique de la fonction de la MP par les lipides et son

altération par d'autres molécules hydrophobes est proposé.
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1 Introduction

In the study protein structure, function and mechanism, transmembrane and
membrane proteins (MPs) are of particular interest. MPs constitute 25% of all known
proteins, are involved in a host of fundamental biological processes as ion transport
and signal transduction across the membrane, enzymatic activity, etc., and are
targeted by more than 60% of existing drugs. However, in contrast to water-soluble
proteins, they are much less well understood. The primary reason for this is that their
amphiphilic character leads to complications with their isolation from the membrane
and their subsequent purification. Indeed, for the study of MPs, one needs to extract
them from their native lipid environments into more tractable membrane-mimicking
systems. Such difficulties, together with the importance of MPs, make the

corresponding research an exciting but challenging problem.

Two-component systems (TCS) are the most common protein signaling
systems in Nature, providing a microorganism's communication with its
environment [1]. The first components of TCS — receptors /transducers - are
generally membrane proteins. The second component is a response regulator that
transmits information to gene regulation machineries. Three main types of
membrane receptors (sensors), all having a similar modular structure are found in
TCS: histidine kinases, chemoreceptors, and photoreceptors. Given their absence in
mammals, TCS are potential targets for antimicrobial drugs. To provide a rational
platform for the development of such drugs, and to fully understand the molecular
mechanisms of signal transduction by TCS receptors through the membrane, it is

necessary to have information on these proteins' atomic structures.

Despite the importance of TCSs and the scientific community's broad interest
in their study, only high-resolution structure of fragments of these
receptors/transducers have been obtained and described in the literature. This is
because full-size TCS sensors are dynamic, which complicates their crystallization

and subsequent study using X-ray crystallography [1]. There is thus a very high
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interest in studying how the dynamics (that is, ordering at the secondary structure
and polydispersity in the mutual arrangement of domains) of TCS, (and, indeed,
many other biological systems) depends on external conditions. Part of the thesis
work described here was therefore targeted at structural studies of a full-length TCS
with the aim of elucidating further the dynamic processes involved in

transmembrane signal transduction.

Another important problem relating to MPs is how their hydrophobic
environment, and changes in this due to external conditions, influence their structure
and function. Indeed, a very well-known field of MP research is the study of lipid-
membrane protein interactions. It is also known that small hydrophobic molecules
may influence the properties of MPs. Such molecules can be dissolved in
hydrophobic region of the bilayer and, diffusing through this, may interact with a
MP by binding to the pockets on its hydrophobic surface, competing with lipids.
Such interaction may have a direct impact on protein stability and function.

However, the details of such interactions are currently poorly studied.

Under a pressurized atmosphere, noble gas atoms can quickly diffuse to
potential interaction sites in proteins through channels within protein molecules.
Here, the number and occupancy of binding sites depends on the applied pressure
and the interaction, entirely reversible, of noble gas atoms with proteins results from
non-covalent van der Waals forces. This led to an opinion that noble gas binding
causes only minor disturbances to the surrounding molecular structures.
Consequently, xenon and krypton derivatives of protein crystals were considered
isostructural their native counterparts and, in X-ray crystallography, have mostly
been exploited in experiments aimed at the experimental determination of phase

information.

Nevertheless, the experiments alluded to above showed that Xe and Kr bind
to a wide variety of sites in proteins, including closed intramolecular hydrophobic
cavities, accessible hydrophobic binding sites, intermolecular cavities, channel

pores, and accessible cavities on the surface of the molecule. Additionally, noble
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gases - particularly Xe - have anesthetic properties, suggesting their use in this regard
modifies the functionality of membrane proteins involved in the sensing of pain.
Taken together, the above observations suggest that an excellent model for the
influence of small molecules on the structure and function of MPs is their
interactions with noble gases. With the aim of shedding light on how small
hydrophobic molecules dissolved in lipid bilayers might interact with, and modify,
the structures of MPs and to investigate how noble gases act as anesthetics, in this
work derivatives of MPs were prepared by exposing crystals of native MPs to
pressurized atmospheres of three noble gases. The derivative crystals thus obtained

were analyzed using X-ray crystallography and the results are described here.
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1.1 Microbial Rhodopsins

Microbial Rhodopsins (MRs) are light-sensitive membrane proteins that
perform diverse functions as the primary solar energy harvesters on Earth [2]. The
three-dimensional structure of MRs (Figure 1.1.1) comprises seven TM a-helices
(named A to G) linked by three extracellular and three intracellular loops. The light-
sensitivity of the proteins is provided by a retinal cofactor, covalently bound to a

conserved lysine residue in helix G via a Schiff base.

Figure 1.1.1 The structure of the archetypal microbial rhodopsin bR. a) the 7TM a-helices (in green)
labelled A to G starting from extracellular N-terminus (depicted in blue), the conserved Lys216 is depicted
in light blue, and the all-trans-retinal is shown in red. b) Lys40 and Asp104 (ved) emphasized with yellow
circles

The first known MR, the light-driven proton pump bacteriorhodopsin (bR,
Figure 1.1.1), was discovered in the archaea Halobacterium Salinarum [3] and has
since become the classical object for the studies of all other MRs and, indeed,
membrane proteins in general. Structural studies of bR showed that water molecules
and cavities occupied by them, play a crucial role in the function of MRs [4, 5]. This
observation is supported by recent advances in the structural characterization of
novel families of MRs, such as bacterial proton-pumping proteorhodopsins [6],
cation and anion channelrhodopsins [7-11], bacterial ion pumps [12-14], viral

rhodopsins [15-17] and heliorhodopsins [18-20].
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Photochemical reactions, excited by the photoisomerization of the retinal
chromophore, lead to different processes in different MRs. However, the biological

functions of MRs generally fall into two categories:

1). Photo energy converters which convert light into an electrochemical

potential to drive cells (i.e. light-driven ion pumps).

2). Photosensory receptors, which use light to sense the environment and
trigger the regulation of cellular processes. Known methods for transmitting signals
by sensory MRs are protein-protein interactions with membrane-embedded
transducers, interaction of their cytoplasmic domains with soluble transducer
proteins, enzymatic activity encoded in their cytoplasmic domain, and signal
transmission by conduction through passive ion channels controlled by light [21-

25].

Examples of MRs which operate as ion pumps in include the KR2 sodium
pump [26]. In KR the chromophore is linked to the residue K255, while the bR
proton acceptor and donor aspartate residues (D96 and D85, respectively) are
replaced by polar uncharged amino acids (N112 and Q123 in the sequence of KR?2).
In addition to this, T89, which is not strongly involved in proton transport in bR, is

replaced by D116.

Photosensory systems include sensory rhodopsin II (SRII) [27] and sensory
rhodopsin 1 (SRI) [28], which allow archaecobacteria to seek optimal lighting
conditions for their energy needs while avoiding photooxidative damage. Both
photoreceptors trigger a signaling chain that is closely related to that of the two-
component eubacterial system. One significant, but not yet fully understood,
problem concerns the molecular mechanism of signal transmission from receptors

to cytoplasmic signaling components.
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1.2 Two-component protein signaling systems

Two-component signaling systems (TCS) are represented across all domains
representing the diversity of living beings. TCS are the most common signal
transduction machineries in Nature. However, although recent work [29] has shown
that TCS expressed in mammalian cells can mediate orthogonal signaling pathways,
TCS are naturally absent in mammals, making them potential targets for new
antimicrobial drugs [30]. However, both the design of potential new antibiotics and
a full understanding of TCS signal transduction mechanisms will require detailed
knowledge of the atomic-level structures of full-length TCS in order to understand

the relationship between their structure and function.

NarQ (sensor Tar and Tsr
histidine kinase) (chemoreceptors)

NpSRII & NpHtrll
(sensory rhodopsin
and its transducer)

Kinase
control

S-helix module

Kinase
control
module

Figure 1.2.1 Domain architectures of representative microbial TCS. TM[ and TM?2 are transmembrane
helices. AS1 and AS2 are HAMP domain helices. NarQ is E. coli nitrate and nitrite sensor, Tsr is E. coli
serine chemoreceptor, NpSRII and NpHtrll are Natronomonas pharaonis sensory rhodopsin Il and sensory
rhodopsin transducer Il. In chemo- and photoreceptor systems, the kinase is a different protein. While only
monomers are shown, all of the proteins usually are dimeric with chemo- and photoreceptor dimers forming
higher-order oligomeric assemblies. Figure adapted from [1].

To date, among the most studied TCS have been the chemotaxis and

photoreceptors of the TCS of motile bacteria and archaea, respectively (Figure 1.2.1)
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[22, 31]. Chemotaxis receptors form homodimers consisting of an extracellular
sensory domain, a transmembrane domain, and a long rod-like cytoplasmic domain.
For photoreceptors, the sensory domain is a separate protein, a microbial thodopsin,

which forms a 2:2 complex with its related transducer.

The separate sensory domain excepted, photoreceptor transducers have a high
homology level with chemoreceptors and a similar modular domain architecture [22,
28] (Figure 1.2.1). This domain architecture comprises a transmembrane (TM)
region, two HAMP domains (connected by a helical inter- HAMP [32] region), and
an adaptation module containing reversible methylation sites and glycine (Gly)
flexible hinges [33]. The adjacent signaling region contains binding sites for the
CheW adapter protein and CheA histidine kinase. Interestingly, bacterial
chemoreceptors have only one HAMP domain [34], while archaeal transducers can

include two HAMP domains.

RS / / 5

NpCheW

blue light .-"I, - NpCheR
\ ;‘i?-f ' transducer NpCheA/
\ : NpHtril +CH;

activated
kinase

Figure 1.2.2 Schematic of the signaling cascade in the two-component negative phototaxis system
NpSRII/NpHtrlIl in N. pharaonis. Figure taken from [35].

In the NpSRII/NpHtrll photoreceptor of the haloalkaliphilic archaeon
Natronomonas pharaonis [35], the subject of majority of the work described in this
thesis manuscript, blue light stimulation of sensory rhodopsin II (NpSRII) induces
structural and/or dynamic changes in the transducer (NpHtrll). The signal is then

converted by two HAMP domains and transmitted via a 200 A long cytoplasmic
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kinase module to the outermost cytoplasmic region of NpHtrll. The transducer-
activated histidine kinase CheA (linked to the adapter protein CheW) undergoes
autophosphorylation and transfers the phosphate group to the CheY or CheB
response regulators. CheY affects the displacement of the flagellum's rotation, while
the metilesteraza CheB and the methyltransferase CheR control adaptation

mechanisms (Figure 1.2.2).

Despite an abundance of biochemical data, the molecular mechanism of a TCS
such as NpSRII/NpHtrll has yet to be fully disclosed, although a general scheme
assumes sequential dynamic changes in the cytoplasmic domains. Indeed, both the
chemoreceptors and the transducers of sensory rhodopsins show different dynamics
in adjacent modules, which correlates with a signal transmission along the
cytoplasmic "core" [35, 36]. Homodimers of chemoreceptors (or rhodopsin-
transducer complexes ) in the cell membrane form trimers, functional units able to
activate CheA [37]. Together with CheA and CheW, these dimers of trimers coalesce
to form extended two-dimensional signaling arrays (Figure 1.2.3) [38], compact

membrane super-complexes responsible for amplifying the incoming signal [39-41].

Figure 1.2.3 Different oligomeric states of chemoreceptor TCS. A schematic showing a chemoreceptor
homodimer (left), a receptor trimer of dimers (center), and a two-dimensional membrane-associated
signaling array consisting of dimers of trimers associated with CheA, and CheW (right). The cloud
represents CheA and CheW. Figure taken from [38].
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An essential condition for a complete understanding of the signal transduction
mechanism of NpSRII/NpHtrll is high-resolution structural information for this full-
length TCS receptor in its functional state (i.e. trimers of dimers). However, three-
dimensional X-ray structures at close to atomic resolution have been reported only
for fragments of chemoreceptors [42-44] while, for NpSRII/NpHtrll itself, structural
data are available only for a truncated NpSRII/NpHtrll;4 complex [21] (see §1.3).

In the work reported in [42], the crystal structures of the ligand-binding
domain of the aspartate receptor from Salmonella typhimurium in both its apo- form
and aspartate-bound forms were obtained at resolutions of 2.4 A and 2.0 A,
respectively. In the case of the apo-receptor (Figure 1.2.4), the two subunits in the
dimer are related by a two-fold crystallographic axis. In the substrate-bound
complex, aspartate binds to two helices from one subunit and one coil from the other
in a positively charged pocket formed by three arginine residues. The substrate-
bound dimer is thus not entirely symmetrical. As also reported, the ligand binding
site is located more than 60 A from the putative membrane surface and is situated at

the interface between the two subunits making up the dimer.

Figure 1.2.4 The crystal structure of the sensory domain dimer of the aspartate receptor from S.
typhimurium combined with a simulated transmembrane region (left) and a diagram of hydrogen
bonds formed upon the binding of aspartate (right). Lipid molecules are located according to the
putative hydrophobic boundaries of the protein. The dimer has a length of more than 120 A and a diameter
of ~ 40 A. In the panel on the right, amino acids from one subunit are in shown in rectangles, those from
the other subunit in ellipses. Water molecules are marked "W", putative hydrogen bonds are shown as
dotted lines with corresponding distances. Figure taken from [42].
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The crystal structure of the cytoplasmic domain of the serine chemoreceptor
from Escherichia coli (EcTsrQ) is reported in [43] (Figure 1.2.5). Here, the two
subunits making up the cytoplasmic domain dimer associate to form a long,
supercoiled bundle about 200 A in length. As also reported for the aspartate receptor

from S. typhimurium [17], in the crystal the dimers associate to form trimers of

dimers.
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Figure 1.2.5 Schematic representations of atomic models obtained by X-ray crystallography of the
dimer and trimer of dimers of the EcTsrQ cytoplasmic domain. Lefi - two images of the cytoplasmic
domain dimer with the image on the right showing the two subunits in purple and blue, respectively. Right

- The EcTsrQ trimer of dimers formed by crystal packing. In both panels methylation sites are shown as
solid spheres. Figure adapted from [43].
A structural study of the HAMP domains of the soluble N-terminal fragment

of the Aer2 receptor from Pseudomonas aeruginosa has also been reported [44].
HAMP (found in Histidine kinases, Adenylyl cyclases, Methyl-accepting
chemoreceptors, and Phosphatases) domains are widespread prokaryotic signaling
modules and are found as either separate domains or chains (poly-HAMPs) in
transmembrane and soluble proteins (see Figure 1.2.1). The three HAMP domains
(3-element poly-HAMP) seen in the crystal structure reported in [44] illustrate the
universality of their structure (Figure 1.2.6): they are formed from four a-helices,
two (AS1 and AS2) from each receptor subunit. In the crystal structure the three
HAMP domains exhibit two different conformations, which differ in helix

displacements, intersection, and rotation angles. These conformations are stabilized
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by various subsets of conserved amino acid residues. The authors assumed that the

two conformations of the poly-HAMP chain described in [44] are representative of

different states adapted during signal transduction.

N N

C C c C

Figure 1.2.6 The crystal structure of the 3-element poly-HAMP region of the Aer2 receptor. The
fragment contains three sequential and intertwined HAMP domains. The AS2 helix of the HAMP1 domain
(blue) is adjacent to the ASI helix of the HAMP?2 domain (orange), and the helix AS2 of the HAMP?2 domain
(vellow) is adjacent to the ASI helix of the HAMP3 domain (light purple). Figure taken from [44].

A significant advance in structural studies of high-resolution TCS membrane
sensors was achieved in 2017 with a report describing the crystal structures of the
histidine kinase NarQ (nitrite/nitrate sensor from E. coli) in both apo- and holo- (i.e.
substrate-bound) forms [45]. The NarQ fragment used in this work comprised three
domains: the sensory domain located on the outside of the cell membrane, the
transmembrane domain, and the HAMP domain that follows it. The holo-NarQ
homodimer exhibited two different conformations - symmetric and asymmetric

(Figure 1.2.7).
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Figure 1.2.7 The crystal structures of a NarQ fragment in apo- and holo- states. The protein is observed
as an asymmetric dimer in its apo- (left) and holo- (middle) states in space groups 12,2,2; and F222,
respectively and as an asymmetric dimer in the holo- state in the space group P2 (right). Figure from [45].

Although the authors of [45] achieved significant progress in structural studies
of TCS sensors, the results reported are still far from providing high-resolution
structural details of a full-length TCS sensor protein. Indeed, in addition to the three
regions included in the crystal structures the authors described, the cytoplasmic
region of NarQ also includes the following domains: S-helix, GAF-domain (the
name is derived from various proteins in which it is found: GMP-specific
phosphodiesterases, adenylate cyclases (Adenylyl cyclases) and F HLA); N-terminal
dimerization and phosphotransfer domain (N- terminal dimerization and histidine

phosphotransfer (DHp) domain); and a kinase domain (see Figure 1.2.1).

In addition to high-resolution structures of fragments of two-component
systems obtained by X-ray diffraction, the literature describes several atomistic
models of chemoreceptors from E. coli, which were constructed based on low-
resolution data obtained using electron microscopy. These include a homodimer of
the aspartate receptor Tar [33], trimers of dimers of the cytoplasmic domain of serine
chemoreceptors in different signaling states [46], and the central signaling block of

the chemoreceptor 2D array formed by a mixture of receptors with various adaptive

modifications [47].
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The study of the aspartate receptor Tar reported in [33] used contrast methods,
transmission electron tomography, and image analysis to characterize its
homodimeric state. The chemoreceptor’s functionality was by ensured reconstituting
the Tar dimers in nanodiscs prepared using lipids isolated from E. coli membranes.
Single-particle analysis and tomography of particles in a three-dimensional matrix
helped to identify two bending regions in the cytoplasmic domain of the
chemoreceptor (Figure 1.2.8): a short two-strand break of a-helices between the area
of the HAMP-domain closest to the membrane and transmembrane helices (HAMP-
hinge); aligned glycines in an extended four-a-helical super-helix (Gly-hinge).
Electron microscopy data show angles of the HAMP-hinge bending ranging from 0°
to 13°, and bending of the Gly-hinge varying from 0° to 20°.

| Bent at Bent at
HAMP hinge Gly hinge

| Straight

e 'y
»

Tar-4Q
Kinase on &

Tar-4E
Kinase off

Figure 1.2.8 Electron tomography studies of Tar dimers reconstituted in nanodiscs. Right: Images
obtained from an electron tomography analysis of Tar dimers reconstituted in nanodiscs suspended in a
three-dimensional trehalose layer and stained with ammonium molybdate. Left: Models of the
reconstructions of the straight and bent Tar chemoreceptor dimers obtained. Figure adapted from [33].

The authors of the work described in [33] assumed that bends in the flexible
hinge region do not correlate with chemoreceptor signaling states. However, they
did hypothesize that flexibility afforded by these hinge regions might be important
in preventing steric hindrance between adjacent receptors in two-dimensional
signaling arrays (Figure 1.2.9). It should also be noted that the variable hinge
bending described in [33] resulted in fuzzy regions in the reconstruction obtained

for the chemoreceptor, particularly in the middle region between the contacts with

CheA/CheW and the membrane.
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Figure 1.2.9 Schematic representations of signaling arrays formed by twelve chemoreceptor trimers
of dimers. On the left, the forbidden orientation of the receptors is shown at zero values of the HAMP- and
Gly-hinges (the so-called "straight" receptors). Shown on the right is the receptors' permitted orientation
with a 10° deflection of the Gly-hinge and 8° of the HAMP-hinge. The top images correspond to a view
approximately parallel to the membrane, the bottom images show a view perpendicular to the membrane
as viewed from the periplasm. Figure taken from [33].

Cryo-electron tomography combined with molecular dynamics modeling was
used in to study the serine chemoreceptor Tsr from Escherichia coli in the context
of the native signaling array [46]. Here, signaling-related conformational changes
were observed both at the individual dimer level and at the level of the trimer of
dimers within the hexagonal signaling array. In particular, it was shown that
individual Tsr dimers making up trimers of dimers exhibit asymmetrical flexibility,
which is a signaling state function. The study also revealed that the compactness of
Tsr trimers of dimers is changed when switching between different signal
transmission states. This is achieved mainly due to the flexing in the Gly-hinge
region (see above). A more compact conformation corresponds to an inactivated
state of the kinase (kinase -OFF) while a more extended conformation related to an

active state (kinase- ON) (Figure 1.2.10).
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Figure 1.2.10 A schematic showing two different signaling states of the cytoplasmic regions of Tsr
trimers of dimers. Top - density maps (grey surfaces) obtained from cryo-electron tomography data for
4E (inactive, kinase-OFF) and 4Q (active, kinase-ON) states superimposed with secondary structure
elements corresponding to atomic models of this region. Bottom - the central axes of homodimers in each
of the two states of the trimers of dimers. Yellow beads indicate methylation sites, and dark gray beads
indicate amino acids corresponding to the glycine flex hinges. Figure adapted from [46].

The results of the work described in [46] clearly suggest a decisive role of the
Gly-hinge region in ensuring the receptor's flexibility to achieve various states
during signal transduction while, at the same time, maintaining the structural
constraints imposed by the membrane and by the signal array architecture. This
contradicts the conclusions of [33], in which it was suggested that the
conformational state did not correlate with protein signaling state. However, the
inferences of the study reported in [46] seem to be more valid since the results were
obtained from Tsr under native conditions, while in [33], only individual dimers of

Tar were studied.
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Very recently, work exploiting cryoelectron tomography and averaging of
subtomograms in structural studies of chemoreceptors was reported [47]. Here, a
specially optimized E. coli strain with smaller than usual cells, but with a higher
relative proportion of the membrane area corresponding to chemoreceptor arrays
was used. In [47], a three-dimensional reconstruction for a trimer of dimers, coupled
with high-resolution structural information for individual domains and molecular
dynamics simulations, allowed the modelling of the structure of a full-length

chemoreceptor and its interactions with the kinases Che A/CheW (Figure 1.2.11).
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Figure 1.2.11 Structural studies of chemoreceptors exploiting cryoelectron tomography and
averaging of subtomograms. The isosurface obtained from cryo-electron tomography (left) and the
molecular model, obtained by combing this with molecular dynamics simulations and existing high-
resolution structural information, of a _full-length chemoreceptor trimer of dimers in a complex with CheA
and CheW (right) are shown. Figure from [47].

Most of the studies of TCS described above relate to either chemoreceptors or
histidine kinases. One of the difficulties in photoreceptor research is that their host
organisms are halophilic archaea. Their habitat is associated with high salt
concentrations, the maintenance of which is necessary for proper protein folding and
oligomerization. While this does not pose too many problems for structural studies

of the transmembrane domains of photoreceptors [21, 23], this is not the case when
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working with full-length proteins or their fragments containing cytoplasmic or

periplasmic domains.

Indeed, the need to maintain high concentrations of salts and/or other
substances is a challenge for X-ray crystallography and cryo-electron microscopy
(cryo-EM) studies targeting full-length photoreceptors. However, for cryo-EM this
situation is not unpromising due to developments both in the field of the study of
halophilic archaeal cells (for example, Halobacterium salinarum) at high salt
concentrations [48] and in the field of cryo-electron microscopy with negative
contrast (so-called cryo-negative staining), which is achieved through the use of

ammonium molybdate [49-51].
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1.3 The complex between sensory rhodopsin II and its related transducer
molecule (NpSRII/NpHtrIl)

NpSRII/NpHtrll mediates negative phototaxis in the halobacterium
Natronomonas pharaonis and is the sensor (first component) of a TCS. The Htrll
transducer is similar to chemoreceptors in domain architecture [52] (see Figure
1.2.1, Figure 1.2.2) and, similarly to chemoreceptors, the functional state of full-

length NpSRII/NpHtrll is a trimer of homodimers [53].

Sensory rhodopsin II from N. pharaonis (NpSRII) is a photoactive
transmembrane seven-helix protein with an absorption maximum in the optical
range at a wavelength of 498 nm [54, 55]. Upon exposure to light NpSRII combined
with its Htrll transducer induces a cascade of cytoplasmic signals relayed via the

TM2 helix of the transducer.

In 2002, the crystal structure, at 1.94 A resolution, of a complex between SRII
in its ground state and a truncated transducer (NpSRII/NpHtrll,4) was reported [21].
This made it possible to explain the complex's first signal transmission stage with

the functional complex adopting a dimeric form.

Figure 1.3.1 The crystal structure of NpSRII/NpHtrIli4. The crystal structure of NpSRII/NpHtril ;14
dimer (left) and a diagram of hydrogen bonds and van der Waals contacts between NpSRII and NpHtrll ;4.
NpSRIl is shown in red, NpHtrll 14 in green. Figure taken from [21].
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Figure 1.3.2 The different conformations adopted by NpSRII/NpHtrIl114. Lefi: The V- (green) and U-
shaped (vellow) forms of the NpSRII/NpHtrll; 14 homodimer (parallel to the membrane). The G-helix of
NpSRII is shown as a cylinder. The axis of rotation of NpSRII as a rigid body during the transition from
"U" to "V" -shape is shown in red, and the corresponding angle shown. The right panel shows the signal
transmission rack model corresponding to the normal mode mobility analysis. Figure taken from [25].

This work was complemented with high-resolution structures of the complex
with intermediate states of the SRII photocycle [23]. In 2017 the crystal structures
of the ground and active M-states of the NpSRII/NpHtrll; 14 complex in the space
group 12,2,2; were reported [25]. Here, the relative orientation of the symmetrical
parts of the dimer is parallel (that is, it is "U" -shaped, see Figure 1.3.2), which
distinguishes it from the "V" -shaped structure of the NpSRII/NpHtrll;14 complex
described earlier in the space group P2,2,2 [25]. However, the structures of the
monomers individually are very similar. The authors observed a piston shift of both
transmembrane helices of the transducer, which coincides with the receptors'
rotation. However, this cannot be caused by the transmembrane portion of proteins
since the interactions are almost the same in both states. Since the HAMP domain is
sterically instead limited, inhibiting conformational changes in the U-shape, the

transition from U-shape to V-shape may be involved in signal propagation.
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Figure 1.3.3 Structural studies of NpHtrIl»9.504 in solution. Top - (a) concentration-normalized solution
scattering curves for NpHtrll»9.504 in low and high salt conditions. (b, c) - Guinier plots and the dependence
of the concentration- normalized scattering intensity at the zero angle 1(0) on the aggregation number. (d)
Image of a Tsr-cyt model obtained by X-ray diffraction analysis for a fragment of the serine receptor's
cytoplasmic domain (PDB code 1QU7 [43]), corresponding to a fragment homologous to NpHtrll»z9.504.
Bottom - the results of the dependence of optical density on volume and images of polyacrylamide gel
obtained for NpHtrll»20.504 samples after cross-linking in low (left) and high (vight) salt conditions. Figure
adapted from [56].

As noted earlier, N. pharaonis is an extremophile that lives in a saturated
saline solution at alkaline pH values. Indeed, the optimal growth conditions for the
organism correspond to a salt concentration of 3.5 M NaCl and pH 8.5 [56] and it
has been shown that the structure and oligomeric state of the cytoplasmic domain of
NpHtrllyng.504 strongly depends on salt concentration [57]. Specifically, at low salt
concentration (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOg, 1.76 mM KH,POy,,
pH 7.4) the fragment was in a monomeric state, while increasing the salt
concentration to 4.0 M NaCl saw the formation both of dimers (Figure 1.3.3) and of
higher order oligomers (probably, trimers of trimers). Moreover, circular dichroism
(CD) measurements also reported in [56] showed that at low salt conditions
NpHtrllxg.s504 1s disordered while at 4.0 M NacCl (as well as 4.0 M KCI and 40%

ammonium sulfate) CD spectra show a typical a-helical profile. This latter result

38



confirms the critical importance of maintaining physiological high salt conditions

for proper protein folding.

The results reported in [56, 57] were supplemented by further CD
measurements in various different buffer solutions [58]. These showed that an
increase in glycerol concentration leads to a transition in structure from disordered
to a-helical. Glycerol has little effect on the ionic strength of a solution, but it can
significantly reduce water activity [56, 57]. As NpHtrll,29.504 contains many charged
amino acids it might be expected that ionic strength is a critical parameter affecting
protein folding and oligomerization. However, the results reported in [58] suggest
that water activity is also of importance for folding. Nevertheless, as the question of
the effect of water activity on the oligomerization NpHtrllxg.504 has not been

considered further, it is impossible to attribute crucial importance to this observation.

M. pharaonis

o ) ) oo

Figure 1.3.4 The "two-level" equilibrium between dynamic ({HAMP) and compact (cHAMP)
conformations. Left: HAMP domain models for Htrll from N. Pharaonis and Af1503 from A. fulgidus. Co,
atoms of amino acids that have undergone mutation are presented as coloured spheres. Right: the ‘two-
level’equilibrium of NpHtrll;s; showing the corresponding compact (cHAMP) and dynamic (dHAMP)
conformations of HAMPI. Figure taken from [59].

The effect of salt concentration on the dynamic properties of NpSRII/NpHtrIl
was considered in [59]. Here, the authors focused their attention on the ordering of
the HAMP1 domain of the NpHtrIl dimer as studied using paramagnetic resonance
methods. Using a series of spin-labeled mutants of the transducer fragment,
NpHtrll;s7, which contains only the first HAMP domain following the TM2 helix,
they showed the HAMP domain to be in a "two-level" equilibrium between highly
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dynamic ({lHAMP) and more compact (c(HAMP) conformations (see Figure 1.3.4).
The structural properties of cHAMP are consistent with the four-helix model

obtained by NMR for the HAMP domain from Archaeoglobus fulgidus [60].

It should be noted that, because of the above-described features, the angles of
bending of the HAMP1-hinge (and, probably, the HAMP2- and Gly-hinges) in the
case of photoreceptors from halophilic harps can adopt a broader range of values
that seen for the Tar chemoreceptor from E. coli [33]. In particular, this remark
applies to the case of relatively low salt conditions.

(3)

9.5nm Membrane

CheA/CheW

Figure 1.3.5 Cryo-EM studies of a negative phototaxis system TCS. 2D class averages (1) for full-
length NpSRII/NpHtrll and models of two-dimensional photoreceptor packing dimer trimers into
hexagonal arrays (2, 3). Figure adapted from [53].

For a TCS negative phototaxis system to function, signal amplification is
required. This is achieved by forming two-dimensional membrane arrays. As noted
above, the key "building block" of such an array is a trimer of photo- (chemo-)
receptor homodimers. Work reported in [53], carried out using electron microscopy
coupled with calculations using molecular dynamics, showed that for sensory
rhodopsins I and II in complex with their related transducers elements of the

hexagonal arrays could be formed even in the presence of detergent (Figure 1.3.5).
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1.4 Application of small-angle scattering methods for structural studies of
membrane proteins

The exploitation of small-angle scattering (SAS) methodologies such as
Small-Angle X-ray Scattering (SAXS) or Small-Angle Neutron Scattering (SANS)
for the structural studies of MPs requires the maintenance of the MP under study in
a close-to-native state. Here, lipid vesicles, phospholipid nanodiscs, bicelles, and
detergent micelles [39—41] are examples of settings used to mimic the membrane
environment. If existing models are available to help in the interpretation of solution
scattering data, the detergent belt must be modelled either explicitly or with pseudo-
atoms [61-68] (Figure 1.4.1). This can be done with the program MEMPROT [69],
which accepts the atomic model of the protein and SAXS data as input data, and at
the output gives the optimal parameters of the detergent belt, using the CRYSOL
program [70] of the ATSAS software package [71] to calculate the theoretical SAXS

curves.
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Figure 1.4.1 Solution scattering studies of membrane proteins. Examples of experimental SAXS curves
from solutions of membrane proteins, their model approximations, and images of hybrid models, of which
the approximations were obtained. The left and right panels show results presented in [68] and [61],
respectively.

Structural modeling of MPs from SAXS data is nontrivial, and the
necessary computational procedures require further formalization and
simplification. In [72], an automated software pipeline (see Figure 1.4.2),
integrated with the ISPyB information management system [73], is proposed. The
pipeline is aimed at the preliminary analysis of SAXS data and the first stage of
MP reconstruction in detergent solutions to simplify high-throughput studies,

especially on synchrotron beamlines. The program queries the available a priori
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information in the ISPyB database via dedicated services, estimates parameters
from the SAXS data without using models (scattering invariants), and generates
preliminary models using either ab initio, methods based on a known high-
resolution structure, or mixed/hybrid methods. Automated analysis results can be
verified online using the industry-standard ISPyB interface, and simulation
design parameters can be used to further in-depth simulations outside the

pipeline.
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Figure 1.4.2 Schematic of an automatic software pipeline for structural studies of membrane proteins
based on small-angle X-ray scattering data. Figure from [72].
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1.5 Noble gases and membrane proteins

The study of membrane proteins with noble gases is of particular interest to
researchers but, until now, has usually focused on the use of xenon (Xe). This is
probably because the binding of Xe to a protein molecule can be induced at much
lower pressure (~ 20 bar) than is required in the case of other noble gases such as
krypton (Kr, ~ 180 bar) or argon (Ar, ~ 2000 bar) [74]. However, where noble gases
are used as probes to map intramolecular channels [75-77] in proteins Xe is not the
most suitable choice, due to its larger Van der Waals radius (216 pm). Nevertheless,

Xe-derivatisation of MPs has led to interesting results:

1. Sauguet and colleagues [75] studied Xe binding to GLIC, a pentameric ligand-
controlled 1on channel whose action is inhibited by xenon. The work identified
Xe atoms binding in three major regions: 1) in hydrophobic cavities, 2) at the
interface between adjacent subunits, 3) in hydrophobic pockets. However, the
most interesting Xe position identified is in the center of the ion channel in its
open form (Figure 1.5.1). The Xe atom does not replace the lipid located in the
center but binds precisely above it. As explained by the authors, this blocks the
ion channel. Indeed, ordered water molecules (including a pentagon) have been
observed at this location in the GLIC open form and have been shown to be
essential for ion translocation by allowing the permeant ion to cross
hydrophobic barriers This result can be interesting in the study of viral

rhodopsins where a lipid (retinal, see §1.1) is also found at the molecule center.
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Figure 1.5.1 The GLIC pentameric Ligand-Gated Ion Channel in its open form complexed to Xe
(cyan spheres). Of note is the Xe atom found in the center of the pentamer and which blocks the ion channel.
Figure adapted from [75].

2. Xe derivatization of the efflux pump OprN [76]. Here, the authors tried to
identify channels which would allow small ligands to diffuse through the
membrane (Figure 1.5.2). They identified 14 binding sites in hydrophobic
regions, both within the protein molecule and in hydrophobic pores on the
surface. In particular, Xenon binding to OprN highlights a strong
discontinuity in the hydrophobic gradient along the channel at this level which
might be an additional driving force in the passive mechanism for drug

transport out of the cell.

Figure 1.5.2 Xe-derivatization of OprN. OprN is shown as a grey surface, Xe atoms as magenta spheres.
Detergent molecules are shown as green (native structure) or cyan (Xe-derivatized structure) sticks. Figure
adapted from [76].

44



3. The archaeal ammonium transporter Amt-1 was also investigated using Xe-
derivatisation [77]. This allowed the authors to explain pumping through the
molecule of the NH4" ions. In this case, and due to its chemical inertia and its
similar size to the ammonium ion, Xe is an excellent tool for channel
exploration. As in previous studies, Xe bound either in hydrophobic cavities

or in pores on the surface of a molecule.

Figure 1.5.3 The Ammonium Transporter Amt-1 from A. fulgidus (grey surface) in complex with Xe
(cyan spheres). Figure adapted from [77].
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1.6 Thermodynamic principles of noble gas-protein interactions

Noble gases do not have free electronic orbitals (Figure 1.6.1). Therefore, they
cannot easily interact with other atoms and, hence, are often called the ‘inert gases’.
The only possible interaction mechanism for a noble gas atom is the Van der Waals
interaction. In modern science, this term is usually applied to forces arising from a

molecule’s potential to be polarized and to form dipoles [78].
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Figure 1.6.1 The electronic structure of noble gases. Left: The periodic table with the noble gases
highlighted in red. Right: A schematic diagram of the electronic structure of argon showing that its s and
p orbitals are completely occupied by electrons. Figure adapted from [79].

In fact, van der Waals interactions consist of three types of weak
electromagnetic interactions (Figure 1.6.2):

e Orientational forces, dipole-dipole attraction between molecules that are
constant dipoles. An example is HCI in liquid and solid-state. The interaction
energy is inversely proportional to the cube of the distance between the
dipoles.

e Induction attraction (polarization attraction). The interaction between a
constant dipole and induced dipole. This interaction's energy is inversely
proportional to the sixth power of the distance between the dipoles.

e Dispersion attraction (London forces, dispersion forces). These are due to
interactions between instantaneous and induced dipoles. This interaction's
energy is inversely proportional to the sixth power of the distance between the

dipoles.
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Figure 1.6.2 Schematic diagrams of tree types of weak electromagnetic interactions. lon-induced and
dipole-induced attractions are two instances of induction attraction (see main text above). Figure adapted

from [80].

As noble gas atoms have a zero net charge and are spherically symmetric,

coulomb interactions, hydrogen-bonding, and permanent dipole-dipole interactions

cannot be involved their binding to proteins. Thus, the only possible attractive

interactions between noble gas atoms and proteins are due to charge (i.e. ion)-

induced, dipole-induced, and London (dispersion) forces. The critical physical

parameter in these interactions is the noble gas atoms' electronic polarizability. The

usual repulsive forces between atoms and molecules in close contact with each other

also play an important role because they determine the minimum allowed size of a

cavity in order for a particular noble gas atom to occupy it [81]. The characteristic

bond length is formed from the van der Waals radii of the elements forming the

bond. Table 1.6.1 shows these radii for the elements making up protein molecules

and the same inert gases.

Table 1.6.1 The van der Waals radii of some elements

Ar 188 pm N 155 pm
Kr 202 pm C 170 pm
Xe 216 pm S 180 pm
0) 152 pm H 120 pm
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Under the influence of an external electric field E, an electric dipole P is
induced in a noble gas atom. The induced dipole can then establish attractive
electrostatic interactions with surrounding electric charges or dipoles. This is the
physical basis of the forces involved in noble gas binding to proteins. Assuming a
linear response, the induced dipole is proportional to the external field strength (P o
E), where the proportionality coefficient is named the electronic polarizability. This
is a characteristic parameter for a given atom type and, qualitatively, it expresses the
ease with which the electron cloud can be displaced. Most atoms and small
molecules have relatively low polarizabilities (1.63 for Ar, 1.60 for O,, 1.48 for
H,0). However, for larger molecules and for diatomic molecules which have many
electrons, the values are higher (4.6 for Cl,, 4.5 for C,Hs, 8.2 for CHCL). It is
noticeable that even though it is a single atom, the polarizability of Xe is quite large
(4.00). For Kr, the polarizability is 2.46, which is significantly lower and explains
why Kr usually binds with a weaker occupancy to known Xe-binding sites [81]. In
this regard, under normal conditions, we do not observe the formation of protein-
noble gas complexes and pressurized atmospheres of noble gases are required to

achieve this.

The binding energy is characterized by a change in Gibbs free energy,
consisting of enthalpy (AH) and entropy (AS) factors (equation 1, below). The
enthalpy factor is not a variable quantity, and is determined empirically. The entropy
factor depends on the thermodynamic parameters: temperature, volume, and
pressure. Therefore, when changing one of these parameters, we can change the

entropy factor and, consequently, the change in Gibbs energy.
AG = AH —TAS; (1)

_ ¢ _c¢ _— W2
AS =S, = Sy = kiny?,

where w is thermodynamic probability, with w = V¥4 (V- volume, N, - Avogadro

number). Thus,
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VN v, v,
AS = kin |[— = kNyiIn— = Rin—,
1 4 4

where the Universal Gas Constant R=8.31 J/mole*K. From the equation of state of

an ideal gas, it follows that for 1 mole of gas:

V_RT
P

Where T — temperature, P — pressure. For isothermal process:

Substituting Gibbs free energy into the equation, we get:

AG = AH —TAS = AH — TRln&.

b2

As aresult, with increasing pressure, the entropy factor becomes more negative. The
Gibbs free energy increases, which allows the noble gas to form a complex with a
protein molecule. The binding of Xe to a protein molecule requires a much lower
pressure (~ 20 bar) than for Kr (~ 180 bar) or Ar (~ 2000 bar) due to differences in
atomic polarizability. However, an advantage of using Kr and Ar is that the atoms
of these gases are much smaller than Xe and so they have access to smaller cavities

which may be important for functionality.

Pressure-temperature phase diagrams for Ar and Kr are shown in Figure 1.6.3.
Based on these — and similar diagrams for Xe — a protocol for the preparation of
noble-gas derivates of crystals of biological macromolecules, including MPs, is as

published in paper [82].

In this preparation process, a crystal of a protein is harvested and placed in a
pressurizing device at room temperature. The pressure of noble gas atmosphere is
increased without changing the temperature. At this time, the entropy factor of Gibbs

energy decreases, increasing the possibility of the binding of noble gas atoms to
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molecules in the crystal (Step 1, in Figure 1.6.3). The temperature is then lowered
without changing the pressure (Step 2). At this stage, an important point is the
crystal's presence in the noble gas's liquid phase so that during the liquid-solid
transition, the noble gas does not destroy the protein crystal. At this stage, the
entropy factor increases, preventing new gas atoms from binding. Then the pressure
is released while maintaining the temperature (Step 3). Such a crystal preparation
procedure allows controlling the crystal quality and thermodynamically explains the

formation of a protein-noble gas complexes in crystals.
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Figure 1.6.3 Pressure-temperature phase diagrams of argon and krypton. The temperature of liquid
nitrogen (LN) shown as a blue dashed line. The three main steps in the preparation of noble gas derivatives
(see main text) are highlighted in magenta. Data taken from web database [83]
(https://webbook.nist.gov/chemistry/).

1.7 Anomalous Scattering of Noble Gases

When collecting data from a crystal by macromolecular crystallography
(MX), the intensity of the diffracted waves is measured. From these intensities we
get the amplitudes of the scattered waves, but we lose information about the phase.
This is commonly known as the "phase problem". The most common method for
finding phases is molecular replacement, but the method of finding the position of

heavy atoms (either native to the protein or added before the experiment) is also used

[84].

F=fo+f+if @)
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The atomic scattering factor (equation 2) contains three components: the
normal scattering term f,, which depends on the scattering angle, and two terms f~
and /”’, which do not depend on the scattering angle, but on the wavelength. These
represent anomalous scattering that most strongly occurs at atom absorption edges,
when the energy of an absorbed X-ray photon is sufficient to propel an electron out
of the inner shell. Here, the dispersion term f* changes the normal scattering
coefficient, while the absorption term /" is ahead of the phase by 90° (Figure 1.7.2).
According to Friedel's law | Fuy | = | Fihx1 |- However, in the presence of anomalous
atoms, this is violated, causing anomalous differences (AFano = Fii - Foni1) (Figure

1.7.1).

Frm

Figure 1.7.1 A vector diagram illustrating equation (2) and showing that in the presence of
anomalous scattering Freidel’s law is no longer obeyed and that |Fhkl| # |F-h-k-l|. Figure from
http://skuld.bmsc.washington.edu/scatter/AS Bijvoet.html.

An increasing number of protein structures are now being phased using only
one diffraction dataset using the single wavelength anomalous dispersion/diffraction
(SAD) method [85]. A SAD experiment allows calculation of anomalous differences
(AF ano =|Fni|-|F-hx1|) which are then used as estimates of the heavy atom contribution
to scattering and allow direct or Patterson methods to be used to determine the
position of the heavy atom substructure which is then used in crystal structure

phasing protocols.
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In MX, the use of noble gases is often associated with their anomalous

dispersion properties (Figure 1.7.1).
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Figure 1.7.1 Theoretical values of the anomalous scattering properties of Ar (top), Kr (middle) and
Xe (bottom). Generated at [86].

Of the noble gases exploited in this work, Xe shows the highest anomalous
scattering with /°° ~12 - 13¢" at its L- absorption edges. Unfortunately, at an energy
of around 5 keV (~2.5 A) these are outside the routinely accessible energy ranges of

most tunable synchrotron-based MX beamlines [87, 88]. However, at more
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accessible energies (i.e. 6 keV, A =2.06 A) this signal is still more than 10e", while
at E=12keV (A =1.0 A) it is still considerable (~4¢’). The K- absorption edge of
Kr (f’ ~ 4 €) occurs at E ~14.3 keV (L = 0.87 A). While this is smaller than is
available for Xe, the energy at which it occurs does allow for the possibility of the
use of Kr derivatives of protein crystals in multi-wavelength phasing protocols [89].
The K-absorption edge of Ar occurs at E ~3 keV (L = ~4 A), well outside the
routinely accessible range of most tunable synchrotron-based MX beamlines.

However, the /°’ (~2¢") available at E = 6 keV is small, but still exploitable.

In the early years of MX, the positions of one [90, 91] or two [92] Xe atoms
bound to myoglobins were revealed using structure factor differences between Xe-
derivatized and native crystals. Increasing the pressure of the Xe atmosphere from
1-2.5 to 7-10 bars in the derivatization process allowed Xe binding sites to achieve
sustainable higher occupancy (in the range from 0.4 to 1.0) and 3 Xe positions were

observed derivatized crystals of metmyoglobin [93].

First proposed in 1967 [94], the first phasing of a crystal structure using the
anomalous signal from Xe was finally published three decades later and required
improvements in data collection and treatment procedures as well as in pressurizing
techniques [95]. While there are now several reports of the de novo structure solution
of different proteins using Xe and Kr derivatives [81, 96, 97], (Ar has never been
used to phase crystal structures), there is only one report description of the successful

use of Xe to phase the crystal structure of a MP.[98].

However, the use of noble gases in MX is not confined to the phasing of
crystal structures. Using anomalous difference maps, the positions of noble gas
atoms, particularly Xe and Kr, can easily be located in the structures of
macromolecules even at low resolution [99]. Moreover, due to their high solubility
in lipids, noble gas atoms can be used to probe the hydrophobic environment in
membrane protein crystals [100, 101]. This aspect of the noble-gas derivatization of

MPs will be discussed in more detail later in this thesis (§ 4).
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2 Materials and Methods
2.1 Expression and purification of the NpSrII/NpHtrII complex

In the studies of NpSRII/NpHtrll described in this thesis work, proteins were
either expressed separately in plasmids and then combined to create a complex or
they were co-expressed in a single plasmid. Several different expression systems

were used.

When expressed separately, the sequences of the NpSRII (UniProt ID P42196)
and NpHtrIl (UniProt ID P42259) genes were optimized for codon composition for
expression in E. coli using the GeneArt services online program
(https://www.thermofisher.com/fr/fr/home/global/forms/geneart-genes-synthesis-
requests.html) [101]. A strep-tag II (WSHPQFEK with an ENS linker) and a poly-
histidine (Hise) tag (also with an ENS linker) were added to the C-termini of NpSRII

and NpHtrll, respectively. The codon-optimised NpSRII and NpHtrIl genes were
cloned into the pSCodon1.2 vector separately using the Nhel-Acclll and Ndel-Nhel
restriction sites for circular PCR due to its small size. The gene for the truncated
NpHtrll;3; transducer was obtained using PCR. Positive clones were identified using

sequencing techniques.

1..28 lac/
416432 promoter’
lach(t) 67237774 7457 L3c0)
y
504...2132 NpHTR2
”
:T27bmod_NpSRllecStr_NpHTRIlecH - 7774
- Emeran

~
2305...3054 NpSR2

Figure 2.1.1 General scheme of the pET27bmod co-expression plasmid with inserted modified
NpSRII and NpHtrll genes.
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For co-expression, the genes NpSRII and NpHtrll (or NpHtrlli3;) were
inserted into a pET27bmod vector at the restriction sites BglII-Notl and NotI-Blpl
(Figure 2.1.1).

2.1.1 Amplification and purification of DNA

A standard setup (Plasmid Miniprep, Evrogen) was used for isolation and
purification of plasmid DNA from E. coli cells with the commercially available
Cleanup Standard kit (Evrogen) used to isolate and purify DNA fragments from
agarose gels or reaction mixtures. Isolation and purification were performed
according to the manufacturer’s standard protocols. For cell growth, LB liquid
nutrient medium (Lysogeny broth, 0.5% yeast extract, 1% tryptone, 1% NaCl) and

solid LB agar medium (LB + 1.5% bactoagar) were used.

2.1.2 Restrictase ligase cloning

Cloning using the restriction enzyme ligase method was carried out in two
stages. In the first stage, the DNA fragment containing the target site for cloning was
restricted using two restriction enzymes. Typically, restriction protocols involved
using a temperature of 37 °C and incubation for 1-2 hours. Simultaneously with the
original DNA, the vector into which the DNA fragment is planned to be inserted is
subjected to restriction. If restriction enzymes require different buffer compositions
for functioning, restriction reactions must be carried out sequentially, replacing the
buffer between the first and second restriction reactions. When using restriction
check enzymes from the Fast Digest (FD) series (Thermo Fisher), there are no
problems with buffer incompatibility since their restriction enzymes are optimized
to function in the same buffer (FD or FD Green). Restriction enzymes from New
England Biolabs were also exploited, and here the Cutsmart buffer was used. The
restriction product was isolated and purified from the gel using a Cleanup Standard
kit (Evrogen). The compositions of all buffers are unavailable for commercial

reasons.
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The second stage of restriction enzyme ligase cloning involves a ligation
procedure. This was carried out at 22 °C for 10-60 minutes using the DNA ligase of
phage T4 (Thermo Fisher). Recommended vector/insert molar ratio varies in the
range 1:1 - 1:5. The amount of the enzyme used was based on the manufacturer’s
recommendations. The ligation mixture was used to transform E. coli strain DH5a

cells.

2.1.3 Preparation of competent cells
In this work, the "calcium" method - named after the main active ingredient
(CaCl,) - for preparing competent cells was used. This procedure is detailed in Table

2.1.3.1.

Table 2.1.3.1 Procedure for the "Calcium'’ protocol for preparing competent cells.
Day 1 Collect part of the frozen glycerin drain (you need to act quickly, avoiding
defrosting) with a previously fired loop.
Streak the LB agar plate.
Set the drain immediately to -80 °C.
Leave plates for 5 minutes, then place upside down in a 37°C incubator for 16-

20 hours.
Day 2 Select one colony and subculture in 5 ml LB.
Grow the culture overnight at 37 °C in a shaker at 250 rpm.
Day 3 Inoculate 1 ml of saturated overnight culture in 100 ml of LB medium.

All necessary equipment and components are pre-cooled: solutions, centrifuge,
pipette tips, Falcons and Eppendorf tubes. If possible, work in a cold room.
Grow in a shaker at 37 °C until ODsoo = 0.4 (usually 2-3 hours). Place in an ice
bath for 10 minutes. [Cells should never touch anything warm after that]
Transfer the culture to two pre-cooled 50 ml tubes. Centrifuge at 2700 g for 10
minutes at 4 °C.

Remove the medium, resuspend the cell pellet in 1.6 ml of cooled 100 mM
CaCl, solution, stirring.

Incubate on ice for 30 minutes.

Centrifuge at 2700 g for 10 minutes at 4 °C.

Remove the medium, resuspend the cell pellet in 1.6 ml of the ice-cold solution
of 80 mM MgCl, + 20 mM CaCl,, and gently shake it on ice.

Incubate on ice for 20 minutes.

Combine cells into one tube, add 0.5 ml of chilled 80% glycerin, and shake to
mix.

Freeze 100 pul aliquots in liquid nitrogen. Store at -80 °C.

2.1.4 Transformation of plasmid DNA into E. coli cells

An aliquot of frozen competent cells was removed from -80 °C storage and

transferred to ice. Plasmid DNA or ligase mixture was sterilely added to the cells.
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The added DNA solution volume should not exceed 10% of the aliquot's cell
suspension volume. The mixture was incubated on ice for 30 minutes, after which
the cells were subjected to heat shock (42 °C, ~ 1 minute), and the mixture was
incubated on ice for a further 5-10 minutes. 0.4-0.9 ml of LB medium was then added
to a test tube with cells. The cells were placed in a shaker for 30-60 minutes, 37 °C,
200-250 rpm. Super Optimal broth with Catabolite repression (SOC) was used
instead of LB at this stage increases the number of colonies. The bacteria were then
ground on a Petri dish with a solid nutrient medium LB-agar with the required
antibiotic's addition (or a mixture of antibiotics). The Petri dish was incubated at 37

°C overnight.

2.1.5 Expression of Proteins in E. coli

2.1.5.1 Co-expression of NpSRII and NpHtrll,;;;

This non-chimeric complex was expressed in E. coli strain BL21-Al (DE3)
(Stratagene, La Jolla, Calif.). The cell culture was grown at 37 °C in Terrific Broth
(TB) medium supplemented with 100mM Na / K-phosphate buffer (pH = 6.7),
25mM ammonium sulfate, and 100mg/L kanamycin. Induction with Isopropyl-B-D-
galactopyranoside (IPTG) (1 mM) was carried out at ODgpp=1.6-2.0. Simultaneously
with IPTG, purified trans-retinal in ethanol was added to a final concentration of 5-

10 uM. Subsequently, the cells were cultured for 3-4 hours at 37 °C.

2.5.1.2 Co-expression of NpSRII and NpHtrll by autoinduction

NpSRII and full-length NpHtrll were co-expressed in E. coli cells, strain BL21
(DE3) (Stratagene, La Jolla, CA). The culture was grown at 37 °C in TB-5052
medium [85] supplemented with 100 mM Na / K-Pi (pH = 6.7), 25 mM ammonium
sulfate, and 100 mg/L. kanamycin. Upon reaching ODg¢y=1.0-1.2, purified trans-
retinal in ethanol was added to a final concentration of 5-10 uM. Cells were grown
at 20 °C for 16-20 hours (a similar procedure was described in [25] as applied to the

expression of a single NpSRII alone.
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2.1.5.3 Co-expression of NpSRII and NpHtrll in E. coli strain BL21-Al

NpSRII and full-length NpHtrll were also co-expressed in E. coli cells, strain
BL21-AlI (Invitrogen, Carlsbad, Calif.). Here, the culture was grown at 37 °C in TB
medium supplemented with 70 mM Na/K-Pi (pH 6.7) and 50mg/L kanamycin. Upon
reaching ODgpo=1.6 - 20, purified trans-retinal in ethanol was added to a final
concentration of 5-10 uM as were arabinose (to a concentration of 0.1%) and IPTG

(to a concentration of 2 mM). Then the cells were grown for another 4 hours.

In all three scenarios above, the maximum protein yield was approximately 1-
2mg per liter of cell culture, with the induction protocol with IPTG and arabinose

(see above) showing better reproducibility.

2.1.6 Purification of NpSRII/NpHtrIli3; and NpSRII/NpHtr1l

After expression, the cells were pelleted by centrifugation and then
resuspended in a buffer containing 25 mM Na/Na-Pi (pH 8.0), 150 mM NaCl, 1 mM
PMSF, and cOmplete protease inhibitors (Roche, Switzerland). The cells were lysed
using a Microfluidizer M-110P (Microfluidics, Massachusetts, USA). After
centrifugation of the lysate, the membrane pellet was collected, then solubilized in
1% n-Dodecyl B-D-maltoside (DDM). The solubilized solution was separated from
the membrane residues by centrifugation. The supernatant was used for the
subsequent purification of the NpSRII/NpHtrll 37 or NpSRII/NpHtrll using metal
chelate chromatography (HisTrap™ HP 5 ml, GE Healthcare, Illinois, USA) and gel
filtration (Superose6 10/300 GL 24 ml, GE Healthcare, USA). As already noted
above, using this protocol the final yield is 5 mg and 1-2 mg per liter of medium for

NpSRII/NpHtrll;3; and NpSRII/NpHtrll, respectively.

2.1.7 Nanodisc Assembly and Reconstitution of Membrane Proteins

The preparation of nanodiscs (NDs) containing embedded proteins requires
both the expression and purification of membrane scaffold protein (MSP) and the

preparation of lipid micelles using a detergent.
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To prepare "empty" nanodiscs (Figure 2.1.7.1), lipid/detergent micelles
(usually lipid:detergent ratio is 1:2) are mixed with MSP [102]. To reconstitute
membrane protein in NDs a MP solubilized in detergent is added to the mixture of
MSP and lipid-detergent micelles. The correct proportions of the above ingredients
must be observed. The ratios of lipid molecules to one MSP molecule for the

assembly of empty nanodiscs are given in Table 2.1.7.1.

Table 2.1.7.1 Nanodisc — lipid ratios required to fill the full surface of the nanodisc.

Lipid molecule
POPC DPPC DMPC
MSP1D1 65 90 80
MSPI1EIDI 85 115 100
MSP1E2D1 105 145 130
MSP1E3DI 130 180 160

Incubation ata
temperature near the
S lipid phase transition

" \%". W point

Removing detergent
from solution

Figure 2.1.7.1 Schematic step-by-step diagram of the assembly of empty nanodiscs. Figure taken from
[102].

The mixture is incubated for 1-2 hours at a temperature close to, but not lower
than, the phase transition point of the lipid used and the nanodiscs are formed after
the detergent is removed from the solution. This can be done in two ways: dialysis,
in which the concentration of the detergent in the solution is reduced by 100 times
during a buffer exchange procedure (preferably repeated 3-4 times), or the use of
Bio-Beads (Bio-Rad), which adsorb detergents on their surface. A combination of
the two methods can be used to better remove detergent. The last stage in nanodisc
preparation is gel filtration, which separates the suspension components by size. This

stage is necessary to remove aggregates.
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For embedding MPs in nanodiscs (Figure 2.1.7.1), a similar protocol is used
as for assembling empty nanodiscs, but with the addition of a MP. Separation of
protein-containing and empty nanodiscs is also performed using gel filtration. The
calculation of the amount of lipid molecules to use should take into account the

displacement of lipid molecules by the transmembrane region of the protein [103].
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(
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without MP

Figure 2.1.7.2 Schematic step-by-step diagram of the assembly of nanodiscs containing a membrane
protein. Figure adapted from [103].

2.2 Crystallization by the in-meso method

The crystals obtained in this study were obtained by crystallization using the
in meso method. The general scheme of in meso crystallization is described in [104]

and is shown in Figure 2.2.1.
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Figure 2.2.1 Schematic step-by-step diagram of the in meso crystallization of membrane proteins.
Figure taken from [104].

The more practical aspects of in meso crystallization procedure are shown in
Figure 2.2.2 and Figure 2.2.3. Two Hamilton syringes (Hamilton Research): one
containing the MP (in this work a concentration of 20 mg/ml was used), the other
containing monoolein (MO) are prepared. The contents of the two syringes are then

mixed to external homogeneity (color and composition).

Once the contents of the two syringes are satisfactorily mixed, droplets are
dispensed into a 96-well LCP plate (Qiagen, Germany), at 100nL of mesophase per
well, using an NT8 crystallization robot (Formulatrix, USA) at the Partnership for
Structural Biology (PSB; Grenoble, France). The resulting drops are then covered
with 800nL of precipitant solution. In this work, standard kits of precipitant
solutions, QCP1 and QCP2 (Qiagen, Germany), were used.
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Figure 2.2.2 The procedure for preparing proteins for in meso crystallization.

Figure 2.2.3 The procedure of dispensing protein mixtures onto LCP plates

2.3 Negative stain electron microscopy

The NpSRII/NpHtrll protein solution in a 150 mM NaCl buffer, 25 mM Na /
K-P1, and 0.01% DDM (pH 8.0) was inserted between mica and a carbon film and
then stained with a solution of 2% sodium silicotungstate. The carbon film was then
applied to a copper mesh and dried at room temperature. Micrographs of negatively

stained particles were obtained at low dose at the Partnership for Biology (PSB)
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Electron Microscopy Platform (https://www.psb-grenoble.eu/spip.php?rubrique34)
using a Tecnai F20 (FEI) electron microscope with a FEG (Field Emission Electron
Gun) at 200 kV, equipped with a Ceta (FEI, The Netherlands) 4kx4k camera. For

visualization, the defocus value was set to ~ 4 um.

2.4 Cryo-electron microscopy

Cryo-electron microscopy (Cryo-EM) measurements were carried out at
Maastricht University using a Tecnai Arctica microscope (FEI, The Netherlands)
(Figure 2.4.1), at Groningen University with a Talos Arctica cryo-electron
microscope (FEI, The Netherlands) and at The Netherlands Center for Electron
Nanoscopy (NeCEN, The Netherlands) with a Titan Krios K2 cryo-electron
microscope. For blotting, carbon-copper meshes were used, the sample was applied

using a Vitrobot™ device (ThermoFisher).

.'.:c [’ £

Figure 2.4.1 Talos Arctica electron microscope (Groningen University, Groningen, The Netherlands).

2.5 Small-angle scattering measurements
2.5.1 SAXS measurements at BM29, ESRF, Grenoble, France

Beamline BM29 (Figure 2.5.1) of the European Synchrotron Radiation
Facility (ESRF) is a tool designed for Small-angle X-ray Scattering (SAXS)

measurements from solutions of biological macromolecules [105]. The X-ray

63



wavelength range is A=0.82 - 1.77 A. The flux density in the collimated beam is 1.3
x 10" photons/sec at A=1.13 A. The attainable range in modulus of the scattering
vector (q) is 0.001 - 0.5 A'. To set the wavelength, a double multilayer
monochromator is used (energy bandpass (AE/E) ~ 1072).

The beamline’s sample changer, Pilatus 1M 2D detector and the connecting
vacuum tube are located on the marble table. BM29 is also equipped with a
chromatograph, which allows SAXS measurements of various fractions to be carried
out directly following gel filtration. The diameter of the capillary with the irradiated

sample is 1.8 mm. The dimensions of the collimated beam are 500 x 500 um?.

ESRF -,
double multlayer bending magnet )
monochromator =
fight tube sample ant mn;n;:m:t.n = =
wﬂaml:aw - o - g white beam
| : ' _:. - ) - - = mask shts
delaector . - ! energy
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cleaning slits torohdal mirmor
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45 m 42.5 m 1.2 m 27.3m 0

Figure 2.5.1.1 Scheme of BM29 BioSAXS, ESRF. Figure taken from [105].

2.5.2 SANS measurements at YuMO, IBR-2, JINR, Dubna, Russian
Federation

The fast pulsed reactor (IBR-2) operates as part of the Frank Laboratory of
Neutron Physics (FLNP) of the Joint Institute for Nuclear Research (JINR, Dubna,

Russia) [106]. It is the only nuclear reactor in the world with a movable reflector.

The movable reflector is a complex mechanical system. It consists of a main
and additional rotating movable reflectors (OPO and DPO). The rotors of OPO and
DPO rotate in opposite directions at different speeds, the rotation frequencies being
5 and 10 Hz, respectively. At the moment when both reflectors are aligned, a power
pulse is generated near the reactor zone. Next, the neutrons hit the water moderator,
the flux of which is ~ 10'® n/(cm? x sec). The peak power is 1850 MW. These

indicators make the IBR-2 one of the most powerful research reactors in the world.
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At the exit of the moderator the neutrons have a Maxwellian momentum
distribution, the peak position and width of which correspond to the neutron
wavelength range of 0.1 - 10 A. The non-monochromaticity of the beam is turned
into an advantage due to the use of the time-of-flight technique - scanning along the

wavelength is carried out by measuring the neutron flight time from the moment of

the flash.

YuMO is a small-angle neutron scattering (SANS) installation operating at
IBR-2 (Figure 2.5.2.1). A vanadium standard is used for intensity calibration, and a
two-detector system is used to expand the range of the values of the scattering vector
modulus which can be measured [107]. YuMO has the following characteristics
[108]: the thermal neutron flux on the sample 4 x 107 n/cm?/sec, the range of used
wavelengths is A=0.5 - 8 A, an accessible q range of 0.001 - 0.5 A~!, the beam

diameter 1s on the sample can be selected in the range of 8 - 22 mm.

Figure 2.5.2.1 Schematic of the YuMO, IBR-2, JINR facility. / - double reflector; 2 - reactor zone with
moderator; 3 - breaker, 4 - the first collimator, 5 - vacuum tube; 6 - the second collimator; 7 - thermostat;
8 - sample rack; 9 - goniometer,; 10-11 - vanadium (Vd) standard; 12 - ring-wire detector, 13 - position-
sensitive detector "Volga"; 14 - direct beam detector.
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2.5.3 Small-angle scattering data processing

The SAXS and SANS data collected at BM29 (ESRF) and YuMO (FLNP)
and were processed using the ATSAS [109] and BioXTAS RAW [110] software
packages. The pair correlation function p(r) and the normalized I(q) were obtained
using the GNOM program, which implements the inverse Fourier transform method
[111]. The CRYSOL and CRYSON [70, 112] programs were used to calculate
theoretical solution scattering curves from atomic models of macromolecules and fit
these to experimental data. MEMPROT [69] (Figure 1.4.2) was used to construct a
pseudo-atomic model of the detergent belt surrounding transmembrane region of the
proteins studied and to approximate the experimental SAXS data using hybrid
models combining pseudo-atomic models of the detergent belt and atomic models
of proteins. Before starting the MEMPROT program, the center of the
transmembrane part of the protein was placed at the origin, and the direction of the

normal vector to the membrane plane was selected along the z axis.

2.6 Microbial rhodopsins with Noble Gases
2.6.1 Protein expression and purification

KR2, tmbR and MAR were obtained from the Gordeliy group, ICS-6, FCJ,
Julich, Germany. Protein expression and purification protocols are standard for
rhodopsins and are described in the following publications: tmbR [113], KR2 [26],
MAR [114].

2.6.2 Crystallisation

All crystals were grown using the in meso approach (see above; [115]) used
in previous work [21]. MAR, tmbR, and KR2 in their respective crystallisation
buffers were added to the monoolein-formed lipidic phase (Nu-Chek Prep, USA).
The protein-LCP (lipidic cubic phase) mixtures (100-nl aliquots for all proteins)
were spotted on 96-well LCP glass sandwich plates (Marienfeld, Germany) and
covered with 800 nl of precipitant solution using the NT8-LCP crystallization robot
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(Formulatrix, USA) from PSB, Grenoble, France. Crystals were grown at 20 °C and

reached their final sizes within 1 to 8 weeks.

The best crystals of tmbR were obtained using 3.0 M Ammonium Sulfate and 0.1 M
Sodium Acetate (pH 4.6) (Qiagen, Germany) as the precipitant solution and grew to
50-100 pum in size. For KR2, the best crystals were obtained using 2.0 M sodium
malonate (pH 4.3) (Hampton Research, USA) as the precipitant solution and grew
up to 70-100 um in size. The best crystals of MAR were obtained using 2.6 M
(NH4)2SO4 and 0.1 M sodium acetate pH 5.2 (Qiagen, Germany) as the precipitant

and were 100 to 150 pum in size.

Figure 2.6.2.1 Photographs of crystals of microbial rhodopsins obtained during this work. 4, tmbR
(purple, plate form). B, KR2 (violet, plate form). C, MAR (red, rod form).

Once crystals reached their final size, crystallization wells were opened as
described elsewhere [13]. For cryo-protection for native data collection, drops
containing the protein-mesophase mixture were covered with 50 ul of the respective
precipitant solution before they were mounted in MicroMounts (MiTeGen, USA),

flash-cooled, and stored in liquid nitrogen.

2.6.3 High-pressure derivatization

High pressure derivatization with noble gases was carried out the ESRF’s
High Pressure Macromolecular Crystallography (HPMX) facility (Figure 2.5.3.1)
[82].
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Cryogenic krypton pressure cell

Figure 2.6.3.1 The ESRF device for high pressure noble gas derivatization. Figure taken from [82].

Cryo-protected crystals were mounted into the pressurizing device which was
then used derivatize the crystals using a pressurized atmosphere of the noble gas
desired. Ar derivatization was performed using an atmosphere pressurized at ~2000

bar, for Kr derivatization the pressure used was ~200 bar.
2.6.4 Crystallographic data collection

X-ray diffraction data collection was carried out at ESRF beamlines [D23-1
[87] and ID29 [116]. Protein crystals were mounted on SPINE standard sample
holders [117] (for data collection at 100 K) or in capillaries (room-temperature data
collection). Crystals were located and their diffraction properties characterized using
X-ray mesh scans analyzed using Dozor-MeshBest [118, 119]. The X-ray beam size
at the sample position was chosen to be in the range from 10 to 50 um FWHM in
accordance with Dozor-MeshBest analysis. Experimental parameters for optimal
data collection were designed using the program BEST [120]. Diffraction data were
recorded at A=1.85 A and A=0.972 A for Ar-derivatized crystals and at A=0.861-
0.863 A for crystals derivatized with Kr. Diffraction data from native (i.e. non-
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derivatized) crystals were recorded at A=0.972 A. In all cases diffraction images
were recorded on a Pilatus 6M detector (Dectris, Switzerland) and processed with
XDS [121] and XSCALE [121], with the latter also being used to merge and scale
different data sets. Structure factor amplitudes, anomalous differences (|Fux — Fonk-
i|, AFao (DANO)) and Rp. labels were generated using the CCP4 programs
POINTLESS and AIMLESS [122].

2.6.5 Structure solution and refinement

The native crystal structures of the same crystal forms as featured in this work
had been solved previously in other works, and the protein chains from those
structures were used as initial models for crystal structure refinement (MAR: PDB
code SJSI [114]; KR2: PDB code 6RF7 [123]; bR: PDB code 3MBV [124]).
Anomalous difference Fourier maps were calculated with FFT [125] from the CCP4
package using DANO and (otcaic T 90°) as coefficients (o = calculated phases from
the final refined models). In cases where multiple data sets were available from a
given crystal form, anomalous difference maps were generated for each data set and
those which showed consistency in anomalous difference map peaks were merged
and refinement carried out with the merged data. In the case of tmbR-Ar crystals the
anomalous dataset recorded at A=1.85A was used to calculate anomalous difference
maps, with that recorded at A=0.972A (and to higher resolution) used to carry out
refinement. Final structural models were obtained by alternating cycles of manual
building in Coot [126] followed by refinement in REFMACS [127]. Omit (jmFps-
DF.a|; ocalc) maps were used to verify the presence of lipid fragments, ions, and
water molecules. Individual noble gas atoms were located by choosing peaks in the
anomalous difference maps (in cases with multiple anomalous maps from different
data sets each map was taken into account) greater than the 3 x r.m.s. level and
positioned in accordance with peaks in electron density (|2mFobs-DFcarc|; Olealc) maps.
Their occupancies were then refined in REFMACS maintaining their B-factors

similar to those of the surrounding protein structure.
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2.6.6 Molecular dynamics simulations

The systems used for molecular dynamics simulations consisted of protein
chain monomer models of tmBR, KR2, and MAR. In all simulations, the proteins
were embedded in a model detergent bilayer consisting of DPPC/DLPC lipids and
solvated with water molecules with counter ions using TIP3P [128] through the
CHARMM-GUI web-service [129]. Following this process, a small fraction (2%) of

water molecules were replaced by atoms of specific noble gases.

The recommended CHARMM-GUI protocols were followed for the initial
energy minimization and equilibration of the systems. The atoms of proteins and
lipids in the systems were subject to harmonic positional restraints. The steepest
descent minimization (5000 steps) was followed by a series of short equilibration
simulations (25-50 ps) in the NPT ensemble [130] using the Berendsen thermostat
and barostat [131] with the restraints on lipids gradually released. For the production
simulations, the Nose—Hoover thermostat [132] and Parrinello-Rahman barostat
[133] were used. Here, the Ca-atoms of the protein backbone were constrained using
the harmonic potential with the force constant of 100 kJ/mol/nm? to prevent large
fluctuations of the protein structure, which could obscure further analysis. The
temperature and pressure were set to 323.15 K and 1 bar with temperature and
pressure coupling time constants of 1.0 ps™' and 0.5 ps™!, respectively. All MD
simulations were performed with GROMACS version 2020.2 [134]. A time step of
2 fs was used for all production simulations. The CHARMMZ36 force field [135] was
used for the proteins, lipids, and ions, while the parameters for the noble gases were
obtained from [136]. All production simulations were run for 100 ns. The density
maps for the noble gases were calculated using the volmap utility in VMD [137]
after roto-translational alignment of a protein and the treatment of periodic boundary
conditions. Only the last 90 ns of the production simulations were used for the

analysis.

Density peaks were identified on the density maps sampled on a 0.5 A grid,

above (mean + 5 x r.m.s.d.) level as local maxima in a moving window 2 A in size.
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Peaks within 4 A of crystallographically observed noble gas sites were counted as
“atom matches”. Density peaks clusters were identified by hierarchical cluster
analysis using a cut-off distance of 5 A between cluster centres. Clusters containing

no “atom matches” were counted as “not present”.
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3.Results

3.1 Investigation of NpSRII/NpHtrlI protein complex solubilized in DDM
3.1.1 Gene Optimization

The original genes used in this work were obtained from our collaborators in
the Borshchevskiy Team from the Moscow Institute of Physics and Technology
(MIPT, Dolgoprudny, Russia). For co-expression, they were encoded in a
pET27bmod vector containing Xhol and Ndel restriction sites. Protein expression
was carried out in E. coli cells, Rosetta2 strain. The protein yield was 5-6 mg from
6 liters of medium, but this amount of protein is not enough to carry out experiments
planned in this thesis work. For this reason, it was decided to optimize the genes of
both NpSRII and NpHtrll for expression in E. coli, without modifying their amino
acid sequences. The optimized genes were inserted into separate (pSC_SRIIStrep;
pSC HtrllHisg) small plasmids and then inserted into a co-expression vector
(pET27bmod SRIIStrep HtrlIHiss). A hexa-histidine (Hise) purification tag was
added to the C-terminus of NpHtrll, while a streptavidin (Strep) tag was encoded to
the C-terminus of NpSRII. This was done to get a cleaner sample before the SEC.

3.1.2 Optimization of expression and purification protocols

Test expression was performed under conditions that were selected for the old
plasmid, but the yield of the protein was significantly lower than previously. In this
regard, it was decided to search for optimized expression conditions (selection of
cell strain, search for the best ODgq to induce cell culture and IPTG concentrations).

Here two strategies were adopted:

1. A comparative analysis of E. coli strains for the new and old expression plasmids
was carried out. Cells were grown in TB-medium (80 ml) at T = 37 °C to ODggo
~ 1.5, then IPTG was added up to 2mM as was antibiotic 100uM if necessary
(ampicillin plasmid) and growth was continued at the same temperature for 4
hours. At the end of the process, cells were selected and further solubilized in
TES-buffer (100 mM TRIS, 30 mM EDTA, 1% SDS) for 12% sodium dodecyl

sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Figure
72



3.2.2.1). According to the results of the gel analysis, the most promising

kanamycin plasmids were selected and another test expression was performed.

SRII

15kDa

F .-

BL21 BL21plyS BL21* BL21AI p BL21 BL21* BL21plyS  pg21a
old old old old new new hew B

Figure 3.1.2.1 SDS-PAGE analysis of protein expression. /2% SDS-gel analysis of old and new (i.e. E.
Coli optimized) plasmids in four E. Coli strains (BL21(DE3), BL21(DE3)plyS, BL21*(DE3),
BL21(DE3)AI). “R” is molecular weight marker.

2. All previously tested E. coli strains were grown in TB-medium (70 ml) at of 37
°C to ODgoo ~ 2 (approximately 4 hours). For experiments in the cell strains
BL21 and BL21* two protocols were then used: add IPTG up to 2mM and leave
to grow at 37 °C; add IPTG to 2 mM and continue cell growth at 25 °C. For the
cell strains BL21PlyS and BL21AI, 4 paths were chosen: IPTG 2mM, 1%
arabinose, cell growth at 37 °C; IPTG 2mM, cell growth at 37 °C; IPTG 2mM,
1% arabinose, cell growth at 25 °C; IPTG 2mM, cell growth at 25 °C. In all cases
the culture was grown for 4 hours. The whole culture was then centrifuged and
the same mass of cells (40 mg) was taken to accurately determine the amount of
protein produced. Next, solubilization was performed in TES-buffer following

which the samples were applied on a 12% SDS gel (Figure 3.2.2.2).
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Figure 3.1.2.2 SDS-PAGE analysis of further protein expression tests. /2% SDS-gel analysis for E.
Coli strains (BL21(DE3) (11.1, 11.2), BL2I(DE3)plyS (11S8.1, 11.2) , BL2I*(DE3) (11*.1, 11*2, 11*3.
11*4) and BL21(DE3)AI (1141.1, 11A41.2, 11A41.3, 1141.4). See main text for conditions used. “rul” is
molecular marker.

According to the results, the most suitable cell strain was BL21AI coupled
with cell growth at 37 °C and the addition of 2 mM IPTG supplemented with 1%
arabinose to induce expression. For larger scale cell-growth/expression, cells were
grown in TB-medium (1L) at 37 °C, 250 RPM. After 3 hours cell growth, IPTG and
arabinose were added at ODgoo = 2.2. An hour after induction ODgy was measured.
This measurement was repeated every 30 minutes until 4 hours had elapsed post-
induction. These measurements (Table 3.2.2.1) coupled with 12% SDS-PAGE
analysis (Figure 3.2.2.3) confirmed that cell growth stopped 3 hours after induction.

Table 3.1.2.1 ODgyo measurement as function of post-induction time

Time after induction | 1h 1.5h |2h 2.5h |3h 3.5h 4h

ODso0 344 |[3.76 |4.00 ([4.04 [4.28 |4.28 [4.20
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Figure 3.1.2.3 SDS-PAGE analysis of protein expression as a function of post-induction time. Column
‘r’is a molecular weight marker. Srillsy., and Htrlliss are indicated with rectangles.

After deposition, the cells were opened using a French Press. Here, cells were
resuspended in a lysis buffer (150 mM NaCl, 25 mM NaPi, ImM EDTA, 0.5 mM
PMSF, pH 7.5) at a ratio of 2-3 ml of buffer per 1 g of cells and the suspension was
pumped through a pressure cell at 2200 Mpa (2 repetitions).

Membranes containing the target protein(s) were precipitated by centrifuging
at 60,000g for 3 hours at 10 °C. The pellet was resuspended in a solubilization buffer
comprising 150 mM NacCl, 25 mM NaPi, pH 7.5 supplemented with 1-2% DDM (n-
Dodecyl B-D-maltoside). Solubilization was carried out for 10-20 hours at 4 °C, with
constant vigorous stirring. The membranes that were not solubilized were

precipitated by centrifugation, also at 60,000g, for 2 hours at 10 °C.

For purification, the supernatant was applied to a Ni-NTA carrier column

(His-Trap) at a rate of 0.5 to 1.0 ml / min, with a preliminary addition of 10 mM
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Imidazole. The binding of NpSrllStrep/ NpHtrl1Hiss with divalent nickel ions is due
to the presence of the C-terminal histidine tag added to NpHtrIl. After applying the
supernatant, the column was washed with 50 mM imidazole to remove proteins non-
specifically associated with Ni-NTA. Then, the target protein was washed from the
column with buffer containing 25 mM NaPi1 (pH 7.5), 150 mM NacCl, 250 mM
imidazole and 0.05% DDM. (Figure 3.1.2.4)

mAL

/’______4.__/—"-'—‘ \
200 o

WASH
50mM
Imidazole

LOADING
10mM Imidazole

ution
50mM

idazole

Figure 3.1.2.4 Purification of NpSrIIStrep/NpHtrIIHiss via nickel affinity chromatography. Ni-NT4
curve (blue) obtained by monitoring the 1=280 nm absorption profile. The procedure consists of three
stages. Loading, Wash and Elution.

After the Ni-NTA step, NpSrlIStrep/NpHtrlIHis¢ was further purified using
size exclusion chromatography (SEC) on an Akta Purifier (GE, USA) equipped with
a Superose6, 24 ml column (GE, USA). The equilibrating buffer comprised 150 mM
NaCl, 15 mM NaPi (pH 7.5), 0,05% DDM. Proteins were separated by absorption
profile at A=498 nm (photoactive wavelength of SRII) (Figure 3.1.2.5.A). Fractions
containing NpSrlIStrep/NpHtrlIHiss were collected and concentrated to that
required for crystallization (~30 mg/ml). That the purified protein was truly a
NpSrllStrep/NpHtrIIHiss complex was confirmed by SDS-PAGE analysis (Figure

3.1.2.5 B).
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Figure 3.1.2.5 Purification of NpSrIIStrep/NpHtrIIHiss using gel filtration. “A " shows the gel filtration
profiles for NpSrll/NpHtrll after Ni-NTA. The black curve is absorption at A = 280 nm absorption profile,

the red curve is absorption at A = 498 nm (photoactive wavelength of Srll) absorption profile. “B” is 12%
SDS-gel of NpSRII/NpHtril after SEC.

3.1.3 Single particle cryo-electron microscopy analysis of NpSrII/NpHtrll

In parallel with crystallographic studies (see §3.1.4 below) electron

microscopy experiments were carried out.

3.1.3.1 Grid prepration and derivatized
The first stage of this approach was a search for optimal parameters for preparing

grids. In this regard, a work plan (Table 3.1.3.1.1) was drawn up:

e Low salt conditions (150 mM NaCl). Preparation of grids under initial
conditions (detergent, Cu-C grid) at different concentrations (1.0 and 0.5
mg/ml)

e Preparation of high salt (4M NaCl) grids for the available protein (detergent,
Cu-C grid) at different concentrations (2.1 mg/ml)

e Testing of a selection of conditions for glow discharging and applying protein
to the grid (blotting angle, humidity, temperature; number of depositions

between blotting)
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Table 3.1.3.1.1 A summary of the conditions used in grid preparation for cryo-EM studies of wild-

type NpSRII/NpHtrll.
Detergent Grid type Buffer Concentration Blot Glow
conditions
(angle, time,
humidity,
temperature)
1 | DDM Cu-C 150mM NaCl 1.0 mg/ml 0° 2 min,
25mM NaP Is 20mA,
0.05% DDM 100% negative
pH 8.0 25°C
2 | DDM Cu-C 150mM NaCl | 0.5 mg/ml 0° 2 min,
25mM NaPi Is 20mA,
0.05% DDM 100% negative
pH 8.0 25°C
3 | DbM Cu-C 4M NaCl 2.0 mg/ml 0° 2 min,
25mM NaPi Is 20mA,
0.05% DDM 100% negative
pH 8.0 25°C
4 | DDM Cu-C 4M NaCl 1.0 mg/ml 0° 2 min,
25mM NaPi Is 20maA,
0.05% DDM 100% negative
pH 8.0 25 °C
5 | DDM Cu-C 150mM NacCl 1.0 mg/ml 0° 30s,
R2/2 300 25mM NaPi 2s 20mA,
0.05% DDM 100% negative
pH 8.0 22 °C
6 | DDM Cu-C 150mM NaCl | 2.0 mg/ml 0° 30s,
R2/2 300 25mM NaPi 2s 20mA,
0.05% DDM 100% negative
pH 8.0 22°C
7 | DDM Cu-C 150mM NaCl | 4.0 mg/ml 0° 30s,
R2/2 300 25mM NaPi 2s 20maA,
0.05% DDM 100% negative
pH 8.0 22°C
8 | DDM Cu-C 150mM NaCl | 7.0 mg/ml 0° 30s,
R2/2 300 25mM NaPi 2s 20maA,
0.05% DDM 100% negative
pH 8.0 22 °C

Example micrographs are shown in Figure 3.1.3.1.1. Large numbers of detergent
bubbles could be seen in the images and the protein also tends to gather the edge of
the metal mesh. The likely reason for this distribution is thin ice in the middle of the
grid. The problem of the formation of a large number of detergent bubbles could be
solved by reducing the concentration of the detergent or upon applying a larger
sample volume during application. To avoid uneven distribution, reducing the
blotting time, changing the blot angle, using Au-C grids, use grids with smaller hole
sizes were utilized. Unfortunately, time did not allow for further testing and cryo-

EM measurements went ahead with the samples to hand.
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Figure 3.1.3.1.1 Cryo-EM micrographs collected for NpSRII/NpHtrlIl. Lefi: Grid 6; Right Grid 8. See
Table 3.1.3.1.1 for full details of grid preparation conditions.

Cryo-EM measurements for the NpSrll/NpHtrll complex solubilized in DDM
were carried out at Netherlands Centre for Electron Nanoscopy (NeCEN, Leiden,
The Netherlands) using a Titan Krios K2 cryo-electron microscope. 2000 images
were collected. The results of 2D classification was shown in Figure 3.1.3.1.2. As
can be seen, the particles on the grid exhibited a marked preferred orientation and

only a “top” view was visible.

Figure 3.1.3.1.2 2D classifications obtained from the cryo-EM analysis of NpSrIl/NpHtrll solubilized
in DDM.

Data processing was carried out using the cryoSparc software package [138].
After 3D reconstruction an “O-shaped” model was obtained. At first, it was thought
that it was a model of the transmembrane part of the complex, but after processing

we understood that it is detergent around the transmembrane region (Figure

3.1.3.1.3).
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NpSRII/NpHtrll

Figure 3.1.3.1.3 Cryo-EM analysis of NpSrIlI/NpHtrll solubilized in DDM. 3D mode! (cyan) obtained
from the cryo-EM analysis and a theoretical surface model of the NpSril/NpHtrll complex (pink). Only the
detergent (cyan) could be modelled using cryo-EM.

3.1.4 Crystallization of NpSrIl/NpHtrllI solubilized in DDM

In meso crystallization of NpSrll/NpHtrIl solubilized in DDM was carried out
according to standard protocols (see §3.1.1). QCP1 and QCP2 precipitation buffers
(Qiagen, Germany) were used for the test crystallization screen. After 1 month,
crystals of two different forms were obtained: Diamond-shaped plates (Figure
3.2.4.1, left; precipitant solution: 1.8 M — 2.4 M (NH4),SO4 pH 8.5 — 9.3);
Hexagonal-shaped plates (Figure 3.2.4.1, right; precipitant solution 1.8 M — 2.4 M
(NH4)2SO4 pH 5.6 —7.5)

X-ray diffraction analysis of both crystal forms was then carried out at
beamline ID23-1 [87] of the ESRF (Table 3.1.4.1). The best results were shown in
Figures 3.1.4.2 and 3.1.4.3.
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Figure 3.1.4.1 Diamond- (left) and hexagonal- (right) shaped crystals obtained during the
crystallisation trials for NpSrII/NpHtrll solubilized in DDM.
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Figure 3.1.4.2 The crystal structure of the diamond-shaped crystals obtained. Top: Diffraction image
and photograph of crystal mounted in a loop. Bottom: The asymmetric unit of the crystal structure of
diamond-shaped crystal shown in Figure 3.1.4.1. As can be seen, these proved to be crystals of only the
NpSRII sensor domain of NpSRII/NpHtrll. NpSRII molecules are shown as a green C, trace, retinal
molecules in stick representation (orange).
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Figure 3.1.4.3 The crystal structure analysis of the hexagonal plates shown in Figure 3.1.4.1. These
proved to be crystals of a NpRSII/NpHtrils, dimer, which had been previously reported [24]. Part of the
electron density for the truncated transducer domain is shown as blue chicken wire.

Table 3.1.4.1 Data collection and refinement statistics for the crystal structure analyis of the
Diamond- and hexagonal-shaped crystals shown in Figure 3.1.4.1. Values for the highest resolution
shells are given in parentheses.

Diamonds Hexagonal plates
Beamline ID 23-1, ESRF ID 23-1, ESRF
Wavelength (A) 0.976 0.976
Space group P2:2,2 P64
Cell dimensions a=614A a=b=663A
b=89.1 A c=17125A
c=1513A y=120°
Resolution range (A) 48.00 — 2.81 47.74 - 3.8
Rimerge (%) 34.8 (141.2) 43.5 (156.1)
<Il/o(1)> 4.3 (1.13) 4.2 (1.14)
CCi(%) 99.7 (45.0) 99.5 (45.5)
Completeness (%) 99.21 (97.8) 99.9 (95.6)
Refinement
Resolution(A) 2.83 3.9
Rwork/Rfree(%) 237/258 267/280

82



3.1.5 Proteases activities
As can be seen in §3.1.4, upon crystallization of the complex of sensory

rhodopsin NpSRII with its related transducer NpHtrll, two crystal forms were
obtained: crystals of NpSRII alone (diamond-shaped crystals; Figure 3.1.4.1 and
Figure 3.2.4.2) and crystals of SRII in complex with only the TM domain of NpHtrlI
(hexagonal plates; Figure 3.1.4.1 and Figure 3.1.4.3). This latter crystal form was
obtained both during crystallization of the full-length complex (see above), and for
truncated constructs containing one or two HAMP domains (data not shown here).
Obviously, the transducer was cleaved. Knowledge of exactly at which site and
which protease is responsible for this might help avoid proteolysis either by using
inhibitors during protein preparation or by designing a construct more resistant to

proteolysis.

From the crystal structure shown in Figure 3.1.4.2 it was clear that the Htrll
proteolysis site was located after the amino acid 84. However, that more residues
were not seen in the electron density may be due to disorder. Further experiments,
not detailed here, suggested that the Htrll proteolysis site was between residues 84
and 98. This region corresponded to the putative AS1 helix of the HAMP domain of
Htrll, thus suggesting that this region needed to be proteolysis protected if crystals
of full-length NpSRII/NpHtrll were to be obtained.

3.1.6 Small-angle Scattering investigations of NpSrIlI/NpHtrIl37 and of full-
length NpSrII/NpHtr1I

Small-angle scattering was used to investigate the oligomeric state in solution
of NpSRII/NpHtrll 37 and of full-length NpSRII/NpHtrIl. At low salt conditions
SAXS scattering curves for NpSRII/NpHtrll;3;, measured at BM29 of the ESRF,
were fitted well (x2 = 1.2) using a model of a dimer of the truncated complex
surrounded by a detergent belt (Figure 3.6.1A, middle), strongly suggesting that,
under the conditions employed, interactions between the membrane and/or HAMP1

domains of NpHtrll;3; were sufficient to induce dimerization.
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Low salt condition SANS scattering curves (Figure 1.3.6.1A, bottom) for full-
length NpSRII/NpHtrIl were fitted well (¥2 = 0.7) using an optimized dimer model
containing a ‘straight’ adaptational domain. However, subsequent SAXS
experiments, collected on ESRF BM29, allowed access to a wider range of scattering
vectors compared to those accessible in the SANS experiments and suggested that
this model does not fully describe the overall structure of a full-length
NpSRII/NpHtrIl dimer (Figure 1.3.6.1A, top). Here, a fit between the experimental
SAXS scattering curve and that calculated from the ‘straight transducer’ model by
yielded with 2 = 5.0. This can be improved (y2 = 3.3) using a calculated scattering
curve obtained by combining a series of models in which bends of between -90° to
90° (with the step of 30°) were induced in the HAMP1-, HAMP2- and Gly- hinges.
This procedure also produced a noticeably improved fit of the distance distribution
functions (PO) calculated from the experimental and theoretical scattering curves,
particularly in the 160—A - 370 A region (Figure 1.3.6.1B). This clearly suggests a
dynamic structural ‘polydispersity’ for full-length NpSRII/NpHtrIl dimers and is in
line with EM studies showing that bending of Tar chemoreceptor dimers occurs at
flexible HAMP and/or Gly hinges [33] (see Figure 1.2.8). While it had been
suggested that such bending might play a crucial role in the formation of the
hexagonal arrays of membrane receptors in complex with kinases CheA and CheW
[37] it could not be ruled out that the structural ‘polydispersity’ observed for full-
length NpSRII/NpHtrll in SAXS experiments at low salt conditions might be a result

of low ionic strength in which the transducer domain is partially disordered.

84



0.8+

Gly
‘\\hinge

- ., VK

SSON, (HAMPL
HAMP2 “N\alhinge
hinge i

0.6

0.4+

0.2+

0.0

50 100 150 200 250 300 350 400

1.04 A @

0.8+

Intensity, a.u.

0.6

0.44

Distance distribution function, a.u.

il

0 50 100 150 200 250 300 350 400
distance, A

0.0

0.4

Figure 3.1.6.1 SAS analysis of NpSRII/NpHtrll37 and of full-length NpSRII/NpHtrlIl at low salt
concentration. A: bottom — experimental SANS scattering curve for NpSRII/NpHtrIl and CRYSON fit (x2
= (0.7, corresponding blue curve) based on a model (shown on the right of the curves) of a NpSRII/NpHtrll
dimer with a detergent corona. Middle — experimental SAXS scattering curve for the NpSRII/NpHtrll,3;
dimer and MEMPROT fit (y2 = 1.2, corresponding blue line) based on a model (shown above the
corresponding curve) of the NpSRII/NpHtrll;s; dimer with a detergent corona. Top — experimental SAXS
scattering curve for full-length NpSRII/NpHtril and two theoretical approximations. The first (blue solid
curve) is a CRYSOL3 fit (x2 = 5.0) based on “a "strai”ht" model of the NpSRII/NpHtrll full-length dimer.
The second (brown pointed curve) is a fit (x2 = 3.3) based on a combination of modified models of the
NpSRII/NpHtrll dimer. While the difference between the two fits is not immediately apparent the improved
fit of the second approximation is evident when considering of the relative residuals of the fit for the
scattering vector values q < 0.04 A-1. In the representations of the atomic models, transducers are shown
in blue or violet, the detergent belt in orange. B: distance distribution functions calculated from the SAXS
scattering curves shown in A (with the same designations as in A). C: distance distribution functions
calculated from small angle neutron scattering data shown in A (with the same designations as in A).

While both SAXS and SANS experiments clearly suggested that
NpSRII/NpHtrIl mainly forms dimers at low ionic strength, this was not the case at
increased salt concentrations. Figure 3.1.6.2 shows the SANS scattering curve for
the full length NpSRII/NpHtrll measured in a buffer containing 4.0M NaCl. This
could not be satisfactorily matched by a theoretical curve calculated from the
polydisperse dimers described above and to obtain a satisfactory fit it was necessary
to calculate a theoretical scattering curve based upon a mixture NpSRII/NpHtrll

dimers and trimers of dimers.
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Figure 3.1.6.2 SANS scattering curve for NpSRII/NpHtrll at 4.0 M NaCl and corresponding distance
distribution function. A: experimental scattering curve for NpSRII/NpHtrll at 4.0 M NaCl (orange
squares) fitted with y2 = 5.5 to a theoretical curve (blue line) calculated for a mixture of NpSRII/NpHirIl
dimers and trimers of dimers which inter-dimer contacts are induced both between the transmembrane
regions of dimers and their cytoplasmic tips. B: experimental scattering curve for NpSRII/NpHtril at 4.0
M NaCl (orange squares) fitted with y2 = 1.3 to a theoretical curve (blue line) calculated for a mixture of
NpSRII/NpHtrll dimers a“d "tri”od" shaped trimers of dimers. C: distance distribution functions
calculated from the experimental curve shown in A and B (orange squares), and theoretical distance
distribution functions of the dimers (grey line), t“e "tri od"-shaped trimers of dimers (brown line) and
other conformation of trimer of dimers of the NpSRII/NpHtrll (black line). Distance distribution functions
were normalized to obtain maximum values of 1.0 for the experimental and 0.5 for the theoretical curves.

10 nm

Figure 3.1.6.3 The two different forms of full-length NpSRII/NpHtrII trimers of dimers constructed for
use in fits of experimental and theoretical SANS scattering curves. Left: A trimer of dimers in which inter-

dimer contacts are induced both between the transmembrane regions of dimers and their cytoplasmic tips.

Right: A tripod-shaped trimers of dimers in which inter-dimer contacts are formed only between the tips of
the cytoplasmic domains of each dimer. Figure adapted from [139].
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Two different forms of trimers of dimers were constructed for use in our
calculations (Figure 3.1.6.3). In the first conformation (parallel), similar to a model
of the trimer of dimers previously proposed, the direction of bending angles at the
HAMP and Gly hinges was such that inter-dimer contacts are induced both between
the transmembrane regions of dimers and their cytoplasmic tips. For the second
model, the direction of bending angles at the HAMP and Gly hinges was introduced
such that the transmembrane regions at the base of the trimer of dimers adopt a
tripod-type disposition and inter-dimer contacts are formed only between the tips of
the cytoplasmic domains of each dimer. In both cases, a detergent belt was applied
as described for the SANS analysis at low salt. Fitting the experimental SANS
scattering curve to a theoretical curve based on a mixture of NpSRII/NpHtrll dimers
and tripod-like trimers of dimers resulted in y2 = 1.3 (Figure 3.1.6.2B). The same
exercise using a theoretical curve based on a mixture of NpSRII/NpHtrll dimers and
parallel conformation trimers of dimers resulted in y2 = 5.5 (Figure 3.1.6.2A). SANS
experiments at NaCl concentrations 1.4 M and 2.8 M produced similar results but
indicated an increasing proportion of tripod-style trimers of dimers with increasing
salt concentration. Resulting weight fractions of tripod-shaped trimers of dimers are
21 £ 3%, 29 = 3% and 36 + 2% for 1.4 M, 2.8 M and 4.0 M, respectively. These
results strongly support that the formation of NpSRII/NpHtrlI trimers of dimers at
high salt concentration is likely to occur through the contacts of the cytoplasmic tips

of dimers with their transmembrane parts remaining unconnected.

3.2 NpSRII/NpHtrIl reconstituted in nanodiscs

3.2.1 Crystallization and X-ray diffraction analysis

The primary goal of crystallization is to obtain high-resolution atomic
structural details using X-ray crystallography. As crystallization of full-length
NpSRII/NpHtrlIl solubilized in DDM was unsuccessful (see §3.1.4) and since there
are precedents for the successful crystallization of membrane proteins, in particular
bacteriorhodopsin bR from H. Salinarum [140], reconstructed in nanodiscs, it was

decided to attempt the crystallization of NpSRII/NpHtrll complex in
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MSP1E3D1/DPPC nanodiscs using the in meso method. Here, a protein produced
using a gene not optimized for expression in E. coli K12 cells was used. As a result
of crystallization experiments, crystals were formed in the LCP plate wells, where
the QCP1 ’it's precipitates were used. Crystals formed only in wells corresponding
to alkaline pH values and high concentrations of ammonium phosphate (namely, in
wells F6, G6, H6 (1.6M ammonium phosphate pH 7-0 - 8.2); F9, G9, H9 (2.2M
ammonium phosphate pH 7-0 - 8.2); G12 (2.8M ammonium phosphate pH 7.6)). A
micrograph of the crystals obtained well F6 is shown in Figure 3.2.1.1.

Figure 3.2.1.1 Crystallization of NpSRII/NpHtrII complex in MSP1E3D1/DPPC nanodiscs using the
in meso method. Micrograph of crystals in well F6 (1.6M Ammonium phosphate, pH 7.6) of the LCP plate.
Several crystals are marked with rectangles.

Several long needles-shaped crystals between 5 um and 15 pum thick were
taken from well H6 of the LCP plate for X-ray studies. Unfortunately, the quality of
the obtained diffraction patterns (Figure 3.2.1.2) did not allow the elucidation the
atomic structure. However, the lattice parameters derived indicated that the crystals
appeared to correspond to those of full-size NpSRII/NpHtrll complex, with a
characteristic length in the range of 350-400 A (Figure 3.2.1.2.)
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Figure 3.2.1.2 Diffraction pattern from a crystal of NpSRII/NpHtrll taken from crystallization well
H6 (1.6M ammonium phosphate pH 8.8). On the right is an enlarged region of the image showing
reflections located at a distance corresponding to a lattice parameter in direct space of ~ 365 A. This
suggests that the crystal corresponds to that of a full-length NpSRII/NpHtril complex.

X-ray diffraction measurements were also carried out with crystals from wells
A2 (0.1M Sodium acetate pH 4.6) and H7 (1.6M Ammonium phosphate pH 8.8)
(Figure 3.2.1.3). Here, the lattice parameters and space group coincided with those
previously obtained in the literature for the transmembrane part of the complex with
a truncated transducer [21]. Since the full-size complex was used for the
experiments, that these crystals contained only a truncated transducer region

indicates auto-proteolysis in the sample (see §3.1.5).

A2 F 7

Figure 3.2.1.3 Micrographs of crystals obtained in wells A2 and H7. The size of crystals in well A2 is
100 x 80uP, the size of those in H7 ~ 80 x 15ul’.
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3.2.2 Small-angle scattering measurements from solutions of
NpSRII/NpHtrll reconstructed in nanodiscs

For small-angle scattering (SAS) measurements in nanodiscs, the
NpSRII/NpHtrIl complex was expressed in the E. coli Rosetta2 (DE3) strain and
solubilized in DDM. The complex was reconstructed into nanodiscs prepared from
the DMPC lipid and the MSP1E3D1 membrane framework protein. The ratio
NpSRII/NpHtrll: MSP1E3D1: DMPC was adjusted 3/3: 1: 120 to obtain three
dimers of the complex on one nanodisk. The calculated total molecular weight of a

particle of a NpSRII/NpHtrll trimer of dimers embedded in nanodiscs is 766 kDa.

Small-angle X-ray (SAXS) (Figure 3.2.2.1 and 3.2.2.2) and neutron (SANS)
scattering (Figure 3.2.2.3) measurements were carried out on the sample prepared
using the protocol described above. Ab-initio molecular envelopes obtained from
both SAXS (Figure 3.2.2.2) and SANS experiments (Figure 3.2.2.3, left panel)
indicate that the NpSRII/NpHtrll complex in nanodiscs is full length with a longest
dimension of between 360 A and 380 A as determined by SANS and SAXS
experiments, respectively. However, this distance alone does not confirm the correct
oligomeric state (i.e. a trimer of dimers) of the complex. For this contrast variation
measurements were carried out. In SAXS experiments this was achieved by varying

sucrose concentration [141], while in SANS the concentration of D,O [142] was

modified.
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Figure 3.2.2.1 SAXS analysis from solutions of NpSRII/NpHtrIl embedded in nanodiscs. Lefi: SAXS
scattering curves normalized to the volume concentration of trimers of protein dimers, reduced to units of
the square of the form factor, expressed in electronic units, obtained for NpSRII/NpHtrll in nanodiscs and
at sucrose concentrations from 0% to 25% (step 5%). Paired-distance distribution functions are shown to
the right of the scattering curves.
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Figure 3.2.2.2 The SAXS-obtained molecular envelope of NpSRII/NpHtrll embedded in nanodiscs.
An image of a single-phase ab initio molecular envelope (green spheres) for NpSRII/NpHtrll structure
inserted in nanodiscs obtained by processing small-angle X-ray scattering data (blue curve on the left side
of Figure 3.1.2.3) using the DAMMIF program of the ATSAS software package, in comparison with atom “c
Y -shaped model of a trimer of dimers of the NpSRII/NpHtrll complex.

—90% D.O ®-75%D.0
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Figure 3.2.2.3 SANS scattering curves obtained for NpSRII/NpHtrll in nanodiscs at three different
heavy water concentrations. Small-angle neutron scattering curves were obtained for NpSRII/NpHtrll in
nanodiscs at three different heavy water concentrations: 60%, 75%, and 90%. On the right is a set of ab
initio molecular envelopes obtained using the ATSAS software package.

The results of SAXS experiments (normalized scattering curves, distance
distribution functions) in which the concentration of sucrose in the buffer was varied
is shown in Figure 3.2.2.1. As can be seen from the plots of the pair-distribution
function, Dpx varies from 380 A (0 % sucrose) to 460 A (25 % sucrose), consistent
with the full-length protein in all cases. From the values of the intensity at the zero
angle (|[F(0)|) at different buffer densities (i.e. sucrose concentrations), it is possible
to recover information about the volume of particles, the number of electrons (total
scattering length), and average electron density (see Figure 3.2.2.4 and Table

3.2.2.1).
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Figure 3.2.2.4 SAXS analysis, at increasing sucrose concentrations, of NpSRII/NpHtrIl embedded in
nanodiscs. The dependence of the value of the form fac or's modulus at zero scattering angle |F(0)| vs the
solvent electron density (increasing sucrose concentration). Blue dots correspond to experimental data and
the red line to the linear fit. It should be noted that the point corresponding to 0% sucrose, does not fit the
linear relationship of the rest of the points.

Table 3.2.2.1 The theoretical values of the volume and number of electrons for the NpSRII/NpHtrIl
complex, MSP1E3D1, DMPC, and a NpSRII/NpHtrII trimer of dimers reconstructed in nanodiscs.
Also included are the experimentally obtained values (the volume and number of electrons correspond to
the slope and free term of the linear approximation in Figure 3.2.2.4).

Parameter NpSRII/ MSP | DMPC | NpSRII/NpHtrlI|  NpSRII/NpHtrlI
NpHtrll in ND in ND (experimentally
(trimer of determined)
dimers, theory)
Mass (Da) 84291 32618 678 733681 -
Volume 105084 40861 1333 1032247 (1400 £ 100)x10?
(A%
No of 45014 17426 374 394696 (540 + 30) x10°
electrons
Electron 0.4284 0.4265 | 0.2805 0.3824 (0.3933 £ 0.0018)
Density
(e7A%)

As can be seen from Table 3.2.2.1, the experimentally determined partial
volume and number of electrons in a particle are approximately 40% higher than the
theoretical values for a NpSRII/NpHtrll trimer of dimers reconstituted in nanodiscs.
There are two possible non-mutually exclusive explanations for this discrepancy.
First, sucrose molecules can bind to a protein, changing its structural details and

leading to overestimated parameters derived from SAXS data. This assumption may
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be supported by the fact that in Figure 3.2.2.4, the point corresponding to the zero
concentration of sucrose, does not fall on the linear relationship along with the rest
of the points. Secondly, there may be partial aggregation and sample inhomogeneity.
Partial aggregation may be supported because the particle shape obtained by
processing the SAXS data, even for the case with zero sucrose concentration, is at
least twice as thick as the atomic model (see Figure 3.2.2.2). This may be because
the protocol for protein reconstitution in nanodiscs assumes a molar ratio of
complex/MSP = 3/1, leading to the replacement of too many lipid molecules by the
protein, leading to destabilization nanodiscs and partial aggregation of membrane
proteins embedded in NDs.

3.2.3 Single particle cryo-electron microscopy analysis of NpSRII/NpHtrIl
reconstituted in nanodiscs

Cryo-EM measurements for NpSRII/NpHtrll reconstituted in nanodiscs were
carried out in Maastricht, Germany using an ARCTICA cryo-electron microscope.
A total of 1285 movies were taken, with 96 frames taken for each (16 fractions, 6
frames per fraction). The total dose used was 78 e/A? (4.8 e/A? per fraction). An
example of a micrograph obtained is shown in Figure 3.2.3.1. The pixel size in the

image is 1.27 A.

Figure 3.2.3.1 Cryo-electron micrograph for NpSRII/NpHtrlI reconstituted in nanodiscs. On the right
is a comparison of one of the particles with a scale of 50 nm.

Comparison of the particle length with the scale shown in Figure 3.2.3.1
shows a length of ~300 A, consistent with that expected for a NpSRII/NpHtrII dimer,
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especially when considering that the particle may be oriented not exactly parallel to
the plane of the grid cryo-EM grid. However, only a small fraction of the particles
in the micrograph shown in Figure 3.2.3.1 can be compared to any possible
projection of a NpSRII/NpHtrlIl dimer. This was true for all micrographs obtained.
Moreover, there are a large number of aggregates of different sizes in the

micrographs, making it difficult to automatically search for particles.

Using a manual isolation procedure, 27 particles were identified (using a
particle diameter of 355.6 A) for input into a 2D-classification procedure from which
5 classes were obtained (Figure 3.2.3.2). Data processing was carried out using a
software package RELION [143]. Of course, 27 particles is too small for a fully-
fledged 2D classification. Indeed, it is recommended to use a minimum of 100-150
particles in the initial stages. However, even to choose these 27 particles, it was

necessary to manually view about 200 micrographs.

Figure 3.2.3.2 Classes obtained using 2D classification procedures for particles isolated in manual
processing mode. The frame size corresponds to 355.6 A. The class that was used as a template for the
automatic particle search is marked with a green border.

One of the 2D classes obtained (highlighted in green in Figure 3.2.3.2) was
used as a template to automatically find other particles. Here, the following
conditions were used: peak threshold = 1.0; minimum separation between particles
= 355.6 A; minimum signal-to-noise ratio = 1.0. As a result, 4510 particles were
obtained. For these particles, a 2D classification with 100 grades was applied. After
that, using the subset selection option, 17 classes were selected (see Figure 3.2.3.3).

The number of particles corresponding to these 17 classes is about 1250.
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Figure 3.2.3.3 2D class averages obtained following automatic particle picking based on the template
highlighted in Figure 3.1.3.2.

Upon closer examination, it transpired that of the ~1250 particles
corresponding to 17 selected classes, about 90% visually differ from these classes.
Using subset sampling, only about 150 particles (which visually correspond to the
17 selected classes) were selected from these 1250 particles. These selected ~150
particles were used to generate the de novo 3D model shown in Figure 3.2.3.4. While
this shows some features that might be expected for a NpSRII/NpHtrll complex
reconstructed in nanodiscs there is not enough particle statistics to obtain structural

information with a higher resolution.

Figure 3.2.3.4 Three images of a cryo-EM derived three-dimensional de novo model of the
NpSRII/NpHtrIl complex reconstructed in nanodiscs. The cube edge is 355.6 A.

It is known that the full-length NpSRII/NpHtrll complex assembles into a

functional state (a trimer of dimers) in the presence of a high-molar salt buffer (4 M
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NaCl). The use of a buffer of such molarity in cryo-electron microscopy experiments
is difficult, because there is no contrast between the protein and the solution in the
micrograph; this consideration is confirmed experimentally (one grid was tested) so
it was decided to try to see whether cryo-EM negative contrast methods [50, 51]

might improve the contrast available in such high salt conditions.

Here, the complex was embedded into nanodiscs formed with MSPIEI1
lipoprotein and POPC lipid (SigmaAldrich) in a buffer with a high salt and
concentration according to known protocols. Next, gel filtration purification of the
protein complex embedded into the nanodiscs was carried out in a buffer comprising

25 mM Tris-HCI, 150 mM NaCl, pH 8.0 (Figure 3.2.3.5).

Absorption at 280nm

NpSrll/NpHtrll in DDM

1.9M KCI, 100 mM TRIS pH 8.0
NpSrll/NpHtrll in MSP1E3D1 ND
150mM KCI, 256 mM TRIS pH 8.0
NpSrll/NpHtrll in DDM

150mM KCI, 25 mM TRIS pH 8.0

trimer of dimers

unfolded trimer of
dimers

Dimer NpSRII/NpHtrll

trimer of dimers
NpSRII/NpHtrll in ND

Empty ND

aggregates

T T T T T v T T
5 10 15 20 25

volume, mi

Figure 3.2.3.5 Gel filtration analysis of three NpSrll/NpHtrIl samples. The black curve is for
NpSrll/NpHtrll in high salt concentration solubilized in DDM, the blue curve is for NpSrll/NpHtril in low
salt concentration solubilized in DDM, the red curve is NpSrll/NpHtrll reconstructed in MSP nanodiscs at
high salt concentration and equilibrated in low salt concentration.

The obtained sample was investigated by the negative contrast method at

various concentrations (2 mg/ml, 1 mg/ml, 0.5 mg/ml). It was noted on the
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micrographs that the sample aggregates very strongly and the nanodiscs are collected
in “stacks” (Figure 3.2.3.6). The acidity of the buffer was changed to pH 7.5 and the
step of concentrating the built-in complex was excluded from the protocol. Due to

this, it was possible to significantly improve the homogeneity of the sample but it

remained impossible to take this analysis further.

Figure 3.2.3.6 Micrographs obtained using the negative contrast method for the full-size
NpSRII/NpHtrll protein complex embedded in MSP1E1 lipid nanodiscs. Left: An image captured in a
standard buffer. Right: image captured in the optimized buffer. Clearly, the assembly of nanodiscs into
“stacks” is observed in a standard buffer.

3.3 Membrane Proteins Interactions Probed by Noble Gases

The initial aim of this thesis work was to elucidate, at high resolution, the
three-dimensional structure of the full-length NpRSII/NpHtrll photo axis sensor in
its physiologically relevant state. Unfortunately, and as detailed above, X-ray
crystallography and cryo-EM experiments in which the sensor was either solubilized
in detergent or reconstituted in nanodiscs were unsuccessful in achieving this aim.
Moreover, while SAS experiments did allow the construction of a model of the
NpRSII/NpHtrIl trimer of dimers, SAXS and SANS are low-resolution techniques
and the resulting model relies heavily on existing high-resolution structural

information gathered for various fragments of NpRSII/NpHtrll in previous work. As

97



it was clear that optimizing sample preparation to allow successful high-resolution
studies of full-length NpRSII/NpHtrlIl trimers of dimers would require a much longer
time-frame than available during this thesis, it was therefore decided to shift the
focus of this work towards an investigation of noble gas-membrane protein
interactions, with the idea that noble gas atoms could serve as models for interactions
of membrane proteins with small molecules which can diffuse through the lipid
bilayer environment of membrane proteins. Such interactions are known to modify

the functionality of membrane proteins [144].

With this in mind, crystals of three membrane protein systems were prepared:
a triple mutant of bacteriorhodopsin (tmBR) [124], the proton pumping rhodopsin
MAR [114] and the monomeric form of the sodium pump KR2 [123]. The crystals
obtained were derivatized with krypton under pressure of 13045 bar using the ESRF
high pressure facility [82] for macromolecular crystallography (MX). Crystals of
tmBR were also derivatized with argon under 2000+10 bar. For each target, multiple
data sets, aiming either at maximizing anomalous signal or data set resolution, were
collected (Table 3.3.1). Native data sets were also collected from crystals of the same
batch for tmBR and MAR (Table 3.3.1). Kr/Ar atoms (Figure 3.3.1) were located
using anomalous difference maps. Datasets of highest resolution were chosen for

crystal structure refinement (Table 3.3.2).
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Table 3.3.1 Data collection statistics for noble-gas derivatized membrane protein crystals. Highest resolution shells are shown in parentheses.

Protein acronym KR2 MAR tmBR
Derivative krypton krypton native krypton argon

(2 datasets i native
Dataset No 1 merged 5 merged) 3 merged anomalous hlgh?

resolution

Wavelength, 4 0.864 - 0.861 0.863 - 1.850 0.972
Space group 1222 P2, C222
a A 40.5 50.9 50.9 50.3 1153 1154 1155 115.7 115.9
b A 822 40.31 40.38 40.0 120.0 119.8 119.2 119.2 119.4
c A 2334 60.81 60.62 60.2 36.5 36.4 36.3 36.4 36.2
B° - 101.30 101.36 102.08 -

) 100-2.25 100-2.25 100-1.85 100-2.0 100-2.0 100-2.2 100-1.65 100-1.70
Resolution, A 100-2.6 28-2.6) | (5355 95) | (2.35-225) | (1.90-1.85) (2.1-2.0) (2.1-2.0) (2.32.2) (1.70-1.65) | (1.74-1.70)
Multiplicity 6.9 (7.0) 9.3(5.1) 3.5(3.5) 3.2(1.9) 6.7 (6.7) 15.2(10.2) 6.3(5.3) 3.1 (3.1) 3.5(3.5)
Completeness (%) 99.9 (100.0) 99.5(96.8) | 99.4(97.9) | 98.7(95.6) | 99.7(99.8) | 100(100) | 99.2(96.7) | 99.0(99.4) | 99.4(99.6)
Runeas (%) 19.2 (211.7) 21.7(139.2) | 14.0(129.9) | 11.7(101.3) | 14.9(186.0) | 21.2 (185.0) 3.3 (48.1) 5.0 (176.9) 8.8 (95.7)
<l/o(l)> 9.22 (1.07) 9.42 (1.19) 7.74 (1.14) 8.37 (1.13) 9.09 (1.49) | 11.09 (1.63) | 37.72(4.52) | 16.29(0.92) | 10.52(1.33)
CCi2 (%) 99.7 (40.0) 99.6(45.0) | 99.6(49.1) | 99.6(45.5 | 99.8(51.7) | 99.8(62.8) | 100(95.9) 99.9 (34.0) | 99.8 (59.1)
XDS SigAno (1004-

104 shell) 1.51 1.45 1.35 - 2.21 2.88 4.45 1.18 -
CCano, % 61 62 54 - 83 85 93 45 -
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Table 3.3.2 Refinement statistics for noble-gas derivatized membrane protein
described in this thesis.

crystal structures

Protein KR2 MAR tmBR
acronym
Derivative Kr Kr Native Kr Ar Native
2“01””"" limit, 26 2.25 1.85 2.0 1.65 1.70
Rwork/Rfree (%) | 21.6/26.9 | 17.8/24.5 | 16.6/21.2 | 17.0/23.2 16.3/20.5 15.4/19.5
Number in the
ASU:
Protein residues 272 217 217 225 228 225
Atoms 2444 1983 2024 2095 2240 2131
Water molecules 81 99 137 106 119 110
Atoms of lipids 194 162 177 206 219 243
Other ions Na* - - SOy 2 SOy 2 SOs
Noble gas | 19 : 35 47 i
atoms:
Internal 0 6 - 2 5 -
Surface 7 8 - 11 15 -
In crystal contacts 4 5 - 22 27 -
R.m.s.d. with
native C,, 0.31 0.26 - 0.11 0.11 -
positions, A
Average B-
factors, A
Overall 46.8 34.6 34.3 294 27.5 22.5
Protein atoms 51.8 35.3 33.6 28.1 25.5 19.2
Water molecules 61.5 51.5 54.6 52.2 44 4 38.8
Atoms of lipids 51.2 34.6 34.8 31.8 30.2 22.5
Noble gas atoms | 329 . 23.6 223 :
(internal)
Noble gas atoms | 4g 5 33.8 ; 25.0 217 ;
(surface)
Noble gas atoms | 4 4 40.5 ; 28.4 22,6 ;
(crystal contacts)
Average
occupancy
Lipid atoms 0.59 0.46 0.39 0.45 0.40 0.35
Noble gas atoms ; 0.30 ; 0.25 0.50 ;
(internal)
Noble gas atoms | 3, 0.22 . 0.22 0.29 -
(surface)
Noble gas atoms 0.38 0.26 - 0.16 0.30 -
(crystal contacts)
Ramachandran
plot, %
Preferred 96.7 99.1 99.5 99.1 98.5 99.1
Allowed 33 0.9 0.5 0.9 1.5 0.9
Outliers 0 0 0 0 0 0
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¢, KR2-krypton d, MAR-krypton

Figure 3.3.1 Overall cartoon views of the structures of derivatised proteins: tmBR-argon (a), tmBR-
krypton (b), KR2-krypton (¢), MAR-krypton (d). The represented views are side views in membrane
(top left and top right figures), top view perpendicular to membrane (bottom left figure), and crystal packing
in XY-plane (bottom right figure). Noble gas atoms are shown as red (krypton) or green (argon) spheres.
Sphere size is proportional to atom occupancy.

In contrast to previously reported studies [145], most of the noble gas atoms
were observed on the outer hydrophobic surface (buried in the membrane) of the
MPs and only a small portion of the atoms bound in internal cavities. An explicit
correlation is observed between the number of found positions and the resolution of

the diffraction data set.
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In total, 47, 35, 11 and 19 noble gas atom positions were identified — many
with partial occupancy - in the derivatized structures of tmBR-argon, tmBR-krypton,
KR2 and MAR, respectively. These fall into two main groups (Table 3.3.2): atoms
in internal cavities, defined as being confined inside the volume of the 7-helix
bundles characteristic of all three membrane proteins (/% group);, atoms on the
hydrophobic surface the proteins. This latter category can be sub-divided into two
further groups: those exposed to a bulk lipid bilayer region (2"¢ group); those
involved in crystal contacts — in the plane of the membrane - between MP molecules
(3" group). The majority of binding sites belong to the 3™ group. However, the
average occupancy of atoms in crystal contacts are not higher than of those on the
surface (2™ group) (Table 3.3.2); internal sites (1% group) have higher occupancy on

average.

Most of the noble gas atom positions seen the bulk lipid bilayer region were
close to the positions of lipid acyl chain fragments observed in the comparable native
crystal structures (Figure 3.3.2). At many such sites (11, 13, 8 and 6, for tmBR-
argon, tmBR-krypton, MAR-krypton and KR2-krypton, respectively), noble gas
atoms replaced, at least partially, lipid atoms, with an altered conformation of lipid
chains sometimes being clearly visible (Figure 3.3.2a). However, in most of the
cases any alternate conformations were not clearly discernible. The other visible
lipid fragments were found at the same positions they occupy in the native structures.
Overall, the derivatized structures do not differ significantly from their native
counterparts with C, r.m.s.d. values not exceeding 0.3 A (Table 3.3.2). However, the
case of KR2 is particular because the backbone of helix E is displaced about 1 A
near binding of a krypton atom in the pocket proximal to 3-ionone ring of the retinal
(Figure 3.3.3). It should also be noted that KR2 case is unique due to the absence of
noble gas atoms in internal cavities. There is a good consistency between Ar and Kr
binding positions in tmBR structures: of 35 determined Kr positions, only two with

low occupancy (0.1) do not match any Ar sites identified.
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¢, KR2-krypton

Figure 3.3.2 Illustrations of how noble gas atoms are arranged on the surfaces of the derivatized structures (tmBR (a, Ar; b, Kr), KR2-O(c),
MAR-Kr (d)). Each panel shows four side views in the membrane that differ by 90° rotation. The membrane region is bordered with two black parallel
lines. Kr atoms are shown as red spheres, Ar as green spheres. Lipid fragments present in the derivatized structures are shown in sky-blue, lipid fragments
from native structures are shown in orange for comparison. At the bottom of each panel four representative noble gas binding sites in each view are
enlarged and the anomalous density maps from either krypton (red chicken wire) or argon (green chicken wire) are drawn at the level of 3.0 x r.m.s.
Symmetry-related molecules are shown in transparent dark to better illustrate the contacts.
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Figure 3.3.3 Cartoon representation of the crystal structure of KR2 derivatised with krypton. Cartoon
colour illustrates Ca-position discrepancy (in A) between the derivatized and the native structure (with
scale in the bottom). In the zoomed window those discrepancies are shown for each atom. Krypton atoms
are shown as red spheres.

Figure 3.3.1 Arrangement of peaks of the MD maps (sampled at 3.5 x r.m.s. level, navy blue chicken
wire) on the surface of the proteins (a, tmBR-argon, b, tmBR-krypton, ¢, KR2-krypton, d, MAR-
krypton). Anomalous maps are shown (sampled at 3.0xr.m.s. level) in red (krypton) and green (argon).
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We also analyzed the probability density maps obtained by molecular
dynamics (MD) simulations (MD maps, see Materials and Methods § 2.5.6) of Kr
and Ar interacting with the three proteins. Peaks in the MD maps (indicating
increased presence of Ar/Kr, see Methods) massively populated the hydrophobic
surface of the proteins (Figure 3.3.1). These peaks were systematically clustered

(Figure 3.3.1).

Table 3.3.3 Statistics of the MD experiment and comparison with noble gas atom positions
observed in the MX models described above.

KR2 dimer MAR single tmBR single tmBR single
(Kr) molecule (Kr) molecule (Kr) molecule (Ar)
Noble gas atoms 19
(MX) 11 35 47
Matches 11 16 30 38
Surface " atom 717 8/8 11/11 15/15
matches
Crystal * atom 4/4 313 18/22 23/27
matches
Internal” atom i 3/6 12 0/5
matches
Numb?r of MD 98 96 96 102
density peaks
Number of MD 37
density peak 59 39 38
clusters
Clusters not present 31
in the MX model >3 26 23
Dendrogram for i Lib G- 1T =
density peak Ml Al ' F_T'HE:_W i
clusters f N | ' “j‘ | M“_

The MD simulations were carried out using monomers of tmBR and MAR,
and on a dimer of KR2. As can be seen (Table 3.3.3, Figure 3.3.4), there is a good
correspondence between positions of noble gas atoms as determined by MX and in
MD simulations. It is not surprising however, that internal noble gas positions and
the positions in crystal contacts were not entirely reproduced by the MD (Table
3.3.3) due to model differences (absence of crystal contacts and MD experiment

time). On the other hand, the more crucial noble gas positions “on the surface”
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coincided well with the MD map peaks (Table 3.3.3). In total, the MD experiment
revealed a greater number of noble gas positions than in the crystallographic models

(Table 3.3.3).

3.3.1 Effect on MPs caused by noble gas binding

In the experiments described above, it is clearly shown that noble gas atoms
readily interact with the outer hydrophobic surface of MPs by non-specific binding
and that, in many cases, this binding competes with that of lipids.

A closer look at the underlying nature of the interactions helps in
understanding the above observations. Noble gas atoms interact with the
hydrophobic surface of membrane protein in a similar fashion as do lipids (i.e. via
weak Van der Waals forces). Most of binding sites usually are of hydrophobic nature
(apolar binding pockets) exploiting London (induced dipole-induced dipole)
interactions. In terms of binding energy, this largely depends on the binding site
itself but will typically be in the region of a few kcal/mol (~several kT at 300K).
Energy dissipation that significant upon binding can trigger substantial changes in

MP stability and structure.

Matthews and co-workers [146] demonstrated that polarisability is the main
factor for a noble gas atom to bind into a protein cavity. For this reason, Xe has the
highest binding affinity (which is also in line with anaesthetic potencies [147])
among the non-radioactive noble gases. Using noble gas atmosphere of higher
pressure can increase binding energy by the law of mass and therefore increases the
occupancies of noble gas atoms at their binding sites [147] making them visible in
crystallographic experiments. Another advantage of the method, as has been
discussed earlier, is in flash cooling of the pressurized sample that slows down

dissolution of noble gas atoms from their binding sites in a crystal.

Nevertheless, it is questionable how these energetic effects could occur within
a MP. Binding to an internal cavity could evidently affect protein function and
influence the dynamics. However, in the case of KR2 the absence of noble gas atoms

in the central cavities indicates that a potential modulation, if it occurs, is certainly
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of allosteric nature. It is evident that krypton binding has a significant impact on the
structure of KR2, considering the 1A-shift of the end of a-helix E (Figure 3.3.3).
Further studies should reveal the importance of this and the functional outcome. We
suggest that this outcome should be significant, similarly to another work on wild-
type bacteriorhodopsin (wtBR) [145]. Here, Hayakawa and co-workers
demonstrated that a xenon atom binds to the pre-existing hydrophobic cavity hidden
between the C and D helices (located at the same depth in the membrane as Asp96,
a key residue of proton uptake pathway). In the non-photolised state of wtBR, Xe
binding did not cause a large deformation of the cavity. However, the photocycle of
purple membranes was remarkably modified in the presence of xenon: the decay of
the M state was significantly accelerated while the decay of the equilibrium states

N and O was slowed down.

3.3.2 MD experiments strongly supports and extends the results obtained
using X-ray crystallography

The MD simulations described above were performed partly to validate
whether such an in silico method can generate a reliable information about binding
positions of noble gas atoms at the surface of MPs. X-ray crystallography, despite
being a real experimental approach has limitations such as protein crystal contacts
which block access to a part of MP surface. That is why those noble gas positions in
crystal contacts (3™ group) were poorly matched in the MD experiment, where a
single molecule of MP has been studied. This is preferable because the part of MP
surface buried between crystal contacts may be important in terms of noble gas
binding. Although we still observe a partial match in the 3™ group between
crystallographic model and MD simulation results which might indicate that some

sites between crystal contacts are still accessible.

Strikingly, all the positions belonging to the 2™ group (“surface” positions)
were entirely represented in the MD maps and additional binding sites not present
in the crystallographic models were observed in the MD simulations. Given the full

match in the 2™ group these predicted positions have high chances to be real and
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should be taken into account when discussing noble gas interactions with MPs. That
not all of the positions observed in the MD simulations were observed in the X-ray
models could perhaps be explained by relatively low resolution of some X-ray
structures and low occupancies of noble gas atoms observed in these. This
hypothesis is supported by the case of KR2 where at the resolution of 2.5 A lesser
number of the noble gas atoms were identified despite larger hydrophobic surface.
Overall, the MD method has been shown to provide a reliable result and could be

used to predict noble gas positions on MP surface.

3.3.3 Internal binding sites and their relevance to rhodopsin function

The noble gas derivatization experiments with tmBR helped to visualize small
hydrophobic cavities often found in the cytoplasmic inner parts of rhodopsins. The
role of such cavities, however, remains poorly understood. One possible hypothesis
1s that these cavities can accommodate diffuse water molecules, which are relocated

during photocycles and thus may play the key role in the function of rhodopsins.
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Figure 3.3.3.1 Schematic illustration of the positions of the internal noble gas atoms in the structures
of tmBR (a, Ar; b, Kr) and MAR (¢, Kr) and their environments. The protein structures are shown in
grey cartoon representation, retinal molecules are colored in purple, krypton atoms in red and argon atoms
in green. Panels on the right of the cartoon models illustrate noble gas atom environments and compare
side chain arrangements with the native crystal structures in those regions (shown in yellow).
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As a demonstration of this concept, in the crystal structure of the early L
intermediate state of bR a continuous chain of five water molecules was predicted
to be formed between the retinal Schiff base and the proton donor, D96. However,
in the ground state crystal structure only two water molecules were identified in the
cytoplasmic inner part of the protein [113]. In the tmBR-argon and tmBR-krypton
crystal structures determined here, a small cavity near T178 residue and the water
molecule HOHS502 is occupied either by an argon atom or a krypton atom,
respectively (Figure 3.3.3.1). Under physiological conditions, and taking into
consideration the distances to nearby residues and the cavity volume, this cleft is
suitable for accommodation of an additional water molecule. This cavity is also
found near helix E of bR, thus another possibility is that it may be a part of ion
pathway. Indeed, in the light-driven chloride pump halorhodopsin from N.
Pharaonis (pHR) a channel containing a chain of water molecules is transiently
formed in this region in the N-intermediate state. This channel was suggested to be

a chloride-release pathway [148].

The absence of krypton atoms observed in the interior of the light-driven
sodium pump KR2 protomer supports both the absence of hydrophobic cavities
inside the protein and the lack of a need for such cavities for sodium pumping.
Indeed, while the extracellular inner region of KR2 is polar, as in many other MRs,
in its ground state structure, its cytoplasmic region also contains a large polar ion-
uptake cavity, filled with water molecules [18]. The recently reported structure of
the O-state of KR2 has shown that the cytoplasmic region is completely restored in
the intermediate [26]. Together with the absence of the pronounced M-state,
presumably corresponding to the sodium translocation through the cytoplasmic side
of the protein, it also suggests the absence of large conformational changes in the
cytoplasmic inner part of KR2 during photocycle. All this makes the presence of

additional hydrophobic cavities or/and water molecules in the region unnecessary.

Finally, yet importantly, in the tmBR-argon crystal structure two argon atoms

were observed in the extracellular part of the protein (Figure 3.3.3.1). These atoms
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interact with R82, a key determinant of the vectorial proton translocation, and are
located close to E194 and E204, the so-called ‘proton release group’ (PRG) of bR.
The binding of argon causes notable rearrangements of the PRG. This observation
supports the high flexibility of the region, was hypothesized and demonstrated
recently by the identification of two conformations of the PRG in the ground state
of bR [149]. Thus, argon may stabilize one of the conformations, presumably the

minor one, which was not identified in the native structure determined here.
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4. Conclusions

The present thesis work comprised two parts:

1. Structural studies of the full-length NpSRII/NpHtrll receptor/transducer
complex, with the aim of determining the signal transmission mechanism through

the membrane.
2. Binding of Noble gases to membrane proteins.

During the first part of the research plan, an important result was that a
genetically optimized construct was created and optimized for the heterologous co-
expression of NpSRII and full-length (or truncated) NpHtrll in Escherichia coli. The
integrity of the complexes obtained was not compromised during subsequent
solubilization in detergent and purification. The complexes thus obtained were then
subject to various analyses (electron microscopy, X-ray crystallography, X-
ray/neutron solution scattering) in order to try to obtain structural details which

might shed light on the signal transduction mechanism of NpSRII/NpHtrll.

1. Negative contrast cryo-EM data obtained for full length NpSRII/NpHtrll
solubilized on detergent mainly contains images of particles with sizes in the region
of 50-100 A, the shape of which corresponds to the TM domains of the
NpSRII/NpHtrIl dimer. The particles form oligomers of various shapes. One can
distinguish patterns similar to the "O"-shaped conformation of a trimer of dimers, in
which dimer-dimer contacts are also present in the membrane region. However,
considering the inconsistency of the "O"-shaped conformation with the results of
small-angle scattering experiments, it was concluded that this result is likely to be
an artefact associated with the detergent surface around the transmembrane part of

the protein.

2. Crystals obtained using the in meso crystallization method for the
NpSRII/NpHtrIl complex reconstructed in detergent were characterized by X-ray
diffraction analysis. Here, the crystals obtained were either those of NpSRII alone
or of dimers of NpSRII/NpHtrll g4 previously demonstrated in the literature.

111



Refinement of the structural models obtained was not taken to completion as neither
crystal form obtained contained full length NpSRII/NpHtrIl. The crystal form of
NpSRII/NpHtrllg4 obtained suggests that NpHtrll underwent proteolysis during the
crystallization procedure. In this work, potential sites of transducer proteolysis have
been identified and it seems necessary to create mutations in the transducer region
in the amino acid residue rage 84 to 96 to avoid transducer proteolysis in future

crystallization experiments.

3. Structural studies of NpSRII/NpHtrll reconstituted in nanodiscs was then
carried out. Here, crystallization experiments resulted in crystals with a unit cell
dimension consistent with the expected longest dimension of full length
NpSRII/NpHtrll. However, the crystals obtained diffracted only to very low
resolution and the analysis was not carried further. Electron microscopy studies of
NpSRII/NpHtrIl reconstituted in nanodiscs showed the samples to exhibit a high
degree of inhomogeneity and resulted in a very low resolution reconstruction. This
may be due to the destabilization of nanodiscs and/or partial aggregation of
membrane proteins embedded in the nanodiscs, perhaps caused by the fact that the
complex/MSP = 3/1 ratio is not optimal. This conclusion is confirmed by the SANS

experiments (see below), which are in the best agreement with the "tripod" model.

4. Although not high-resolution structural techniques, X-ray/neutron solution
scattering studies (SAXS/SANS) were also carried out with the aim of providing a
structural model of NpSRII/NpHtrIl at close to physiological conditions. Under
conditions of low ionic strength (150 mM NaCl), solution scattering experiments
showed that NpSRII/NpHtrll forms dimers which are partially disordered and highly
dynamic. This result showed that NpSRII/NpHtrll is incorrectly oligomerized in

low-molecular-weight salt buffers and that high salt buffers are necessary for this.

5. Under conditions of high ionic strength (4 M NacCl, close to physiological
conditions), solution scattering experiments showed that NpSRII/NpHtrll forms
physiologically relevant ‘tripod-shaped’ trimers of dimers in which dimer-dimer

contacts are formed only in the cytoplasmic part of the protein. Under these
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conditions the proportion of amino acid residues involved in forming a-helices is
63%. These experiments thus showed that high salt conditions are crucial for
structural studies of the physiologically relevant oligomeric from of

NpSRII/NpHtrIl. Future structural studies should thus make use of this knowledge.

Structural studies of NpSRII/NpHtrIl proved even more complex problem
than expected. To obtain high-resolution structural data using X-ray crystallography
will require the elimination of the cause of proteolysis of the transducer regions
during crystallization trials by introducing mutations and characterizing the effects
of these before carrying out crystallization trials. Electron microscopy studies will
also require a different approach. The high salt conditions needed to maintain
NpSRII/NpHtrIl in a physiologically relevant state will require the use of negative
contrasting (in cryo mode) with ammonium molybdate. This will increase the 1onic
strength of the protein solution, leading to proper folding. Also, due to the
understanding of oligomerization's dependence on salt concentration, it is possible
to perform functional tests depending on the salt concentration in the buffer. This
will provide a complete understanding of the signaling process depending on the

complex’s oligomeric state.

A striking result of the second part of this work is that atoms of noble gases
readily interact with the external hydrophobic surface of MPs by nonspecific binding
and can complete with the binding of lipids in this environment. However, several
factors (for example, structure resolution, a crystal system based on a detergent, gas
pressure) likely limited the number of noble gas atoms observed in these studies,
which thus probably did not reveal fully the possible extensive interaction of these
atoms with the hydrophobic surface of MPs. Moreover, although an accurate
experimental approach, MX has limitations. In particular crystal contacts can block

access to areas of the MP surface.

MD experiments were thus performed to check whether in silico methods can

generate reliable information on the binding positions of noble gas atoms on the MP
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surface. Overall, the MD method has shown a reliable result and can thus be used to

predict a noble gas position on the MP surface.

Noble gases interact with proteins through weak van der Waals forces, mostly
based on the London interaction (spontaneously induced dipoles). Therefore, the
binding sites are of a hydrophobic nature (apolar pockets). Thus, the noble gas
binding process on the hydrophobic surface of MPs is a good imitation (or

competitor) of protein-lipid interaction.

Although the work described here shows unequivocally that atoms of noble
gases can replace lipids at their binding sites on MPs, it remains a unclear how this
might affect MP function. In order to better understand this, it would be essential to
carry out structural studies of viral rhodopsins [15, 16], which present
transmembrane channels closed by lipid molecules, Another class of MPs to study
would be GPCR proteins [150], which are more suitable objects for research than
rhodopsins due to their more flexible surfaces. It would also be interesting to

continue the study of GLIC protein with other inert gases [75].

The work was done in collaboration with various groups. I directly performed
the expression and purification of NpSrll/NpHtrll, crystallization and X-ray studies,
and sample preparation for EM experiments. 1 also participated in the electron
microscopy, X-ray diffraction and SAXS experiments described in this work and

was involved in the subsequent processing of data and interpretation of results.

Concerning the section of the work describing noble gas binding to membrane
proteins, the purified proteins studied were gifts from collaborators in the V.
Gordeliy group. I participated in the crystallization of the proteins, preparation of
crystals for noble gas derivatization and X-ray diffraction measurements, the

collection of diffraction data and their subsequent processing (after publishing PDB

IDs will be 7Q35, 7Q36, 7Q37 and 7Q38).
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ARTICLE

icrobial rhodopsins (MRs) are transmembrane light-

sensitive proteins, found in Archaea, Bacteria, Eukar-

yota, and also viruses!. They possess diverse biological
functions and are the core of breakthrough biotechnological
applications, such as optogenetics. MRs are composed of seven
transmembrane a-helices (A-G) with the cofactor retinal cova-
lently bound to the lysine residue of helix G via the Schiff base
(RSB). Due to a conflict of a presence of a cation close to the RSB
proton, it was believed that NaT-pumping rhodopsins could not
exist in nature. Despite this paradigm, the first light-driven Na*
pump KR2 was identified in Krokinobacter eikastus in 20132, Its
functional and structural properties were extensively studied3—>.
KR2 contains a characteristic for all known Na*-pumping rho-
dopsins (NaRs) set of N112, D116, Q123 residues in the helix C
(NDQ motif). It was shown that the protein pumps Nat when its
concentration is much higher than that of HT, which is char-
acteristic for physiological conditions, otherwise it acts as a H
pump®. An extensive mutational analysis of KR2 indicated
key functional residues, such as N112, D116, Q123, but also
H30, S$70, R109, R243, D251, $254, G263%%7:8. Moreover,
potassium-pumping and potassium-channeling variants of KR2
were designed, making the protein a potential tool for optoge-
netics3>.

A key question remains to be answered: what is the mechanism
of pumping. Indeed, principles of Na™ transport by KR2 and
other NaRs remain unclear. After light excitation the photocycle
starts with the retinal isomerization from all-trans to 13-cis
configuration!?. In the Nat-pumping mode the protein is char-
acterized by the K, L/M, and O intermediates!? (Fig. 1a). It is
known that upon retinal isomerization the proton is translocated
from the RSB to the D116 during M-state formation>!!, Uptake
of sodium occurs in the M-to-O transition. It was hypothesized
that Na™ may pass the cytoplasmic gate comprised by Q123 and
the neutralized RSB, and binds in the central region near D116,
N112, and presumably D251 transiently in the O-state®1%12. Tt
was also suggested that with the decay of the O-state, NaT is
released via R109 and the cluster of E11, E160, and R243 to the
extracellular space>”. Therefore, the O-state is considered to be
the key for elucidation of the Na®-pumping mechanism!°.

It is important that the protein always forms pentamers being
reconstituted into lipid membrane!3. KR2 pentamers appear also
under physiological conditions in crystals>*12 and detergent
micelles*14, Hence, KR2 is considered to be a pentamer in the
native membrane (Fig. 1a). Pentamerization is important for Na™
pumping by KR2% Particularly, all previous functional investi-
gations of KR2 were performed on the pentameric form of the
protein. Moreover, it was recently reported that in the ground
state under physiological conditions (PDB ID: 6REW#) KR2 has a
large water-filled cavity near the RSB (Schiff base cavity). This
conformation of the protein was called ‘expanded™!2, and only
occurs in the pentameric form of KR2. On the contrary, in the
monomeric form the large cavity is absent, and the protein is in
another conformation, called ‘compact™12, Thus, to elucidate the
mechanism of light-driven sodium pumping one needs to study
the biologically relevant pentameric form of KR2, where it forms
the ‘expanded’ conformation in the ground state.

We should note that uncovering of the mechanism of Na™
pumping is of great importance and simultaneously is a chal-
lenge. First of all, it should be remarkably different from that of
H* pumping!® and, therefore, huge amount of our knowledge
on the HT pumping mechanism obtained with a classic proton
pump bacteriorhodopsin (BR)!>1¢ could not be applied
straightforward to NaRs. Not only there is a conflict of simul-
taneous presence of two positive charges in close proximity, the
protonated RSB (RSBH*) and Na™ in the case of KR2, but also
there are fundamental differences in the translocation of the

proton and other cations. Namely, proton transport in biolo-
gical objects implies ion tunneling, which is dramatically
hampered in case of larger cations. Furthermore, non-proton
cation pumps cannot utilize the Grotthuss mechanism for ion
translocation!®. Hence, pathways of proton in light-driven
pumps cannot be the same as those in the cation pumps like
NaRs. All history of studies of BR, halorhodopsin (HR) and also
sensory rhodopsin II (SRII) shows that high-resolution struc-
tures of the intermediate states of a rhodopsin are key for the
understanding of the mechanisms. It is even more valid in the
case of NaRs, as Na™ inside the protein is absent in the ground
state of KR2, which provides a wide room for speculations on
the mechanism of Nat transport.

Here we present the structures of the O-state of physiologically
relevant pentameric form of KR2—the key intermediate of Na*
pumping—and functionally important D116N and H30A
mutants of the protein. The structure of the O-state reveals Na™-
binding site inside the rhodopsin and together with the structures
of the mutants allows us to elucidate key determinants of cation
pumping by KR2.

Results

The structure of the O-state of pentameric KR2. We crystallized
KR2 in the functional state (at pH 8.0) using in meso approach
similarly to our previous works®1718, To verify that the protein in
crystals undergoes the same photocycle as in lipids, we performed
time-resolved visible absorption spectroscopy on KR2 micro-
crystal slurries. The experiments showed that similar to the
protein in detergent micelles and lipids, crystallized KR2 also
forms characteristic K-, L/M- and O-states (Fig. 1). Then the O-
state was trapped using an approach described in ref. 18. In brief,
we illuminated KR2 crystals with 532-nm laser to freeze-trap the
O-state. The cryostream was blocked for 1 s during laser exposure
and released back before turning off the laser. This procedure
allows accumulation and trapping in crystals of the dominant
intermediate of the protein photocycle!®1°. Single-crystal spec-
trophotometry showed that after the procedure nearly all proteins
in the crystal were trapped in the red-shifted intermediate state
(Fig. 1b, ¢). KR2 undergoes only two red-shifted states during
photocycle: the K- and the O-states (Fig. 1f). As the difference
electron density maps (described in details below) do not indicate
even a low fraction of the ground state in the structure, show the
Na* bound near the RSB region, which is characteristic for the O-
state of KR2, and the O-state is a dominant intermediate of the
KR2 photocycle, we consider the trapped intermediate as solely
the O-state.

To verify that flash-cooling does not affect the conformation of
the O-state, we solved X-ray structures of the illuminated KR2 at
room temperature (RT) during continuous 532-nm laser
illumination using both single-crystal and serial millisecond
crystallography. These approaches allow to detect the dominant
conformational changes of the photocycle!®. We collected RT
crystallographic data at 2.6 A resolution by merging of three
complete datasets obtained from three single crystals (see
“Methods” section and Supplementary material). We have also
collected more than 1.2M diffraction patterns using the stream of
mesophase containing KR2 microchtals injected to the X-ray
beam, which were processed to 2.5 A resolution (see “Methods”
section and Supplementary material). Structure refinement
identified nearly 1/1 ratio of the ground/O-states populations in
crystals in both cases (see Supplementary material).

The structures of the O-state at RT are identical to each other
and also to that at 100 K, which indicates that cryo-cooling does
not affect the O-state of KR2 (Supplementary Fig. 9). Hence, we
describe further only the structure of cryo-trapped intermediate,

2 | (2020)11:2137 | https://doi.org/10.1038/s41467-020-16032-y | www.nature.com/naturecommunications


www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-16032-y

ARTICLE

a
d e
7.9 ms KR2
110 n/ ns 0.04
o) In lipids K
0.02 -
El
©
1ms 26 s °
[$]
M--L § 000
S
8
f KR2 5
4.9 ms ns -0.02 +
30 ms
o In crystals K ~0.04 -
0.54& / us 1E-6

M-—L

T

530 nm—_ 602 nm
N

= Ground

= O-state

Absorption (a.u.)

500 600
Wavelength (nm)

700

(7]
N

AAbsorption (a.u.)
o

|
-

500 600
Wavelength (nm)

700

I
1E-3
Time (s)

1
1E-4

Fig. 1 Spectroscopy of KR2 in crystals. a Scheme of the KR2 photocycle indicates that Nat binding occurs transiently in the red-shifted O-state.

b UV-visible absorption spectra measured in crystallo at 100 K of the Ground state (red) and the O-state of KR2 (insets: photos of the same frozen KR2
crystal in the cryoloop before and after laser illumination, near the corresponding spectra). ¢ Difference spectrum calculated between the blue and red
spectra shown in b. d Photocycle of KR2 reconstituted in DOPC. e Time traces of absorption changes of KR2 microcrystals at 410 (black), 480 (light blue),
530 (green), and 610 nm (red) probe wavelengths. Black lines indicate fitting lines based on the sequential kinetic model shown in f. Photocycle of KR2 in

microcrystals, determined in the present work.

since it has higher resolution (2.1 A) and occupancy of the O-
state (100%).

Using the crystals with the trapped intermediate, we solved the
structure of the O-state at 2.1 A (Supplementary Table 1). The
crystal symmetry and lattice parameters are the same as described
previously for the ground state of the protein, with one KR2
pentamer in the asymmetric unit>*. The structure demonstrates
notable rearrangements compared to the ground state of KR2
(Fig. 2 and Supplementary Fig. 1). The root mean square
deviation (RMSD) between the backbone atoms of the pentamers
and protomers of the ground (PDB ID: 6REW*) and the O-states
(present work) are 0.55 and 0.53 A, respectively. The main
changes occur in the extracellular parts of the helices B and C,
which are shifted by 1.0 and 1.8 A, respectively (Supplementary

Fig. 1). Helices A, D and G are also displaced by 0.7 A in the
extracellular regions (Supplementary Fig. 1).

Retinal-binding pocket of KR2 in the O-state. The polder?’
electron density maps built around the retinal cofactor strongly
suggest its all-frans configuration in the O-state, distorted around
C,4 atom (Supplementary Figs. 2 and 3). Indeed, the fitting of the
electron density maps with either 13-cis or the mixture of all-
trans/13-cis retinal results in the appearing of strong negative
peaks of the F,~F. difference electron maps at the level higher
than 30. Moreover, our data shows that 13-cis configuration
would result in the steric conflict between C,5 and C,, atoms of
the retinal and W113 and W215 residues, respectively. Therefore,
all-trans retinal was modeled into final structure of the O-state.
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The positions of the residues comprising the retinal pocket,
particularly W113, D251, D116, 1150, Y218, and W215 are cor-
respondingly shifted relative to those in the ground state (Sup-
plementary Fig. 3). Surprisingly, all-trans configuration of the
retinal in the O-state is in contrast to the recently published time-
resolved Fourier-transform infrared spectroscopy (FTIR) data,
where authors suggested 13-cis configuration in the O-state of
NaRs?!, but is in line with the data on another light-driven Nat
pump from Gillisia limnaea (GLR), published in 2014, where the
authors report a distorted all-trans configuration of retinal in the
O-state?2, In ref. 2! authors found a broad peak at 940 cm™! in
the FTIR spectrum of the O-state of KR2 containing 12, 14-D,
retinal, which was interpreted as 13-cis configuration of the

retinal. Our data demonstrate that although retinal is all-trans in
both the ground and the O-state, it is kinked notably around C;4
atom only in the intermediate, but not in the ground state
(Supplementary Figs. 2 and 3). This distortion may result in the
appearing of the peak at 940 cm~! described in ref. 2I. We also
cannot exclude that the inconsistency of the results on the retinal
configuration in the O-state may originate from the different
conditions and protein environment during the experiments.
The all-trans retinal configuration in the O-state of KR2
obtained in the present work means that relative location of the
RSBHT and D116 side chain is similar to that in the ground state
(PDB ID: 6REW#). RSBHT is hydrogen bonded to D116 and the
distance between them is 2.9 A in the O-state (Fig. 2f). The
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existence of this hydrogen bond is supported by time-resolved
resonance Raman spectroscopy!l. Indeed, in ref. 1! authors
reported that C=N stretching frequencies of the RSB are very
similar between the ground state (1640 cm™!) and the O-state
(1642cm~1). The C=N stretching frequency is a sensitive
marker for the hydrogen bond strength of the protonated RSB.
The similar frequencies of the C=N stretching mode support
that relative locations of the RSBH* and D116 side chain are
similar to those in the ground state.

Sodium-binding site inside the protein. The crystal structure of
the O-state of KR2 clearly reveals the Na™-binding site near the
RSB, comprised of S70, N112, and D116 side chains and main
chain oxygen of V67 (Fig. 2f and Supplementary Figs. 2 and 4).
Previous mutational analysis confirms the importance of these
residues for KR2 pumping activity. Indeed, D116 is crucial for
KR2 functioning?, and N112 determines ion selectivity’. Sub-
stitution of S70 with threonine or alanine dramatically decreases
Nat-pumping activity of KR2>°. The mean distance between
Nat and the coordinating oxygen atoms is 2.3 A (Fig. 2f and
Supplementary Fig. 2).

While in the ground state KR2 is in the ‘expanded’
conformation, in the O-state N112 is flipped towards S70 and
D116, therefore the overall configuration is similar to that of the
‘compact’ conformation of KR2412 (Fig. 2, Supplementary Figs. 5
and 6). This is also evidenced by disappearance of the big polar
cavity near the RSB (SBC1) and enlargement and elongation of
the cavity near R109-D251 pair (SBC2) in the O-state (Fig. 2 and
Supplementary Fig. 6). Four water molecules, filling the SBC1 in
the ‘expanded’ ground state (Fig. 2c), are displaced as follows: two
of them are found in the small cavity formed in the intermediate
near S70 at the pentamerization interface, one remains at the
same place and is coordinated by N112 and D251, and the last
one is moved to the SBC2 near L75 and R109 at the inner
extracellular part of the protein (Fig. 2f). Upon sodium binding
and formation of the ‘compact’ state L74 side chain also flips
simultaneously with the N112 in order to avoid the steric conflict
of these two residues. Our mutational analysis indicated that
L74A substitution dramatically decreases pumping activity of the
protein (Supplementary Fig. 7). Hence, this additionally supports
the importance of the ‘compact’ conformation for Na™ pumping
by KR2.

Interestingly, the location of the sodium-binding site in the O-
state of KR2 is similar to that of the chloride ion-binding sites in
the ground state of light-driven chloride pumps (Supplementary
Fig. 8). Namely, in a chloride-pumping rhodopsin from
Nonlabens marina S1-08 (CIR)2>24 the anion is coordinated by
the N98 and T102 of the NTQ motif, which are analogous to the
N112 and D116 of the NDQ motif of light-driven sodium pumps
(Supplementary Fig. 8).

Conformational switches guide Na' uptake and release. The
similarity of protein conformation in the O-state to the ‘compact’
is intriguing, however, could easily be explained. Indeed, relative
location of the RSBH' and Nat-D116~ pair makes the dis-
tribution of the charges in the central part of the protein nearly
identical to that of the KR2 with protonated D116 at acidic
pHZ 4. The structures of KR2 in the ‘compact’ conformation are
also observed only at low pH3->. It was thus suggested that the
‘compact’ conformation may appear in response to the D116
neutralization*. To understand better the nature of conforma-
tional switches in KR2 and the influence of D116 protonation on
the protein conformation, we produced and crystallized KR2-
D116N at pH 8.0, which mimics the WT protein with fully

protonated D116 and solved its structure in the pentameric form
at 2.35A.

Confirming our hypothesis, the structure shows that introduc-
tion of asparagine at the position of D116 led to the flip of the
side chains of N112 and L74 in comparison to the ground state of
the wild type (WT) protein and disappearance of the SBCI,
characteristic for the ‘expanded’ conformation (Supplementary
Fig. 6). Overall, the structure of D116N is very similar to that of
the O-state (RMSD 0.2 A) and also to the ‘compact’ conformation
(RMSD 0.3 A) of the KR2-WT (Supplementary Fig. 6). However,
Na™ is absent inside the protomers and the relative orientation of
the RSBHT and N116 is altered (Supplementary Fig. 6).
Particularly, the RSBHT forms two alternative conformations,
and hydrogen bond between the RSBH™ and N116 is absent (see
Supplementary material).We also observed that D116 protona-
tion destabilizes the pentameric assembly of KR2 (see Supple-
mentary material). Thus, we suggest that neutralization of D116 is
the key determinant of the formation of the ‘compact’
conformation, which explains their structural similarity.

The structures of KR2 O-state and D116N mutant, together
with previously described pH dependence of the KR2 organiza-
tion?, allow us to conclude that the ‘compact’ conformation and,
particularly, N112 flip towards D116, stabilizes neutralized RSB
counterion and correspondingly neutral transiently formed
NaT™-D116~ pair during the photocycle.

It was suggested previously that the SBCI in the ‘expanded’
conformation surrounded by R109, N112, W113, D116, and
D251 might be a transient Na*-binding site in an intermediate
state of the protein photocycle®!2. However, the present work
shows that Na™ binds far from R109 and D251 (Fig. 2f). Since the
release of Nat occurs upon the O-to-ground state transition,
which structurally corresponds to ‘compact’-to-‘expanded’ switch,
we suggest that the ‘expanded’ conformation is also important for
the ion release to the extracellular space. Importantly, Nat uptake
and release are guided by the switches from the ‘expanded’ to the
‘compact’ and then again back to the ‘expanded’ conformations,
respectively.

Sodium translocation pathway. Although the structure of the
KR2 protomer near the RSB is altered in the O-state, the orga-
nization of both putative ion uptake and ion release regions
remains the same to those in the ground state (Fig. 3). It is not
surprising when we consider the cytoplasmic part of the protein.
In the ground state Na™ does not penetrate to the inside of KR2.
At the same time, in the O-state Nat should not have a way to
return back to the cytoplasm. Therefore, the pathway, formed
upon transition from the ground to the O-state, connecting the
ion uptake cavity (IUC) with the RSB region should be blocked in
both ground and the O-states. Consequently, the restoration in
the O-state of the initial conformation of S64-Q123 pair, separ-
ating the TUC from the RSB environment, is expected. On the
other hand, the same organization of the E11-E160-R243 cluster
and putative ion release cavity (pIRCI1) in the ground and O-
states may seem quite surprising. Previously, these residues were
suggested to line the pathway of Nat release to the extracellular
bulk during the direct O-to-ground transition3->. The absence of
the disturbance in this region means either that the energy stored
in the distorted all-trans retinal in the O-state is enough to
relocate Na't directly from the core of the protein to the bulk
without any transient-binding sites or/and that there might be
another ion release pathway in KR2. Indeed, the second
hypothesis is supported by the mutational analysis, which showed
that substitution of E11, E160, or R243 to alanines or polar non-
charged residues does not abolish Nat-pumping activity, how-
ever, affects the stability of the proteins®>°. The other
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(alternative) putative way for NaT release goes from the inner
extracellular part of the protein through the elongated in the O-
state SBC2 to the bulk near the Na™ bound at the surface of KR2
in both the ground and O-states. These channel-like pathway is
constricted with the only side chain of Q78 residue (Figs. 2, 3d).
The pathway propagates from the inner region between Q78,
N106, and R109 to the relatively large cavity (pIRC2) between
helices B and C, BC loop and helix A’ of adjacent protomer at the
extracellular side (Figs. 2, 3 and Supplementary Fig. 9). The cavity
proceeds further to a concave aqueous basin facing the extra-
cellular solution, formed in the central pore of the KR2 pentamer
at the extracellular side and is surrounded by Q78, N81, S85,
D102, Y108, and Q26 residues and filled with water molecules in
both the ground and O-states (Fig. 3). Notable displacements of
these residues and waters occur in the O-state, such as the flip of
N81 towards H30' of the adjacent protomer (Supplementary
Fig. 10). Consequently, in the O-state additional water molecule
appears in the pIRC2, which is coordinated by hydrogen bonds
with E26/, H30/, and N81 (Supplementary Fig. 10). The positions
of Q78 and Y108 are also altered in the O-state (Supplementary
Fig. 10).

To probe the possible ion release pathways, we conducted
10 short metadynamics simulations starting from the sodium-
bound conformation (Supplementary Fig. 11 and Supplementary
Movie 1). The simulations revealed that the R109 sidechain forms
a barrier for sodium exiting SCB1, and changes its position to
allow sodium passage. Upon passing R109, Na™ either exits
the protein via pIRC2 (8 simulations out of 10), or proceeds
towards pIRCI (two simulations). In the first scenario, the ion is
quickly released towards the aqueous basin in the middle of KR2
pentamer in the vicinity of another ion found at the interface
between the protomers, and is sometimes observed to replace it
(Supplementary Movie 1). In the second scenario, the ion samples
different locations around the E11-E160-R243 triad and is later
released via N106 and Q157 on the outer side of the pentamer.

Importantly, the organization of the pIRC2 region is identical
in the O-state and KR2-D116N (Supplementary Fig. 12A). It
means that the rearrangements on the surface of the KR2 occur
not directly in response to the retinal isomerization upon photon
absorption, but rather due to the redistribution of charges in the
central inner part of the protein protomer. Such long-distance
interactions between the RSB-counterion and pentamer surface
were already studied for the WT and H30A variant of KR2142°.
Recently, it was also shown that there is an allosteric commu-
nication between the interprotomer Na'-binding site and the
RSB hydrogen bond already in the ground state?®. Thus,
structural rearrangements of the RSB-counterion pair upon
Na™ release and corresponding ‘compact’-to-‘expanded’ confor-
mational switch may allosterically affect the interprotomer Na™-
binding site, promoting Na™ unbinding from the site, observed in
metadynamics simulations.

To gather more details about long-distance interactions
between the protein core and surface, we solved the structure of
pentameric form of KR2-H30A at pH 8.0 at 2.2 A.

Overall, the structure of this mutant is nearly the same as that
of the ground state of WT protein (RMSD 0.15 A) (Supplemen-
tary Figs. 5, 13). The organization of their inner cytoplasmic,
central, and extracellular parts is identical. Surprisingly, in
contradiction to the earlier FTIR experiments, Na® bound at
the oligomerization interface of the WT protein is also present in
H30A2. However, the region of H30 is altered (Supplementary
Fig. 12). Particularly, H30 side chain is replaced by two additional
water molecules (wg’ and wg”) (Supplementary Fig. 12). More-
over, the H30A mutation leads to appearance of second
alternative conformation of Y108, not identified in other
structures of KR2 or its variants (Supplementary Fig. 12). It
was shown that H30A is more selective to sodium and almost
does not pump protons2. As the only existing differences in the
structures of the WT and the mutant occur near Q78, N81, Y108,
H30" and pIRC2, we suggest that this region is important for
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cation selectivity, which additionally supports the hypothesis that
this region is a part of ion translocation pathway.

To verify the suggested ion-release pathway, we performed
functional studies of KR2 mutants in E. coli cells suspension,
similar to previous works>27 (Supplementary Fig. 7). The results
showed that Q78 is the key residue, which is likely to act as a gate
for sodium, flipping upon sodium passage (Q78L mutant remains
almost fully functional). The blocking of Q78 motion (Q78Y,W
mutations) resulted in dramatic decrease of the pumping activity.
In Q78A mutant, similar to Q123A, the sodium pumping activity
is retained, however decreased notably in comparison to the WT
protein. Another interesting finding was that Y108A mutant
almost fully lost its pumping ability.

Hence, we suggest that Na™ translocation pathway propagates
from IUC to pIRC2 via a chain of polar inner cavities, which are
modified during photocycle. IUC and pIRC2 are separated from
the inside of KR2 by two weak gates near Q123 and Q78,
respectively. This makes the KR2 ion pathway similar to that of
the channelrhodopsin 228 (CrChR2) (Supplementary Fig. 14).
However, unlike in CrChR2, KR2 has the Na*t-binding site in the
central region near the RSB.

Mechanism of sodium pumping. Crystal structures of the O-
state and D116N and H30A mutants of KR2 together with
avaijlable literature data allow us to suggest a mechanism of
protein functioning (Fig. 4).

Step 1: In the ground state KR2 is in the ‘expanded’
conformation with the SBCI filled with four water molecules.
The RSBH™ is hydrogen bonded to its counterion D116™. The
Q123-S64 gate separates the IUC and the RSB. With the

absorption of the light photon the retinal isomerizes from all-
trans to 13-cis configuration and the red-shifted K-state appears
in nanoseconds, followed by the formation of the L/M
intermediate in about 30 ps. The proton is translocated from
the RSBHT to the D116~ with the formation of the M-state and
the hydrogen bond between them is absent in this intermediate.
The Q123-S64 gate also opens in this step.

Step 2: With the rise of the O-state NaT passes the gate and
deprotonated RSB, and binds between S70, N112, and D116
belonging to helices B and C. Na™ uptake results in the proton
translocation from D116 back to the RSB with the restoration of
the RSB-counterion hydrogen bond, thus preventing the Nat
backflow to the cytoplasmic side. It also causes the flip of
N112 side chain for the stabilization of Nat-D116~ pair,
therefore, the ‘compact’ state appear at this step. Retinal is still
in the distorted all-trans conformation in the O-state.

Step 3: With the decay of the O-state retinal returns completely
to its ground configuration and the ‘expanded’ conformation of
KR2 occurs with the N112 flip back to the pentamerization
interface, thus opening the way for Na™ release. In the O-state the
release pathway is prepared as it is evidenced from the O-state
structure. We suggest that the release preferentially involves Q78
and proceeds towards the cavity, formed by N81, Y108, and H30’
of adjacent protomer (pIRC2). We also suggest that four water
molecules, filling the SBC1 in the dark state are involved in the
Na™ hydration during its transitions inside the protein. The Na*t
release might proceed using the relay mechanism, when the ion,
released from the KR2 protomer, replaces the ion, bound at the
protein oligomerization interface. The proposed relay mechanism
allows lowering the energy barriers for facilitation of the Nat
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release. The E11-E160-R243 cluster and the cavity near it
(pIRC1), suggested earlier to be involved in Na™ release, thus may
be involved mainly in protein stabilization, rather than in ion
translocation pathway.

Last but not least, in the absence of Na™ KR2 acts as a proton
pump with the significantly altered photocycle and the absence of
the pronounced O-state. The long living L/M/O-like state decays
slowly in the proton-pumping mode?. We note that this is in
agreement with the suggested mechanism of Na™ pumping. We
suggest that the formation of the K-, L- and M-states is the same
for the Na*- and H*-pumping modes, however, in the absence of
Nat the ion does not flow diffusely to the central region when the
RSB is neutral, and RSB is presumably reprotonated from the
cytoplasmic side through the IUC and no rearrangements occur
in the region of D116. Then the slow relaxation of the retinal to
all-trans configuration triggers the proton release from the D116
to the extracellular side and the protein returns to the
ground state.

Discussion

The presented here structure of the key functional O intermediate
state of the KR2 rhodopsin allowed us to propose the pathway
and molecular mechanism of the active light-driven Na™T trans-
port. We suggest that the pathway of Nat connects two aqueous
concavities in the cytoplasmic and extracellular parts of the KR2,
respectively, via several polar cavities inside the protein, which are
separated from each other by weak gates. From that side, the
organization is very similar to that of CrChR2%8. The principal
difference is that in opposite to CrChR2, KR2 has the tight
transient Na™-binding site near the Schiff base, separating the
cytoplasmic and extracellular parts of the protein. Judging from
the arrangement of the cavities in the O-state, Na™ transport in
KR2 appears rather like in a perfectly outwardly directed Na*t
channel than in a pump, which we interpret as a chimera between
the two fundamental mechanisms. Similar concept was suggested
earlier!, however, it mostly concerned the diffusion Na* uptake
from the cytoplasmic part. The presence of the positively charged
R109 side chain at the extracellular part of the protein pre-
sumably prevents Nat uptake from that side in the M-state, as
also evidenced by a recent finding that R109Q mutation converts
KR?2 into a potassium channel®. Presented here model of the O-
state together with metadynamics simulations and mutational
analysis, as well as the absence of any intermediate states during
O-to-ground transition in KR2, strongly suggest that Na™ release
proceeds also on the path of least resistance without any notable
structural rearrangements of the protein. This is supported by the
fact that the retinal in the O-state is almost completely relaxed to
its initial configuration. We also speculate that for the facilitation
of the Nat release (lowering of the energy barrier for the Na™
release against electrochemical gradient), the protein use the relay
mechanism, in which the released ion replaces the ion bound at
the oligomerization interface. The fact was also evidenced by the
metadynamics simulations, described in the present manuscript
and by the recently reported existence of the allosteric commu-
nications between the RSB and interprotomer ion-binding site2°.
Current understanding of the Na' release from the KR2 is
summarized in the Supplementary Movie 1.

Methods

Protein expression and purification. E. coli cells of strain SE1 (Staby”Codon T7,
Eurogentec, Belgium) were transformed with the KR2 expression plasmid.
Transformed cells were grown at 37 °C in shaking baffled flasks in an auto-
inducing medium ZYP-50522° containing 100 mg/L ampicillin. When glucose level
in the growing bacterial culture dropped below 10 mg/L, 10 uM all-trans-retinal
(Sigma-Aldrich, Germany) was added, the incubation temperature was reduced to
20 °C and incubation continued overnight. Collected cells were disrupted in M-
110P Lab Homogenizer (Microfluidics, USA) at 25,000 psi in a buffer containing

20 mM Tris-HCI pH 8.0, 5% glycerol, 0.5% Triton X-100 (Sigma-Aldrich, USA)
and 50 mg/L DNase I (Sigma-Aldrich, USA). The membrane fraction of cell lysate
was isolated by ultracentrifugation at 90,000 x g for 1 h at 4 °C. The pellet was
resuspended in a buffer containing 50 mM NaH,PO,/Na,HPO, pH 8.0, 0.1 M
NaCl and 1% DDM (Anatrace, Affymetrix, USA) and stirred overnight for solu-
bilization. Insoluble fraction was removed by ultracentrifugation at 90,000 x g for
1h at 4°C. The supernatant was loaded on Ni-NTA column (Qiagen, Germany)
and KR2 was eluted in a buffer containing 50 mM NaH,PO,/Na,HPO, pH 7.5,
0.1 M NaCl, 0.5M imidazole and 0.1% DDM. The eluate was subjected to size-
exclusion chromatography on 125 ml Superdex 200 PG column (GE Healthcare
Life Sciences, USA) in a buffer containing 50 mM NaH,PO,/Na,HPO, pH 7.5,
0.1 M NaCl, 0.05% DDM. Protein-containing fractions with the minimal A,g0/As,s
absorbance ratio were pooled and concentrated to 60 mg/ml for crystallization.

Measurements of pumping activity in E. coli cells. E. coli cells of strain C41
(DE3) (Lucigen, USA) were transformed with the KR2 expression plasmid.
Transformed cells were grown at 37 °C in shaking baffled flasks in an autoinducing
medium, ZYP-5052%° containing 100 mg/L ampicillin, and were induced at optical
density OD600 of 0.7-0.9 with 1 mM isopropyl B-p-1-thiogalactopyranoside
(IPTG) and 10 uM all-trans-retinal. 3 h after induction, the cells were collected by
centrifugation at 4000 x g for 10 min and were washed three times with unbuffered
salt solution (100 mM NacCl, and 10 mM MgCl,) with 30-min intervals between the
washes to allow exchange of the ions inside the cells with the bulk. After that, the
cells were resuspended in 100 mM NaCl solution and adjusted to an ODsg of 8.0.
The measurements were performed on 3 ml of stirred cell suspension kept at 1 °C.
The cells were illuminated for 5 min with a halogen lamp (Intralux 5000-1, VOLPI)
and the light-induced pH changes were monitored with a pH meter (LAB 850,
Schott Instruments). Measurements were performed with the addition of 30 pM of
protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP).

Crystallization details and crystals preparation. The crystals were grown using
the in meso approach3%31, similarly to our previous work?”3%33, The solubilized
protein in the crystallization buffer was added to the monooleoyl-formed lipidic
phase (Nu-Chek Prep, USA). The best crystals were obtained using the protein
concentration of 25 mg/ml. The crystals of monomeric (for D116N mutant) and
pentameric (for WT protein and H30A mutant) forms were grown using the
precipitate 1.0 M sodium malonate pH 4.6 and 1.2 M sodium malonate pH 8.0,
respectively (Hampton Research, USA). Crystallization probes were set up using
the NT8 robotic system (Formulatrix, USA). The crystals were grown at 22 °C and
appeared in 2-4 weeks. Before harvesting, crystallization drop was opened and
covered with 3.4 M sodium malonate solution, pH 8.0, to avoid dehydration. All
crystals were harvested using micromounts (MiTeGen, USA) and were flash-cooled
and stored in liquid nitrogen for further crystallographic analysis.

Time-resolved visible absorption spectroscopy. The laser flash photolysis was
performed similar to that described by Chizhov et al.3*3 with minor differences.
The excitation system consisted of Nd:YAG laser Q-smart 450m]J with OPO
Rainbow 420-680 nm range (Quantel, France). For the experiments the wavelength
of the laser was set 525 nm. Microcrystals of KR2 in the lipidic cubic phase were
plastered on the 4 x 7 mm cover glass. The thickness of the slurries was adjusted in
order to give sufficient signal. The glass with crystal slurries was placed into 5 x 5
mm quartz cuvette (Starna Scientific, China) filled with the buffer solution con-
taining 3.4 M sodium malonate pH 8.0 and thermostabilized via sample holder
qpod2e (Quantum Northwest, USA) and Huber Ministat 125 (Huber Kilte-
maschinenbau AG, Germany). The detection system beam emitted by 150 W
Xenon lamp (Hamamatsu, Japan) housed in LSH102 universal housing (LOT
Quantum Design, Germany) passed through pair of Czerny-Turner mono-
chromators MSH150 (LOT Quantum Design). The received monochromatic light
was detected with PMT R12829 (Hamamatsu). The data recording subsystem
represented by a pair of DSOX4022A oscilloscopes (Keysight, USA). The signal
offset signal was measured by one of oscilloscopes and the PMT voltage adjusted by
Agilent U2351A DAQ (Keysight). The time-resolved visible absorption spectro-
scopy data was processed and fitted using OriginPro8.5 software.

Accumulation of the intermediate state in KR2 crystals. Absorption spectra of
KR2 in solution were collected using the UV-2401PC spectrometer (Shimadzu,
Japan) using the UVProbe 2.33 software. The spectroscopic characterization of O-
state build-up in KR2 crystals was performed at the icOS Lab located at the ESRF°.
The same set up was established at the P14 beamline of the PETRAIII synchrotron
source (Hamburg, Germany) for accumulation of the O-state in crystals for X-ray
diffraction data collection. Also the same accumulation procedure was applied to
crystals at icOS and P14 beamline. Briefly, UV-visible absorption spectra were
measured using as a reference light that of a DH-200-BAL deuterium-halogen lamp
(Ocean Optics, Dunedin, FL) connected to the incoming objective via a 200 um
diameter fiber, resulting in a 50 um focal spot on the sample, and a QE65 Pro
spectrometer (Ocean Optics, Dunedin, FL) connected to the outgoing objective via
a 400 um diameter fiber. The actinic light comes from a 532 nm laser (CNI Laser,
Changchun, P.R. China) coupled to a 1000 pm diameter fiber which is connected to
the third objective whose optical axis is perpendicular to those of the ingoing and
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outgoing objectives. Ground states spectra (100 ms acquisition time averaged 20x)
were collected on crystals flash-cooled in liquid nitrogen and kept under a cold
nitrogen stream at 100 K. In order to maximize the population of the O-state, a
crystal was put under constant laser illumination at 100 K, the nitrogen stream was
then blocked for 2 s, then the laser was switched off once the crystal is back at
100 K. For the accumulation of the O-state laser power density of 7.5 mW/cm? at
the position of the sample was used. The mean size of the crystals was 200 x 100 x
30 um? (Supplementary Fig. 22). The plate-like crystals were oriented so that the
largest plane (200 x 100 pum?) was as perpendicular to the laser beam. The laser
beam was focused to the size of 500 x 500 um?2 (1/e2). A UV-visible absorption
spectrum was then recorded to show the red-shifted absorption maximum char-
acteristic of the O-state of KR2. The crystals with accumulated intermediate state
were then stored in liquid nitrogen and transported to the PETRAIII, Hamburg,
Germany for the X-ray experiments and showed the same structure as that
obtained using crystals with the O-state, accumulated directly at the P14 beamline
of PETRAIIL

Acquisition and treatment of diffraction data. X-ray diffraction data of D116N
and H30A mutants were collected at the beamlines ID23-1 and ID29 of the ESRF,
Grenoble, France, using a PILATUS 6M and EIGER 16M detectors, respectively.
The data collection was performed using MxCube2 software. X-ray diffraction data
of the KR2 O-state at 100 and 293 K (room temperature, RT) was collected at the
P14 beamline of the PETRAIII, Hamburg, Germany, using EIGER 16M detector.
For the collection of the X-ray diffraction data at RT the crystals in the cryoloop
were placed on the goniometer of P14 beamline and maintained in the stream of
the humid air (85% humidity). The stream of humid air was provided by the HC
humidity controller (ARINAX, France). For activation of the proteins in crystals
and obtaining the structure of the O-state at RT the laser flash was synchronized
with the X-ray detector. The laser was illuminating the crystal only during X-ray
data collection to avoid drying and bleaching. The crystals were rotated during the
data collection and laser illumination. Diffraction images were processed using
XDS%’. The reflection intensities of the monomeric form of D116N mutant were
scaled using the AIMLESS software from the CCP4 program suite38. The reflection
intensities of all the pentameric forms were scaled using the Staraniso server’.
There is no possibility of twinning for the crystals. For the both structures of KR2
at RT diffraction data from three crystals was used (Supplementary Table 1). In all
other cases, diffraction data from one crystal was used. The data statistics are
presented in Table S1.

Serial crystallography data collection and processing. Serial milisecond crys-
tallography data of the O-state of KR2 was obtained at RT at BL13-XALOC
beamline of ALBA (Barcelona, Catalunya) using a PILATUS 6M detector working
at 12.5 Hz and a 60 x 40 pm FWHM (HxV) sized beam at 12.6 keV (1.4 x 1012 ph/
s). For that purpose, an LCP stream of protein microcrystals was injected into the
focus region using a LCP injector®’, placed at 45° of the diffractometer table, with
the help of an AKTA pump flowing at 1 pl/min and a constant helium supply
(10-14 psi) yielding an extrusion speed of 30 nl/min for 100 um capillary. A
Roithner laser source (RLTMLL-532-100-5) working at 20 mW was used for
protein activation.

A total number of 1,208,640 detector images were collected and processed with
CrystFEL (version 0.8.0)4! without any additional modification. Among all images
collected, 350,862 were identified as potential crystal hits with more than 30 Bragg
peaks with min-snr = 3.5, threshold = 12, highres = 2.5 parameters using
peakfinder8 algorithm as implemented in CrystFEL, corresponding to an average
hit rate of 29%. The overall time of data collection from a sample with a total
volume of 120 ul was about 36 h.

Data were processed using CrystFEL. For peak finding, we used peakfinder8 and
min-snr = 3.5, threshold = 12. For indexing, indexers dirax*2, xds?’, taketwo?? (in
that order) were used, with --multi option enabled. Integration was performed
using int-radius = 3,4,5. Data were merged using process_hkl with min-res = 3.3,
push-res = 3.0, and symmetry = mmm. This yielded a dataset with 131,872
indexed images with 136,656 crystals, corresponding to 39% average indexing rate.
Among these images, 38,761 were merged together after process_hkl rejection.
Among indexers, dirax was the most successful one, providing 77,681 indexed
crystals. Initial geometry, provided by the beamline staff, was optimized with
detector-shift and geoptimiser, as described in ref. 4.

Structure determination and refinement. Initial phases for the pentameric
structures were successfully obtained in the C222, space group by molecular
replacement (MR) using MOLREP*® using the 6REW structure as a search model.
Initial phases for monomeric KR2-D116N were successfully obtained in the

1222 space group by MR using the 4XTL structure as a search model. The initial
MR models were iteratively refined using REFMAC54, PHENIX#/, and Coot*S.

Molecular dynamics simulations. The simulation system consisted of a KR2
pentamer in the O-state with sodium ions in SBC2 and cocrystallized water
molecules. The proteins was embedded in a POPC bilayer (256 lipids) and then
solvated with TIP3P water with a Na+/Cl— concentration of 150 mM using the
CHARMM-GUI web-service?. The simulation box contained 94,817 atoms in

total. All ionizable amino acids were modeled in their standard ionization state at
pH 8, including D116 and D251 which were modeled charged.

The CHARMM-GUI recommended protocols were followed for the initial
energy minimization and equilibration of the system. The atoms of protein and
lipids in the system were subjected to a harmonic positional restraint and
5000 steps of steepest descent minimization followed by two 25 ps equilibration
steps in the NVT ensemble using Berendsen thermostat and one 25 ps and three
50 ps equilibration steps in the NPT ensemble using Berendsen thermostat and
barostat. During all equilibration steps, the force constants of the harmonic
positional restraints were gradually reduced to zero. The system was further
equilibrated for 10 ns in the NPT ensemble with Nose-Hoover thermostat and
Parrinello—Rahman barostat, which were also used for the further production
simulations. The temperature and pressure were set to 303.3 K and 1 bar with
temperature and pressure coupling time constants 7t= 1.0 ps~—! and 7p =
0.5 ps—1, respectively. All MD simulations were performed with GROMACS
version 2018.1°0, The time step of 2 fs was used for all the simulations except for
the early steps of equilibration. The CHARMMS36 force field>! was used for the
protein, lipids, and ions. Parameters for retinal bound to lysine were adapted
from ref. 2.

In order to investigate the putative sodium translocation pathways,
metadynamics approach (metaMD) was employed®3. This method is based on
biasing of the potential surface via addition of repulsive functions (“hills”, typically
Gaussians) which force the investigated molecular system to explore its
configurational space broader and faster than in a regular unbiased MD simulation.
Since the correct sampling of protein degrees of freedom relevant to the ion release
at the late states of the photocycle appears problematic, the performed
metadynamics simulations allowed us to reveal possible sodium unbinding
pathways rather than quantitatively assess the free energies changes associated with
them. We used the PLUMED plugin for GROMACS to perform metaMD
simulations®*. The projections of the vector connecting the sodium ion and its
original position onto x, y, and z directions were used as the collective variables
(i.e., 3 CVs were used). In order to prevent sodium passage back to the cytoplasmic
side we applied a flat-bottom potential (k = 1000 kJ/mol/nm?) in the normal to the
membrane direction, which discouraged ion moving towards the cytoplasmic side.
Also, harmonic restrains were applied to all protein Ca atoms above the Ca atom
of K255 (in the direction of CP) to prevent the overall motion of the protein
complex. The deposition rate for hills was 0.5 ps; the width and height of deposited
hills were equal to 0.05 nm and 1 kJ/mol, respectively. The simulations were
continued until the exit of ion from the protein interior was observed (typically,
during 5-20 ns). We have carried out 10 metaMD runs in total, 2 replicates for
each of the 5 protomers of the KR2 pentamer.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this manuscript are available from the corresponding
author upon reasonable request. A reporting summary for this Article is available as a
Supplementary Information file. The source data underlying Fig. 1b, ¢, e and
Supplementary Figs. 7 and 21 are provided as a Source Data file. Crystallographic data
that support the findings of this study have been deposited in the Protein Data Bank
(PDB) with the accession codes: PDB: 6XYT (the O-state of KR2 at 100K), PDB: 6YBY
(D116N mutant in monomeric form), PDB: 6YBZ (D116N mutant in pentameric form),
PDB: 6YCO (steady-state-SMX activated state of KR2 at RT), PDB: 6YC1 (H30A mutant
in pentameric form), PDB: 6YC2 (dark-state of KR2 at RT), PDB: 6YC3 (dark-state of
KR2 at 100K) PDB: 6YC4 (steady-state activated state of KR2 at RT). Serial
crystallography data corresponding to the 6YCO model have been deposited to the
Coherent X-ray Imaging Data Bank® with CXIDB ID 141. These include detector.cbf
files without any additional treatment for images with more than 30 diffraction peaks, as
described in “Methods” section.
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Abstract: The light-driven sodium pump KR2, found in 2013 in the marine bacteria Krokinobacter
eikastus, serves as a model protein for the studies of the sodium-pumping microbial rhodopsins
(NaRs). KR2 possesses a unique NDQ (N112, D116, and Q123) set of the amino acid residues in
the functionally relevant positions, named the NDQ motif. The N112 was shown to determine the
Na*/H" selectivity and pumping efficiency of the protein. Thus, N112A mutation converts KR2
into an outward proton pump. However, no structural data on the functional conversions of the
light-driven sodium pumps are available at the moment. Here we present the crystal structure of
the N112A mutant of KR2 in the ground state at the resolution of 2.4 A. The structure revealed a
minor deflection in the central part of the helix C and a double conformation of the L74 residue in the
mutant. The organization of the retinal Schiff base and neighboring water molecules is preserved
in the ground state of KR2-N112A. The presented data provide structural insights into the effects
of the alterations of the characteristic NDQ motif of NaRs. Our findings also demonstrate that for
the rational design of the KR2 variants with modified ion selectivity for optogenetic applications,
the structures of the intermediate states of both the protein and its functional variants are required.

Keywords: microbial rhodopsin; retinal; ion transport; mutation;, NDQ motif; sodium pump;
X-ray crystallography

1. Introduction

Microbial rhodopsins (MRs) are light-sensitive membrane proteins, which use a retinal molecule
as a cofactor. All MRs share a similar seven transmembrane (TM) «-helical fold [1]. The helices (named
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from A to G) are interconnected via extracellular and cytoplasmic loops, in many cases containing
-strands [2—4] or small helical regions [5-8]. The retinal is covalently bound to the highly-conserved
lysine residue in the TM helix G via a protonated Schiff base (RSB).

The first MR, bacteriorhodopsin from the archaeon Halobacterium salinarum (HsBR), was discovered
in 1971 [9]. HsBR is a light-driven proton pump, translocating proton outside of the cell and thus
creating a transmembrane electrochemical gradient for the ATP synthesis [10]. Since 1971, many MRs
with diverse functions were found and characterized [11,12]. The most significant discoveries
were archaeal light-driven chloride pumps (halorhodopsins, HRs) [13] and sensory rhodopsins
(SRs) [14], bacterial proton pumps (proteorhodopsins, PRs) [15], cation and anion channelrhodopsins
(ChRs) [16-20], bacterial sodium and chloride pumps (NaRs and CIRs) [21,22], native inward proton
pumps (xenorhodopsins, XeRs and schizorhodopsins, SzRs) [23-26], heliorhodopsins (HeRs) [27],
rhodopsin genes in giant viruses [6,8,28,29], enzymorhodopsins [30,31], etc. It was recently shown
the MRs are the major solar energy capturing proteins in the ocean [32]. The discovery of new MRs
and the growth of the family led to the development of their biotechnological applications, where the
most significant one is the optogenetics — able to control living tissues, such as neural or muscle,
with light [33,34].

Despite the increasing number of MRs with novel properties, there is only one known group
of the active non-proton cation transporters. They can pump Li* and Na™ ions outside of the
cell but are converted into the outward proton pumps in the presence of larger cations [21] or at
low pH [35,36]. It was shown that under physiological conditions in the ocean (pH 8.0, ~500 mM
NaCl), the proteins act almost exclusively as light-driven sodium pumps [36]; therefore, they were
denoted as sodium-pumping rhodopsins (NaRs). First, described in 2013, a light-driven NaR from the
marine bacteria Krokinobacter eikastus (KR2) [21], has yet become the most characterized representative
of this group of MRs. KR2 remains the only NaR, for which the high-resolution structures are
available [2,35,37].

Upon light illumination, KR2 undergoes a photocycle, comprised of the distinct K, L, M, and O
intermediate states [21]. The L and M states of KR2 photocycle coexist, with a minor fraction of the
M-state and the significant portion of the L. The sodium is not bound inside the protein in the ground
state. The sodium uptake occurs with the decay of the M-state as it was also reported for another NaR
from Gillisia limnaea (GLR) [38]. Thus, the late red-shifted O-state is the only one, where the ion is
bound in the core of the KR2 protomer [21,38].

KR2, like all other NaRs, possesses a characteristic NDQ motif (N112, D116, and Q123 residues
at the functionally relevant positions, corresponding to D85, T89, and D96 belonging to the helix
C in HsBR) [4,39]. Some light was shed on the particular role of each of these amino acid residues.
For instance, it was shown that D116 is a proton acceptor from the RSB and forms a direct hydrogen
bond with it in the ground, K, L, and O-states [2,35,37,40]. The bond is absent only in the M-state
when the proton is translocated from the RSB to the D116 side chain [40]. Recently it was shown that
D116 is also a part of the transient sodium binding site near the RSB, formed in the O-state of KR2
photocycle [41]. It was demonstrated that the substitution of the D116 with other residues lead to the
loss of the sodium-pumping function of KR2 [21]. The Q123 is a part of a gate at the cytoplasmic side
of the protein, separating a large ion-uptake cavity from the RSB region in the ground state [2,35,37].
However, Q123A/V mutants retain sodium-pumping activity, although it is much lower than that of
the wild type (WT) protein [37,42]. Thus, it was suggested that the role of Q123 is in the optimization
of the sodium pathway inside the protein, and in the creation of the proper inter-helical interactions in
the protein [43].

The role of the N112 was investigated by an extensive mutational analysis [44]. It was shown that
N112D/G/S/T mutants are able to pump sodium, while N112A/C/P/V/E/Q/L/I/M/F/W mutations convert
KR2 into an outward proton pump. N112H/K/Y/R substitutions lead to the loss of any pumping activity
of the protein [44]. At the same time, Fourier-transformed infrared (FTIR) spectroscopy data on the
N112A mutant of KR2 showed no alterations of the RSB region in the ground and the K-state of the
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mutant [45]. The N112 is a part of the transient sodium binding site in the O intermediate state [41].
Thus, the N112 of the NDQ muotif is believed to determine the ion selectivity of KR2. However,
no structural information on the N112X variants of KR2 is available at the moment, which limits our
understanding of the N112 role in functional conversions of NaRs.

The goal of this study is to add important structural information on the functional Na*-to-H*
pump conversion of KR2. For that we present a crystal structure of the N112A mutant of KR2 in the
ground state at 2.4 A resolution. We show that N112A mutation changes neither the oligomeric form
nor the internal organization of the protein. However, in KR2-N112A, the helix C is slightly deflected,
and the side chain of the L74 residue adopts two alternative conformations. The lack of asparagine
at the 112th position of KR2 leads to the enlargement of the polar cavity near the RSB. The structure
provides insights into the rearrangements in the NaRs upon alteration of the characteristic NDQ motif.
It might also contribute to the rational design of the KR2 variants with modified ion selectivity.

2. Materials and Methods

2.1. Cloning, Protein Expression, and Purification

Cloning, protein expression, and purification were performed as described previously [2,35].
KR2 gene, synthesized commercially (Eurofins Scientific, Luxembourg), was subcloned into the
pET15bmod (Apr) expression plasmid using the restriction sites for Xbal and Xhol enzymes
(Thermo Fisher Scientific, Waltham, MA, USA). A point N112A mutation was introduced into
the KR2-gene-containing plasmid by PCR mutagenesis. E. coli cells of strain C41 (DE3) (Lucigen,
Middleton, WI, USA) were transformed with the KR2-N112A expression plasmid. Transformed
cells were grown at 37 °C in shaking baffled flasks in an autoinducing medium (ZYP-5052 [46])
containing 100 mg/L ampicillin and were induced at optical density ODgyy of 0.7-0.9 with 1 mM
isopropyl -d-1-thiogalactopyranoside (IPTG) and 10 uM all-trans-retinal. 3 h after induction, the cells
were collected by centrifugation at 4000x g for 30 min. Harvested cells were disrupted in M-110P
Lab Homogenizer (Microfluidics, Westwood, MA, USA) at 25,000 psi in a buffer containing 20 mM
Tris-HCl1 pH 8.0, 5% glycerol, 0.5% Triton X-100 (Sigma-Aldrich, St. Louis, MI, USA) and 50 mg/L
DNase I (Sigma-Aldrich, St. Louis, MI, USA). The membrane fraction of the cell lysate was isolated
by ultracentrifugation at 90,000 g for 1 h at 4 °C. The pellet was resuspended in a buffer containing
50 mM NaH;PO4/Na,HPO,4 pH 8.0, 0.1 M NaCl and 1% n-Dodecyl 3-D-maltoside (DDM) (Anatrace,
Affymetrix, Maumee, OH, USA) and stirred overnight for solubilization at 4 °C. The insoluble fraction
was removed by ultracentrifugation at 90,000x g for 1 h at 4 °C. The supernatant was loaded on
the Ni-NTA column (Qiagen, Hilden, Germany) and KR2 was eluted in a buffer containing 50 mM
NaH,PO4/Na,HPO4 pH 7.5, 0.1 M NaCl, 0.5 M imidazole and 0.1% DDM. The eluate was subjected
to size-exclusion chromatography on 24 mL Superdex 200i column (GE Healthcare Life Sciences,
Marlborough, MA, USA) in a buffer containing 50 mM NaH,;PO4/Na,HPO4 pH 7.5, 0.1 M NaCl, 0.05%
DDM. Protein-containing fractions with the minimal Ajgy/Asps absorbance ratio were pooled and
concentrated to 60 mg/mL for crystallization.

2.2. Crystallization

The crystals were grown using the in meso approach [47], similar to our previous works [35,48].
The solubilized protein in the crystallization buffer was added to the monooleoyl-formed lipidic phase
(Nu-Chek Prep, Elysian, MN, USA). The best crystals were obtained using the protein concentration of
20 mg/mL. The crystals were grown using the precipitate 1.2 M sodium malonate pH 8.0 (Hampton
Research, Aliso Viejo, CA, USA). Crystallization probes were set up using the NT8 robotic system
(LCP version, Formulatrix, Bedford, MA, USA). The crystals were grown at 22 °C and appeared in
2—4 weeks. Before harvesting, the crystallization drop was opened and covered with 3.4 M sodium
malonate solution, pH 8.0, to avoid dehydration. All crystals were harvested using micromounts
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(MicroLoops HT, MiTeGen, Ithaca, NY, USA) and were flash-cooled and stored in liquid nitrogen for
further crystallographic analysis.

2.3. Acquisition and Treatment of Diffraction Data

The diffraction data were collected at 100 K at the Swiss Light Source (SLS, Villigen, Switzerland)
beamline X06SA (PXI) equipped with an EIGER X 16M detector (Dectris, Baden-Daettwil, Baden,
Switzerland). The data collection statistics are reported in Table 1. The diffraction was anisotropic as
determined by decay of the CCy/; values in 20° cones along the reciprocal cell directions. Diffraction
images were processed using XDS [49] (version from 15 March 2019). XSCALE (version from 15 March
2019) was used to merge different datasets. Staraniso server [50] was used to merge, scale, assess the
quality, convert intensities to structure factor amplitudes, and generate Free-R labels.

Table 1. Crystallographic data collection and refinement statistics. R.m.s.: root mean square.

Data Collection

Mutant N112A
Protein Data Bank ID 6YT4

Space group C222¢

Cell dimensions -

ab,c (A) 129.84,239.70, 134.58
a, B,y () 90, 90, 90
Wavelength (A) 0.9762

Resolution (A)
Rmerge (%)

47.85-2.40 (2.455-2.400) *

21.6 (273.4) *

Rpim (%) 3.5(43.6) *
<I/oI> 19.6 (1.8) *
CCyp (%) 94.3 (82.1) *
Completeness, spherical (%) 94.0 (72.1) *
Completeness, ellipsoidal (%) 97.5(99.2) *
Multiplicity 40.7 (40.2) *
Unique reflections 77,168 (3858) *
Refinement
Resolution (A) 20.00-2.40
No. reflections 73,219
Ruwork/Rfree (70) 18.6/21.7
No. atoms -
Protein 10,791
Retinal 100
Water 286
Lipids 510
Sodium 5
Average B factors (A2 -
Protein 44
Retinal 42
Water 44
Lipids 73
Sodium 33
R.m.s. deviations -
Protein bond lengths A) 0.0022
Protein bond angles (°) 1.0395
Ramachandran analysis -
Favored (%) 96.3
Outliers (%) 0.4

* The data for the highest resolution shell is shown in parenthesis.
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2.4. Structure Determination and Refinement

The structure was solved using molecular replacement with MOLREP [51] (version 11.7.02) and
the structure of the wild type KR2 in the pentameric form (Protein Data Bank Identifier 6YC3 [41]) as a
search model. The model was refined manually using Coot [52] (version 0.8.9.2) and REFMACS [53]
(version 5.8.0258) from the CCP4 suite [54]. The refinement statistics are summarized in Table 1.

2.5. Modeling of the O-State Structures of KR2-N112X Mutants

The hypothetical models of the O-state of N112A and N112G mutants were created for illustration
of the proposed mechanism of functional conversions in KR2 using PyMOL (version 2.3.1). For that,
the N112 of the 6XYT model (the O-state of the WT KR2) was substituted with either Ala or G residues.
In the case of N112G mutant, the putative water molecule was added at the position of the OD1 atom
of N112.

3. Results and Discussion

3.1. N112A Mutation Does Not Alter the Pentameric Assembly of KR2

We have expressed and purified KR2-N112A in E. coli strain C41 cells. Following the previously
reported data, the purified protein has a spectrum with the characteristic maximum absorption
wavelength of 522 nm [42,44].

It was shown that KR2 forms pentamers when solubilized in the DDM at pH higher than 6.0 or
reconstituted in the lipids at both acidic and neutral pH values [35,55]. KR2 is also in the pentameric
form in the crystals grown using in meso approach [47] at the pH as low as 4.9 [2,35,56]. Importantly,
KR2 pumps sodium, only being in the pentameric form [35,55]. Nothing is known on the functionality
of the monomeric form of the protein. Therefore, the analysis of the oligomeric assembly of the protein
and its functional mutants could provide valuable insights into the basis of the pentamerization of
KR2 and its functional role. For instance, a recent analysis of the size-exclusion chromatography
(SEC) profile of the D116N mutant of KR2 demonstrated that this mutation destabilizes the protein
pentamers [41].

The oligomeric state of the KR2-N112A was shown to be pentameric in lipids [55]. However,
there is a great penalty in terms of free energy for the protein oligomer to dissociate being inside
the lipid membrane. Thus, to probe the stability of the KR2-N112A pentamers, its oligomeric state
should be studied in other environments, which allow the disruption of the protein complex. The more
detailed analysis of the KR2-N112A is also of specific interest, as the N112 side chain is pointed towards
the oligomerization interface of KR2 and is hydrogen-bonded via a water molecule (Wat471 in the
case of the chain A of the 6YC3 model [41]) to the main chain oxygen of H30 residue of the nearby
protomer, additionally stabilizing the pentameric assembly of the protein (Figure 1a,b).

In the present study, we performed SEC for the purification and analysis of the KR2-N112A. The
SEC profile is similar to that of the WT protein (Figure 1c). The slight broadening of the peak in the
KR2-N112A SEC profile may originate from the different viscosity of the samples, likely due to the
fluctuating detergent concentration (Figure 1a). We cannot exclude that the tailing of the SEC profile
peak may also come from other differing properties of the samples. Nevertheless, the KR2-N112A did
not pass through the 100 kDa filter when concentrated for the crystallization, which is characteristic for
the pentameric WT protein, but not for smaller oligomers of, for instance, H30K and Y154F mutants of
KR2 [35]. As will be described later, KR2-N112A also forms pentamers in crystals, similar to those of
the WT protein (Figure 1d).

Therefore, we conclude that the interactions of the N112 side chain are not critical for the
pentamerization of KR2, and the water molecule, hydrogen-bonded to the N112 in the ground state,
is likely to appear for the stabilization of the polar side chain of the residue.
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Figure 1. Pentameric organization of KR2-N112A. (a) Side view of two neighboring protomers (chain
A, yellow and chain E, green of the 6YC3 model) of KR2 pentamer in the membrane. N-terminal x-helix
of chain A is colored blue. BC loop of the chain A is colored orange. Cytoplasmic (CP) and extracellular
(EC) sides of the membrane are marked. (b) Detailed view of the inter-protomers contacts in the region
of the N112 of the WT (top part) and A112 of the N112A mutant (bottom part). Neighboring protomer
is colored green. The retinal cofactor is colored teal. Helices are marked with bold capital letters.
(c) Size-exclusion chromatography (SEC) profiles of the N112A mutant (red line) and WT KR2 (black
dashed line). The position of the absorption peak is the same for the WT KR2 and N112A variant
(~11.8 mL when using 24 mL Superdex 200i column). The absorption was measured at 525 and 522 nm
for the WT [21] and N112A [42] KR2, respectively. The small left peak of the KR2-N112A profile likely
corresponds to the fraction of the aggregates. (d) KR2-N112A pentamer, view from the cytoplasmic
side. Sodium ions, located at the oligomerization interface, are shown with purple spheres. One of five
KR2 protomers is contoured for clarity.
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3.2. Crystal Structure of the N112A Protomer

The N112A mutant was concentrated to ~60 mg/mL and crystallized using in meso approach [47].
The crystals appeared within a month and diffracted to 2.4 A resolution. We obtained the KR2-N112A
structure in its biologically relevant pentameric form at the resolution of 2.4 A. As the diffraction of the
KR2-N112A crystals was anisotropic, we merged the X-ray diffraction data from 6 crystals to improve
the quality of the electron density maps and the corresponding model (Table 1, Figure S1).

The crystal packing, as well as the overall fold of the mutant, is very similar to that of the WT
protein (Figure 1d). The root-mean-square deviation (RMSD) between the ground state structures of
the N112A mutant and WT KR2 (PDB ID: 6YC3 [41]) is 0.15 A. At the same time, 109-115 residues
of the helix C are slightly shifted closer to the core of the protein (Figure 2a). Thus, the helix C of
KR2-N112A is deflected in the same manner as it appears in the «compact» conformation of pentameric
KR2 [2,56] and also in the monomeric form of the protein [2,35] (Figure 2b). However, in the case of
the mutant, the shift of the helix is much smaller (Figure 2b).

(a) (b)

N112

0.8A4 t
¥ A112

Figure 2. Deflection of the helix C in the N112A mutant of KR2. (a) Displacement of the C(3 atoms of
A112 and N112 of the N112A and WT KR2 structures, respectively. The 0.8 A shift towards the inside
of the KR2 protomer is shown with a black arrow. The retinal cofactor is colored teal. (b) Side view of
the structural alignment of the helix C of the “expanded” conformation of the WT KR2 (yellow, PDB ID:
6YC3 [41]), KR2-N112A (violet, PDB ID: 6YT4, present work), “compact” conformation of the WT KR2
(light-orange, PDB ID: 4XTN, chain I [2]), and monomeric form of the WT KR2 (light-cyan, PDB ID:
AXTL [2]).

The sodium ion, found in the structures of the WT protein at the pentamerization interface, is also
present in the model of KR2-N112A (Figure 1b). The organization of the binding site is the same as
that in the WT protein, which is in contrast to the FTIR spectroscopy data on the N112A mutant of
KR2 presented in [21]. Indeed, Inoue et al. found that KR2-N112A binds sodium in the ground state;
however, the binding site is modified in the mutant [21]. Similar inconsistency of the FTIR spectroscopy
data on KR2 with the high-resolution structural data was already found for the H30A mutant of the
protein. Particularly, the same study [21] reported no sodium binding in the ground state of KR2-H30A.
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By contrast, the binding site was revealed in the 2.2 A resolution crystal structure of the mutant in its
pentameric form (PDB ID: 6YC1) [41]. In this case, similarly to the N112A mutant, the site is identical
to that of the WT protein. We suggest that such inconsistency may originate from the differences of
the sample preparation, or from the different lipid environments of the protein in the spectroscopy
experiments and in the crystals.

3.3. The Organization of the RSB Region of KR2-N112A

The WT KR2 may form two principal conformations, which were named «expanded» and
«compact» (Figure 3b,c) [35,56]. In the «expanded» conformation, there is a large water-filled cavity
near the RSB, called the Schiff base cavity 1 (SBC1) [35]. In this configuration, the N112 side chain is
pointed outside of the KR2 protomer and faces the oligomerization interface (Figure 1a,b). Itis stabilized
by the hydrogen bond with the water molecule (Wat471 for the chain A of the 6YC3 model [41])
(Figure 3b). To avoid the steric conflict, L74 side chain orients inside the protomer. On the contrary,
in the «compact» conformation, the SBC1 is absent, and N112 is turned to the D116 and S70 residues
and is hydrogen bonded to these residues (Figure 3c). Consequently, L74 is flipped outside the protein
to allow enough space for the N112 (Figure 3c).

(a) N112A conformation 1 (b) WT «expanded» conformation
< i 4 \ R 4 g 7** 3 7
/ ) D116 K255 ' e <‘D116 K255
S70 - S70 } i
p . D251 /&
N112g R -
o----®°
' !\z SBC1 ™ % é
" I.
¢ L7847 R |
Wat471 A/// R109
N112A conformation 2 (C) WT «compact» conformation
/570 QJoue K255 s -
| Y N O N ci
D251 < ! D251
> N112 &=

Figure 3. Schiff base region of the N112A mutant. (a) Two conformations of the RSB region of the N112A
mutant of KR2 (PDB ID: 6YT4, present work). The flip of the L74 side chain leads to the enlargement
of the Schiff base cavity 1 (marked SBC1 in the Figure) in the conformation 2. (b) The “expanded”
conformation of the WT KR2 (PDB ID: 6YC3 [41]). (c) The “compact” conformation of the WT KR2 (PDB
ID: 4XTN, chain I [2]). Water molecules are shown with red spheres. Cavities were calculated using
HOLLOW [57] and are shown with a pink surface. Hydrogen bonds are shown with black dashed
lines. The side chain of the K255 residue and covalently bound retinal cofactor are colored teal.
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In the ground state under physiological conditions, and being in the biologically relevant
pentameric state, KR2 is in the «expanded» conformation [35] (Figure 3b). The conformation, similar to
the «compact» one, appears transiently in the O intermediate state of the KR2 photocycle when the
sodium ion is bound in the core of the protein [41]. Thus, the conformational «expanded»-to-«compact»
and «compact»-to-«expanded» switches guide the uptake and release of the sodium ion by the
protein [41].

Initially, the «compact» conformation was found in the ground state of the WT KR2 at acidic pH
values [35] (Figure 3c). It was also demonstrated that KR2 pumps protons at pH 4.3 [35]. Therefore,
the «compact» conformation was suggested to be a determinant of the proton-pumping mode of
KR2 [35]. However, the proton-pumping ability of KR2 at low pH values remains speculative due to
the small ApH signals in the reported experiments [35]. Consequently, authors of ref [35] suggested
that alternatively, at acidic pH, KR2 is in an inactive state with the protonated RSB counterion D116.
If this is the case, the residual weak pumping activity might correspond to the remaining minor fraction
of the protein with deprotonated D116 [35]. As N112A mutation converts KR2 into the proton pump,
the study of the conformation of the ground state of KR2-N112A under physiological conditions might
help to distinguish between the two proposed mechanisms of KR2 functional and structural switches
upon pH decrease. It could also provide insights into the roles of the «expanded» and «compact»
conformations of KR2.

Consequently, we next analyzed the organization of the RSB region of the N112A mutant of KR2.
In the mutant, the asparagine side chain of 112th residue is absent, which gives more space for the
L74. Following this, L74 adopts two alternative conformations, one of which is similar to that of the
«expanded» form (Figure 3a, Figure S1). At the same time, the second is closer to that of the «compact»
conformation of the WT protein (Figure 3a, Figure S1).

It should be noted that the R109 side chain adopts two conformations, similar to those in the
monomeric model of the KR2 (PDB ID: 4XTL [2]). This is most likely caused by the minor deflection of
the helix C (Figure 2b).

Although A112 is located closer to the water molecules in the SBC1 of the KR2 ground state (C3
atom of A112 in the N112A mutant is shifted by 0.8 A to the inside of the protein in comparison to the
Cp atom of N112 in the 6YC3 model), the positions of the water molecules in the cavity remain the same
to those in the WT protein (Figures 2a and 3a). This is consistent with the recent FTIR spectroscopy
data on KR2 and its N112A mutant, where the authors concluded from the N-D stretching vibrations
shifts that the organization of the RSB region is nearly the same in the N112A and WT proteins [45].
Hence, the SBC1 is retained in KR2-N112A and is of the same size as that in the WT protein; it is even
enlarged in the second conformation of the molecule when L74 is flipped outside the protomer.

Therefore, we conclude that KR2-N112A shapes the conformation, similar to the «expanded» one
of the WT protein, however, with minor alterations. In other words, N112A mutation does not result
in the appearance of the «compact» conformation in the ground state of the protein, which could be
associated with the conversion of KR2 into a proton pump. This allows us to speculate that either the
forming of the «compact» conformation is not the determinant of the switch from the sodium- to the
proton-pumping mode, or there could be other mechanisms underneath the functional conversion of
the KR2-N112A.

3.4. Role of N112 in the lon Selectivity of KR2

As it was demonstrated in the mutational study of KR2, N112 is (at least) one of the determinants
of the Na*™/H™" selectivity of the protein [44]. As the N112 side chain is pointed away from the active
center of the protein in the ground state and interacts neither with the water molecules in the SBC1 nor
with the other critical residues of the putative sodium pathway, the molecular basis of the mechanism
of this selectivity remains elusive.

Recently, the crystal structure of the O intermediate state of KR2 has been reported, which showed
the transient sodium binding site in the core of the KR2 protomer (PDB ID: 6XYT) [41]. It was
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shown that with the rise of the O-state, N112 flips towards D116 and S70 residues (Figure S2). Thus,
the orientation of the N112 is similar to that in the «compact» conformation. In this configuration,
the ion is coordinated by the side chains of 570, N112, and D116 residues. The geometry is adapted
for the binding of sodium. Indeed, the cation is coordinated by five oxygen atoms with a mean
sodium-oxygen distance of 2.3 A (Figure S2). However, the role of N112 in the ion selectivity of KR2
was not discussed in [41].

The flipping motion of the N112 side chain could not occur in the KR2-N112A; thus,
the «expanded»-to-«compact» conformational switch is also not possible in the mutant. At the
same moment, it was shown that KR2-N112A does not form the O-state [42,44]; however, it forms all
other intermediates, such as K, L, and M. Therefore, we suggest that N112 is perfectly optimized in
KR2 (as well as the corresponding Asn in any other NaRs) for an accurate transient binding of the
sodium ion in the O-state, and does not show any key structural and/or functional role in the ground
state of the protein.

In this approximation, the fact that N112D/S/T/G mutants retain sodium-pumping activity [44]
could be easily explained. Indeed, Asp often coordinates sodium ions in proteins and is similar to
Asn in terms of geometry and size. Ser and Thr are also able to coordinate cations due to the presence
of the oxygen atoms in their side chains. However, their size is smaller than that of the asparagine
group, which may explain significantly lowered sodium-pumping activity of the N112S/T mutants.
In the case of KR2-N112G, the retaining of the sodium pumping activity is surprising. At the same
time, the transiently bound sodium ion in N112G mutant is likely coordinated by the additional water
molecule, which may be located at the position of the N112 OD1 atom of the O-state of KR2 (PDB
ID: 6XYT [41]) (See Section 2.5 of Materials and Methods, Figure S2). The appearance of the water
molecule at this position is constricted in the case of N112A, due to the steric conflict with the Ala side
chain, which may explain the absence of the sodium-pumping activity of the KR2-N112A, but not of
KR2-N112G (Figure S2).

On the other hand, similar to N112A, N112C/P/V/E/Q/L/I/M/E/W mutations convert KR2 into a
proton pump. This fact is easily understandable since these mutations cannot support efficient sodium
binding inside the protein. Therefore, they also cannot provide the formation of the O-state, which is
characteristic of the sodium-pumping mode of KR2. Particularly, nonpolar side chains of Pro, Val, Leu,
Ile, Met, Phe, and Trp amino acid residues are not consistent with the sodium coordination. Cys was
demonstrated to coordinate metal ions like manganese, iron, copper, cobalt, nickel, and zinc [58].
However, it does not participate in the binding of sodium, potassium, magnesium, and calcium [58].
At the same time, polar Glu and GIn residues are supposedly too bulky to allow enough space for
sodium binding inside the KR2 protomer.

4. Conclusions

In this work, we described the crystal structure of functionally important N112A mutant of the
light-driven sodium pump KR2. The mutation converts the protein to an outward proton pump.
N112 is a part of the NDQ motif, characteristic for all known NaRs (Figure 4). Our study provides
a deeper understanding of the structural rearrangements, which occur in response to the variations
of the critical functional residues of the protein. Although the overall fold and the retinal Schiff base
region of the mutant are similar to the «<expanded» conformation of the WT KR2, the SBC1 is enlarged
in the KR2-N112A. The helix C is also slightly deflected in the mutant. The N112A mutation also does
not affect the functionally important pentameric assembly of the protein; thus, the involvement of the
N112 into the interprotomer interactions in the ground state of KR2 is not crucial for the stability of
the oligomer.
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Figure 4. Location of the N112A substitution site (yellow, the WT of KR2, PDB ID: 6YC3 [41]; magenta,
the N112A variant of KR2, present work, PDB ID: 6YT4). Hydrophobic/hydrophilic membrane core
boundaries were calculated with PPM server [59] and are shown with gray lines. Cytoplasmic (CP)
and extracellular (EC) sides of the membrane are marked. N-terminal x-helix of KR2 is colored blue.
Helices A, B, and BC loop are hidden for clarity.

Hence, the reported here crystal structure of the KR2-N112A, together with the available functional
and spectroscopy data, allows us to conclude that the N112 does not show any important structural
and/or functional roles in the ground state of the protein. Therefore, our study shows that the analysis
of the ground state of N112A cannot solely explain the Na*-to-H* pump conversion of KR2. However,
N112 is vital for the organization of the transient sodium binding site in the O-state of the KR2
photocycle. Thus, we speculate that the major role of N112 as a key functional amino acid residue is in
the organization of the site. For the complete understanding of the functional conversions of NaRs,
and the principles of the ion selectivity of the proteins, further investigations on KR2 are required.
Particularly, the structures of the intermediate states of KR2 mutants are essential.

Finally, the engineering of KR2 variants with modified or optimized pumping efficiency and
ion selectivity is of high importance for the development of KR2-based optogenetic tools. However,
the crystal structure of the ground state of KR2-N112A is a beautiful demonstration of the fact that
the rational design of such variants should be supported by the structures of the intermediate state’s
models of not only WT but functional mutants of the protein.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/6/496/s1,
Figure S1: Examples of the electron density maps of the KR2-N112A structure., Figure S2: Transient sodium
binding site in the O-state of the KR2 photocycle.
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A RTl C L E W) Check for updates

Viral rhodopsins 1 are an unique family of
light-gated cation channels

Dmitrii Zabelskii® et al.”

Phytoplankton is the base of the marine food chain as well as oxygen and carbon cycles and
thus plays a global role in climate and ecology. Nucleocytoplasmic Large DNA Viruses that
infect phytoplankton organisms and regulate the phytoplankton dynamics encompass genes
of rhodopsins of two distinct families. Here, we present a functional and structural char-
acterization of two proteins of viral rhodopsin group 1, OLPVR1 and VirChR1. Functional
analysis of VirChR1 shows that it is a highly selective, Nat/K*-conducting channel and, in
contrast to known cation channelrhodopsins, it is impermeable to Ca2* ions. We show that,
upon illumination, VirChR1 is able to drive neural firing. The 1.4 A resolution structure of
OLPVR1 reveals remarkable differences from the known channelrhodopsins and a unique ion-
conducting pathway. Thus, viral rhodopsins 1 represent a unique, large group of light-gated
channels (viral channelrhodopsins, VirChR1s). In nature, VirChR1s likely mediate phototaxis
of algae enhancing the host anabolic processes to support virus reproduction, and therefore,
might play a major role in global phytoplankton dynamics. Moreover, VirChR1s have unique
potential for optogenetics as they lack possibly noxious Ca2+ permeability.

#A list of authors and their affiliations appears at the end of the paper.
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ARTICLE

icrobial and animal rhodopsins (type-1 and 2 rho-

dopsins, respectively) comprise a superfamily of hep-

tahelical (7-TM) transmembrane proteins covalently
linked to a retinal chromophore!2. Type-1 rhodopsins are the
most abundant light-harvesting proteins that have diverse func-
tions, such as ion pumping, ion channeling, sensory, and enzy-
matic activities>~!1. The discovery, in 2000, of the light-driven
pump proteorhodopsin (PR) in marine microbes triggered an
extensive search of metagenomes for light-activated proteins!2.
As a result, about 10,000 rhodopsin genes have been identified in
archaea, bacteria, unicellular eukaryotes, and viruses, although the
biological functions of most of these proteins remain elusive. The
study of microbial rhodopsins culminated in the discovery of
channelrhodopsins!3 yielding the development of optogenetics,
the revolutionary method for controlling cell behavior in vivo
using light-gated channels and light-driven pumps!®!4. Cur-
rently, major efforts are being undertaken to identify rhodopsins
with novel functions and properties that could be harnessed to
enhance optogenetic applications!>~18,

In 2012, bioinformatic analysis of proteins encoded by
nucleocytoplasmic large DNA viruses (NCLDV) resulted in the
identification of highly-diverged PR homologs (hereafter, viral
rhodopsins) in Organic Lake phycodnavirus and Phaeocystis
globosa viruses, which belong to the extended Mimiviridae
family!®. Phylogenetic analysis shows that, within the rhodopsin
superfamily, viral rhodopsins form a monophyletic family that
consists of two distinct groups, VR1 and VR2%0. Recently, a DTS-
rhodopsin from the VR1 group (VirRprs) has been reported to
pump protons when expressed in E. coli plasma membrane?l.
Almost at the same time, the OLPVRII protein from the VR2
group has also been shown to have a proton-pumping capacity,
although forming unusual pentamers in lipid membrane?2. The
broad representation of a distinct family of rhodopsins in virus
genomes implies an important light-dependent function in virus-
host interactions, but the nature of this function remains uncer-
tain. Given that NCLDV play a major role in marine algae
population dynamics, elucidation of the virus-host interaction
mechanisms would make an important contribution to a better
understanding of the impact of viruses on global ecology and
climate?324,

Here we present the results of a comprehensive structure-
function study of two homologous proteins (61% sequence
similarity) from the VRI group, OLPVR1 (ADX06642.1), and
VirChR1 (TARA-146-SRF-0.22-3-C376786_1). We show that
unlike previously reported data?!, viral rhodopsins of the VRI1
group demonstrate sodium/potassium-selective channelrho-
dopsin activity when expressed in human neuroblastoma cells.
Upon light absorption, VirChR1 depolarizes cell membranes to a
level sufficient to drive neural firing. This finding, together with
the fact that, in contrast to the previously characterized chan-
nelrhodopsins, VirChR1 is not permeable for calcium ions, sug-
gested that viral rhodopsins of the VR1 group (VirChR1s) could
become invaluable optogenetic tools for the remote control of
Ca2t-dependent processes in the cell without Ca?*-induced
noxious side effects. To verify this, we expressed VirChRI in
neurons and showed directly that the channel is able to elicit
firing. Following functional characterization, we crystallized and
solved multiple structures of OLPVRI that revealed unique
structure-function features of VirChR1s.

The recent hypothesis of proton pumping by VirRprg (from
the same phylogenetic VR1 group) was based on pH measure-
ments in suspensions of E. coli cells expressing VirRprs in their
plasma membrane?!. Taking into account that such experiments
cannot definitively prove the absence of ion channel properties of
rhodopsin, here we directly addressed the hypothesis that
VirRprs is a light-gated channel. We expressed VirRprg in

HEK293 cells, conducted voltage-clamp measurements, and
demonstrated that VirRprg is also a light-gated ion channel.

Thus, taking into account all the data, high homology of
VirChR1s, high conservation of functionally key amino acids, we
suggest that the VirChR1s (including VirRprs from giant PgV
virus infecting Phaeocystic, an important phytoplankton compo-
nent) form a so far undescribed group of light-gated channels
different from the known channelrhodopsins.

Results

Metagenomic search for viral rhodopsins genes and sequence
analysis. To obtain a comprehensive set of rhodopsins in the vast
metagenomic sequence database produced by the Tara Ocean
project, we compared 36 rhodopsin sequences representative of
the previously identified major groups to the sequences of all
open reading frames from Tara Ocean contigs. This search
retrieved 2584 Type 1 rhodopsins, of which 385 belonged to VR1
and 172 belonged to VR2 as confirmed by phylogenetic analysis
that also supported the monophyly of viral rhodopsins family
(Fig. 1a and Supplementary Fig. 1). Consistent with the mono-
phyly of viral rhodopsins and the separation of the VR1 and VR2
groups, the examination of sequence alignments detected several
amino acid motifs that partially differed between the two groups.
The amino acid triad implicated in proton exchange with the
retinal Schiff base (residues 85, 89, and 96 in the reference
bacteriorhodopsin?>26) had the form DTS/DTT in the VR1
group and DTT/DSV in the VR2 group. The members of the VR1
group are characterized by several fully conserved residues, such
as S11, Q15, E51, K192, N193, N197, and N205 (annotated with
OLPVRI numbering, Supplementary Fig. 2) that are mainly
located in proximity to the retinal Schiff base. Despite the overall
low structural similarity with chlorophyte cation-conducting
channelrhodopsins (Fig. 1d), VR1 rhodopsins retain the two
highly conservative glutamates in TM2 (E44 and E51 in OLPVR1
corresponding to E83 and E90 in CrChR2) that have been shown
to be critical for CrChR2 ion channelling?”?8. In addition, as it
will be shown later, the VR1 group has a signature topological
feature, namely, an extended TM4 helix that consists of its
transmembrane (TM4) and membrane-associated parts (ICL2)
and has not been previously observed in characterized microbial
rhodopsins (Fig. le and Supplementary Fig. 3).

Spectroscopic characterization of VirChRls. To characterize
photochemical characteristics of viral channelrhodopsins, we
expressed C-terminally his-tagged OLPVR1 and VirChR1 pro-
teins in E. coli and purified them using combination of Ni-NTA
and size-exclusion chromatography methods (see “Methods” for
details). VirChR1 protein was additionally supplemented with
BRIL protein on the N-terminus of the protein, to improve
expression level of the protein?®. Both OLPVRI and
VirChR1 show absorption spectra sensitive to blue light with A«
of 500 nm and 507 nm, respectively at pH 7.5 (Fig. 2a), which is
consistent with the fact that blue light penetrates deep throughout
the seawater photic zone®. Similar to VirRprs rhodopsin?l,
HsBR3! and proteorhodopsins®?, OLPVRI and VirChR1 undergo
a ~30 nm spectral red-shift under acidic conditions, associated
with protonation of retinal chromophore counterion (Fig. 2b, c).
The Schiff base region of VirChRl1s is reminiscent of those in
light-driven proton pumps, such as HsBR, suggesting that D76 in
OLPVRI1 (D80 in VirChR1) acts as counterion, as in HsBR
(Fig. 2d). In order to estimate the pKa values we plotted the
absorption maximum values against buffer pH and fitted the data
by the Henderson-Hasselbalch equation with a single pKa
(Fig. 2e). The resulting pKa values for OLPVRI (pKa =4.8) and
VirChR1 (pKa =3.5) are in a good agreement with pKa = 3.6,
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Fig. 1 Phylogenetic and structural overview of the viral channelrhodopsins group. a Unrooted phylogenetic tree of the channelrhodopsin superfamily,
including viral channelrhodopsin representatives. Scale bar indicates the average number of amino acid substitutions per site. CCR, cation-conducting
channelrhodopsin, ACR, anion-conducting channelrhodopsin. OLPVR1 and VirChR1 proteins are additionally indicated in red. Rhodopsins were named
according to the previous works'8101102 b Crystal structure of OLPVR1 protein, viewed parallel to membrane (left), and from the extracellular side (right).
All-trans retinal (ATR) is depicted with orange sticks. The hydrophobic membrane boundaries were calculated with the PPM server and are shown by gray
lines'03, ¢ Structure alignment of OLPVR1 and CrChR2 (PDB ID: 6EID'04) structures colored cyan and yellow, respectively. RMSD, root mean square
deviation of atomic positions. d Individual TM helices are shown after the superimposition of the OLPVR1 and CrChR2 rhodopsins. e Structure alignment of
OLPVR1 and bovine rhodopsin (PDB ID: 1U1943) structures colored cyan and purple, respectively. f Individual TM helices are shown after the
superimposition of the OLPVR1 and bovine rhodopsin. g Alignments of functionally important residues of transmembrane helices 1, 2, 3, and 7 of
representative proteins from channelrhodopsin subfamilies. Positively and negatively charged residues are highlighted blue and red; cysteine residues are
highlighted green.

previously reported for VirRprs rhodopsin?l. The one-unit dif- counterion residues, such as 150 and L79 in OLPVRI, which are
ference between OLPVR1 and VirChR1 pKa values might be replaced with V53 and 183 in VirChR1 (Supplementary Fig. 2).
possibly explained by difference in relative positions of the To elucidate photocycle kinetics of viral channelrhodopsins, we
TM1-3 and TM7 helices and difference in neighboring to performed transient absorption measurements with OLPVRI-
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Fig. 2 Spectroscopic characterization of viral channelrhodopsins. a Normalized absorption spectra of OLPVR1 and VirChR1 proteins at neutral pH (pH
7.5). b, ¢ Absorption spectra of OLPVR1 and VirChR1 at acidic (pH 2.1-7.1) pH range, normalized for absorption at 280 nm. d Schiff base region of OLPVR1
protein, key residues and water molecules are shown as sticks and spheres; hydrogen bonds are shown as dashed lines. e Absorption spectra of OLPVR1 at
acidic (pH 2.8-7.0) pH range, normalized for absorption at 280 nm. e Red shift of UV-visible absorption spectrum and protonation of counterion of OLPVR1
and VirChR1. Wavelength maximum values are shown as circles. Sigmoidal curve fits are presented as dashed lines. The pK, values were calculated using a
sigmoidal fit. f lon-transport activity assay of OLPVRI-containing proteoliposomes in 100 mM NaCl salt. The onset of illumination is indicated with white
(light on) and gray (light off) background color, pH was adjusted to pH 6.0 prior to measurements. LR/Mac-containing liposomes and empty liposomes
were used as positive and negative controls, respectively. g Schematic model of viral rhodopsins photocycle. h Transient absorption spectra and i time

traces at specific wavelengths of wild type OLPVR1 protein at pH 7.5.

containing nanodiscs that revealed three distinct intermediate
states of OLPVRI photocycle (Fig. 2g). An early decaying K-like
state (Ayax = 540 nm), followed by major accumulation of L-like
(Amax = 460 nm) and N-like (A, = 560 nm) states that live for
about 1.5 s (Fig. 2h, i). Unlike other channelrhodopsins, OLPVR1
lacks a detectable M-state that is generally associated with the
ion-conducting state of the protein (Fig. 2c, red curve). At the
same time, VirRprs also forms similar intermediates and lacks the
M-like state?!. Although the equilibrium between the L-like and
N-like states is the major candidate for the ion-conducting state
in VirChR1s, further investigations are required for its
identification.

Functional analysis of OLPVRI1. To investigate the functional
properties of the VR1 group, we performed the measurements of
the pH changes in the suspension of proteoliposomes containing
the viral rhodopsin, upon continuous light illumination. This
method allows determination of the pumping activity and is often
used for the characterization of microbial rhodopsins”-33-3%, We
did not observe any significant ion-translocation ability of the

viral rhodopsin OLPVRI1 in pH change experiments with pro-
teoliposomes (Fig. 2g). Under continuous bright light illumina-
tion, OLPVR1-containing liposomes did not show any substantial
pH change of the external solvent (Fig. 2f). The maximum pH
shift of the proteoliposomes suspension containing OLPVRI
(0.03 pH units), is about 10 times less than of that containing the
eukaryotic light-driven proton pumping rhodopsin from Lepto-
sphaeria maculans (LR/Mac3%) (Fig. 2f). Taking into account the
known fact that microbial rhodopsins in liposomes are usually
oriented in the opposite direction to that in the cell
membrane’-33-34, we conclude that OLPVRI possesses a weak
outward proton pumping activity. The outward proton pumping
has also been shown for another member of the VRI group,
VirRprs?!. However, in the case of OLPVRI, the pumping
activity was much lower than that of VirRprs. Importantly,
although the pH recordings upon light illumination using a
reduced system, such as proteoliposomes suspension, are suitable
for the validation of the light-driven ion pumps (bacter-
iorhodopsin, proteorhodopsin, halorhodopsin and bacterial ion
pumps), they cannot demonstrate the ion-channeling activity of

4 | (2020)11:5707 | https://doi.org/10.1038/541467-020-19457-7 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

a <2mMcacl, >2mM CaCl, ¢
4 K b Bath: 10 mM HEPES pH 7.4 Cell 1 Bath: 10 mM HEPES pH 7.4 75 @ NaGi
2 mM MgCl, 2 mM MgCl, -
110 mM NaCl 110 mM L-Arg HCI ® L-Arginine CI
VirChR1 —————————————— < 50
LED 470 nm LED 470 nm >
t 25
e
no flux 3 0
K AN S 25
I
g
CrchR2 2%
— 80 mV =75
2y N < t
Ca”' ¥ Na = omv -100
i " -80 -60 -40 20 0 20 40 60 80
01s S S0m
Voltage, mV
d e Bath: 10 mM HEPES pH 7.4 Cell 2 Bath: 10 mM HEPES pH 7.4 f 40
4.0 — virchR1 Amax=500 nm 2 mM MCl, 2 mM MgCl, ® NaCl

110 mM NaCl

LED 470 nm

M

80 mM CaCl,

N
o

A

Rel. sensitivity, a.u.

0.0
420 440 460 480 500 520 540 560
Wavelength, nm

o

— 80 MV

Average current, pA
%
o

& &

omv

-80
—-80 -60 -40 20 0 20 40 60 80
Voltage, mV

— 80 mV

g 10 Ty = ~150 ms h 40 I 20 l 1.0 K = 2.2 mM CaCl,
< < 08
S e e A S & o 5
< " £ € < 06
S 15} s —20 £
£ 40 z ° g o
g ® o 40 3 02
= 2 o0 =4 ©
© 20 g g g oo
> >
< 40 < 80 -02
_30 ' ' ' Pio = 0.5 Py, Py, = 10%10° Py, 04
100 -

80 60 —40 -20 O 20 40 60 80
Voltage, mV/

05 10 15 20 25 30 35
Time, s

05 10 20 40 80 200 80.0
Ca?* concentration, mM

80 —60 —40 20 0 20 40 60 80
Voltage, mV

Fig. 3 lon selectivity and physiological features of VirChR1. a Schematic comparison of VirChR1 and CrChR2 ion channeling activity under different
calcium concentrations, membrane boundaries are shown schematically as black horizontal lines. b Voltage-clamp records from n =1 representative SH-
SY5Y cell, expressing VirChR1 with (left) 10 mM HEPES pH 7.4, 110 mM NaCl, 2 mM MgCl, and (right) 110 mM L-arginine hydrochloride replacing NaCl in
bath. Pipette solution during experiments was: 10 mM HEPES pH 7.4, 110 mM NaCl, 2 mM MgCl,, 10 mM EGTA, illumination by LED (470 nm) lamp is
indicated with light blue color. € Current-voltage dependences for n =1 representative SH-SY5Y cell in 110 mM NaCl (red) and 110 mM L-arginine
hydrochloride (blue). Currents are reproducible and typical to those in n =9 experiments with other cells (and n = 21 experiments under slightly different
NaCl concentrations varied from 110 mM to 140 mM). d Action spectrum of VirChR1 measured using equal photon fluxes (Sample size, n =18-20).

e Voltage-clamp records from n =1 representative SH-SY5Y cell expressing VirChR1 in bath solution (left) 10 mM HEPES pH 7.4, 110 mM NaCl, 2 mM
MgCl, and (right) in 80 mM CaCl, replacing NaCl in bath solution. f Current-voltage dependences for n =1 representative SH-SY5Y cell in 110 mM NaCl
(red) and 80 mM CaCl, (indigo) solutions. g Excitation recovery of photocurrent after a short pulse of nanosecond laser (500 nm) activation. Tau-off was
measured in n =5 independent experiments. Current-voltage dependences for n =1 cell for different bath/pipette solution. Traces are shown for h bath
solutions: 110 mM NaCl (red) and 110 mM KCI (green) (pipette solution is standard) and i pipette solution 110 mM L-arginine hydrochloride salt solution of
pH 5.0 (bath solution is standard). Estimation of relative conductivities for different ions was done by fitting traces with Goldman-equation. I Current
dependence on calcium concentration in bath solution measured at +80 mV (inflection point is at ~2.2 mM of calcium). For all electrophysiological
recordings at n=1 cell currents were reproducible in n =3-10 independent experiments with other cells. No current averaging between cells was done,
since different cells have significantly different protein expression levels. Data are presented as mean values + SEM of current value under illumination in

the cell measured.

the protein. To test the possible light-gated ion channeling by the
VR1 group, we conducted electrophysiological studies of these
proteins.

Electrophysiology of VirChR1, a light-gated cation channel. In
order to identify the possible ion-conducting activity, we
expressed human codon-optimized OLPVRI1 and VirChR1 genes
in SH-SY5Y human neuroblastoma cell line in the presence of all-
trans retinal. Despite both proteins expressed well, they showed
strong retention in the cytosol according to the fluorescence
microscopy and electrophysiology data. To improve membrane
trafficking and localization, we supplemented the proteins with
C-terminal p2A self-cleavage peptide prior to fluorescent tag (see
Methods for full details). This modification helped with VirChR1
localization and enabled us to analyze its photocurrents, however,
OLPVRI did not show significant improvements with this
approach. Therefore, we characterized the ion-channeling activity
of VirChR1 as a representative of the VR1 group 1.

Given the high sequence similarity of OLPVRI and VirChR1
(Fig. 1b and Supplementary Fig. 2), we hereafter refer to the
function of viral channelrhodopsins based on the data obtained
for VirChR1. Whole-cell patch-clamp recordings revealed
photocurrents generated by VirChR1 (Fig. 3b). Photocurrents
were observed in a bath solution of 10 mM HEPES pH 7.4, 110
mM NaCl, 2 mM MgCl, and a pipette solution of 10 mM HEPES
pH 7.4, 110 mM NaCl, 2 mM MgCl,, 10 mM EGTA (hereafter
both denoted standard). In response to continuous illumination
by LED light (Ajnax=470nm). Measuring photocurrents in
different cells under standard conditions, we did not detect
changes in kinetics or shifts of the reversal potential. For one
representative neuroblastoma cell, photocurrent stabilized at 50
pA at 80 mV (Fig. 3b). The photocurrents varied in amplitude for
different cells depending on the size of the cell and protein
expression level, but the overall pattern remained the same. The
photocurrent density in the neuroblastoma cells was 1.4 +0.2 pA/
pF (mean + std.dev, n = 9), which is comparably low compared to
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the known channelrhodopsins, which might be due to a lower
single channel conductance or due to less efficient expression of
active molecules in the plasma membrane. The photocurrents
showed a reversal potential, U, of 25+ 6 mV (mean + std.dev,
n=29), indicating that light triggers a passive ion conductance by
VirChR1. VirChRI1 exhibits an action spectrum similar to those
of typical rhodopsins, with the maximum sensitivity observed
close to 500 nm (Fig. 3d). Tau-off for VirChR1 T, =155+ 5 ms
(mean + std.dev., n=05) was directly determined using single-
exponential fit of photocurrent recovery (Fig. 3g). Next, we
performed ion substitution experiments to discriminate between
possible cation and anion conductivity of the VirChR1 channel.
First, we replaced the standard bath solution with 63 mM
Na,HPO,/NaH,PO, pH 7.4 and 2 mM MgCl,, and found that
this modification changed neither the magnitude nor the reversal
potential of the photocurrent. By contrast, when replacing 110
mM NaCl in bath solution with 110 mM L-arginine hydro-
chloride, the inward current became immeasurably low resulting
in a dramatic change in the current-voltage dependency (Fig. 3¢).
These results indicate that viral channelrhodopsins possess only
cation-conducting activity.

Unusual Ca2t sensitivity of VirChR1. To evaluate the con-
ductance of different cations by viral channelrhodopsins, we
measured the voltage dependence of the photocurrent in different
bath solutions. Replacing Na™ with K+ cations (Fig. 3h) in the
bath solution yields an estimate of potassium permeability, Px, =
0.5-Py,. To estimate Ht permeability, we replaced the standard
bath solution with 10 mM citric acid pH 5.0, 110 mM L-arginine
hydrochloride, 2 mM MgCl, (Fig. 3i). Under these conditions, we
observed full suppression of the photocurrent, which occurred,
presumably, due to the protonation of the Schiff base proton
acceptor (Fig. 2c). Therefore, instead of changing the standard
bath solution, we replaced the pipette solution with 10 mM
Citric Acid pH 5.0, 110 mM L-arginine hydrochloride, 2 mM
MgCl,, 10 mM EGTA, which preserved the photocurrent at a
measurable level. Fitting the photocurrent data with the
Goldman-Hodgkin-Katz equation estimated the H* permeability,
Ppy = 104-10°.Py,,. Overall, VirChR1 shows ion selectivity
comparable to those of CrChR2, namely, Py, =0.5-Py,.. and
Ppy =~ 10%Py, . Thus, group 1 of viral rhodopsins and chlor-
ophyte cation channels are nearly similar with respect to the
conductivity of monovalent ions.

Next, we tested whether VirChR1 was permeable for divalent
cations, such as Ca’?t, similarly to CrChR2!3. Strikingly,
replacement of 110 mM NacCl in bath solution for 80 mM CaCl,
completely abolished the photocurrent (Fig. 3e). The
current-voltage dependences of VirChRI1 in the presence and
absence of Ca?* indicate that VirChR1 is completely imperme-
able for Ca’* cations (Fig. 3f), in contrast to the high Ca’*t
conductivity of CrChR2 (Supplementary Fig. 4). Importantly,
VirChR1 is fully blocked for both inward and outward ionic
fluxes when the concentration of Ca?t exceeds a certain
threshold. To characterize the phenomena of VirChR1 inhibition
by Ca?* ions, we measured the dependence of the average
photocurrent at +80 mV voltage on the CaCl, concentration
(Fig. 3j). We observed a sigmoid-like dependence with an
inflection point at Kc,, 1 =2.2 mM CaCl,, which is surprisingly
close to the Ca?* concentration in the world ocean?’, and thus,
suggestive of a functional role of viral rhodopsin inhibition
by Ca?t ions. Taken together, our findings suggest that VirChR1
is a light-gated cation channel that conducts exclusively
monovalent ions (Ht, Nat, K*) and is completely inhibited by
divalent ions (Ca2t) (Fig. 3a), with characteristic enzyme-
substrate kinetics.

VirChR1s are able to drive neural activity. In order to verify the
potential of viral channelrhodopsins for optogenetic stimulation,
we transduced rat hippocampal neurons with adenoassociated
virus (AAV-PHP.eB) carrying the VirChR1 gene under the
control of the human synapsin I promoter. We used VirChR1
gene C-terminally fused to the Kir2.1 membrane trafficking sig-
nal, followed by a p2A self-cleavage peptide and Katushka
fluorescent protein (see “Methods” for details). First, the experi-
ments showed that VirChR1 protein was robustly expressed in
hippocampal neurons (Fig. 4a). We found that VirChR1 with the
N-terminal HA-FLAG tag, which we had used in the above
experiments, caused major neuronal death, which made them
impossible to measure with patch-clamp. In contrast, VirChR1
without the HA-FLAG tag expressed well and neurons were still
viable enough for electrophysiological measurements. Second,
patch-clamp experiments demonstrated firing in VirChR1-
expressing neurons upon optical stimulation at 1 Hz (Fig. 4b).
Due to the low photocurrent densities (in hippocampal neurons
0.5+ 0.2 pA/pF measured at —75 mV n =11, compared to 2.3 +
0.5 pA/pF for CrChR2 and 8.0 + 0.4 pA/pF for CatCh38 (mean +
std.dev)) spikes were elicited with long latencies (Fig. 4c, d,
latency of action potential peak is 119 + 6 ms (mean =+ std.dev) for
this particular neuron). Optogenetic stimulation at higher rates
failed to elicit spikes (Supplementary Fig. 5). However, neurons
with higher photocurrents showed shorter spike latencies (50 +
10 ms, Supplementary Fig. 6). Furthermore, we observed action
potentials arising after turning off the light, potentially due to the
slow closing kinetics of the rhodopsin (Figs. 3g, 4c), which also
led to double-spiking in other neurons (Supplementary Fig. 6). In
conclusion, these results show that virus-mediated expression
VirChR1s enables light-driven firing in neurons.

Crystal structure of the viral rhodopsin OLPVRI. To decipher
the molecular mechanism of ion channeling, the structure of viral
channelrhodopsin from group 1 is essential. One crystal structure
of the VirRprs (PDB ID: 6JO0%!) was recently reported?!.
However, from the only available structure, it is not possible to
distinguish the features of the entire group. Moreover, the ion-
channeling activity of VirRprs was not demonstrated in the
original work?!; thus structural insights of the channel of
VirChR1s were not described. Here, we present a high-resolution
structure of another VR1 protein, OLPVRI, at 1.4 A resolution. It
was crystallized with an in meso approach3® similar to that used
in our previous studies’. We obtained three different types of
crystals. Type A rhombic crystals were grown at pH 8.0 using the
monopalmitolein (MP) host lipid matrix and have the
P2,2,2 space group with one protein molecule in the asymmetric
unit. Type B hexagonal crystals were grown at pH 7.0 using a
monoolein (MO) lipid matrix, have the P1 space group, and
contain two protein molecules in the asymmetric unit. Type A
and type B crystals resulted in the obtaining of the
OLPVRI structures at the resolution of 1.4 and 1.6 A, respectively
(Supplementary Table 1). OLPVRI molecules are nearly identical
in both structures (root mean square deviation (RMSD) less than
0.2 A), so hereafter, we refer to the structure from type A crystals
as it has the highest resolution. The crystal packing and examples
of the electron density maps are shown in Supplementary Figs. 7
and 8.

The structure of the OLPVRI protomer is composed of 7
transmembrane helices (TM1-7), connected by three intracellular
and three extracellular loops (Figs. 1c, 5a). The OLPVRI1 protein
(residues 2-223), all-trans retinal (ATR) covalently bound to
K204 (K257 in CrChR28), 9 lipid molecules, and 107 water
molecules are clearly resolved in the electron density maps
(Supplementary Fig. 8). Despite the fact that only one OLPVRI1
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Fig. 4 Neuronal application of VirChR1 for optogenetic activation. a AAV transduction of primary hippocampal neurons at DIV10, intrinsic fluorescence
of Katushka (magenta), and neuronal marker Map2 (cyan). Scale bars 10 um. VirChr1 enables light-driven neuron spiking. Data presented in this figure
refers to one representative neuron. The results showed in the microphotograph reproduced in n = 6 independent experiments. b Voltage trace showing
depolarization and spikes of the neuron in response to the 1Hz light pulse series, with 80 ms light pulses (green bars). ¢ Expanded single spike induced by
VirChR1 photoresponse. d Latencies distributions, when the neuron is illuminated with 80 ms light pulses. The box extends from lower quartile to upper
quartile. The whiskers show the range of the latencies, green line is median latency, sample size, n=10.

protomer is present in the asymmetric unit, the crystal packing of
the protein shows that OLPVR1 could be organized into
homodimers, similar to those of CrChR2840. These dimers might
reflect the oligomeric state of the viral channelrhodopsin in the
cell membrane (Supplementary Fig. 9). The interfacial interaction
in the putative dimer occurs mainly in the TM4 helix and
involves several non-conservative residues, namely E108-E108’,
Y111-Y1117’, F122-F122° with low surface interaction area
(429 A2) (Supplementary Fig. 9). An alternative configuration of
OLPVRI dimer predicted with GalaxyHomomer server#! showed
stronger interfacial interaction (1861 A2). Therefore, the orienta-
tion of the OLPVRI protomers in solution is unclear at the
moment (Supplementary Fig. 9). Overall, the OLPVR1 backbone
is tolerantly superimposed with that of the MedI2 proteorho-
dopsin (PDB ID: 4JQ6*2) with RMSD of 2.1 A, whereas the
alignments with the HsBR (PDB ID: 1C3W2°) and CrChR2 (PDB
ID: 6EIDS) structures gives RMSD values of 4.3 and 3.7 A,
respectively (Fig. 1d, e and Supplementary Fig. 10). Interestingly,
unlike other microbial rhodopsins, OLPVRI architecture closely
resembles the architecture of G-protein coupled receptors with
TM3 helix protruding to the center of the protein. In particular,
OLPVRI aligns with bovine rhodopsin (PDB ID: 1U19%3) with
RMSD of 4.91 A (Fig. 1f, g), with a high similarity among helices
forming ion-conducting pathway (TM1-3 and TM?7).

The OLPVRI protomer has short extracellular loops, which
sharply differentiates it from other channelrhodopsins that
typically have large N- and C-terminal domains. Unlike in other
microbial rhodopsins, helices TM3 and TM4 of OLPVRI1 are
connected by the loop containing the membrane-associated helix
(ICL2 helix), which is composed of hydrophilic residues (Fig. 1c).
Strikingly different from other rhodopsins, the intracellular parts
of TM6 and TM7 helices of OLPVRI1 are significantly moved
apart from each other far enough to form a pore (Supplementary
Fig. 11). The pore is located at about 8 A from the cytoplasmic
side of the lipid membrane border (Supplementary Fig. 11) and
connects the inside of the protein with the groove on its surface,
which leads further to the intracellular bulk. Surprisingly, in our
structure, the groove and a part of the pore are occupied with a
fragment of the lipid molecule, a host lipid of the crystallization

matrix (MP and MO in case of 1.4 and 1.6 A structures,
respectively), which is likely to be a crystallization artifact and is
discussed in more details in the Supplementary Notes (Supple-
mentary Fig. 11).

Structure of the retinal binding pocket and Schiff base region.
The retinal cofactor is covalently attached to the conserved K204
residue in OLPVRI. 2F,-F, electron density maps at 1.4 A reveal
two alternative conformations of the retinal in the region of the (-
ionone ring. At the same time, the configuration near the Schiff
base in both of them is all-trans 15-anti (Supplementary Fig. 8).
The retinal Schiff base (RSB) region of OLPVRI1 is very similar to
that of HsBR (Supplementary Fig. 12c). Notably, the D76 and
D200 side chains and water molecules w3, wl0 and wll in
OLPVRI (corresponding to D85, D212, w401, w402, and w406 in
HsBR, respectively) form an almost identical to HsBR pentagon-
like hydrogen bonds structure, which is important for proton
transfer in light-driven proton pumps*4. Moreover, the pentagon
is similarly stabilized by T80 and R73 (T89 and R82 in HsBR,
respectively). In contrast, the pair of RSB counterions in CrChR2
is composed of E123 and D253, which, together with water
molecules positioned in this region, presumably results in notably
different stabilization of the RSB as compared to OLPVRI1
(Supplementary Fig. 12c). The walls of the retinal pocket of
OLPVRI around the polyene chain are composed of several
aromatic amino acids similar to those in HsBR, namely W77,
W178, and Y181 (Supplementary Fig. 12a). However, there are
several important changes near the PB-ionone ring, particularly
L142, G182, and F185 instead of W138, P186, and W189 in
HsBR. These amino acids can potentially be candidates for
mutation scanning to obtain red-shifted versions of VirChR1s,
more suitable for practical applications, considering that OLPVR1
and HsBR have retinal absorption maxima at 500 nm and 560
nm, respectively.

A characteristic feature of the retinal binding pocket of
OLPVRI (and, presumably, all viral channelrhodopsins) is the
presence of highly-conserved and directly hydrogen-bonded
residues T81 and NI121 at the positions of the corresponding
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6CSM10) structures, colored cyan, yellow and green, respectively. Water accessible cavities were calculated using HOLLOW95 and are presented as a pink

surface.

residues T80 and D115 in HsBR, and C128 and D156 in CrChR2
(Supplementary Fig. 12b). These pairs connect the middle parts of
TM3 and TM4. Importantly, in the case of CrChR2, where C128
and D156 are interconnected by hydrogen bonds via a water
molecule, the alteration of the pair dramatically affects the
kinetics of the protein, and it was suggested that the pair is
involved in the RSB reprotonation during photocycle®4>40,

Organization of the OLPVRI1 ion-conducting pathway.
Detailed analysis of the amino acid conservation in the VRI1
group (Fig. 6a, b) shows that the majority of the conserved
residues forms the interior of the protein differ from VR2 and PR
groups (Fig. 6¢) and are predicted to contribute to ion-channeling
of VirChR1s. The structure suggests that the ion-conducting
pathway of OLPVRI is formed by TM1-3 and TM7 helices and is
lined with several water-accessible cavities (Fig. 5a). A similar
organization of VirRprs from the same VR1 group also supports
this hypothesis (see Supplementary Note 1 and Supplementary
Fig. 13). Unlike other channelrhodopsins, OLPVRI lacks any
prominent cavities in the extracellular part of the protein. Instead,
it has a pore in the intracellular part, which ends up with a
relatively large hydrophilic cavity inside the protein near the
retinal (Fig. 5a, b). The cavity is filled with four water molecules
(w4, w28, w29, w42) and surrounded by polar residues E44, T87,
T88, and W178. Water molecules, together with the backbone
oxygen of S203 residue, form a hydrogen bond pentagon (Fig. 5b)
and may play a role in the hydration of cation during its trans-
location. A dense hydrogen bonding network involving water
molecules and polar/charged residues protrude from the cavity
almost to the extracellular bulk, only breaking in the central
region near E51 residue. The putative ion pathway includes three
constriction sites inside the protein (Fig. 5b). Each site (described
in detail below) is comprise highly-conserved residues (Supple-
mentary Fig. 2). The regions around the constriction sites are

8 NATURE COMMUNICATION

almost identical in OLPVRI and VirRprs2! (see Supplementary
Notes and Supplementary Fig. 13), and, therefore, we consider
these to be a characteristic feature of VirChR1s and conjecture
that they are also essential for the ion channeling of the entire
VRI group.

The intracellular constriction site (ICS) of the OLPVRI is
formed by the E44 side chain (Fig. 5b). It separates the large
intracellular cavity from a polar region near T18, S22, Q48, N205,
and S208 in the middle part of the protein, also containing three
water molecules w7, w21 and w35. The E44 side chain is pointed
towards the retinal, similarly to E122 in C1C240 (Supplementary
Fig. 12), and is stabilized by hydrogen bonds with T87 and water
molecules w20 and w35. Interestingly, unlike in CrChR2 and
Chrimson?*’, where the intracellular constriction sites (intracel-
lular gates) are almost 14 A far from the RSB and separated from
it by the hydrophobic cavity, the ICS of OLPVRI is located closer
(9 A) to the active center and is connected by extended hydrogen
bonding network to the central constriction site (CCS) (Fig. 5b
and Supplementary Fig. 14). Moreover, in CrChR2 and
Chrimson, the ICSs are comprise tightly connected charged
amino acids, completely blocking the flow of ions in the resting
state (Fig. 5b and Supplementary Fig. 14). In these terms, the lack
of compaction in the cytoplasmic region of OLPVR1 and the
existence of the pore between TM6 and TM7 make the
organization of the intracellular part of the protein closer to that
of anion channel GtACR11048, where the pore protrudes from the
intracellular bulk almost down to the retinal without any
constrictions (Fig. 5b). This might mean a different gating
mechanism in the cytoplasmic part of OLPVRI from other
channelrhodopsins (Supplementary Fig. 15).

The CCS of the OLPVRI includes the S11, Q15, E51, and
N205 residues that are fully conserved among the members of
the VR1 group and likely hinder the ion translocation pathway
in the resting state (Fig. 6a, b). The core of the CCS is comprises
S11-E51-N205 (S-E-N) triad, which is similar to S63-E90-
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Fig. 6 Conservativity analysis of viral rhodopsins. a Structural overview of highly conservative (70% cutoff) residues among viral rhodopsins family,
including both VR1 and VR2 groups (n = 557). OLPVR1 structure was used as a template of viral rhodopsin, viewed parallel from the membrane (left) and
from the cytoplasm (right). Residues conservative among all proteorhodopsins (PRs) and residues exclusively conservative by viral rhodopsins are shown
as sticks and colored magenta and dark blue, respectively. b Sequence logo of transmembrane helices (TM1-TM?7) of viral rhodopsins family (both VR1 and
VR2 groups) created using Weblogo sequence generator server'06, ¢ Sequence alignment of TM1, TM2, TM3 and TM7 helices of 6 representative
sequences from the VR1 group, the VR2 group and marine PRs, colored light blue, green, and pink, respectively. Residues conservative among the VR1
group, the VR2 group, PRs, and both groups are colored cyan, green, magenta, and red, respectively. d The magnified view of the highly conservative S-E-N
triad that comprises central constriction site (CCS) in OLPVR1 (top left), CrChR2 (PDB: 6EID8, top right), and GtACR1 (PDB: 6CSM'0, down left). The
sodium binding site formed by S-D-N triad in the human delta-opioid receptor (PDB: 4N6H107, down right).

N258, S102-E129-N297 and S43-E68-N239 clusters of central
gates (CGs) in CrChR2, CIC2, and GtACRI, respectively
(Figs. 5b, 6d, and Supplementary Fig. 14). However, unlike
in other channelrhodopsins, in OLPVRI, these residues
are interconnected by a water molecule (wl7), which thus
define their orientation, even though no water accessible
cavities were predicted in this region (Fig. 5b). Moreover, S11
is located one a-helix turn closer to the extracellular side than
the corresponding serines in CrChR2, C1C2, and GtACRI1 and
is additionally stabilized by the hydrogen bond with the
Q15 side chain (Figs. 5b, 6d). Q15 is a unique residue in
OLPVRI and has no analogs in other channelrhodopsins
(Supplementary Fig. 3). In general, the organization of the
S-E-N triad in OLPVRI is closer to that of C1C2 and GtACRI,
but not CrChR2 (Fig. 5b, Supplementary Fig. 14), where
E90 side chain is pointed towards the RSB region and is a part
of the extended hydrogen bond network in the extracellular
part of the protein. Thus, unlike in CrChR2, in OLPVRI, the

CCS (and particularly E51) is not directly connected to the RSB
region in the resting state (Fig. 5b).

The extracellular constriction site (ECS) of OLPVRI1 includes the
highly-conserved R73, E132, K192, N193, and N197 residues that are
tightly interconnected by hydrogen bonds. In contrast to extracellular
gates (ECGs) of CrChR2 and GtACRI, the R73 side chain is oriented
towards the RSB, similarly to the analogous R82 in HsBR. However,
it is stabilized by highly-conserved N193 and N197 residues in
OLPVRI, while R82 in HsBR is stabilized mostly by the surrounding
water molecules?®444° (Fig. 5b, Supplementary Fig. 14). Also, unlike
CrChR2, OLPVRI lacks polar/charged amino acids in the region of
E97 and E101 at the TM2 of CrChR2, which are substituted by
leucines in the viral channelrhodopsin (Fig. 5b). Besides that,
OLPVRI possesses a more compact configuration of residues in the
extracellular part than CrChR2, resulting in a more confined water-
accessible cavities architecture of OLPVRI (Supplementary Fig. 15).
This might be another reason why virus rhodopsins from the VR1
group are not permeable for larger ions.
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Discussion

Electrophysiology of VirChR1 and potential of VirChR1s for
optogenetic applications. Do all members of the VR1 function as
ion channels? Taking into account all our data, high homology of
VirChR1s, high conservation of functionally key amino acids, the
high similarity of the structure of OLPVRI to the recently
described structure of VirRprs?!, another representative of the
VR1, we suggest that this rhodopsin group (including VirRprs)
should all comprise a distinct group of light-gated channels dif-
ferent from the known channelrhodopsins. It was recently
reported that VirRprs is a proton pump, based on the experi-
ments with the E. coli plasma membrane expressing VirRprs,
where the authors measured the pH changes in the E. coli sus-
pension upon continuous light illumination?!. We should note
that such experiments are able to detect, in some cases, a proton-
pumping activity; however, they are unable to identify a rho-
dopsin channel activity. Besides, only the observation of proton-
pumping activity does not mean that the protein functions as an
ion pump. Indeed, it has been shown that CrChR2 also pumps
protons; it is the so-called “leaky proton pump”>?. Moreover, this
also is definitely the case of OLPVRI, studied in the present work
(Fig. 2g). However, the experimental approach (ApH measure-
ments) used in ref. 2! cannot prove the existence of ion channel
properties. Therefore, by the direct electrophysiology approach,
we detected and studied the ion channel properties, with HEK
cells expressing VirRprs. The experiments showed that VirRprg is
also a light-gated channel (see Supplementary Notes and Sup-
plementary Fig. 13). Indeed, predictably, the data showed pho-
tocurrents, which reverse their direction at approximately 0 mV,
which is characteristic of rhodopsin ion channels but not of the
ion pumps (Supplementary Fig. 14e).

Thus, taking into account all the data, high homology of
VirChR1s, high conservation of functionally key amino acids, we
suggest that the VirChR1s (including VirRprs from giant PgV
virus infecting the algae Phaeocystis) likely form a distinct group
of compact light-gated Ca2*-blocked channels, different from the
known channelrhodopsins.

To the best of our knowledge, the exclusive conductivity for
monovalent cations and its regulation by divalent cations have
not been reported for any rhodopsin before. Recently, the
cryptophyte alga Guillardia Theta has been reported to
encompass genes of two different groups of channelrhodopsins,
namely, anion-conducting channelrhodopsins with ~50%
sequence identity to chlorophyte channelrhodopsins®, and also
a group with an architecture unconventional for channelrho-
dopsins, and containing the DTD motif that is characteristic of
the archaeal proton pumps!8. Consequently, these proteins were
denoted BR-like cation channelrhodopsins (BCCRs). It has been
shown that cation permeability of one of such proteins
(Gt_CCR4) is reduced under high concentrations of Ca2* (more
than 40 mM CaCl,)°!. However, such Ca2t concentrations are far
beyond the physiological conditions. Moreover, even at 40 mM of
Ca?™, the channel permeability of Gt_CCR4 is not blocked and is
about 20% of that at 2mM Ca2*3L It is unclear whether these
results are biologically relevant. By contrast, VirChR1 is
impermeable to divalent cations, and its channeling activity for
monovalent cations is suppressed completely in the presence of a
few mM of Ca’*.

Despite the fact that CrChR2 seemingly exceeds VirChRI
performance in terms of optogenetics, the Ca2* impermeability is
an important feature that separate VirChRls from direct
competition with chlorophyte channelrhodopsins. At the
moment application of VirChR1 in optogenetics is limited by
low photocurrent densities, poor plasma membrane localization
and relatively slow Kkinetics. Nevertheless, we expect that
VirChR1s may be useful for optogenetic applications because

VRI family comprise more than 300 potential channelrhodopsins,
some of which are likely to have improved plasma membrane
localization and faster kinetics. Besides that, because VirChR1s
would not interfere with important native Ca2T-dependent
processes in the cells, Ca’t-impermeable channelrhodopsins
could become valuable tools for Ca2*-sensitive applications, for
example, in cellular organelles like mitochondria, or in muscle
cells and also to study processes in the brain, where optogenetic
manipulation of synapses is advantageous and profitable>2->4. In
some cases, the activation of the slow light-gated channels can
result in activation of voltage-gated calcium channels, that might
be an issue for VirChR1 protein, however, faster VirChR1s would
be able to overcome these limitations>.

Another feature of VirChR1 is a non-zero negative photo-
current under symmetrical conditions at 0 mV (Fig. 3d, it also
results in positive reversal potential). The same negative
photocurrent has also been found when the channel activity
was blocked by calcium (Fig. 3f). This suggests that inward-
pumping activity could be responsible for this current. However,
this explanation contradicts the results of pH measurements with
OLPVRI reconstituted to lipid vesicles. Additional work is
required to resolve this discrepancy.

Also, the photocurrent of VirChR1 has an overshooting feature
after turning the light off (Fig. 3b, e). Moreover, the photocurrent
in the overshooting state tends to have reversal potential shifted
towards zero. Although the causes of this effect remain unknown,
we suggest that it might be explained by second-photon
absorption during the measurements upon continuous illumina-
tion. The reversal potential shift in its turn can be explained by
the change in the channeling-pumping ratio during the redis-
tribution of proteins between photocycle states during
overshooting.

Distinct structural features of VirChR1s. The comparison of the
high-resolution structures of OLVPRI and VirRprs (see Supple-
mentary Notes and Supplementary Fig. 13), together with the
phylogenetic analysis of VR1, helped us to identify the distinctive
structural features of the VirChRIs.

VirChR1s have proteorhodopsin-like architecture with short
extracellular loops and share several structural features, such as
membrane-associated ICL2 helix and an unconventional TM6-
TM7 orientation. VirChR1s also share a set of highly-conserved
residues that encompass the ion-conducting pathway and, by
analogy with CrChR2, possess three consecutive constriction sites
that are likely to be displaced in the open state of the channel
(Supplementary Figs. 2, 15). Notably, VirChR1s lack the DC
amino acid pair (C128 and D156 in CrChR2), which is replaced
by an NT pair (T88 and N121 pair in OLPVR1) that is conserved
in all VRI.

In contrast to VR2, VR1 members share the highly-conserved
S-E-N triad (S11, E51, and N205) in the core of the protein,
which likely plays the key role in the ion-conducting mechanisms
of VirChR1s. At the same time, similar triads have been found in
most of the known channelrhodopsins (Fig. 6d). In the case of
OLPVRI and VirChR1s in general, the S-E-N triad might also
play a role in the inhibition of the protein activity by Ca?*. We
hypothesize that Ca?* binds near the triad and thus blocks the
permeation of monovalent cations. This suggestion is based on
the recently reported Nat-bound O-state structure of the light-
driven sodium pump KR2, described in®®. Indeed, Nat has been
shown to bind transiently in the core of the protein and is
coordinated by the S70-N112-D116 triad, similar to the
S11-E51-N205 triad of the CSS of OLPVRI. Given that Ca?*
has similar coordination geometry to that of Nat, it cannot be
ruled out that Ca?* binds in the CSS of OLPVRI. Similarly to
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KR2, where Na™ binds to the protein only in the intermediate
O-state, Ca2t binding also might occur not in the ground state of
OLPVRI but in the course of the protein photocycle. To clarify
the details of Ca2t binding, as well as to elucidate the gating
mechanism of VirChRls, additional experiments should be
performed; in particular, the structures of the intermediate states
of OLPVRI should be solved.

Discussion

In this work, we demonstrate that VR1 rhodopsins are Nat/K+
selective light-gated ion channels that are inhibited by divalent
cations. Viral channelrhodopsins are encoded together with ret-
inal biosynthesis genes and widely distributed across the photic
zone of World Ocean21°78, Large and especially giant viruses
possess many auxiliary metabolic genes (AMG) that enhance the
host metabolic functions and hence promote virus reproduction,
without direct involvement in the virus replication processes”® ¢!,
By analogy with CrChR1 and CrChR2 channelrhodopsins from
the chlorophyte alga Chlamydomonas reinhardtii®, VirChR1s
could be involved in the sensory activity of their hosts. They
could also play the role of an additional ion channel to supple-
ment and augment the host phototaxis systems. Photoexcitation
of the channelrhodopsin receptors generates photoreceptor cur-
rents and membrane depolarization followed by activation of
voltage-gated Ca?T channels triggering flagellar motion®2-6>. Due
to their impermeability to Ca2™ cations, viral channelrhodopsins
could activate secondary Ca?*t-channels only by membrane
depolarization, but not via biochemical amplification, as has been
suggested for CrChR1 and CrChR2%2, Thus, although the details
of the function of viral channelrhodopsins remain to be explored,
it appears likely that they enhance the light-induced motility of
the host, and so boost anabolic processes required for virus
reproduction.

However, some of the hosts infected by giant viruses appar-
ently lack any light-sensory structures, and therefore, viral rho-
dopsins might be involved in other processes?!. Many viruses
encode small hydrophobic molecules, viroporins, that function as
ion channels and size-limited pores and are able to permeabilize
cellular membranes®®®7. Viroporins can function as ion-
conducting channels that open in either a voltage-dependent or
in a voltage-independent manner, promoting virion assembly.
Some of the viral channelrhodopsins might similarly augment
virus budding using light energy®®%®. Many phycodnaviruses,
large viruses that belong to the NCLDV, encode channels, in
particular, voltage-gated K*-channels’%71. The channel proteins
are essential for virus reproduction, but their specific functions
have not been established. Thus, the role of rhodopsins in the
reproduction of the viruses that encode them is part of the more
general theme of the functions of diverse virus-encoded transport
proteins that remain to be experimentally characterized’?73.

Methods

All experiments involving mouse materials were done in compliance with all
relevant ethical regulations for animal testing and research. The study received
ethical approval from the Lower Saxony State Office for Consumer Protection and
Food Safety (LAVES). No experiments were randomized or blinded in this study.
Sample sizes were determined based on prior literature and best practices in the
field; no statistical methods were used to predetermine sample size.

Metagenomic analysis. Rhodopsins of the VR1 group were retrieved from
metagenomic assembled contigs through combining similarity search, protein
clustering, and Hidden Markov Models. Briefly, the first dataset of bona fide
rhodopsins was retrieved from TARA Ocean metagenome-assembled contigs that
were downloaded from ENA (https://www.ebi.ac.uk). In addition, a new assembly
was performed for each sample starting by raw metagenomic reads. Sequencing
reads were pre-processed using Trimmomatic’4 in order to remove low-quality
bases (Phred quality score was set at 20, sliding windows of 4), and assembled using
MEGAHIT?> and the default parameters for generic metagenome assemblies.

Coding DNA sequences were predicted from contigs longer than 2 Kb using
Prodigal’®, and annotated against the NR database of NCBI using Diamond’”.
Bona fide rhodopsins were selected by screening for different keywords related to
rhodopsins that must be contained in the annotation, and filtered according to 7
transmembrane domains that were predicted using Phobius’$. Selected proteins
were next aligned using the R package Decipher’?, and alignments were used to
infer a phylogenetic tree through FastTree 280 and using default parameters.
Phylogenetic distances between nodes on the tree topology were considered for
clustering bona fide rhodopsins into distinct clades, each of which was used to train
a Hidden Markov Model (HMM). All HMMs were finally queried against TARA
Ocean assembled contigs using HMMER version v3.1b2 (http://hmmer.org) and
setting an e-value threshold of le-5. Proteins identified through HMMs were
clustered at 100% identity using CD-HIT suite®! to remove redundancy, and
reduced to a total of 2584 Type-1 rhodopsins that were further analyzed.

The dataset of group I viral rhodopsins was constructed by searching the NCBI
non-redundant protein sequence databases along with the TARA metagenomic
sequences using BLSTP and TBLASTN. For the sake of clarity, for Supplementary
Fig. 1, we used a reduced number of sequences. To obtain a representative set of 16
TARA metagenomic sequences with OLPVRI and VirChR1 sequences included,
we used the CD-HIT suite with default parameters and 60% identity cut-off.

Sequence alignment and phylogenetic analysis. Rhodopsin sequences were
aligned using MUSCLE using UGENE software$? with the default parameters.
Type-1 rhodopsins were named according to their names in literature. The
sequence alignment was created using ESPript3 online server®3. Phylogenetic tree
reconstruction was conducted by PHYLIP Neighbor Joining method using UGENE
software8? with the following parameters: Jones-Taylor-Thornton model, transi-
tion/transversion ratio = 2.0, no gamma distribution applied. Tree visualization
was done using iTOL server8*. GenBank accession numbers are additionally
indicated.

Cloning, expression, and purification. The E. coli codon-optimized OLPVR1 and
VirChR1 genes were synthesized commercially (Eurofins). The nucleotide sequence
was optimized for E. coli expression using the GeneOptimizer software (Life
Technologies). The gene, together with the 5’ ribosome-binding sites and the 3’
extensions coding additional LEHHHHHH* tag, was introduced into the pEKT
expression vector (Novagen) via Ndel and Xhol restriction sites and verified by
sequencing. VirChR1 protein was additionally supplemented with BRIL protein on
the N-terminus of the protein, to improve protein folding and expression level?°.
Full plasmid and gene constructs, as well as primers used in this study can be found
in Supplementary Tables 2-4. The proteins were expressed as described previously”
with further modifications. E. coli cells of strain C41 (StabyCodon T7, Eurogentec,
Belgium) were transformed with the expression plasmid. Transformed cells were
grown in shaking baffled flasks in an autoinducing medium ZYP-5052 containing
50 mg/L kanamycin at 37 °C. When the ODgqp in the growing bacterial culture is
0.8-1.0 (glucose level < 10 mg/L), 10 uM all-trans-retinal (Sigma-Aldrich), and 1
mM isopropyl p-d-1-thiogalactopyranoside were added, the incubation tempera-
ture was reduced to 20 °C and incubated for 18 h. After incubation, cells were
collected by centrifugation (5000 X g, 30 min) and disrupted in an M-110 P Lab
Homogenizer (Microfluidics) at 20,000 p.s.i. in a buffer containing 20 mM Tris-
HCI, pH 8.0 with 50 mg/L DNase I (Sigma-Aldrich). The membrane fraction of the
cell lysate was isolated by ultracentrifugation at 90,000 x g for 1 h at 4 °C (Type 70
Ti Fixed-Angle Titanium Rotor, Beckmann). The pellet was resuspended in a
buffer containing 20 mM NaH,PO4/Na,HPO,, pH 8.0, 0.1 M NaCl, and 1% n-
dodecyl B-D-maltoside (DDM, Anatrace, Affymetrix) and stirred for 18 h for
solubilization. The insoluble fraction was removed by ultracentrifugation at
90,000 x g for 1 h at 4 °C. The supernatant was loaded on a Ni-NTA column
(Qiagen), and washed with a buffer containing 10 mM NaH,PO,/Na,HPO,, 150
mM NaCl, 30 mM imidazole, and 0.05% DDM buffer (pH 8.0). Elution of the
protein was done in a buffer containing 10 mM NaH,PO,/Na,HPO,, 150 mM
NaCl, 300 mM imidazole and 0.05% DDM (pH 8.0). The eluate was subjected to
size-exclusion chromatography on a 20 ml Superdex 200i 10/300 GL column (GE
Healthcare Life Sciences) in a buffer containing 10 mM NaH,PO,/Na,HPO,, pH
8.0, 150 mM NaCl, and 0.05% DDM. Protein-containing fractions with an A,/
Asqp absorbance ratio (peak ratio, p.r.) of lower than 1.5 were pooled and dialyzed
against 100 volumes of 10 mM NaH,PO,/Na,HPO,, 150 mM NaCl, and 0.05%
DDM (pH 8.0) buffer twice for 2h to dispose of imidazole. The purified protein
was concentrated for 40 mg/ml for crystallization.

Reconstitution of the protein into lipid-based systems. Phospholipids (azolectin
from soybean, Sigma-Aldrich) were dissolved in CHCl; (Chloroform ultrapure,
Applichem Panreac) and dried under a stream of N, in a glass vial. The solvent was
removed by overnight incubation under vacuum. The dried lipids were resus-
pended in 100 mM NaCl buffer supplemented with 2% (w/v) sodium cholate. The
mixture was clarified by sonication at 4 °C, and OLPVRI was added at a protein/
lipid ratio of 1:20 (w/w). The detergent was removed by 2 days stirring with
detergent-absorbing beads (Amberlite XAD 2, Supelco). The mixture was dialyzed
against 100 mM NaCl, (pH 7.0) buffer at 4 °C for 8 h to adjust the desired pH. The
obtained liposomes were used for the measurement of pump activity with pH
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electrode. The OLPVRI-containing nanodiscs were assembled using a standard
protocol described elsewhere®. 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC, Avanti Polar Lipids, USA) and an MSP1D1 version of apolipoprotein-1
were used as a lipid and scaffold protein, respectively. The molar ratio during
assembly was DMPC:MSP1D1:OLPVRI = 100:2:3. The protein-containing
nanodiscs were dialyzed against 100 volumes of 10 mM NaH,PO,/Na,HPO,,
100 mM NaCl (pH 7.5) buffer twice, and then subjected to size-exclusion chro-
matography on a 20 ml Superdex 200i 10/300 GL column (GE Healthcare Life
Sciences) for detergent removal.

lon-trafficking assay with protein-containing liposomes. The measurements
were performed on 2 ml of stirred proteoliposomes suspension at 0 °C. OLPVRI-
and LR/Mac- containing liposomes were prepared following the protocol described
above. Liposomes were illuminated for 10 min with a halogen lamp (Intralux 5000-
1, VOLPI) and then were kept in the dark for another 10 min. Changes in pH were
monitored with a pH-meter (LAB 850, Schott Instruments). Some of the mea-
surements were repeated in the presence of 30 uM of carbonyl cyanide m-
chlorophenyl hydrazine (CCCP, Sigma-Aldrich) under the same conditions. We
used purified LR protein incorporated in POPC:POPS liposomes (3:1) as a positive
control. The codon-optimized Leishmania tarentolae LR gene was synthesized
commercially (Eurofins). Full length LR protein was expressed in LEXSY expres-
sion system using protocols described for expression of CrChR2. Full protocol
details are described in®.

pH titration. To investigate the pH dependence of the absorption spectra of
OLPVRI, about 6 uM protein was suspended in the titration buffer (10 mM citrate,
10 mM MES, 10 mM HEPES, 10 mM MOPS, 10 mM CHES and 10 mM CAPS).
Then, the pH was changed by the addition of diluted or concentrated HCI or
NaOH to obtain 0.5-0.7 pH change. The absorption spectra were measured with a
UV-visible spectrometer (V-2600PC, Shimadzu).

VirChR1 expression in mammalian cell lines. The human codon-optimized
OLPVRI, VirChR1 and DTS rhodopsin genes were synthesized commercially
(Eurofins). The gene was cloned into the pcDNA3.1(—) vector bearing an addi-
tional membrane trafficking signal and YFP fluorescent protein (pCDNA3.1_-
VirChR1_TS_YFP). The modified version of the proteins included a P2A self-
cleaving peptide and Katushka fluorescent protein at the C-terminal part of the
gene, and Hemagglutinin and Flag-tag peptides from the N-terminal part of the
gene®0-88 () CDNA3.1_HF_VirChR1_TS_P2A_Katushka). Full plasmid and gene
constructs, as well as primers used in this study can be found in Supplementary
Tables 2-4. The SH-SY5Y human neuroblastoma cells at a confluency of 80-90%
were transfected with the plasmid and Lipofectamine LTX according to the
manufacturer’s protocol (Thermo Fisher Scientific). The cells were incubated under
5% CO, at 37 °C. After transfection (16-24 h), electrophysical experiments were
performed.

Electrophysiological recordings. For the electrophysiological characterization of
VirChR1, whole-cell patch-clamp recordings were performed (Scientifica LASU,
Axon Digidata 1550A, Multiclamp 700B). Horizontal puller (Sutter Instrument
CO, Model P-2000) was used for the fabrication of patch pipettes (borosilicate glass
GB150F-8P, 3-6 MQ2). Experiments were conducted using SH-SY5Y cell line.
Photocurrents were measured in response to LED light pulses with saturating
intensity X = 470 + 20 nm (~3 mW/mm?2, and the corresponding photon flux was
7 x 101> photons/s/mm?, assuming wavelength of emitted light to be 470 nm). For
the action spectra, ultrashort nanosecond light pulses were generated by Brilliant
Quantel using OPO Opotek MagicPrism for different wavelengths.

Virus preparation. For virus purification and transduction of the primary hip-
pocampal neurons we used VirChRI gene without N-terminal HA-FLAG tag
(pPAAV_hSyn_VirChR1_TS_P2_Katushka-WPRE_bGH), which was generated by
site-directed mutagenesis using QuikChange II XL Site-Directed Mutagenesis Kit
(Agilent) according to the manufacturer’s instructions. Here, P2A is a self-cleaving
peptide, TS is trafficking signal to the plasma membrane from inwardly rectifying
potassium channel subunit Kir2.18%, WPRE represents Woodchuck Hepatitis Virus
(WHP) Posttranscriptional Regulatory Element, and bGH is polyadenylation ele-
ment. The template for this mutagenesis was the original N-terminally HA-FLAG
tagged pAAV construct similar to those used for SH-SY5Y experiments. AAVs
were generated in HEK-293 T cells (ATCC) using polyethylenimine (25,000 MW,
Polysciences, USA) transfection. Briefly, triple transfection of HEK-293T cells was
performed using pHelper plasmid (TaKaRa/Clontech), plasmid providing viral
capsid AAV-PHP.eB (PHP.eB was a gift from Viviana Gradinaru (Addgene plas-
mid # 103005; http://n2t.net/addgene:103005; RRID:Addgene_103005)), and
plasmid providing the VirChR1 gene. The cell line was regularly tested for
mycoplasma. We harvested viral particles 72 h after transfection from the medium
and 120 h after transfection from cells and the medium. Viral particles from the
medium were precipitated with 40% polyethylene glycol 8000 (Acros Organics,
Germany) in 500 mM NaCl for 2 h at 4 °C and then after centrifugation at 4000 x g
for 30 min combined with cell pellets for processing. The cell pellets were sus-
pended in 500 mM NaCl, 40 mM Tris, 2.5 mM MgCl,, pH 8, and 100 U/ml of salt-

activated nuclease (Arcticzymes, USA) at 37 °C for 30 min. Afterward, the cell
lysates were clarified by centrifugation at 2000 x g for 10 min and then purified
over iodixanol (Optiprep, Axis Shield, Norway) step gradients (15, 25, 40, and 60%)
at 320,006 x g for 2.25 h. Viruses were concentrated using Amicon filters (EMD,
UFC910024) and formulated in sterile phosphate buffered saline (PBS) supple-
mented with 0.001% Pluronic F-68 (Gibco, Germany). Virus titers were measured
using AAV titration kit (TaKaRa/Clontech) according to the manufacturer’s
instructions by determining the number of DNase I-resistant vg using QPCR
(StepOne, Applied Biosystems). Purity of produced viruses was routinely checked
by silver staining (Pierce, Germany) after gel electrophoresis (NovexTM 4-12%
Tris-glycine, Thermo Fisher Scientific) according to the manufacturer’s instruc-
tion. The presence of viral capsid proteins was positively confirmed in all virus
preparations. Viral stocks were kept at 80 °C until experimental day. The AAV
production protocol is the same as previously described®. The titer for AAV-PHP.
eB_hSyn_VirChR1-TS_P2A_Katushka_ WPRE_bGH was 1.8 x 1013 GC/ml.

Hippocampal neuronal cultures, electrophysiology, and immunocytochem-
istry. Primary cultured hippocampal neurons were prepared from embryonic E18/
E19 Wistar rat pups. Isolated hippocampi were digested with Trypsin 0.25% and
plated onto glass coverslips precoated with poly-D-lysine (25,000 cells per cm?).
Hippocampal cultures were transduced at 10 DIV with AAV-PHP.eB virus car-
rying the VirChRI gene (~10'0 GC/ml). Whole-cell patch-clamp measurements
were performed at 16-17 DIV. The intracellular solution contained 129 mM K-
gluconate, 10 mM HEPES, 10 mM KCl, 4 mM MgATP, 0.3 mM Na;GTP, pH 7.2.
Extracellular solution consisted of 140 mM NaCl, 1 mM MgCl,, 2.5 mM KCl, 10
mM HEPES, 1.5 mM CaCl,, 15 mM glucose, pH 7.4. 10 uM of NBQX and 50 uM of
AP5 were added to the extracellular solution to block synaptic transmission. The
illumination of cells was performed using 473 nm laser with saturation intensity
(150 mW/cm?). All experiments were conducted at room temperature. Current-
clamp recordings were performed with zero current injection. The electro-
physiology data was processed using in-house Python 3 scripts (Jupyter Notebook).
Hippocampal neurons used for immunocytochemistry were transduced at DIV 10
(final concentration 9 x 10e9 — 1.8 x 10e10 gc) and after 5-6 days of incubation
fixed by 4% paraformalaldehyde (PFA) and subjected further to immunostaining.
Microtubule associated protein (Map2) was used as neuronal marker and immu-
nolabelled by primary rabbit polyclonal Map2 antibody (Abcam, ab32454, 1:750).
Secondary antibody against rabbit Map2 was Alexa Fluor goat anti-rabbit 647 IgG
(Invitrogen, A21244, 1:750). VirChR1 was indirectly identified by intrinsic fluor-
escence of Katushka. All images were obtained with Leica scanning confocal
microscope SP5 and processed using FIJI software. Final images were assembled in
Adobe Illustrator software.

Time-resolved absorption spectroscopy. Excitation/detection systems were
composed as such: Brilliant B laser with OPO Rainbow (Quantel Inc.) was used,
providing pulses of 4-ns duration at 530-nm wavelength and an energy of 2 mJ per
pulse. Samples (5 x 5-mm spectroscopic quartz cuvette; Hellma GmbH & Co.)
were placed in a thermostated house between two collimated and mechanically
coupled monochromators (LOT MSH150). The probing light (xenon arc lamp, 75
W, Hamamatsu) passed the first monochromator sample and arrived after a second
monochromator at a photomultiplier tube (PMT) detector (R12829, Hamamatsu).
The current-to-voltage converter of the PMT determines the time resolution of the
measurement system of ca. 50 ns (measured as an apparent pulse width of the 5-ns
laser pulse). Two digital oscilloscopes (Keysight DSO-x4022A) were used to record
the traces of transient transmission changes in two overlapping time windows. The
maximal digitizing rate was 10 ns per data point. Transient absorption changes
were recorded from 10 ns after the laser pulses until full completion of the pho-
totransformation. At each wavelength, 25 laser pulses were averaged to improve the
signal-to-noise ratio. The quasilogarithmic data compression reduced the initial
number of data points per trace (~32,000) to ~850 points evenly distributed in a log
time scale giving ~100 points per time decade. The wavelengths were varied from
330 to 700 nm in steps of 10 nm using a computer-controlled step motor.
Absorption spectra of the samples were measured before and after each experiment
on a standard spectrophotometer (Avantes Avaspec 2048 L). Obtained datasets
were independently analyzed using the multiexponential least-squares fitting by
MEXFIT software’l. The number of exponential components was incremented
until the SD of weighted residuals did not further improve. After establishing the
apparent rate constants and their assignment to the internal irreversible transitions
of a single chain of relaxation processes, the amplitude spectra of exponents were
transformed to the difference spectra of the corresponding intermediates in respect
to the spectrum of the final state.

Crystallization. The crystals of OLPVR1 and 0102 proteins were grown with an
in meso approach®, similar to that used in our previous works>. In particular, the
solubilized protein (40 mg/ml) in the crystallization buffer was mixed with pre-
melted at 50 °C monoolein (MO, Nu-Chek Prep) or monopalmitolein (MP, Nu-
Chek Prep) in 3:2 ratio (lipid:protein) to form a lipidic mesophase. The mesophase
was homogenized in coupled syringes (Hamilton) by transferring the mesophase
from one syringe to another until a homogeneous and gel-like material was formed.
150 nl drops of a protein-mesophase mixture were spotted on a 96-well LCP glass
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sandwich plate (Marienfeld) and overlaid with 400 nL of the precipitant solution by
means of the NT8 crystallization robot (Formulatrix). The best crystals of OLPVR1
were obtained with a protein concentration of 20 mg/ml and 10 mM CaCl,, 10 mM
MgCl,, 24% PEG 6000, 100 mM Tris (pH 8.2) for MP lipid and 10 mM CaCl,, 10
mM MgCl,, 24% PEG 550, 100 mM Tris (pH 8.2) for MO lipid (Hampton
Research). The best crystals of O102 were obtained with a protein concentration of
20 mg/ml and 1.8 M Na,HPO,/KH,PO, (pH 4.6). The crystals were grown at 22 °C
and appeared in 1 to 4 weeks. Once crystals reached their final size, crystallization
wells were opened, and drops containing the protein-mesophase mixture were
covered with 100 pl of the respective precipitant solution. For data collection
harvested crystals were incubated for 5 min in the respective precipitant solutions.

Acquisition and treatment of diffraction data. X-ray diffraction data of OLPVR1
were collected at the beamlines ID30b and ID23-1 of the ESRF, Grenoble, France,
using a PILATUS 6M detector. The data collection at ESRF was performed using
MxCube2 software. X-ray diffraction data of the O102 chimera were collected at
the X06SA beamline of the SLS, Villigen, Switzerland, using EIGER 16M detector.
Diffraction images were processed using XDS2. The reflection intensities were
scaled using the AIMLESS software from the CCP4 program suite®>. The reflection
intensities of the highest-resolution data on OLPVRI1 (1.4 A) were also scaled using
the Staraniso server’ for the validation of the electron density maps quality. There
is no possibility of twinning for the crystals. In all cases, diffraction data from one
crystal was used. The data treatment statistics are presented in Supplementary
Table 1.

Structure determination and refinement. Initial phases for the

OLPVRI structures were successfully obtained in the P2,2,2 and P1 space groups
by molecular replacement (MR) using MOLREP?? using the chain A of the 6SQG
structure (OLPVRII protein) as a search model. Initial phases for O102 chimera
were successfully obtained in the 1121 space group by MR using the obtained
structure of OLPVR1 as a search model. The initial MR models were iteratively
refined using REFMAC5%%, PHENIX®’ and Coot?. The structure refinement sta-
tistics are presented in Supplementary Table 1.

Molecular dynamics. We used the refined 1.4 A resolution crystallographic
OLPVRI structure for the initial conformation. All non-protein atoms except water
were removed from the structure and the all-trans retinal molecule connected to
the Lys were renamed using the retinol and retinal parameters for Charmm36 force
field. The system then was prepared using Charmm GUI®? input generator using
the POPC lipid membrane and Tip3P water model. The resulting amount of lipids
was 132, amount of water molecules —8901, amount of sodium ions —26, chlorine
ions —23, overall system size was 48,350 atoms. Energy minimization and equili-
bration were performed in several steps with the gradual removal of spatial atomic
constraints. The resulting simulation time was 1 us (current time is 0.75 ys).
Simulations were performed using velocity-rescale thermostat at 303.15K and
Parrinello-Rahman semi isotropic barostat with Gromacs 2018.4100,

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this manuscript are available from the corresponding
author upon reasonable request. A reporting summary for this Article is available as a
Supplementary Information file. The protein coordinates and atomic structure factors
have been deposited in the Protein Data Bank (PDB) under accession number PDB
7AKW (0102 mutant), PDB 7AKX (OLPVRI in P1 space group), and PDB 7AKY
(OLPVRI in P21212 space group), respectively. Source data are provided with this paper.
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Molecular model of a sensor
of two-component signaling
system

Yury L. Ryzhykau®11, Philipp S. Orekhov®!, Maksim I. Rulev®2341! Alexey V. Vlasov®>,
Igor A. Melnikov®?2, Dmytro A. Volkov(®3*, Mikhail Yu. Nikolaev®3, Dmitrii V. Zabelskii®3*,
Tatiana N. Murugova®'¢, Vladimir V. Chupin®?, Andrey V. Rogachev®%5,

1

Andrey Yu. Gruzinov®’, Dmitri I. Svergun®’, Martha E. Brennich©?, Ivan Yu. Gushchin®?,

Montserrat Soler-Lopez®?, Arne Bothe®, Georg Bildt®?, Gordon Leonard®?,

Martin Engelhard®°, Alexander I. Kuklin@®%¢* & Valentin I. Gordeliy %3410

Two-component systems (TCS) are widespread signaling systems present in all domains of life. TCS
typically consist of a signal receptor/transducer and a response regulator. The receptors (histidine
kinases, chemoreceptors and photoreceptors) are often embedded in the membrane and have

a similar modular structure. Chemoreceptors were shown to function in highly ordered arrays,

with trimers of dimers being the smallest functional unit. However, much less is known about
photoreceptors. Here, we use small-angle scattering (SAS) to show that detergent-solubilized sensory
rhodopsin Il in complex with its cognate transducer forms dimers at low salt concentration, which
associate into trimers of dimers at higher buffer molarities. We then fit an atomistic model of the
whole complex into the SAS data. The obtained results suggest that the trimer of dimers is "tripod"-
shaped and that the contacts between the dimers occur only through their cytoplasmic regions,
whereas the transmembrane regions remain unconnected.

Two-component systems (TCS) are present in all domains of Life. They are the most common signaling systems
in prokaryotes but are absent in mammals, making them potential antimicrobial drug targets!. A recent work
indicated that TCS networks expressed in mammalian cells might pave the way for orthogonal signaling? How-
ever, this will require more atomic level detail concerning their structure/function relationships. In this regard,
detailed information has been obtained for chemotaxis and photoreceptor TCS of motile enteric bacteria and
archaea, respectively>*. This family of TCS consist of a transmembrane receptor, which interacts with a His-kinase
(CheA) and adaptor proteins (CheW) attached at their cytoplasmic tips. The response regulators CheY and
CheB are phosphorylated by CheA and function either as a switch factor for the flagellar motor (CheY) or as an
adaptation component (CheB)® (Fig. 1A). Chemotaxis receptors of motile bacteria form homodimers comprised
of extracellular sensor domain and transmembrane regions, and a long rod-shaped cytoplasmic domain. For
photoreceptors, the sensor domain constitutes a microbial rhodopsin which forms a 2:2 complex with its cognate
transducer (Htr). Transducers have a long cytoplasmic domain, similarly to chemoreceptors, with which they
share a high level of homology*® (Fig. 1B). In literature, the term "sensor" usually means the first component of
the two-component system. In the case of chemotaxis, it is a chemoreceptor, which has the so-called sensory
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Figure 1. Signal transduction pathway in case of the two-component phototaxis system of Natronomonas
pharaonis® and domain architecture of membrane chemo- and photoreceptors of TCS. (A) Light activated
sensory rhodopsin II (NpSRII) induces conformational and/or dynamical changes in the transducer (NpHtrII),
which are converted by two HAMP domains and conveyed along the 200 A long transducer to the tip region.
Activated by the transducer histidine kinase CheA (bound to the adapter protein CheW) undergoes auto-
phosphorylation and further transfers the phosphate group to the response regulators CheY or CheB. CheY
affects the rotational bias of the flagellar motor, while the methylesterase CheB along with the methyltransferase
CheR controls the adaptation mechanism. (B) Cartoon representations of the chemoreceptor dimer (Tar and Tsr
in complex with kinases) from E. coli and of the photosensor dimer of the complex of the sensory rhodopsin II
with its cognate transducer NpHtrII and kinases from N. pharaonis.

domain. In the case of a photoreceptor, the sensory domain is represented by a sensory rhodopsin. Thus, the
complex of a sensory rhodopsin with the transducer plays the role of a sensor of TCS. We use the term "sensor”
in our work meaning that it is the first part of the phototaxis TCS.

The cytoplasmic domain of Htr has a modular design comprising a transmembrane region, two HAMP
domains (connected by a helical inter-HAMP region’) and an extended adaptation module bearing reversible
methylation sites and containing a Gly-hinge. The adjacent signaling region harbors the binding sites for the
adaptor protein CheW and the histidine kinase CheA. Interestingly, chemoreceptors from enteric bacteria pos-
sess only one HAMP-domain® in contrast to archaeal transducers’.

Despite a wealth of biochemical data, the molecular mechanism of the signal transduction by TCSs is still to
be fully revealed. A common understanding concerns the alternating dynamics of the cytoplasmic domains. Both
chemoreceptors and Htrs display different dynamics in adjoining modules, which has been correlated with the
signal transfer along the cytoplasmic rod>!°. A possible role of hinges between the modules could be the steric
accommodation of the dimers into trimers of dimers and oligomers of higher order!'2 These trimers of dimers
constitute the functional unit capable of activating CheA'. Together with CheA and CheW, trimers form the core
unit of the extended signaling arrays'*, compact membrane-attached assemblages of signaling units responsible
for amplification of the incoming stimulus'>-"7.

An important sine qua non of a full understanding the mechanism of signal transfer along the trimers of
dimers is a high-resolution structural information for a full-length TCS sensor. However, three-dimensional,
near atomic-resolution X-ray structures have only been published for fragments of histidine kinases®'®?* and
chemoreceptors*' =2, and for a truncated phototaxis-transducer complex from N. pharaonis®. For this latter,
NMR data are also available?. Also, several atomistic models of E. coli chemoreceptors were built based on low-
resolution EM data, particularly, the homodimer of the aspartate receptor Tar'!, the trimers-of-dimers of the
cytoplasmic domains of serine chemoreceptors in different signaling states®®, and the chemosensory array core
signaling unit formed by a mixture of receptors with different adaptational modifications”. This insufficiency of
high-resolution descriptions of the structures of full-length TCS sensors is probably due to the inherent flexibility
of their cytoplasmic domains™'®!'. However, small-angle scattering (SAS) is a low-resolution method, which
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can be highly efficient when combined with available high-resolution structures of protein fragments using
computer modeling®?. An important advantage of SAS is that structural data can be collected for solubilized
protein complexes in conditions close to their native environment.

NpSRII/NpHtrIl mediates negative phototaxis in halobacterial N. pharaonis and represents a model TCS sen-
sor and, similarly to chemoreceptors®, the NpSRII/NpHtrII complex forms trimers of dimers in the N. pharaonis
membrane®'. N. pharaonis grows optimally at 3.5 M NaClI*2. It has been shown that structure and oligomerization
state of the NpSRII/NpHtrlII strongly depend on salt concentration®. Here, we describe the full-length struc-
ture of a sensory rhodopsin II/transducer complex (NpSRII/NpHtrII) by integrating published high-resolution
structural data with SAS measurements. Structural information was gained for NpSRII in complex with the
transmembrane domain of NpHtrll, which show a dimeric organization in different activated states*****. For
the rest of the NpHtrll, homologues were chosen including the HAMP domains of Aer2 cytoplasmic sensor®
and for the hypothetical transmembrane receptor AF1503%, sensor histidine kinase NarQ'8-2%%, kinase control
modules including the methyl-accepting chemotaxis protein I (Tsr) from E. coli?? and the chemotaxis protein
from Thermatoga maritima®>*®. Our work both confirms the dependence of oligomeric state on ionic strength
and provides molecular models of the dimeric and "trimer of dimers" forms of the full-length complex. In our
manuscript, we used the term "molecular model" meaning a model, which is constructed by molecular modeling
with the high-resolution structures of the fragments of full-length protein (transmembrane domain, HAMP1 and
HAMP2 domains and Kinase control module) under low resolution SAS constraints and verified with available
biochemical and biophysical literature data. The results obtained allow us to suggest a "tripod"-shaped model for
the full-length NpSRII/NpHtrII trimer of dimers in which the dimers associate solely through contacts between
their cytoplasmic domains.

lonic strength dependence of the oligomerization state of the NpSRII/NpHtrli
complex

In order to investigate conditions, under which trimers of dimers are formed, we performed SAXS (small angle
X-ray scattering), SANS (small angle neutron scattering) and CD (circular dichroism) experiments (Fig. S1) at
different salt concentrations on solutions of detergent solubilized [n-dodecyl-p-p-maltopyranoside (DDM)] full-
length NpSRII/NpHtrlII as well as with truncated NpSRII/NpHtrIl, ;. NpHtrll,;; comprises the transmembrane
region (1-83 a. a.) and the HAMP1 domain (84-136 a. a.) of NpHtrIIL.

At low salt conditions SAXS scattering curves for the truncated complex were fitted well (x?=1.5) using a
model of a dimer of NpSRII/NpHtrlII,;, surrounded by a detergent belt (see “Methods” for the details) (Fig. 24,
middle, Table S1), strongly suggesting that, under the conditions employed, interactions between the membrane
and/or HAMP1 domains of NpHtrII,;, are sufficient to induce dimerization.

A fit based on an optimized dimer model (see “Methods” for the modeling details) containing a "straight”
adaptational domain (Fig. 2A, bottom) showed reasonable (x?=0.7) agreement with experimental low salt condi-
tion SANS data (this also applies to the matching of the distance distribution functions, see Fig. 2D). Hovewer,
complementary SAXS experiments, performed as for NpSRII/NpHitrIl, 5, at a synchrotron source, suggested that
the optimized model featuring the "straight" adaptation domain does not fully describe the overall structure of
a full-length NpSRII/NpHtrII dimer. Here, a fit between the experimental scattering curve and that calculated
from the "straight transducer” model yields x>=5.1. This can be improved (x*=3.4) using a calculated scattering
curve obtained by combining a series of models in which bends of between — 90° and 90° (with the step of 30°)
were induced in the HAMP1-, HAMP2- and Gly-regions (see “Methods”, Fig. 2, Fig. S2 and Supplementary Text
document S1 for details). This procedure produced a noticeably improved fit of the distance distribution func-
tions calculated from the experimental and theoretical scattering curves, particularly in the 160-370 A region
(Fig. 2C). This range of distances corresponds in reciprocal space to the range of q<0.04 A~', in which there is
a significant improvement in agreement with experimental SAXS data when the flexible hinges model is used
(see Fig. 2B). This observation suggests presence of multiple conformational states of full-length NpSRII/NpHtrII
dimers that can be described as structural polydispersity of the model that is in line with EM studies'' showing
that bending of Tar chemoreceptor dimers occurs at flexible HAMP and/or Gly hinges. Moreover, it has also
been suggested that this bending may play a crucial role in the formation of the hexagonal arrays of membrane
receptors in complex with kinases CheA and CheW'2. Nevertheless, we cannot rule out that such conformational
flexibility may be a result of low ionic strength in which the transducer domain is partially disordered. Indeed, in
line with the results of other studies®**’, CD-spectra of the full-length NpSRII/NpHtrII complex under different
salt conditions (Fig. S1) suggest partial disordering of NpSRII/NpHtrII dimers.

While both SAXS and SANS experiments clearly suggest that NpSRII/NpHtrII mainly forms dimers at low
ionic strength, this is not the case at increasing salt concentrations. Figure 3A shows the SANS scattering curve
for the full-length NpSRII/NpHtrII measured in a buffer containing 4.0 M NaCl. This cannot be satisfactorily
matched by a theoretical curve calculated from the polydisperse dimers described above and to obtain a reason-
able fit it was necessary to calculate a theoretical scattering curve based upon a mixture NpSRII/NpHtrII dimers
and trimers of dimers. Two different forms of trimers of dimers were constructed for use in our calculations.
Firstly, similar to a previously proposed model of the trimer of dimers®, the direction of bending angles at the
HAMP and Gly hinges was such that inter-dimer contacts are induced both between the transmembrane regions
of dimers and their cytoplasmic tips (see Fig. 4A, Fig. S3). For the second model, the direction of bending angles
at the HAMP and Gly hinges was introduced such that the transmembrane regions at the base of the trimer
of dimers adopt a tripod-type disposition and inter-dimer contacts are formed only between the tips of the
cytoplasmic domains of each dimer (Fig. 4B). In both cases, the detergent belt was applied as described for the
SANS analysis at the low salt (see above, Fig. 2A, bottom). Fitting the experimental SANS curve obtained for
NpSRII/NpHitrll at 4.0 M NaCl to a theoretical curve based on a mixture of NpSRII/NpHtrII dimers and trimers of
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Figure 2. Dimerization of NpSRII/NpHtrll,, and of full-length NpSRII/NpHtrII at low salt concentration. (A)
Bottom—experimental SANS curve for NpSRII/NpHtrII (purple hollow rhombus) and CRYSON fit (x*=0.7,
corresponding blue line) based on a model (shown on the left of the curves) of an NpSRII/NpHtrII dimer with

a detergent corona. Middle—experimental SAXS curve for the NpSRII/NpHtrII,;, dimer (red circles) and
MEMPROT fit (x*=1.5, corresponding blue line) based on a model (shown near the corresponding curve)

of the NpSRII/NpHtrIl, ;, dimer with the detergent corona. Top—experimental SAXS curve for full-length
NpSRII/NpHtrII (dark yellow triangles) and two theoretical approximations. The first (blue solid line) is a
CRYSOLS3 fit (x*=5.1) based on a "straight" model of the NpSRII/NpHtrII dimer. The second (brown pointed
line) is a fit (x*=3.4) based on a combination of modified models of the NpSRII/NpHtrII dimer (see “Methods”,
Fig. S2 and Text document S1 for details). While the difference between the two fits is not immediately apparent,
the improved fit of the second approximation is evident when considering of the relative residuals of the fit in
the region in reciprocal space q<0.04 A~! (see B), that corresponds to the distances> 160 A in a real space. For
this range of distances, discrepancy between the experimental distance distribution function and theoretical

one obtained for the "straight" model of the NpSRII/NpHtrII dimer is evident (see C). In the representations of
the atomic models, the detergent belt is shown in red. (B) Relative residuals of theoretical approximations and
experimental SAXS data obtained for full-length NpSRII/NpHtrII (A, top). Data related to the "straight" model
is shown as blue solid line; data related to the combination of modified models is shown as brown pointed line.
(C) Distance distribution functions calculated from the SAXS curves shown in (A) (designations are the same as
in A). (D) Distance distribution functions calculated from SANS data shown in (A) (designations are the same
asin A).

dimers, inter-dimer contacts in which are induced both between the transmembrane regions of dimers and their
cytoplasmic tips (Fig. 4A), resulted in x>=5.4 (Fig. 3A). In contrast, fitting the same SANS curve to a theoretical
curve based on a mixture of NpSRII/NpHtrII dimers and "tripod"-shaped trimers of dimers (Fig. 4B) resulted in
x’=1.3 (Fig. 3B). Pair distance distribution function calculated from experimental SANS data obtained at 4.0
M NaCl has two peaks (see Fig. 3C). The position of the first peak (r ~30 A) allows one to interpret it as a peak
from dimers, while the position of the second peak (r~100 A) is in a good agreement with the position of the
peak corresponding to the "tripod"-shaped model of the trimer of dimers (see Fig. 3C). The conformation of
trimer of dimers of the NpSRII/NpHtrII SANS experiments at NaCl concentrations 1.4 M and 2.8 M (Fig. S4)
produced similar results but indicated an increasing fraction of tripod-style trimers of dimers with increasing
salt concentration. Resulting weight fractions of "tripod"-shaped trimers of dimers are 18 +3%, 28 +2% and
36+£2% for 1.4 M, 2.8 M and 4.0 M, respectively (Fig. S5, Table S2). These results support that the formation
of NpSRII/NpHtrlI trimers of dimers at high salt concentration is likely to occur through the contacts of the
cytoplasmic tips of dimers with their transmembrane parts remaining unconnected (Fig. 4B).
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Figure 3. SANS curve for NpSRII/NpHtrII at 4.0 M NaCl and corresponding distance distribution functions.
(A) Experimental scattering curve for NpSRII/NpHtrII at 4.0 M NaCl (orange squares) fitted with y*=5.5to a
theoretical curve (blue line) calculated for a mixture of NpSRII/NpHtrII dimers and trimers of dimers which
inter-dimer contacts are induced both between the transmembrane regions of dimers and their cytoplasmic
tips (Fig. 4A). (B) Experimental scattering curve for NpSRII/NpHtrII at 4.0 M NaCl (orange squares) fitted with
x*=1.3 to a theoretical curve (blue line) calculated for a mixture of NpSRII/NpHtrII dimers and "tripod"-shaped
trimers of dimers (Fig. 4B). (C) Distance distribution function calculated from the experimental curve shown
in (A,B) (orange squares), and theoretical distance distribution functions of the dimers (grey line), the "tripod"-
shaped (Fig. 4B) trimers of dimers (brown line) and the "transmembrane-bound" conformation of trimer of
dimers of the NpSRII/NpHtrII (Fig. 4A) (black line). For greater clarity, distance distribution functions were
normalized to obtain maximum values of 1.0 for the experimental and 0.6 for the theoretical curves.

A molecular model of the full-length NpSRII/NpHtrll complex

The tripod-like model of the structure of the NpSRII/NpHtrII trimer of dimers (Fig. 4B) which provides the
best fit to the experimental SANS scattering curve obtained at 4.0 M NaCl (Fig. 3B) was constructed based on
the high-resolution structures of individual fragments of the TCSs sensors from E. coli, N. pharaonis, and T.
maritima'$*%2+343537-39 The initial model obtained was further optimized using molecular dynamics simulations
(see “Methods”). In the resulting model, the transmembrane domains of individual dimers are separated but their
cytoplasmic tips form a tight interface. As expected, given that modelling of the cytoplasmic domain was based
on the X-ray structure of the highly conserved interface of E.coli Tsr*?, dimer-dimer interactions (Fig. 4D) are
mediated by a number of inter-residue contacts involving amino acids conserved across homologs of NpHtrII
(see logo plot in Fig. 4G). For example, E355 of one dimer forms a salt bridge with R358’ of a neighboring dimer
(Fig. 4E); a compact hydrophobic patch is formed by 1348, 1354” and L350}, hydrogen bonds are formed between
Q344 and K374’ (Fig. 4F). In addition, stacking between the aromatic rings of F366-F366’ stabilizes the intra-
dimer interface similar to bacterial chemoreceptors*' (Fig. 4E).

Discussion

In present study, the combination of SAS and molecular modeling has allowed us to propose a molecular model
of the full-length phototaxis complex from the halophilic archaeon N. pharaonis and to reveal the effect of salt
concentration on its oligomeric state and dynamics.

We verified our molecular model with available biochemical and biophysical literature data. The mono-
mer-monomer interactions between transducers are in accordance with the following high-resolution structural
data. The dimer of the transmembrane domain is based on its available structure (PDB code 1h2s?*!). Dimers
of HAMP1 and HAMP2 domains are constructed according to homology with HAMP domain of NarQ from
E.coli (PDB code 5jeq'®). The cytoplasmic domain (kinase control module) is presented by the coiled-coil of two
antiparallel helices connected by a "U-turn", as it was shown for cytoplasmic domains of TsrQ from E.coli (PDB
code 1qu7%?), MCP from Termatoga maritima (PDB code 2ch7%), etc. In these cases, coiled-coil structure stabi-
lized by interactions between the extended interfaces consisting of hydrophobic amino acids, mainly leucines.
Dimer-dimer interactions (Fig. 4D) are mediated by a number of inter-residue contacts involving amino acids
conserved across homologs of NpHtrlII (see logo plot, Fig. 4G).

Positions of highly conservative residues 345-355 in the cytoplasmic tip domain of NpHtrII in our molecular
model of the NpSRII/NpHtrII trimer of dimers are in a good agreement with the EPR studies by Orban-Glaf}
et al.®*. In that work, the dynamic and structural properties of the cytoplasmic tip domain of NpHtrII were inves-
tigated using site-directed spin labeling electron paramagnetic resonance spectroscopy. Distance distributions
obtained by double electron-electron resonance typically have three peaks, which can be interpreted as three
characteristic inter-spin distances that correspond to three groups of inter-residue distances (see Fig. S6A,B). This
finding supports the fact that archaeal photoreceptor/transducer complexes form trimers of dimers analogous
to methyl-accepting chemotaxis proteins at high salt concentrations. Comparison of the distance between the
residues labeled with a spin label showed that the distance between the nearest isoleucines 1347 decreases with
an increase in the salt concentration from 500 mM to 2 M NaCl (Fig. S6C). This rearrangement indicates that
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Figure 4. Optimized molecular models of the NpSRII/NpHtrII trimer of dimers. (A,B) Molecular models of
the "transmembrane-bound” (A) and the "tripod"-shaped (B) trimer of dimers. Individual polypeptide chains
are colored differently. Putative methylation sites are represented as spheres. (C) Putative methylation sites

in the methyl-accepting region of a single dimer of the complex. (D) Inter-dimer contacts within the highly
conservative tip region of the cytoplasmic domain of the "tripod"-shaped trimer of dimers. Key amino acid
residues are shown with those belonging to the partnering dimer labeled by apostrophe. (E) Cross-section

view highlighting the formation of ionic locks between E355-R358’ (homologous to E385 and R388’ from

Tsr*? and stacking between F366 (equivalent to F396 of Tsr) and F366 (F) Cross section depicting contacts
between conservative K374” and Q344 residues, and hydrophobic contacts between 1347. (G) Logo plot showing
conservation of residues in the tip region involved in the formation of the trimer contacts.

a trimer of dimers is formed with 1347 facing inside the resulting structure (see Fig. 4F, Fig. S6A), playing an
important role in the formation of inter-dimer contact due to hydrophobic interaction.

At low ionic strength (150 mM NacCl), our SAS data are most compatible with a dimeric conformation for
both the truncated NpSRII/NpHtrlI, 5; and for full-length NpSRII/NpHtrII. In the latter, the very long cytoplasmic
domain of the dimeric NpHtrlI transducer appear to be highly flexible, corroborating the intrinsically dynamic
nature of chemo- and photoreceptors described in some recent publications (e.g.'****). Coupled with the conclu-
sions of a previous study that the cytoplasmic domain of NpHtrII’s (pHtrII-cyt) does not form dimers at low ionic
strength™®, our results imply that only the transmembrane region is required for dimerization of NpSRII/NpHtrII.
However, this observation is in contrast to that obtained for a similar construct (NpSRII/NpHtrlII,5; containing
HAMP1 and inter-HAMP (137-156 a. a.) domains). This might be due to a lower detergent concentration used
in the current experiments.
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While the minimum construct required for NpSRII/NpHtrII to form dimers may still be a matter for debate,
our SAS data obtained at low ionic strength clearly suggest that full-length NpSRII/NpHtrII forms dimers under
such conditions (see Fig. 2A). In order to improve the agreement between theoretical and experimental scatter-
ing curves data, we generated models of different possible conformations of the NpSRII/NpHtrII dimers which,
while maintaining an elongated shape for the NpHtrII dimers, considered both bending at its flexible hinges'!
and partial unfolding** of this domain at low salt conditions. Our results confirm a highly dynamic nature of
the transducer dimer at low salt: the root mean square deviations of bending angles from the zero value are in
the range from 50° to 60° for all the three HAMP1-, HAMP2-, and Gly- hinges (see Fig. S2).

For the cytoplasmic domain of the NpHtrII (234-504 a. a.), Budyak et al.** also observed a partial random
coil configuration at low salt concentrations. Due to the difficulty to unequivocally determine the amount of
random coil structures, these authors argued in light of their SANS in favor a highly dynamic helical rod at low
salt conditions. This finding has been confirmed by subsequent results published in the work*, according to
which pHtrII-cyt has a strong propensity for helix. Firstly, pHtrII-cyt has a high helix propensity inferred from the
sequence; pHtrlI-cyt is predicted to be a helical coiled-coil based on a homology to the Tst-cyt*’. Secondly, despite
that at low ionic strength deconvolution of CD-spectra the secondary structure values are 77% unstructured,
20% turns and B-sheets, and only 3% a-helices, it was also shown by control experiments with helix-inducing
solvent 2,2,2-trifluoroethanol (TFE) that a gradual rise in negative ellipticity at 222 nm occurs with increasing
amounts of TFE. Thus, despite "random-coil" spectroscopic features, pHtrII-cyt can exist as a highly flexible,
loosely packed but folded helical coiled-coil. The results of the comparison of CD spectra from the work* with
and without TFE suggest that, despite the presence of -sheets in the deconvolution of CD spectra (see Fig. S1B),
B-sheets do not necessarily have to be present in the final molecular model. Moreover, numerous algorithms
for the estimation of the secondary structure composition from the CD spectra often fail to provide acceptable
results on a/B-mixed or B-structure-rich proteins due to spectral variety and lower spectral amplitudes of the
B-structures*>*®. For these reasons, the secondary structure of the molecular model proposed in our work is
predominantly a-helical.

Despite the fact that isolated pHtrII-cyt is in monomeric form under conditions of low salt concentration®,
this domain forms dimers under these conditions when the NpSRII/NpHtrII complex is full length. The coiled-
coil does not disappear, which is confirmed by the results of work®, where the distances between residues for the
cytoplasmic tip of the full-length NpSRII/NpHtrII studied by the EPR method at low salt concentration are the
same as they should be in a dimer (see Fig. S6C). These are the reasons why we used the model where the protein
fragments between the flexible hinges present elongated (not globular) structures. Additionally far-UV CD data
(Fig. S1) obtained in our work under low salt conditions showed conformational disordering of NpSRII/NpHtrIL
The Kratky plots (Fig. S7) also confirm this: the obtained curves have maximum values at q Rg ~4 to 7, which
are higher than expected for globular particles and are typical for elongated and/or flexible proteins**%. After
the maximum, the curves show a tendency to decrease to zero, which excludes complete unfolding of proteins®.

It has been shown that the chimeric proteins NpSRII-NpHtrII-Tar and NpSRII-NpHtrII-Tsr, which contain
the transmembrane region and a truncated HAMP1 domain (a. a. 1-125) of the NpSRII/NpHtrII complex and
the cytoplasmic domain of either StTar or EcTsr, can mediate phototaxis in E. coli*°. This suggests that both
chimeric complexes are able to transduce signal at low salt conditions. This, taken together with our results,
implies that destabilization of the remaining fragments of the cytoplasmic domains of which are not included in
these chimera is the main reason for blocking the formation of the trimers of dimers of native NpSRII/NpHtrII
at low ionic strength. It also suggests that at high salt concentration corresponding to the physiological range of
halophilic archaea, a reordering of the cytoplasmic domains takes place and this allows the dimers to assemble
into trimers of dimers, implying that the transmembrane region of NpSRII/NpHtrII complex either is not suf-
ficient to mediate formation of trimers-of-dimers or, consistent with our "tripod"-shaped model, is not involved
into in the trimerization of dimers.

The observed salt concentration-induced structural changes of the NpSRII/NpHtrII system may have two
possible biological roles. As pointed above, haloarchaeon N. pharaonis lives in the highly saline environment and
the complex must be optimized to these conditions. If the phototaxis system would remain functional under the
low salt conditions, it could drive the microorganisms to regions with optimal insolation regardless of the salt
concentration that would ultimately lead to their death. On the other hand, we cannot also completely exclude
that disordering (i.e. decreasing of secondary structure elements and increasing of conformational flexibility)
of the complex may generate signal allowing the archaea to move towards higher salt concentration and avoid
environments with low salinity. The salt-driven equilibrium between dynamic and compact conformations,
which was observed for the NpHtrIl HAMP1 domain by EPR*, supports this idea.

SANS scattering curves at higher salt concentrations (Fig. 3) clearly indicate the formation of a trimer of
dimers, the fraction of which increases as does the ionic strength. Moreover, the best fit to the SANS data at
higher ionic strength (Fig. 3B) is obtained by modelling a tripod-like shape, in which only the cytoplasmic tips
of NpHtrII dimers are involved in inter-dimer contacts (Fig. 4B). This is in agreement with previous EPR stud-
ies suggesting that NpSRII/NpHtrII dimers may form oligomers of higher order (e.g., trimers of dimers) due to
interactions between the transducer tips alone*. In our model, inter-dimer separations in the regions containing
putative sites (Fig. 4C) of methylation/demethylation (determined by homology with HsHtrII of Halobacterium
salinarum’, see alignment in Text document S2) vary between 30 and 40 A (Fig. S8). Thus, they are all poten-
tially accessible to modifications by the chemotaxis methyltransferase CheR and methylesterase CheB (the radii
of gyration calculated for CheR and CheB from Salmonella typhimurium (PDB IDs 1AF7 and 1A20) being
approximately 21 A and 20 A, respectively).

To the date, there is very little structural information available for full-length E. coli Tar/Tsr chemoreceptors
or other chemoreceptors in either their demethylated (OFF) or methylated (ON) states. Our experiments provide
a complete description of the demethylated complex (OFF) while a recent study by Burt et al.”” describes a model
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Figure 5. Inter-dimer distances between transmembrane parts of the NpSRII/NpHtrII dimers. (A)
Characteristic distances between dimers in 2D-array proposed in’!. (B) The "tripod"-shaped model of the trimer
of dimers (Fig. 4B) demonstrating the inter-dimer distance of 9.0 nm.

based on a mixture of receptors with a wide range of adaptational modifications. In the later study, the authors
were able to obtain the 3D cryo-ET map of the full-length E. coli chemoreceptor array together with the CheW/
CheA baseplate in micelles with the local resolution varying between ~ 15 and 30 A. They further constructed
all-atom models of the E. coli CheA.P3.P4.P5 dimer, CheW monomer, and membrane-bound, full-length Tsr
homodimer using coordinates from existing high-resolution crystallographic structures where available. The
two models, share remarkable similarity in the tip region, where a number of key interactions appear concurrent
despite the fact that they apparently correspond to different signaling states. This is very likely due to inherent
bias of the both models towards the 1QU?7 structure*, which was obtained for the QQQQ Tsr analogue (and
thus it likely corresponds to the ON-state) which was used to model the trimeric contacts of the cytoplasmic
tips of dimers in both studies. On the other hand, it stems from the high structural conservation of cytoplasmic
receptor arrays between Bacteria and Archaea®'. However, the lower local resolution of the periplasmic and
transmembrane regions of the model report in?’ (apparently due to the large separation between the well-resolved
cytoplasmic regions of the Tsr/Tar array and its periplasmic ligand-binding domains, combined with the relative
flexibility of the cytoplasmic methylation helix bundle of the receptors) and the lack of homology between these
fragments of bacterial chemoreceptors and the NpSRII/NpHtrII restrains further comparison of our results with
the model of Burt et al.

Trimers of dimers are essential for the formation of large membrane signaling arrays of both photo- and
chemoreceptors'. The absence of CheA/CheW in our experiments does not allow us to identify oligomers larger
than trimers of dimers; however, our structure provides potential routes for the formation of the membrane
arrays from the "tripod"-shaped trimers of dimers. One of the possibilities is that the transmembrane sensory
domains of dimers within each trimer of dimers are able to form a trimeric contact in a native environment and
are further packed with the neighboring trimers of dimers®!. On the other hand, the "tripod"-shaped model for
the trimer of dimers is also compatible with lattice models suggesting that trimeric contacts at the cytoplasmic
part do not match trimeric contacts between the transmembrane domains (Fig. 5). Both scenarios seem feasible,
taking into account the plasticity of dimers at the three flexible hinges discussed above, though the summae of
evidences existing to the date supports the latter one. Further investigations should shed light on structural
organization of photoreceptor arrays.

Here a combination of SAXS and SANS allowed us to study conditions of the trimer-of-dimers formation
from the individual NpSRII/NpHtrII dimers. SANS experiments allowed us to propose a "tripod"-shaped struc-
tural model for trimers of dimers of full-length NpSRII/NpHtrII in which contacts between dimers occur only
at the tips of the cytoplasmic regions, leaving the membrane domains unhinged. In the case of SAXS the change
of the salt concentration corresponds to a wide range of the scattering length density (SLD) of the buffer, which
would result in a contrast variation simultaneously with the changes of the oligomeric state. Such data would
be difficult to treat, also because of a detergent belt for which the contrast variation is a big challenge itself. An
electron density of a buffer varies in a range from 0.334 /A3 (pure H,0 or D,0) to~0.37 ¢/A* (4 M NaCl in
H,0), that means the changes of about ~ 11%; electron densities in a protein/detergent system are ~ 0.42, 0.275
and 0.515 e/A? for a protein, hydrophobic and hydrophilic parts of a detergent belt, respectively. It means that
ASLD values for different components of detergent/protein complexes have different sign and their ratio critically
depends on SLD of the buffer, i.e. on salt concentration. This leads to changes in SAXS I(q) profiles caused by
this salt concentration changes. In contrast to SAXS data, in the case of SANS the SLD of the solvent is slightly
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changed with the increase of the salt concentration [see Table S2a). SLD of a D,O buffer changes from 6.404 x 10~
A=2t0 6.187x 1076 A2 at the increase of salinity from zero to 4 M (see the section (a) of the Table $2)], that
means about 3%. The SLDs of a protein and the hydrophobic and hydrophilic parts of a detergent belt are about
2.1x10%A2 - 0.4x10° A2and 3.9x 1075 A2, respectively, i.e. all ASLD <0 and have the same sign. It allows
treating SANS data with focusing on a detailed distribution of oligomeric state, which has a more significant
influence on a SANS 1D scattering profile than the changes in SLD contrasts at different salt concentrations have.

Our small angle scattering experiments open up prospects for further successful use of this technique for
studies of the TCS sensors. Some studies report huge conformational changes of the tertiary structure of the
transducer after activation of the photosensor. They are manifested by a change of the diffusion coeflicient (and,
consequently, of the Stokes radius) of the protein complex and can be explained by unfolding of HAMP domains
during signal transfer®>’. The changes in the Stokes radius, as well as in the radius of gyration, could be easily
detected and characterized using SAS (direct measurements by SAXS). Furthermore, small-angle scattering
experiments could provide detailed information about the shape of the molecule, including those arising from
changes in tertiary and quaternary structure and/or conformational rearrangements. These changes could, for
example, be monitored/characterized via standard SAS experiments with a continuously light-irradiated sample™,
or using time-resolved SAXS technique®>*® applied for the protein solution after the short flash of light. For
the particular case studied here there are known mutations of the NpSRII (D75N) and in the NpHtrII (G83F),
which can be used for this purpose®” and such experiments may help to obtain detailed structural information
concerning the mechanism of activation of NpSRII/NpHtrII trimer of dimers.

Methods

Cloning. NpSRII (UniProt ID P42196) and NpHtrII (UniProt ID P42259) genes were optimized for expres-
sion in Escherichia coli using GeneArt services®. The Strep-tag Il (WSHPQFEK with ENS-linker) and 6xHis-
tag (with ENS-linker as well) were added to C-termini of the NpSRII and NpHtrII respectively. The modified
NpSRII and NpHtrII genes were cloned into pSCodon1.2 vector using Nhel-AccIIl and NdeI-Nhel restriction
enzymes (FastDigest series, ThermoFisher, Massachusetts, USA), respectively. The gene of the truncated trans-
ducer NpHtrlII,;, was obtained from NpHtrII by PCR. Positive clones were identified by restriction analysis and
confirmed by sequencing. NpSRII and NpHtrII (or NpHtrll,;;) genes were then cloned in tandem into the co-
expression vector pET27bmod* via BglII-NotI and NotI-Blpl restriction sites. E. coli strain Top10 (Invitrogen,
Carlsbad, CA, USA) was used throughout.

Co-expression of NpSRIl and NpHtrlly;;. The non-fused protein complex was co-expressed in E. coli
cells, strain BL21(DE3) (Stratagene, La Jolla, CA, USA). Briefly, the culture was grown at 37 °C in Terrific Broth
(TB) media with 100 mM of Na/K-Pi (pH 6.7), 25 mM of ammonium sulfate and 100 mg/L of kanamycin.
Expression was induced with 1 mM isopropyl-B-p-galactopyranoside (IPTG), at ODyy=1.6-2.0. Simultane-
ously, a concentrated solution of all-trans retinal in ethanol was added to a final concentration 10 pM retinal.
Cells were further cultivated for 4 h at 37 °C.

Co-expression of NpSRII and full-length NpHtrll. For SAXS measurements, the non-fused protein
complex was co-expressed in E. coli strain BL21-AI (Invitrogen, Carlsbad, CA). The culture was grown at 37°C in
TB media with 70 mM of Na/K-Pi (pH 6.7) and 50 mg/L of kanamycin. Expression was induced with the mixture
of 0.1% arabinose and 2 mM IPTG, at ODgy, = 1.6-2.0. Simultaneously, all-trans retinal solution in ethanol was
added to a final concentration 10 uM, and cells were further cultivated 4 h at 37 °C. For SANS measurements,
the non-fused protein complex was co-expressed in E. coli strain BL21(DE3). The culture was grown in TB-5052
media® with 100 mM of Na/K-Pi (pH 6.7), 25 mM of ammonium sulfate and 100 mg/L of kanamycin. The cells
were incubated at 37 °C until ODg, reached 1.0-1.2, when all-trans retinal solution in ethanol was added to final
concentration 10 pM, and cells were further cultivated overnight at 20 °C as was described in®' for expression
of the NpSRIL

Co-purification of NpSRII and full-length NpHtrll (or NpHtrll 3;). After expression, cells were
pelleted in 25 mM Na/Na-Pi buffer (pH 8.0) containing 150 mM NaCl, 1 mM PMSF and cOmplete protease
inhibitor cocktail (Roche, Switzerland) and lysed using Microfluidizer M-110P (Microfluidics, Massachusetts,
USA). After centrifugation, the pellet was solubilized in 1% of n-dodecyl-p-p-maltopyranoside (DDM). The
solubilized protein mixture was then purified via Ni-NTA (HisTrap HP 5 ml column, GE Healthcare, Illinois,
USA) and size-exclusion chromatography (Superose 6 10/300 GL column 24 ml, GE Healthcare, USA). A typi-
cal gel-filtration profile is shown in Fig. S9A. Laemmli 12% SDS-PAGE of purified NpSRII/NpHtrII is shown in
Fig. S10 (PageRuler Plus Prestained Protein Ladder (Thermo Scientific, Catalog #26619) was used as a molecular
weight standard). The protocols for co-expression and co-purification were based on procedures used in®*%.
The procedure yielded about 5 mg and 1.5 mg per 1 L of cell culture for NpSRII/NpHtrII, 5, and NpSRII/NpHitrII,
respectively.

Small-angle X-ray scattering measurements. The majority of SAXS measurements were carried on
BM29 beamline (ESRF, Grenoble, France)®. All measurements were performed with 100% of beam intensity
at a wavelength of 0.9918 A (12.5 keV). Initial data processing was performed automatically using the EDNA
pipeline®>. Additional SAXS experiments were done on the BioSAXS beamline P12 (PETRA III, DESY, Ham-
burg, Germany)®’.

For the full-length NpSRII/NpHtrII and for the truncated complex NpSRII/NpHtrIl, ;;, SAXS profiles were
obtained for the samples with protein concentrations of 0.57 and 0.78 mg/ml, correspondingly; exposure time was
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7 and 10 s, respectively. For all SAXS measurements, peak fractions after gel-filtration were used®®. See Table S1
for other details of SAXS measurements.

Small-angle neutron scattering measurements. SANS measurements were performed on the YuMO
spectrometer (IBR-2, Dubna, Russia) with two-detector system®7°. Raw data were processed with program
SAS™.

For SANS measurements, NpSRII/NpHtrII sample was divided after gel filtration into two parts (sample A
and B). For each part, gel-filtration was used to replace H,O with D,0O (Fig. S9A). The buffer for sample A con-
tained 150 mM NaCl, 25 mM Na/Na-Pi (pD*=8.0)"%, 1 mM EDTA, 0.05% DDM. Sample B was dissolved in 4.0
M NaCl, 100 mM Na/Na-Pi (pD*=8.0), 1 mM EDTA, 0.05% DDM.

67.5% (v/v) of the stock, containing protein in 150 mM NaCl and 32.5% (v/v) of the stock, containing protein
in 4.0 M NaCl were taken to prepare the sample with the NpSRII/NpHtrII in 1400 mM NaCl; 31.2% (v/v) of the
stock, containing protein in 150 mM NaCl and 68.8% (v/v) of the stock, containing protein in 4.0 M NaCl were
taken to prepare the sample with the NpSRII/NpHtrII in 2800 mM NaCl.

The concentrations of the NpSRII/NpHtrII for the SANS measurements were 0.51, 0.33, 0.31, and 0.40 mg/
ml in the buffers containing 150, 1400, 2800, and 4000 mM NaCl, correspondingly. Total exposure time was 2 h
for heavy water solutions of the NpSRII/NpHtrII complex at 150 and 4000 mM NaCl and 3.5 h for solutions at
1400 and 2800 mM NaCl. See Table S2 for other details of SANS measurements.

Molecular modeling. Initial model of the full-length NpSRII/NpHtrll dimer was generated from the exist-
ing high resolution crystal structures of T. maritima MCP, PDB code 2ch7, E. coli NarQ receptor, PDB code
5jeq'® and truncated N. pharaonis NpSRII/NpHtrIl complex, PDB code 1h2s* for the cytoplasmic domain,
HAMP domains and transmembrane region, respectively, using template-based homology modeling in SWISS-
MODEL”. The missing fragments (primarily, the inter-HAMP region, which was predicted to be an a-helix’*)
were modeled ab initio as ideal helices.

The obtained all-atom model of the full-length NpSRII/NpHtrII dimer was a subject for further optimiza-
tion by MD simulation during 100 ns with a number of constraints applied. The regions homological to those
resolved by X-ray crystallography were guided towards the initial coordinates by means of harmonic steering
forces (Keonsee = 150 kcal/mol/A?). At each timestep, the RMS distance between the current coordinates and the
target structure were computed after aligning the target structure to the current coordinates. The alignment and
evaluation of the steering forces was independently done for the transmembrane region, HAMP domains and
the cytoplasmic domain. In addition, the inter-HAMP region and the short fragments connecting the TM2 of
NpHtrIl and HAMP1 and AS2 of HAMP2 and the cytoplasmic domain were restrained in a-helical conformation
by means of harmonic dihedral restraints.

The initial model for trimer-of-dimers was built by aligning the optimized dimer model to the model of
trimeric oligomer of the transmembrane region of NpSRII/NpHtrII predicted by the SymDock protein-protein
docking web-service with the C3 symmetry constraints”. This model was further optimized using a 100 ns long
MD simulation with the transmembrane region restrained at its initial coordinates and the cytoplasmic domain
steered (Kyee = 200 kcal/mol/A2) to the homology model of the highly conserved trimeric interface of E.coli Tsr
receptor resolved by X-ray crystallography, PDB code 1qu7*%.

Finally, in order to obtain the "tripod"-shaped conformation of the trimer-of-dimer we run another round of
steered MD, in which the cytoplasmic tip of the complex was constrained to the crystallographic contacts similar
to the previous simulation while the transmembrane regions of individual dimers were gradually repulsed from
their joint center-of-masses using the colvar feature of NAMD (ki ;,,, = 200 kcal/mol/A?). The simulation time
of this run was also 100 ns.

All all-atom MD simulations were carried out using NAMD 2.97 and CHARMM?27 force field”’. The simu-
lations were run in NVT ensemble (maintained by the Langevin thermostat, T=303.15 K) using Generalized
Born implicit solvent model (GBIS). The ionic strength in the simulations were set to 4.0 M. The timestep of 2 fs
was used. The production simulations were prefaced by energy minimization using the steepest descent (5000
steps). In all simulations of the trimer-of-dimers, the three-fold symmetry was maintained by the symmetry
constraint as realized in NAMD 2.9.

pring

SAS data processing. SAXS and SANS profiles I(q) were processed using ATSAS” and BioXTAS RAW”
software suites. The protein concentrations were small, consequently the structural factor influence to scattering
curves was negligible’®®!. For calculation of values of €, molecular mass, v and SLD from sequence, programs
ProtParam®, Peptide Property Calculator® and SLD calculator web (https://sld-calculator.appspot.com/) were
used (see Tables S1, S2). Distance distribution functions P(r) and regularized I(q) were obtained using GNOM
program, which realizes the method of Indirect-Fourier Transform (IFT)®. Values of R; and 1(0) (Tables S1, S2)
were calculated from P(r) and using Guinier approximations (see Fig. S11). CRYSOL and CRYSON programs
were used for evaluating the solution scattering from macromolecules and fitting it to experimental small-angle
scattering curves®%. OLIGOMER program® from ATSAS software suite was used for a set of curves calculated
for dimers and trimers of dimers using CRYSON to fit an experimental scattering curve from a two-component
mixture of dimers and trimers of dimers of the NpSRII/NpHtrlI to validate different variants of their molecular
models and to find the volume fractions of each component in the mixture. MEMPROT software® was used
to generate pseudo-atomic model of the detergent belt of the transmembrane part of the protein and to fit
experimental SAXS curves using a model combined from the detergent belt pseudo-atomic model and protein
atomic model. Before MEMPROT running, the center of the transmembrane part of the protein was placed at
the origin (zero) and direction of the normal vector to the membrane plane was set along the z-axis using PPM
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web server®. The MEMPROT settings included CRYSOL3 option and protein surface algorithm 2. See Supple-
mentary Information (Tables S1, S2) for other details of SAS data treatment®.

Pseudo-atomic model of the detergent belt. Pseudo-atoms CH; u NH; generated by MEMPROT
software simulate 9/97 of the X-ray scattering length of hydrophobic tail (C,,H,s) and 10/181 of the X-ray scat-
tering length of hydrophilic head (C,,H,,0,;) of DDM molecule correspondingly, proportionally to their num-
bers of electrons. To calculate theoretical SANS curves of the protein with the DDM belt, pseudo-atoms NH;
generated by MEMPROT were renamed to CH;, and perdeuturation parameter in CRYSON settings were set to
0.1058 and 0.3903 for chains corresponding to hydrophobic and hydrophilic parts of the DDM belt respectively.
Described procedure provides neutron scattering lengths — 1.27 fm (9/97 of C},H,;) and 7.62 fm (10/181 of
C,H4D;0,)) for pseudo-atoms related to hydrophobic and hydrophilic parts of the detergent belt respectively,
which corresponds to the same scattering length fractions as they are in case of X-ray scattering length. Here, it
is taken into account that the DDM head has seven hydrogens exchanging to deuterium in D,O. These procedure
provides neutron SLD values of — 0.388 x 1075 A2 and 3.92 x 10 A2 for the hydrophobic core and hydrophilic
face of the detergent belt, respectively.

Fitting of the SAXS profile of the full-length complex using the model of the flexible
hinges. Firstly, SAXS data for the full-length complex NpSRII/NpHtrII (Fig. 2A, top) were approximated
with the solution scattering evaluated from the atomistic model of the "straight" NpSRII/NpHtrII dimer with
pseudo-atomic model of the detergent belt generated by MEMPROT software®, and ? of the fit was 5.1. Sec-
ondly, we generated modified atomic models of the NpSRII/NpHtrII dimer with the bends at the HAMP1-,
HAMP2- and Gly- hinges from — 90° to 90° each (with the step of 30°), and add pseudo-atoms imitating deter-
gent belt obtained on previous step to them. Thirdly, we evaluated theoretical SAXS profiles from the modified
NpSRII/NpHtrII dimer models with the detergent belt using CRYSOL3 software”®. Fourthly, we approximated
experimental SAXS profile for the full-length NpSRII/NpHtrII as a combination of the scattering profiles from
the modified NpSRII/NpHtrII dimer models with the detergent belt using Tikhonov regularization method (see
Text document S1 for the details). For fitting of this data, Wolfram Mathematica software®! was used. Analogous
analysis of the protein polydispersity based on SAS data was realized in works’*?*. SAXS could be used in study-
ing of highly polydisperse macromolecules, making it possible to obtain data that are in good agreement with
other structural methods such as electron microscopy®.

UV-VIS spectroscopy. Absorption spectra for the protein solutions were acquired by using a UV-2450
UV-VIS Spectrophotometer (Shimadzu, Kyoto, Japan). Protein solutions were placed in a 1 mm quartz cell
(Weiju, Lianyungang, China). To estimate concentration of the photoactive complex, the value "™ =45,500
M cm™ of the NpSRII extinction coefficient was used, and the sensory rhodopsin and its transducer were
assumed to be equimolar. Absorption spectrum of the sample of the full-length NpSRII/NpHtrII complex in D,0
buffer with 150 mM NaCl is shown in Fig. S9B.

CD spectroscopy. CD spectra were acquired by using a J-1100 CD Spectrometer (Jasco, Easton, MD, USA).
For CD measurements, the same samples were used as for SANS measurements. Protein solutions were placed
ina 1 mm quartz cell (Weiju, Lianyungang, China). All spectra were recorded with a bandwidth of 1.0 nm, scan
speed of 50 nm/min, and digital integration time of 1.0 s. For the protein at 150 and 4000 mM Nacl, five accu-
mulations were averaged for each spectrum, for 1400 and 2800 mM of NaCl, averaging of eight accumulations
was done. The quantification of secondary structures was analyzed by Dichroweb? using K2D program?’.

Data availability

The SAS data were deposited with SASBDB (http://sasbdb.org). SAXS data deposited with accession codes
SASDKZ6 and SASDK27 for the NpSRII/NpHtrIl, ;, and the full-length NpSRII/NpHtrII at 150 mM NacCl, cor-
respondingly. SANS data deposited with accession codes SASDK37, SASDK47, SASDK57, and SASDK67 for
the full-length NpSRII/NpHtrII at 0.15 M, 1.4 M, 2.8 M and 4.0 M, respectively. Detailed data validation metrics
related to SASBDB depositions are placed in the Table S3. PBD files for molecular models of NpSRII/NpHtrII,;,
dimer and full-length NpSRII/NpHtrII dimer and trimer of dimers are available in the SASBDB depositions
SASDKZ6, SASDK27, and SASDKG67, respectively. Other data supporting the findings of this manuscript are
available from the corresponding author upon reasonable request.
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