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Abstract

lon transport across the cell membrane is an essential process for living
cells. Active transport of ions is carried out by various ion transporters, including

microbial rhodopsins (MRS).

Microbial rhodopsins are light-driven membrane proteins that can perform
various functions such as proton or ion pumping, photo-sensing, ion channeling,
and others. lon pumps MRs are known to be able to pump various monovalent
ions such as Na+, K+, Cl-, I-. However, until recently, no microbial rhodopsin was

known capable of pumping divalent ions.

In 2017 first microbial rhodopsin able to pump divalent ions was described.
It is rhodopsin from cyanobacteria Synechocystis sp. PCC 7509 called
Synechocystis halorhodopsin or SyHR. This protein belongs to the family of
cyanobacterial anion pumps. It is a chloride pump with a unique ability to pump

sulfate in the absence of chloride.

In this thesis, the author obtained high-resolution three-dimensional
structures of different states of this protein for the first time. There are chloride-
bound form, sulfate-bound form, and two structures of active states: O and
presumably K. All four structures have resolution better than 2.0 A resolution.
Obtained results give insights into the unique ability of this protein to pump
divalent ions. In addition, the structures of active states explain the molecular
mechanism of chloride transport in cyanobacterial anion pumps. This mechanism
Is incredibly similar to archaeal halorhodopsins, despite the fact that these two

groups of MRs are not the closest relatives.
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The results obtained make it possible to understand better the molecular
principles of ion transport by cyanobacterial anion pumps and assume that proteins

from this family can become promising tools for optogenetics.

Résumé

Le transport des ions a travers la membrane cellulaire est un processus
essentiel pour les cellules vivantes. Le transport actif des ions est assuré par divers

transporteurs d'ions, dont les rhodopsines microbiennes (MR).

Les rhodopsines microbiennes sont des protéines membranaires lumineuses
qui peuvent remplir diverses fonctions telles que le pompage de protons ou d'ions,
la photodétection, la canalisation des ions et autres. Les pompes a ions Les MR
sont connues pour étre capables de pomper divers ions monovalents tels que Na+,
K+, Cl-, I-. Cependant, jusqu'a récemment, aucune rhodopsine microbienne n'était

connue capable de pomper des ions divalents.

En 2017, la premiére rhodopsine microbienne capable de pomper des ions
divalents a été décrite. Il s'agit de la rhodopsine de la cyanobactérie Synechocystis
sp. PCC 7509 appelé Synechocystis halorhodopsin ou SyHR. Cette protéine
appartient a la famille des pompes a anions cyanobactériennes. C'est une pompe a

chlorure avec une capacité unique a pomper le sulfate en I'absence de chlorure.

Dans cette thése, l'auteur a obtenu pour la premiére fois des structures
tridimensionnelles a haute résolution de différents états de cette proté€ine. Il existe
une forme liée au chlorure, une forme liée au sulfate et deux structures d'états actifs
: O et vraisemblablement K. Les quatre structures ont une résolution meilleure que

la résolution 2,0 A. Les résultats obtenus donnent un apercu de la capacité unique

13



de cette protéine a pomper des ions divalents. De plus, les structures des états actifs
expliquent le mécanisme moléculaire du transport du chlorure dans les pompes a
anions cyanobactériennes. Ce mécanisme est incroyablement similaire aux
halorhodopsines archéennes, malgré le fait que ces deux groupes de MR ne sont

pas les plus proches parents.

Les résultats obtenus permettent de mieux comprendre les principes
moléculaires du transport d'ions par les pompes a anions cyanobactériennes et
supposent que les protéines de cette famille peuvent devenir des outils prometteurs

pour l'optogénétique.
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1 Introduction

1.1. Microbial rhodopsins

Microbial rhodopsins (MRs) are a large family of photoactive membrane
proteins. They consist of seven transmembrane (TM) helices and contain cofactor
retinal which is covalently bound to lysine residue of the 7" TM helix via the
retinal Schiff base (RSB)!. In the dark or ground state, the retinal is usually in the
all-trans state, however, upon absorption of a photon, the retinal is isomerized to
the 13-cis state®. This process triggers a chain of spectroscopic and structural
changes in a protein called a photocycle. During the photocycle, the protein passes
through a number of metastable states, called intermediate states, and returns back
to the ground state. Each intermediate of the photocycle is characterized by its own
absorption wavelength and is denoted by capital letters from | to O. During the
photocycle, changes occurring in the protein make it possible to fulfill its function
(Fig. 1.1.1). It is known that in nature, microbial rhodopsins are capable of
performing various functions, such as proton or ion pumping or channeling,

sensory and enzymatic activities®.
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Figure 1.1.1. Photocycle of bacteriorhodopsin. Picture is taken from *,

Microbial rhodopsins have been found in all domains of life as well as in viruses®®.
These proteins play an essential role in the bioenergetics of microorganisms. It has
been shown that microbial rhodopsins are one of the main consumers of sunlight in
the oceans’. Microbial rhodopsins are also called type-1 rhodopsins, as opposed to

animal visual rhodopsins called type-2 rhodopsins®.

The first discovered microbial rhodopsin was bacteriorhodopsin from

archaea Halobacterium salinarum. This protein was discovered in 1971 by D.
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Oesterhelt and W. Stoeckenius®. This protein was abundant (over 75%) in the
purple membranes of these archaea®. Later it was shown that bacteriorhodopsin in
the composition of purple membranes is the basis for the bioenergetics of the
Halobacterium salinarum®!. Also, this protein became the first among microbial

rhodopsins, for which crystals and a three-dimensional structure were obtained*?*3,

The second discovered microbial rhodopsin was found in the same archaea
Halobacterium salinarum in 1977%, Later, it was shown that this protein is capable
of pumping chloride ions under the action of light, and it was named

Halobacterium salinarum halorhodopsin or HsHR,

The next discovered microbial rhodopsins were sensory rhodopsins | and
111817 These proteins were unusual because they function in a complex with

another protein, a transducer, and allow archaea to respond to light*®.

A revolution in the discovery of new microbial rhodopsins was the use of
metagenomics to search for them. O. Beja et al. discovered in 2000 a new proton
pump made from marine bacteria, which they named proteorodopsin (pR)*. This
protein was the first microbial rhodopsin not found in archaea. It is

proteorodopsins that are the main users of sunlight in the world's oceans.

Then, using metagenomics methods, a large number of new groups of
microbial rhodopsins were discovered that perform very different functions.
Channel rhodopsins 1 and 2 from green algae Chlamydomonas reinhardtii were
discovered next. Channelrhodopsin-1 was discovered in 2002 by G. Nagel et al.
and the channelrhodopsin-2 was discovered in 2003 by the same team?%2, It has
been shown that channelrhodopsin-1 is a proton channel that opens under the
action of light. Channelrhodopsin-2 turned out to be a similar light-sensitive

channel, but not only for protons, but for cations in general. These proteins helped

17



the algae sense light and control its movement. Today, channelrhodopsin-2 has

become the main instrument in optogenetics for activating neurons?2.

Within 20 years since the beginning of the use of metagenomics to search
for new microbial rhodopsins, many new groups have been discovered and
characterized (Fig. 1.1.2). Among these groups are reverse proton pumps -
xenorhodopsins and eubacterial ion pumps (anionic CIRs?® and cationic NaRs?4).
Group such as anion chanelrhodopsins (ACRs) was discovered in 20152
Enzymorhodopsins have been found to function as enzymes in the cell®. A group
of microbial rhodopsins was also found in giant viruses®, for which it was shown
that they can demonstrate channel activity?’-?®. However, the reason why viruses
need microbial rhodopsins is unknown to date. Schizorodopsins have recently been
found in Asgard archaea. These proteins have been shown to be inward proton

pumps?.

18
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Figure 1.1.2. A phylogenetic tree of known for today groups of the microbial
rhodopsins. The image taken from®°,

Heliorhodopsins, discovered in 2018, should be singled out separately3!.
These proteins have a topology unique to membrane rhodopsins (Fig. 1.1.3). They
have an inverted position in the membrane with respect to all other known

rhodopsins, that is, their N-end is facing the cytoplasm, and not into the
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extracellular space. Common in all domains of life, they are divided into over 10
different groups. The variety of heliorhodopsin groups suggests that they can
perform different functions. Nevertheless, the function of any of them is not yet
precisely known, despite the fact that high resolution crystal structures have been
published for two rhodopsins of this type (48C12 and TaHeR)3>-3*, Due to the large
differences from other microbial rhodopsins of type 1, heliorhodopsins are often
isolated into a separate group, different from type 1 rhodopsins and type 2

rhodopsins.

Type-2 Heliorhodopsins

Figure 1.1.3. Topology of different rhodopsins in a cell membrane. Picture is
taken from 3L,
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1.2 Functions of microbial rhodopsin

For many microbial rhodopsins, their biological role in cells is clear. For
example, archaeal bacteriorhodopsins or bacterial proteorhodopsins pump a proton
out of the cell. The high concentration of these proteins in the membrane of the
microorganism allows maintaining the proton gradient required for the work of
ATP synthase. In this way, these proteins allow microorganisms to receive energy
from sunlight. According to research, bacteriorhodopsins or proteorhodopsins can

be found in up to 80% of marine bacteria or archaea®.

Sensory rhodopsins control the movement of the cell's flagellar motors and
thus determine the parameters of its movement, depending on the light. This
mechanism is called phototaxis. Sensory rhodopsin works in tandem with another
protein, a transducer. The functional unit is a pair of heterodimers, that is, two
molecules of sensory rhodopsin and two molecules of a transducer. The transducer
has a long cytoplasmic portion with multiple methylation sites. Upon absorption of
a photon, sensory rhodopsin undergoes structural changes and, due to structural
rearrangements, transmits a mechanical signal to the transmembrane part of the
transducer. Further in the cytoplasm, the signal passes through the HAMP domain
to the kinase control module, which in turn regulates the activity of the CheA or

CheW kinases, phosphorylating the CheY secondary messenger (Fig. 1.2.1)%.
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Flagellar
motor

Figure 1.2.1. Two-component signalling cascade of NpSRII.

Activation of the Htrll transducer by its SRII receptor results in a conformational
change in TM2 that extends to the tip of the cytoplasmic domain of the helix. The
next steps in the signaling cascade include - by analogy with the bacterial sensory
system - the homodimeric histidine kinase CheA, the binding protein CheW and
the response regulators / aspartate kinase CheY and CheB. Phosphorylated (P)
CheY acts as the switching factor of the flagellar engine. CheB (methylesterase)
together with CheR (methyltransferase) are involved in the adaptation processes of
archaea. Image is taken from *’.

Sensory rhodopsin | from Natronomonas pharaonis (NpSRI) induces
positive phototaxis (movement towards light) upon exposure to light at 565 nm,
and negative phototaxis (movement from light) upon exposure to light at 370 nm.
Sensory rhodopsin 1l from Natronomonas pharaonis (NpSRII) induces only
negative phototaxis on illumination at 480 nm®. It has been shown that

bacteriorhodopsin HsBR can be converted into a light sensor by three mutations®®.
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Despite the fact that a large number of anionic and cationic transporters are

currently known, their exact biological role is still unknown.

There is an assumption that cationic, namely sodium, pumps arose in the era
of ancient imperfect membranes, which were permeable to protons. It is believed
that then ATP synthase worked on gradient of sodium ions, not protons®.
Correspondingly, sodium pumps played the role of today's bacteriorhodopsins and
proteorhodopsins*t. However, what are sodium pumps for in the modern world is
unknown. It has been hypothesized that these proteins may help the cell maintain

osmotic balance, but these assumptions are not supported by experimental studies.

For chloride pumps, there is also no reliable information about what kind of
biological function they perform. For archaeal halorhodopsins, they are believed to
maintain an osmotic balance within the cell during cell growth*. Despite the
prevailing consensus in the literature that the function of halorhodopsins is
precisely this, all publications refer to one single work in which the idea of
maintaining the osmotic balance is put forward only as a theoretical assumption.

To date, no experiments have been conducted to confirm or refute this hypothesis.

For NTQ - rhodopsins it is also unclear. What function do they perform. As
with archaeal halorhodopsins, it has been suggested that they may help maintain
osmotic balance, but this has not been supported by any experimental tests either®.
In the case of cyanobacterial anion pumps, it is also not known what their

biological role is.

However, for some microbial rhodopsins, their biological role is completely
incomprehensible. For example, it is completely unknown what biological role is

played by representatives of the heliorodopsin family3443,
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1.3 Identification of chloride pumping microbial rhodopsins

1.3.1 Archaeal halorhodopsins

At the moment, only three groups of microbial rhodopsins capable of active
transport of anions are reliably known*. These are the well-known archaeal
halorhodpsins, eubacterial chlorine transporters CIRs, and the recently discovered

cyanobacterial anion pumps (Figure 1.2.1.1).

TSA Chloride pumps
of archaea

DTE proton pumps
of cyanobacteria

SD/V/A/L/I
Chloride pumps
of cyanobacteria

Tree scale: 0.1

e S |

DTD proton pumps
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NTQ Chloride pumps
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DTE/K proton pumps

NDQ Sodium pumps
of bacteria

Figure 1.3.1.1. Phylogenetic tree of some microbial rhodopsins.
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The other microbial rhodopsin was discovered in 1977 in the same archaea
Halobacterium salinarum, in which bacteriorhodopsin was previously found!4.
Later it was shown that this protein is capable to perform active transport of
chloride ion inside the cell and this protein was called Halobacterium salinarum
halorhodopsin of HsHR*. In 1986, another halorhodopsin was discovered in an
extremely haloalkaliphilic archaea Natronomonas pharaonis and was called
NpHR?. To this day, these two proteins remain the most studied archaeal
halorodpsins. Despite the fact that the use of metagenomics has allowed the
discovery of a large number of new archaeal halorodpsins, virtually all

experiments were carried out with these two proteins.

A distinctive feature of archaeal halorhodopsins is the TSA motif, which
means that Thr, Ser, and Ala, respectively, are located at the positions of the
functionally important amino acid residues of Halobacterium salinarum
bacteriorhodopsin (D85, T89, and D96)*’. Like bacteriorhodopsin, these proteins
are organized in the lipid membrane in the cell into trimers®®. In general,
halorodpsins, along with Middle rhodopsins, are the closest relatives of archaeal
bacteriorhodopsins among all microbial rhodopsins. Halorodopsins have 25-40%
sequence identity with bacterirodopsins®®®, It is known that replacing aspartate 85
in bacteriorhodopsin with threonine, which is in the corresponding position in
halorhodopsins, it was possible to convert bacteriorhodopsin into a chloride
pump®L. Interestingly, even 10 bacteriorhodopsin-mimicking mutations failed to
make halorodpsin a proton pump®. Halorhodopsins bind chloride in the ground
state next to RSB; in addition, some structures show that another chlorine atom is

bound to a protein in the cytoplasmic region®>*. Affinity constants for chloride
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ijons in the active center are 10 mM for halorhodopsin from Halobacterium

salinarum and 2 mM for halorhodopsin from Natronomonas pharaonis®-°.

Initially, it was believed that chalorodopsins can only pump chloride. It is
known that in the absence of chloride archaeal halorhodopsins are capable of
pumping various anions such as bromide®’, iodide®® or nintrate®. An interesting
observation is that all these anions are monovalent and at the moment there are no

known archaeal halorhodopsins capable of pumping bivalent ions.

Photocycles of HsHR and NpHR were experimentally characterized for dif-
ferent conditions in which the proteins were placed. In general terms, their photo-
cycle is similar to the photocycle of the bacteriorhodopsin and has similar photo-
cycle states. For example, NpHR under physiological conditions has the following

photocycle®:

(NpHR - K <> L' <> L2 <> N <> O <> NpHR’ — NpHR)

The main difference between the archaeal halorhodopsin photocycle and
bacterirodopsin photocycle is the absence of the M state in the photocycle under
normal conditions (Fig. 1.2.1.1.). However, the M state can be obtained by placing
the protein in special conditions, for example, in a buffer containing azide instead

of chloride®?,
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Figure 1.3.1.1 Comparison of photocycles of HsBR (a) and NpHR (b). Image is
taken from®?,

Archaeal halorhodopsins are widely used in optogenetics®. If you place
proteins in the cytoplasmic membrane of a neuron that are capable of light-driven
pumping of chlorine into the cell, then illumination of the cell with light will
polarize the membrane and stop the incoming or emerging wave of
depolarization®. This will lead to silencing of the neuron. Due to this fact, archaeal
halorodpsins have become the main silencing tools in the optogenetics. The most

widespread silencing instruments are NpHR and its modification eNpHR3.0%.

1.3.2 Eubacterial chloride pumps

In 2014, a new family of microbial rhodopsins capable of pumping chloride was
found in the marine flavobacteria Nonlabens marinus?. These rhodopsins have an
NTQ motif (Asn, Thr and GlIn at positions corresponding to D85, T89 and D96 in
Halobacterium salinarum bacteriorhodopsin). These rhodopsins are called NTQ -
rhodopsins or CIRs (formed from Chloride pumping rhodopsin)
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These rhodopsins are closely related to sodium pumps NaRs with the NDQ
motif. It is assumed that these proteins, like NaRs, function in the cell in a
pentameric state®. Like archaeal halorhodopsins, these proteins contain a chloride
ion next to RSB in the ground state®’. In 2014, the first photocycle of a protein
from the NTQ - rhodopsin family was measured®®, It was a photocycle of a protein
from the marine bacterium Fulvimarina pelagi called FR (Fulvimarina
Rhodopsin). This protein shares 25% identity of amino acid sequence with
halorhodopsin  from Halobacterium salinarum (HsHR) and 23% with
halorhodopsin from Natronomonas pharaonis (NpHR). At the same time, it has

33% identity with sodium pump KR2 from Krokinobacter eikastus.

Photocycle measurements of FR showed that this photocycle is quite similar
to the photocycle of archaeal halorhodopsins, since it also lacks the M - state. In

general, the photocycle looks like this:

(FR >K & L « 0« FR’ - FR)
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Figure 1.3.2.1. Photocycle of FR. Image is taken from®®,

Despite the fact that NTQ - rhodopsins are fairly well studied chloride
pumps, there is currently no data on the successful use of bacterial anion pumps in

optogenetics.

1.3.3 Cyanobacterial anion pumps

In 2015, a new family of chloride pumping rhodopsins was discovered in
cyanobacteria®®. These proteins do not have a strictly conservative three-letter
motif. They have conserved Thr and Ser at positions D85 and T89 in
bacteriorhodopsin, respectively. However, at the D96 position, these proteins have
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different variants’. Asp is most common in this position, but Val, Leu or lle are

also found.

So far, only two proteins from this family have been experimentally
characterized. The first is a protein discovered in 2015 from the cyanobacterium
Mastigocladopsis repens. In the literature, it has 2 variations of the name: MrHR
for Mastigocladopsis Repens HaloRhodopsin or MastR (Mastigocladopsis
Rhodopsin).

The second protein from this family was the protein from the
cyanobacterium Synechocystis sp. PCC 7509, called SyHR™. This protein was
found to have a unique feature among all microbial rhodopsins. Like MrHR, SyHR
Is a chloride pump. However, in the absence of chloride, this protein is capable of
pumping sulfate. Before that, not a single microbial rhodopsin was known capable
of pumping sulfate. In addition, this is the first known case of the pumping of a

divalent ion by microbial rhodopsin.

Both of these proteins MrHR and SyHR have a TSD motif. The two proteins
have a fairly similar amino acid sequence with 68% identity and 91% similarity.
The introduction of SyHR-mimicking amino acid mutations made it possible to

obtain MrHR mutants capable of pumping sulfate as well 2.

Both of these proteins have a chloride located next to the RSB in the ground
state. In addition, the affinity of these proteins for chloride is, on average, higher
than that of archaeal halorhodopsins. For MrHR, this value is 2 mM, which is
equal to the affinity of NpHR and 5 times better than that of HsHR. In SyHR, this
value is 0.112 mM, which is the strongest affinity for chloride among all known

microbial rhodopsins’.
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Photocycles for both of these proteins were measured. The photocycle of
these proteins also does not have an M-state and under physiological conditions

looks like this using MrHR as an example:

(MrHR - K - L! 5 L2 > N <> O < MrHR’ — MrHR)

As can be seen, the states of this photocycle are very similar to the states of

archaeal halorhodopsins and, in particular, NpHR.

Attempts have also been made to understand, using FTIR spectroscopy, at
which moments of the photocycle important stages of ion transfer occur, such as
jon uptake and ion release. However, different researchers received different
results, so at the moment there was no definite opinion on this matter. Harris et al.
obtained data that the chloride release occurs after L? and before the N state’. And
the chloride uptake is taken place between N and O state. But Takatoshi et al. got
different data. They suggest that the chloride release occurs similarly after L state,
but uptake happens after the O state”. A similar conclusion was made for the
SyHR protein, which has a photocycle that is almost identical to the MrHR

photocycle™.
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Figure 1.3.3.1. Photocycles of MrHR. Different ideas about at what point in
the photo cycle chloride release and uptake occurs. (A) Assumption from

Takatoshi et al.”* (B) Assumption from Harris et al.”. Image is adapted from 7 and
70

1.4 Structural studies of chloride pumping rhodopsins

1.4.1 Introduction to structural studies of microbial rhodopsins

Attempts to obtain the structure of bacteriorhodopsin by X-ray structural
analysis have led to the development of a large number of crystallization methods
based on various lipid phases. For the first time, successful crystallization of
microbial rhodopsins and obtaining three-dimensional structures became possible
with the advent of crystallization technology in lipid cubic phases (Fig. 1.4.1.1) in

1997%3. However, it was possible to obtain crystals of bacteriorhodopsin with the
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help of other lipid phases. In 1998, crystals of bacteriorhodopsin were obtained
using lipid vesicles™. In 2002, bacteriorhodopsin was successfully crystallized by

crystallization from the bicelles’®.

Figure 1.4.1.1. Schematic representation of presumptive protein
crystallization in the lipid cubic phase. (A) Proteins freely migrating in the lipid
cubic phase can spontaneously transform the lipid cubic phase into a sheet-like or
lamellar domain at some site. (B) Protein molecules are concentrated in this region
and form a growing crystal. Image is adapted from’’.

Initially, these techniques seemed too complex for routine crystallization,
but automation and the creation of robots for high-throughput crystallization have
led to widespread crystallization using lipidic mosephases also called in meso’®8L,

Later, more new methods were developed. Using bacteriorhodopsin as an

example, the possibility of using amphipoles for the stabilization and
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crystallization of membrane proteins was shown®. HsBRs in amphipoles or lipid
nanodiscs can be successfully transferred to the lipid mesophase for conventional

crystallization8384,

In meso crystallization methods, originally developed for the crystallization
of bacteriorhodopsin, have become widespread for the crystallization of proteins
from another family of 7-helical transmembrane proteins, the G-protein-coupled

receptors®-,

1.4.2 Structures of archael halorhodopsins.

The structure of halorhodopsin from Halobacterium salinarum was obtained
in 2000 by the lipid cubic phase method*. This protein has become the second
microbial rhodopsin with a resolved three-dimensional structure, after
bacteriorhodopsin. The resolution of the structure is 1.80 A. The structure showed
that HsSHR, like bacteriorhodopsin, is organized into trimers, with three palmitic
acid molecules in the center of the trimer (Fig. 1.4.2.1, A). Next to the RSB is a
chloride ion bound to two water molecules, Ser115, Thrlll, and nitrogen from
RSB (Fig. 1.4.2.1, B).
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Figure 1.4.2.1 Structure of HsHR. (A) Structural organization of trimer of HsHR.
View from the extracellular side. CI is located near the retinal Schiff base and K*
is located in the extracellular part of the protein. (B) Schematic representation of
hydrogen bond network around RSC and chloride ion. Image is adapted from 2.

The next structure of archaeal halorhodopsin was obtained in 2007 with the
T203V mutant of HsSHR®. This mutant has 10 times slower decay of the L state in
comparison with the wild type protein. As a result of this work, the structure of the
ground state of this mutant was obtained with a resolution of 1.7 A, as well as the
structure of the L1 state with a resolution of 1.9 A. The structure of the ground
state was obtained at a temperature of 100 K, and the structure of the L1 state was
obtained using cryotrepping. Cryostream was blocked for 10 seconds and crystal
was illuminated with 633 nm laser. The delayed decay of the L - state in this

mutant simplified the preparation of this intermediate using trapping.

In contrast to the 2000 structure, two chloride binding sites were identified

in this structure. A second site has been identified in the protein's cellular region
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(Fig. 1.4.2.2, A). Comparison of the structures of the ground state and the L1 state
showed very small structural changes between the two states. Minor changes
occurred in the positions of amino acids Y109 and E219. Negative differential
densities were observed on the retinal, which is evidence of isomerization from all-

trans to 13-cis configuration of the retinal (Fig. 1.4.2.2, B).

B JV "“'f é‘a-*ﬂf

Figure 1.4.2.2. Structures of L1 state of T203V mutant of HsHR. (A) Structure
of the inner space of the protein. Electronic densities are shown for some amino
acids. Two chloride binding sites are visible. (B) Difference maps of L1 densities
and the ground state of the protein. Image is adapted from &,

No corresponding positive density was found for this change; which can be
explained by the presence of the intermediate 13-cis retinal in different places,
possibly with different degrees of bending. In addition, small changes have

occurred in the positions of amino acids such as S115, T116 and 1119.

Two more papers have been published on the structures of halorhodopsin

from Halobacterium salinarum in 2015 and 2016 by the same team®*2, In the first
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work, HsHR crystals were obtained in a new crystalline form with a resolution of
2.15 A. The structure of the protein practically does not differ from those published
earlier, however, the authors argue that the new crystalline is more free and may be
better suited for studying active states by trapping intermediate or time resolved

studies, including using XFEL.

In the second study, similar crystals were soaked in a strongly alkaline
buffer to cause deprotonation of the Retinal Schiff base and loss of chloride in the
active site. This procedure made it possible to get rid of chloride by about 50%;
however, this greatly deteriorated the quality of the crystals and the resulting
structure has only 2.6 A resolution. The structure is no different from that
described in the previous work, except for occupancy for chloride and less detail

due to poorer resolution.

In 2010, the structure of archaeal rhodopsin was obtained for the first time
from another organism, Natronomonas pharaonis®*. The resolution of the resulting
structure was 2 A. In the resulting structure, the protein was also packed into
trimers and, in general, the structure was very similar to the HsHR structure, which

IS not surprising given the relatedness of these proteins.

In 2011, the same team received the O - like blue form and anion - free
yellow form of NpHR structures®. In this work, the researchers obtained anion-
free blue form of the protein, which resembled an O-state with a resolution of 1.8
A. They also obtained anion-free yellow form, which was obtained from the blue
form when the pH changed to more acidic. In the O-like blue form, a T126 flip was
observed, which rotated and took the place of chloride in the active center
(Fig.1.4.2.3). In addition, other amino acids such as Y124, E234, W127 have

changed their position.
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Figure 1.4.2.3. Comparison of O-like anion free form of NpHR (blue) and
chloride — bound form (purple). (A) Structure of active center of the protein. (B)
Structure of chloride uptake region. Image is adapted from 2.

In 2013, the same researchers determined the structure of NpHR in a
complex with an azide. This structure is of interest, since the azide strongly
influences the functions of halorhodopsins®. In HsHR, it inhibits activity, and

turns NpHR into a proton pump?3%,

In 2015, the same group published an article on the structures of active states
L1, L2, N and O%. The studies were carried out with bromide-bound protein. A
series of obtained structures showed the following changes during the photocycle.
In the L1-to-L2 transition, the bromide ion that initially exists in the extracellular
vicinity of retinal moves across the retinal Schiff base. Upon the formation of the
N state with a bromide ion bound to the cytoplasmic vicinity of the retinal Schiff
base, the cytoplasmic half of helix F moves outward to create a water channel in
the cytoplasmic interhelical space, whereas the extracellular half of helix C moves
inward (Fig. 1.4.2.4).
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Figure 1.4.2.4. Structural conformational changes during the anion-pumping
cycle of NpHR. Image is taken from .

Finally, in 2016, the unusual structure of the 11-cis isomer of HSHR was
obtained®®. It is shown in the work that when HsHR crystals are illuminated with a
red laser in the anion-free form, a red-shifted state appears, which is characterized
by 11-cis isomerization of retinal. The authors suggest that this isomerization may

occur at later stages of the HsHR photocycle.
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Figure 1.4.2.5. Comparison of all-trans and 11-cis retinal in anion free form of

NpHR. Image is taken from %,

1.4.3 Structures of NTQ — rhodopsins

Today, a large number of three-dimensional structures of eubacterial

chloride pumps are known. There are 26 published three-dimensional structures of

NTQ - rhodopsins, but all these structures belong to the same protein - rhodopsin 3

from Nonlabens marinus (NM-R3, or NmCIR).
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In 2016, the first NmCIR structure was obtained®. The three-dimensional
structure was solved with a resolution of 1.58 A and contained one protomer in an
assymetrical unit. This protein also has a chlorine ion next to RSB; however, in
general, the structure of the active site is somewhat different from archaeal
halorhodopsins (Fig. 1.4.3.1).
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Figure 1.4.3.1. Comparison of structures of RSB region in NM-R3 and
archaeal rhodopsins. Structures of (a) NM-R3, HsHR (b) and NpHR (c). Image is
adapted from .

Unlike archaeal halorhodopsins, the active site of NmCIR contains 1 water
molecule, not 3. Because of this, chloride forms fewer bonds with surrounding

amino acids and water molecules.

At almost the same time, in 2016, another structural work on NmCIR was
published®”. In this work, 5 different structures were obtained with a better
resolution of 1.57 A. Among the structures obtained: the structure of NmCIR at pH

6.0 and 4.5, the structure in a complex with bromide instead of chloride at pH 6.0,
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as well as the structure of the two mutants at pH 4.5. These mutants were T102N
and T102D. Thr 102 is the second amino acid of the three-letter NTQ motif. In the
active center of the protein, it forms a bond with chloride, therefore these
mutations strongly affect the pumping of chloride. Also in this work, a second
chloride binding site was identified, located in the cytoplasmic part of the protein
in the loop between helices A and B (Fig. 1.4.3.2).
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Figure 1.4.3.2. Coordination of the chloride ion by the AB loop. (a) Hydrogen —
mediated bonds between chloride and aminoacids of AB loop. (b) Surface
electrostatic potential around chloride binding site. Image is adapted from 7.

In 2018, 2 more NM-CIR structures were obtained®. The authors of this
work obtained the structure of the protein at non-cryogenic temperature using
XFEL, and for comparison, the structure at cryogenic temperature obtained at the
synchrotron. The obtained resolution for the first structure is 1.85 A, and for the

second - 1.75 A. The obtained structures had slight differences, the main of which
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Is an additional water molecule bound to the chloride in the active center (Fig.
1.4.3.3).

Figure 1.4.3.3 Comparison of active centers of NM-CIR. (A) XFEL non-
cryogenic structure. (B) Synchrotron cryogenic structure. Image is taken from®,

In 2020, the same team of researchers published a large-scale structural
study containing 10 structures of this protein®. The authors obtained structures of
early intermediates of NM-CIR using cryotrapping using laser pulses of different
intensities at a temperature of 95 K or 140 K. The authors obtained a large number
of difference maps and suggested that those amino acids whose position changed
under different laser illumination conditions play an important role in chloride
pumping. Unfortunately, it has not been established to which states in the

photocycle the resulting structures correspond.
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The same team published another structural paper on NM-CIR in 2021. This
work contained 8 high-resolution structures (1.65 A - 1.85 A) obtained with the
XFEL. In the study, structures were obtained in the time interval from 1 ps to 100
ps from laser excitation of the protein. A series of structures will allow to trace the

movement of amino acids and chloride in the active site, depending on time!,

Figure 1.4.3.4 Change in the structure of the active center of the protein
depending on time. (A) Difference maps in the vicinity of the retinal. (B) View of
conformational changes from the RSB side. Image is taken from 1%,

1.4.4 Structures of cyanobacterial anion pumps.

Compared to archaeal halorhodopsins and NTQ-rhodopsins, much less

structural information is known about cyanobacterial anion pumps. Until recently,
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there was not a single three-dimensional structure of a protein from this family.
However, 2 structural studies of the MrHR protein from Mastigocladopsis repens
were published in 2020.

In the first work, 2 structures of this protein were obtained!®*. The structure of the
protein ground state with a resolution of 2.33 A, as well as the structure of the
T74D mutant with a resolution of 2.5 A. The structure of the wild-type protein
showed that MrHR is quite similar to archaeal halorhodopsins. In the active site,
chloride is bound to two amino acids of the three-letter motif, just like in archaeal
halorhodopsins (Fig. 1.4.4.1, A).
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Figure 1.4.4.1 Comparison of structures of active centers of chloride and
proton pumping microbial rhodopsin. (A) Comparison of chloride pumping
MrHR, HsHR, NpHR and NmCIR. (B) Comparison of proton pumping rhodopsins:
MrHR T74D, bR, ESR and GR. Image is taken from 1%,

The structure of the active site of the T74D mutant resembles a proton
pump; in particular, it is very similar to the active site of bacteriorhodopsin. There
is no chloride in the active site of this mutant, and there is a water molecule bound
to RSB and two aspartates (Fig. 1.4.4.1 B).

A little later in 2020, a second structural paper was published on the MrHR

study. This work contained three MrHR structures. The structure of the protein
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with chloride was solved with a resolution of 1.9 A, and the structure of the protein
in a complex with bromide with a resolution of 2.5 A was also obtained. In
addition, the authors determined the structure of the double mutant N63A / P118A.
These mutations duplicate amino acids in corresponding positions in SyHR, a close
relative of the protein under study. A unique feature of the SyHR is its sulphate
pumping capability. Making the corresponding double mutation to MrHR also
gives him sulfate boost. It is likely that less bulky amino acids open up to form a
larger hole in the protein in the area of BC loop and sulfate can enter the protein
(Fig. 1.4.4.2).

E182

Figure 1.4.4.2 Structure of sulphate entrance region in the wild type and
mutant MrHR. (A) Structure of the wild type protein. (B) Structure of
N63A/E182A mutant. Image is taken from 72,
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2 Materials and Methods
2.1.1 Cloning

Nucleotide sequence of gene of SyHR (Protein accession no.
WP_009632765) was optimized for codon composition for E.coli protein
expression using Thermofisher GeneArt online tool
(https://www.thermofisher.com/fr/fr/home/global/forms/geneart-genes-synthesis-
requests.html). Gene was ordered as DNA fragment from Eurofins Genomics

(Luxembourg).

Amplification of DNA fragments was performed using PCR technique,
following the guidelines of the manufacturer. The reaction mixture contained 100
ng of DNA vector, 0.2 mM of each of the four dNTPs, 1 uM of each of the
primers, 1 unit of Phusion polymerase, 1/10 of the volume of 10-fold reaction
buffer, 3% DMSO, and 10 uM magnesium chloride.

The restriction reaction was carried out using restriction endonucleases FD
Xbal, FD Xhol (Thermo, USA) for an hour at 37 ° C in FD buffer. For the reaction
with a volume of 20 pL, 10U restriction enzymes and 200 ng of PCR fragment and
1 pg of plasmid. Then a dye for DNA electrophoresis containing SDS was added,
the mixture was heated at 65 ° C for 5 minutes and cooled to room temperature.

The results were analyzed and purified on an agarose gel.

DNA electrophoresis was performed in agarose gel (1%). Ethidium bromide
was added to a concentration of 0.5 pug / ml. Tris-acetate buffer (TAE) was used as
a buffer. The dye 6X DNA Gel Loading Dye (Thermo, USA) was added to the
studied DNA, the prepared solution was transferred into the wells. GeneRuler 1 kb
Plus DNA Ladder (Thermo, USA) was used as a marker. The voltage was 120 V
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for 30-40 minutes at room temperature. Extraction of DNA from agarose gel was
carried out as follows. Using an ultraviolet lamp, DNA with ethidium bromide
intercalated into it was visualized. A piece of gel containing a fragment of the
required length was excised, DNA from the agarose gel was purified according to
the instructions supplied with the Gel Extraction Kit (QIAGEN, USA).

The DNA insert was inserted into the plasmid after restriction by sticky end
ligation. To the ligase mixture with a volume of 20 ul, 1 ul of 100 mM ATP, 1 unit
of ligase and fragments in a molar ratio vector: insert = from 3: 1 to 5: 1 were
added, the total amount of DNA was about 500 ng. Ligation was performed
overnight at 21 ° C.

An aliquot of competent cells, frozen at —80 ° C, prepared according to the
high efficiency transformation protocol!® was thawed on ice, and 50-100 ng of
plasmid DNA was added under sterile conditions. The mixture was incubated on
ice for 40-50 minutes, optionally shaking was carried out every 10 minutes. Then
the mixture was placed in a thermostat at 42 ° C for 1 minute, after which it was
incubated on ice for 10 minutes. Under sterile conditions, 700 uL. of SOC medium
was added to the cells. The mixture was incubated in a shaker at 37 © C in a
horizontal position at 180 rpm within 1 hour. After that, the tube with cells was
spun in a centrifuge for 3000g for two minutes. 750 ul of supernatant was removed
and the pellet was resuspended in the remaining medium. Then the suspension was
placed on an agar petri dish containing the selective antibiotic and incubated
overnight at 37 °C.

Isolation of plasmid DNA was performed using one of the Kits according to
the instructions recommended by the manufacturers: MiniPrep Kit (QiaGen, USA).

Colonies were taken from the plates with a sterile loop and placed in 10-15 ml of
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LB medium containing the antibiotic. The culture was incubated at 37 © C for 14-

18 hours.

2.1.2 Protein expression and purification

For the expression of SyHR rhodopsin, cells of E. coli strain C41 (DE3)
(Lucigen, USA) were transformed with the SyHR expression vector. Transformed
cells were grown at 37°C in the shaking incubator (Infors HT, Switzerland) at 180
rpm in autoinducing medium called ZYP-5052'% containing 100 mg/ml of
kanamycin. Induction of the expression was carried out upon reaching the optical
density ODggo 0f 0.8-1.0 with 1 mM isopropyl B-d-1-thiogalactopyranoside (IPTG)
and 10 uM all-trans-retinal. 3 hours after the induction cells were collected using

centrifugation at 4500g for 10 minutes.

The centrifuged cells were disrupted with an M-110P Lab Homogenizer
(Microfluidics, USA) at a pressure of 25000 psi in a buffer containing 20 mM Tris-
HCI pH 8.0, 200 MM NaCl (0 mM NacCl fo SyHRY), 5% glycerol, 0.25% Triton X-
100 (Sigma-Aldrich, USA), 0.6 mM PMSF (phenylmethane sulfonyl fluoride,
Sigma-Aldrich, USA), and 50 mg/L DNase | (Sigma-Aldrich, USA). The
membrane fraction was obtained by ultracentrifugation at 100000g for 1 hour at
4°C and collecting the pellet. From the obtained membranes, the protein was
solubilized as follows. The membranes were resuspended in a buffer containing 50
mM NaH,PO, / Na;HPO, pH 7.5, 0.2 M NaCl (50 mM NaH,PO, / Na;,HPO, pH
7.5, 0 mM NaCl fo SyHRY), and 1% n-dodecyl B-D-maltoside (DDM) (Anatrace,
Affymetrix, USA) and stirred at 4 °C overnight. The non-solubilized fraction was
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separated by ultracentrifugation at 100000g for 1 hour at 4 ° C, and the supernatant
was applied to a Ni-NTA column (Qiagen, Germany).

Protein was eluted with a buffer containing 50 mM NaH,PO, / Na,HPO, pH
7.5, 0.2 M NaCl (50 mM NaH;PO4 / Na,HPO4 pH 7.5, 0.0 M NaCl fo SyHR"), 0.3
M imidazole, and 0.1% DDM. Then the size-exclusion chromatography on 24 mi
Superdex 200i column (GE Healthcare Life Sciences, USA) were performed with
the eluate. Buffer for SEC contained 50 mM NaH,PO, / Na,HPO, pH 7.5, 0.2 M
NaCl (50 mM NaH,PO, / Na,HPO, pH 7.5, 0.0 M NaCl fo SyHRY) and 0.05%
DDM. Protein fractions with the minimum absorption ratio A280/A525 were
selected for further analysis and crystallization, concentrated to 40 mg/ml and were

frozen for long-term storage.

2.1.3 Protein crystallization and crystal preparation

Protein was crystallized using in meso!?> method according to protocol
described in ref.3” with some modifications. Frozen protein samples were at
defrosted at ice bath. Later frozen samples were diluted to 20 mg/ml with buffer
containing 50 mM NaH,PO, / Na;,HPO, pH 7.5, 0.2 M NaCl (50 mM NaH,PQO, /
Na;HPO, pH 7.5, 0.0 M NaCl fo SyHRY). The cubic phase was obtained as
follows. Monoolein lipid (Nu-Chek Prep, Elysian, USA) was heated to 42 °C and
mixed with diluted protein in the ratio 3:2. Mixing of protein and lipid to obtain a
cubic phase was carried out using two syringes connected by a coupler (Hamilton,
USA)®. Then, using an NT8 crystallization robot (Formulatrix, USA), 100 nL of
mesophase was dispensed into each well of a 96-well glass from the LCP sandwich
plate set (Marienfeld, Germany) and the resulting drops were coated with 500 nL

of precipitant. The obtained plate was covered with a coverslip on top. Then the
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plates were incubated at 22 °C. Crystals grow to their maximum size within 2-3
months. Best crystals of red form of SyHR were grown at 1.6 M Ammonium
Phosphate pH 4.6 precipitant solution and the best crystals of SyHR" were obtained
in precipitant solution of 2.0 M Ammonium Sulfate, 0.1 M HEPES pH 7.0.

Crystals with the maximum size and the smoothest shape were harvested as
described at ref.}%4. Crystallization drop was opened and covered with the
following precipitant solution to avoid dehydratation: 1.6 M Ammonium
Phosphate pH 4.6, 10% v/v glycerol for SyHR and 2.0 M Ammonium Sulfate, 0.1
M HEPES pH 7.0, 15% v/v glycerol for SyHR". Then the crystals were harvested
using micromounts (MiTeGen, USA) and were flash-cooled in liquid nitrogen for

further X-ray or spectroscopic experiments.

2.1.4 Cryotrapping of active states and its spectroscopic characterization

Accumulation of active states in crystals and its spectroscopic
characterization was performed at icOS Lab located at ESRF!%. Crystals in
micromounts were placed under the cryostream with 100K temperature. First, the
spectrum of crystals in the ground state was measured using a QE65 Pro
spectrometer (Ocean Optics, USA). Active states have been accumulated with 532-
nm green laser (CNI Laser, Changchun, P.R. China). Power density of 7.5
mW/cm? was used.

The following protocol was used to obtain the O-state. A crystal installed in
a goniometer under a cryo stream at 100 K temperature was illuminated by a green
laser. After that, the cryo stream was blocked for 2 seconds to thaw the crystal.

After two seconds, the cryo stream returned, and then the laser was turned off.
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From the crystals obtained with the accumulated O-state, the spectrum was

recorded.

The K-state was obtained as follows. Crystal which was located at cryo
stream with 100 K temperature was illuminated with green laser for 1 minute. Such
illumination resulted in a stable accumulation of red-shifted intermediates in the

crystal. After illumination the spectrum was recorded from these crystals.

2.1.5 X-ray crystallography data collection

X-ray diffraction data from SyHR crystals was obtained at the P14 beamline
of PETRAIII synchrotron, DESY, Hamburg, Germany. Data collection was
performed at 100 K using EIGER 16 M detector (Dectris, Baden-Daettwil,
Switzerland). To obtain active states in the crystal, the protocol described in the

previous paragraph was used. The same green laser and power settings were used.

2.1.6 Data refinement and structure determintaion

The data were integrated using the XDS! software package, scaled and
combined with AIMLESS from the CCP4 suite!®. Initial phases was obtained
using molecular replacement method using MOLREP suite!®. Reference model
(ESR, PDB 4HYJ) for the molecular replacement was chosen with the RaptorX
Structure Prediction Server!®. The initial model was iteratively refined using
REFMAC5'° PHENIX and Coot!'*!12 The cavities were calculated using
HOLLOW?!3, Hydrophobic-hydrophilic boundaries of the membrane were
calculated using PPM server!4,
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3 Results

3.1 Expression and purification of SyHR protein

3.1.1 SyHR gene optimization.

Protein accession number of SyHR sequence (Protein accession no.
WP_009632765) was taken from the publication”. Then the sequence was E.coli
optimized and was supplemented with C-terminal 8-His tag. After this modified
sequence was commercially ordered and inserted into a pBKT7. This plasmid is

often used in our lab for microbial rhodopsin expression!t>116,

ColE1 origin
HC_determinant o

__Kan/neoR

pBKT7 SyHR TrHg

T7term e o 3004 bp
petT7term=t'Phi'predominantT7terminator
fseqT7term .- %
mwgT7term ..
stop
His8

. Aatll_Lhalf

SyHR Nael_Rhalf

Figure 3.1.1.1 Plasmid map of SyHR expression plasmid.
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3.1.2 Optimization of expression of SyHR

All tests of expression were performed using E.coli C41 strain. This strain is

often used in our laboratory to work with microbial rhodopsins'’!8, In order to

increase the protein yield, various expression induction options were tested. In all

variants, induction was carried out at ODggo Of the cells equal to 0.9. Two main

approaches were tested: induction for 4 hours at 37 © C and overnight expression at

20 ° C. Within these approaches, various expression medium formulations and

various expression induction additives were tested.

Number on sample

Composition of the

Expression Induction

expression medium Supplement
(In the same order were P PP
applied to the blot)
Expression 4 hours at 37 ° C
1 Culture medium (1% -
yeast extract + 1%
tryptone + 5% NPS +
0.1% Mg,SO4 + 0.1%
Kan) + 0.05%
glucose+0,5% glycerol
2 Culture medium + 0.05% 0.5 mM IPTG
glucose+0,5% glycerol
3 Culture medium + 0.05% 1 mM IPTG
glucose+0,5% glycerol
4 Culture medium + 0.05% 0.2mM IPTG

glucose + 0,5% glycerol +
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0.2% o-lactose

5 Culture medium + 0.05% 0.5 mM IPTG
glucose + 0,5% glycerol +
0.2% o-lactose

6 Culture medium + 0.05% 1 mM IPTG
glucose + 0,5% glycerol +
0.2% o-lactose

11 Culture medium + 0,5%
glycerol + 0.1% a-lactose

Expression overnight at 20 ° C

7 Culture medium + 0.05%
glucose + 0,5% glycerol +
0.1% a-lactose

8 Culture medium + 0.05%
glucose + 0,5% glycerol +
0.2% a-lactose

9 Culture medium + 0.05%
glucose + 0,5% glycerol +
0.02% o-lactose

10 Culture medium + 0.05% 1 mM IPTG
glucose + 0,5% glycerol

Table 3.1.2.1 Optimization of the expression protocol of SyHR

Expression efficiency was tested using a Western-blot. The amount of

expressed protein was estimated using Anti-HIS antibodies. The amount of
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expressed protein was determined in relative amount, that is, in terms of 1 gram of
cells in the test sample. The results obtained show that condition number 3 shows
the highest protein yield per 1 gram of cells (Fig. 3.1.2.1). Therefore, later,
precisely such expression conditions were used, namely: expression with the
following Culture medium: 1% yeast extract + 1% tryptone + 5% NPS + 0.1%
Mg,SO4 + 0.1% kanamicyn + 0.05% glucose + 0,5% glycerol and induction at
ODgoo = 0.9. Induction is performed using 1 mM IPTG and and expression is

carried out 4 hours after induction at 37 °© C.

Figure 3.1.2.1 Western-blot image of SyHR expression test. Condition with
number 3 showed the highest yield of the protein per 1 g of cells.
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For the expression of SyHR in chloride-free form the similar protocol of the
expression was used. To obtain protein in the chloride-free form, changes were

made at the protein purification stage and in subsequent stages.

3.1.3 Purification of SyHR

After expression, purification was carried out according to the standard
purification protocol for our laboratory for membrane proteins'®. The cells
containing the protein were lysed using a french press, the resulting membranes
were solubilized in DDM. The protein was then collected using Ni-NTA
chromatography and then purified using size-exclusion chromatography. For
chloride bound protein, the buffers described in the Methods section were used. In

addition to other components, these buffers contained 200 mM NacCl.

In order to purify the protein in chloride-free form, the exact same
purification protocol was used, however, NaCl was removed from all buffers. We

also made sure that HCI was not used to adjust the pH of other solutions.

As a result of purification with chloride, a pink protein was obtained, and
when purification without chloride - violet, therefore, in what follows we will call

the chloride-free form of the protein - SyHR".

In addition to the fact that different forms of protein had different colors,
they had a different profile of the column passage with Size exclusion
chromatography. The SEC tested standard protein isolation with 200 mM NacCl as

well as isolation without NaCl. In addition, we tested the protein without NaCl, to
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—— SyHR without Cl and S04, Superdex 200 column, sample 0.5 ml, absorbance at 550 nm
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Figure 3.1.3.1. Different SEC profiles of SyHR in presence of diffenrent ions.
(A) SEC plot of SyHR + 200 mM NacCl at 280, 400, and 550 nm. (B) SEC plot of
SyHR + 200 mM Na,SO, at 280, 400, and 550 nm. (C) SEC plot of SyHR without
chloride and sulphate at 280, 400, and 550 nm. Milliliters are plotted on the X-axis

For all three cases, the maximum protein yield from the column is observed
at 11.5 ml, which is approximately what, according to the experience of our
laboratory, approximately corresponds to the trimers of microbial rhodopsins on

this column.

For a protein with NaCl, the observed peak is the narrowest, which may

indicate that the protein is the most stable in NaCl out of these three conditions.

In the protein with Na,SO,, a peak at 10 ml is observed, which indicates the

aggregation of the protein in Na,SO,.

Finally, for protein without chloride and without sulfate, the peak appears to
be the widest. This may indicate a lower stability of the protein or that this protein
forms fewer trimers and more other forms, such as, for example, monomers or

multimers.

3.1.4 Spectral characterization of SyHR

To measure the effect of changing the absorption maximum depending on
chloride or sulfate, the absorption spectrum of the protein was measured using a
spectrophotometer in the presence of 200 mM NaCl or 200 mM Na,SO, (Fig.
1.3.4.1).
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1.2
—— SyHR NaCl, 536 nm

—— SyHR Na2504, 547 nm
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Wavelength, nm

Figure 1.3.4.1. Absorbance maximum of SyHR in presence of different ions.
Measurements were performed at pH 6.0. Maximum absorbance for NaCl-bound
SyHR was detected at 536 nm and for Na,SO,4-bound was detected at 547 nm.

It is known that the UV-Vis spectrum of SyHR is highly dependent on the
pH of the buffer™. At alcaline pH, one more shoulder appears in the spectrum near
400 nm wavelength (Fig. 3.1.4.1). It is supposed that this shift is caused by the

deprotonation of the Retinal Schiff base.
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Figure 1.3.4.2. Schematic representation of the change in the spectrum of
chloride-bound SyHR depending on the pH. With more alkaline pH, the peak
increases in the region of 400 nm, while with more acidic pH, the peak increases at
536 nm. Figure is adapted from™:.

Our goal was to establish the dependence of the spectrum on pH and sulfate
concentration for sulphate-bound form of the protein. For this, the spectra of the
protein were studied for different pH values at 100 mM Na,SO,, as well as spectra
at different concentrations of Na,SO, and pH 6.8 (Figure 1.3.4.3).
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Figure 1.3.4.3. Absorbance spectra of SyHR in presence of Na:SOs in different
pH and different concentrations of sulphate. (A) Series of spectra at titration pH
from 2.1 to 6.8. (B) Series of spectra at titration of concentration of Na,SO,4 from
100 mM to 1000 mM.
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These spectra showed that the spectra of the protein bound to sulfate are
highly pH dependent. As in the protein with chloride, at alkaline pH a peak appears
around 400 nm. In addition, the ratio of the peaks also depends on the
concentration of sulfate. The more sulfate, the more the ratio will move towards

the peak around 550 nm.

3.1.5 Protein crystallization

Obtained protein was crystallized using in meso crystallization method
according to protocol described in §2.2.4. For the initial crystallization of Cl-bound
SyHR commercial screens Cubic Phase | and Cubic Phase Il (Quigen, Germany
were used). As a result, the best crystals grew in a condition containing 1.6 M
Ammonium Phosphate pH 4.6. For crystallization of Cl-free SyHR, custom screens
were prepared based on Quigen Cubic Phase | and Cubic Phase Il, with the
following change. All conditions in which chloride was contained were prepared
without chloride. Best crystals for the Cl-free protein were grown at 2.0 M
Ammonium Sulfate, 0.1 M HEPES pH 7.0 precipitant solution. For both Cl-bond
and Cl-free SyHR crystals appeared after 1-2 weeks after crystallization and
reached their maximal size within 2-3 months. In accordance with the fact that the
absorption spectrum for protein Cl-bound and Cl-free is different, the crystals also
turned out to be of different colors. Crystals of Cl-bound protein had pink color,

whereas crystals of Cl-free protein were violet.
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Figure 3.1.5. Microscope image of SyHR crystals. (A) Red crystals of Cl-bound
SyHR. (B) Violet crystals of sulphate-bound SyHR.

An important point is that despite all attempts at crystallization, crystals of
Cl-free protein failed to obtain crystals under conditions not containing sulfate or
chloride. This may be due to the fact that the protein is less stable in the absence of
these ions and cannot form a crystal. This assumption is supported by SEC-profile
data showing the broadest protein profile without the presence of chloride or

sulfate.

3.1.6 Spectroscopy studies of crystals

The obtained protein crystals in Cl-bound form were pink, and in SO4-
bound they were violet. Obviously, the absorption spectrum of the protein in these
crystals was different. In order to understand how it differs, we measured the

absorption spectra of these crystals on the icOS protein crystal spectroscopy unit at
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ESRF (Grenoble). The data obtained confirmed the difference in the spectra of
these crystals (Fig. 3.1.6.1).

—— Cl-bound SyHR 5316
—— Sulphate-bound SyHR 558

I ' I ' I ' 1 ' 1 i 1 i | " |
350 400 450 500 550 600 650 700
Wavelength, nm

Figure 3.1.6.1. Spectra of red and violet SyHR crystals. Chloride-bound protein
has absorbtion maximum at 536 nm (black) and sulphate-bound SyHR has
maximum at 558 nm.

The spectra taken from the crystals show that the absorption maximum of
the crystals of sulfate-bound protein is red-shifted. The maximum is observed at
558 nm. In addition, since these crystals were obtained from pH 7.0, a small peak
at 420 nm is visible. The spectrum of Cl-bound protein crystals has a maximum at
536 nm, which is standard for Cl-bound SyHR. This spectrum has peak at 420 as
the crystals are obtained at pH 4.6.
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3.1.7 Cryotrapping of crystals and spectroscopic validation

High-quality red crystals of SyHR were used for the cryotrapping of the
intermediate states of the Cl-pumping mode. For that, we used an approach,
similar to our previous works®®, With violet crystals, due to their worse diffraction

quality, we were not successful in solving structure of active states.

We validated the cryotrapped intermediates using microspectrophotometry of the
SyHR in crystals at the icOS station of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France)'®,

The analysis of this structural data together with the previously reported data
on SyHR and other anion-pumping rhodopsins allowed us to provide a model of
the observed structural rearrangements to the O and K intermediates of the ClI -

pumping mode of the SyHR photocycle in solution.

First, we worked on cryotrapping of the late O intermediate state of the CI-
pumping mode of the SyHR photocycle. Since the O state is the dominant
intermediate of the photocycle, it could be accumulated upon continuous green
light illumination at room temperature. For the accumulation and trapping of the O
state, we applied the following procedure. When the crystal was in the cryostream,
we blocked the cryostream for 2 seconds while illuminating the crystals with a
532-nm laser. Then the cryobeam was returned. Microspectrophotometry indicated
appearance of the red-shifted state fraction corresponding to presence of the O-
state in the SyHR crystals after the procedure (Fig. 3.1.7.1, B).
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Figure 3.1.7.1. Changes in SyHR crystals spectra after cryotrapping. (A)

Spectral changes of 2 second illumination of crystals in room temperature (O -

state). (B) Spectral changes after illumination of SyHR crystals for 1 min at 100 K
with green laser (potential K-state).
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The following structural analysis indicated the absence of the CI- ions inside
the protomer in the corresponding fraction, which is expected for the O state of
SyHR. Therefore, the accumulated state was tentatively assigned to the O state of

the rhodopsin

Second, we aimed at accumulation and cryotrapping of the K state of the
SyHR photocycle in red crystals. It is known that in the K state the structural
rearrangements in all studied MRs are small; typically, only the retinal and a few
surrounding residues are slightly affected. Such rearrangements may occur at
cryogenic temperatures. For instance, in BR, the K state could be formed at 100
K120 In KR2, the K state was obtained at an even lower temperature of 77 K*2%, In
this work we accumulated trapped red-shifted state by illuminating SyHR crystals
with a laser at 532 nm for 1 minute at 100 K (Fig. 3.1.7.1, B). As it will be
described later in the manuscript, the structural analysis showed that the
rearrangements associated with the formation of the accumulated state only occur
in the retinal cofactor and two surrounding residues. Thus, taking into account the
low temperature of trapping, red-shift of the absorption maximum, and only local
corresponding structural changes in the SyHR molecule, we tentatively assigned

the accumulated state to the K state of the protein photocycle.

Importantly, in a test experiment, after the cryotrapping of both
intermediates, the crystals were heated up to room temperature without laser
illumination by blocking the cryostream for 2 seconds. This was done for the
additional validation of the reversibility of SyHR in crystals. Indeed, immediately
after defreezing the crystal contained a fraction of the proteins in the cryotrapped
intermediate, the latter relaxed fast to the ground state, as demonstrated by the
spectrophotometry (Fig. 3.1.7.2). This fact indicates that the observed red shifts of
the maximum absorption wavelengths in the cases of the cryotrapping of the K and
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O states are not associated with non-reversible changes in SyHR, such as, for

Instance, protein crystals dehydration.
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Figure 3.1.7.2. Relaxation of active states of SyHR after annealing. (A)

Relaxation of the O-state of the protein. (B) Relaxation of the potential K-state of

SyHR. Both spectra returned to the 536 nm absorbance maximum as it was before
the illumination.
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3.1.8 Structure determination

Using X-ray crystallography, 4 different structures of SyHR were obtained.
Red crystals without illumination were used to obtain the structure of Cl-bound

SyHR. Sulphate-bound or SyHRY structure was obtained using the violet crystals.

Using the same cryotrapping scheme that was used on icOS, we managed to
obtain two structures of the active state Cl-bound SyHR. These are the structures of

the O-state and the red-shifted early intermediate, presumably the K-state.

All crystals were of P 3 2 1 symmetry and contained one molecule of SyHR
in the asymmetric unit. Analysis of the crystal packing indicated that SyHR is in its

trimeric form in the crystals (Figure 3.1.8.1)

Figure 3.1.8.1. Crystal packing of SyHR in three projections.
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Structure of Cl-bound ground state of SyHR was solved at 1.57 A resolution,
structure of sulphate-bound form of SyHR was solved 2.0 A resolution. O-state

and potential K-state were solved at 1.6 and 1.7 resolution respectively (Table

3.1.8.1).

Data collection Ground Cl  |Ground SO, |K state O state
Space group P321 P321 P321 P321
Cell dimensions
61.98, 61.98,62.30, 62.30,61.99, 61.99,62.41, 62.41,
a, b, c (A) 109.83 110.14 109.82 110.08
o, B,y (°) 90, 90, 120 (90, 90, 120 90, 90, 120 |90, 90, 120
53.68-1.58 [48.45-1.91 148.23-1.70 [48.52-1.60
Resolution (A) (1.61-1.58) |[(1.94-1.91) |(1.73-1.70) |(1.64-1.60)
Anisotropic 1.54, 1.54,1.87, 1.87,1.67, 1.67,1.56, 1.56,
resolution limits (A) [1,62 1.89 1.70 1.71
352260 211230 294113 349218
No. of observations |(7541) (8597) (14721) (17878)
No. of uniquel33368 (1667)(19823 (992) [27378 (1379) (31399 (1572)
reflections
Rpim 0.059 (0.993)|0.081 (0.816) [0.101 (0.975) (0.065 (0.820)
/o1 8.0 (0.7) 7.5 (0.9) 5.5 (0.9) 7.0 (1.1)
CC1/2 99.8 (22.5) 1[99.7 (39.9) [99.6 (30.6) [99.9 (41.0)
Completeness 96.9 (72.8) 1[99.6 (92.3) [99.2(91.7) [93.8 (62.3)
spherical (%)
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Completeness 08.2(90.3) [99.6 (92.3) [99.2(91.7) [97.5(93.8)

anisotropic (%)

Multiplicity 10.6 (45) [10.7(87) [0.7(10.7) [11.1(11.4)

Wilson B-factor 17.56 22.36 18.76 22.21

Refinement statistics

Resolution (A) 19.95-1.58 [19.27-191 [19.95-1.70 [19.28-1.60

No. unique reflections{33331 19758 27263 31363
0.1716/0.202 [0.1943/0.2250|0.1849/0.221 (0.1946/0.2322

Rwork/Rfree 1 7

No. of atoms

Protein 1900 1922 1930 1888

Retinal 21 21 42 21

Cl 1 1 1 0

SO, 0 10 0 0

Water 126 75 126 121

Lipids 238 165 238 233

No. of TLS groups {4 0 0 4

B-factors (A?)

Protein 19.92 25.42 19.84 20.09

Retinal 13.99 20.52 15.00 15.72

Cl 14.61 18.68 15.86 -

SO, - 72.22 - -
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Water 34.15 34.43 33.42 33.22
Lipids 41.65 43.66 41.83 40.84
R.m.s.d.

Bong lengths (A) 0.012 0.015 0.006 0.007
Bond angles (°) 1.16 1.68 0.82 0.89
Ramachandran

statistics

Favoured (%) 99.09 99.09 99.09 98.63
Allowed (%) 0.91 0.91 0.91 1.37

Table 3.1.8.1. Data collection and refinement statistics for the 4 obtained
structures of SyHR

Each of these four structures will be described in details in the following parts §3.2

- §3.5.
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3.2 Structure of Cl-bound form in ground state

3.2.1 Overal structucture and retinal binding pocket

Using red crystals of SyHR the Cl-bound structure of the protein were
solved at 1.57 A resolution. The high-resolution structure reveals 126 protein-
associated water molecules, including 27 inside SyHR, and 20 lipid fragments
surrounding each protomer (Fig. 3.2.1.1). Residues 1-225 from the total 234 of the
SyHR molecule are resolved in the model. The SyHR protomer consists of 7
transmembrane o-helices (A-G) connected by three intracellular and three
extracellular loops like in other type | rhodopsins. The BC extracellular loop is 13

residues long and contains a -sheet formed by two B-strands.

Figure 3.2.1.1. Surface representation of SyHR trimer in membrane.
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As it was already mentioned, SyHR is organized into trimers in the crystals.
Similar trimers are known for many MRs, including archaeal H* and CI- pumps,
but also MrHR from the same clade of cyanobacterial anion-pumping rhodopsins.
Interprotomer contacts are formed via pairs of residues A46 - Y106 and Q57 -
W126 of the helices B with D and BC loop with helix E respectively (Fig. 3.2.1.2).

A
’?: cytoplasmic
'/Cz/-':> side
€ (\;’ \)
6 K
e e
C & &
= (/)

éo

extracellular
side

Q&%

Figure 3.2.1.2. General view of SyHR. (A) Two projections of SyHR monomer in
membrane. (B) Top view on SyHR trimer.

Opposite to the structures of all other CI- pumps, we have not identified any
Cl ions on the surface of SyHR.

A retinal chromophore is covalently bound to K205 and is in the all-trans
configuration in the ground state of SyHR. As in archaeal HRs, CI- ion is found in
the RSB region of SyHR in its ground state (Fig. 3.2.1.3).
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Figure 3.2.1.3. Structure of monomer of SyHR
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The chloride ion is coordinated by the T74 and S78 side chains of the
characteristic TSD motif and also one water molecule (w401). The water molecule
is further H-bonded to the RSB and D201. The distance between the RSB nitrogen
and the Cl ion is 3.8 A (Fig.3.2.1.4).

It should be noted that the retinal binding pocket of SyHR is very similar to
that of MrHR. The similar retinal environment is in line with the fact of the similar
maximum absorption wavelengths of the two proteins in their Cl-bound state (536
and 537 nm for SyHR and MrHR, respectively).

Figure 3.2.1.4. Structure of RSB region of SyHR.
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3.2.2 Structure of the ion release region of SyHR

The structure of SyHR in the ground state reveals two internal cavities at the
cytoplasmic half of the protein, which we named as intracellular cavity 1 (IC1) and
intracellular cavity 2 (1C2). The cavities are located in the region of H167 and are
separated by the side chain of this residue. The presence of H167 is characteristic
for only the clade of cyanobacterial anion-pumping rhodopsins. It is absent in both
archaeal HRs and eubacterial ClI- pumps. It is located in helix F and it is stabilized

in SYHR by the H-bonds with two water molecules (Fig.3.2.2.1).

The size of IC1 in SyHR is dictated by the conformation of the L170 side
chain, which adopts two alternative orientations. In one of them, L170 is pointed
towards the lipid bilayer, which results in the enlargement of ICL1. In this case, IC1
is filled with three water molecules. In the second conformation, the CD1 atom of
the L170 side chain is moved closer to the inside of the SyHR protomer. In this
configuration, there are only two water molecules in IC1. Water molecules are H-
bonded to each other and are stabilized by the side chains of W171 and H167 and
also by the carbonyl oxygen of S204. Interestingly, the analogous cavity to IC1 is
found also in MrHR. However, in MrHR it is smaller and is filled with only one
water molecule, which does not interact with the characteristic histidine residue of
the helix F (H166 in MrHR).
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Figure 3.2.2.1 Top view of H167 region.

IC2 is characteristic only for SyHR, but not for MrHR. This is due to the
presence of polar T137 in SyHR at the position of hydrophobic 1136 in MrHR.
Consequently, the IC2 is a relatively compact hydrophilic cavity filled by two
water molecules, coordinated by N104, T137, and H167 residues. In total, there are
five water molecules in the region of H167 in SyHR, compared to only one
molecule near H166 in MrHR.

Another feature of the cyanobacterial anion-pumping rhodopsins is the
presence of D85 in the helix C at the cytoplasmic side of the protein. This residue
Is part of the characteristic TSD motif. As mentioned above, it is an analog of the
proton donor D96 residue of BR. It should be noted that a corresponding aspartate
is absent in the archaeal HRs as well as in the eubacterial Cl- pumps. In SyHR, D85
Is stabilized by the H-bonds with N39. N39 is further stabilized by the H-bonds
with the water molecule w501 and S212. Water w501 is also connected with the
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carbonyl oxygen of K205, to which the retinal is attached. The area is surrounded
by a hydrophobic region formed by L35, L89, F208, 142, and L82 residues (Fig.
3.2.2.2.). A similar organization is found in MrHR; the only minor difference is

that in SyHR the S212 side chain occupies two alternative conformations.

Figure 3.2.2.2. Structure of D85 region.
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3.3 Structure of SO4-bound form in ground state

As it was mentioned earlier, we obtained not only red but also violet crystals
of SyHR. The precipitant solution in this case contained 2.0 M of SO4? and lacked
Cl" ions. Moreover, the protein used for crystallization was purified without CI-.
These crystals allowed us to solve the structure of the protein at 2.0 A resolution.
Since the concentration of SO4> in precipitant solution was much higher than its K4
value of SyHR for this type of ions™ (5.81 mM) and the maximum absorption
wavelength of the protein in violet crystals is similar to that reported for the SO4*-
bound form of SyHR in solution™ (556 nm), we assume that the determined
structure represents SyHR in the SO,%-bound form. However, a shoulder at 536 nm

indicated the presence of chloride.

Since it is known that SyHR has low Kq4 to CI" (0.112 mM), even after using
Cl-free solutions during protein purification and crystallization, we found that
approx. 25.5% of protein molecules within the violet crystal contain CI- ion bound
near the RSB. We suggest that it is due to the trace amounts of CI- in the high-
molarity salts used as precipitants for crystallization or co-purification of chloride
ions with SyHR. Nevertheless, the major fraction (74.5%) is Cl-free. This high
concentration of Cl-free molecules enabled to determine the structure of violet
SyHR (SyHRY) in the presence of sulfate.

SyHRY contains two SO4* ions on its surface. Both ions were found at the
cytoplasmic side of the protein (Fig. 3.3.1). The first ion is placed between the
helices D and E and interacts with the side chain of Q148 and the main chain
oxygen of Q144 of the helix E. It is also within 3.2 A from the K33 of the
neighbouring protomer. The second ion is 13 A away from the latter one and

strongly interacts with R146 and also with E150 of the helix E. Both ions are
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distant from the RSB (28 and 30 A, respectively). The positions of the SO4*-

coordinating residues are similar in the Cl-- and SO4*-bound structures of SyHR.

Figure 3.3.1. Coordination of sultphate ions between two SyHRv protomers.

Surprisingly, the structural data showed that there is no SO, ion close to the
RSB in SyHRY. This stands in contrast with the earlier spectroscopy study, where it
was proposed that SO4% occupies the same site as Cl- near T74 and S78 residues™.
The hypothesis was supported by the notable red shift (542 nm to 556 nm) of the
absorption peak with the addition of SO4% to the detergent-solubilized SyHR in the
absence of ClI. On the contrary, in the presence of Cl,, SOs* does not affect the
SYHR spectrum. Thus, our structure, together with the spectroscopy of SyHRY in
crystals leads to the conclusion that such red-shifted maximum absorption
wavelength is observed without SO,* binding near the RSB. We suggest that there
are long-distance interactions of the surface-bound SO,% ions with the RSB,

resulting in the red shift of the spectrum of SyHR. For instance, such interactions
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were recently demonstrated for a light-driven Na* pump KR2!%, In KR2, similar to
the SO42-bound form of SyHR, the transported substrate is not bound in the core of
the protomer in the ground state. Instead, in both rhodopsins, ions are located on
the protein surface, near the putative ion-release regions. Since there is no structure
of SyHR in the absence of both CI- and SO,*, the exact influence of the surface-

bound ions on this protein is not completely clear at the moment.

The RSB region is altered in the SO,2-bound form of SyHR compared to
that of the Cl-bound form. In general, the organization of RSB pocket is similar to
that of the anion-free blue form of NpHR®2. T74 is reoriented notably and moved
closer to the RSB, while the side chain of L49 is flipped outside of the protomer to
allow enough space for T74 (Fig. 3.3.2). As a result, the positions of residues 71-
78 of the helix C are also altered in SyHRY. Consequently, the side chain of R71 is
moved towards the extracellular space by 1 A. However, the latter has only a
minor effect on the positions of the surrounding water molecules and residues in

the extracellular basin.
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Figure 3.3.2. Organization of RSB region of SyHR".

Notably, the synchronous rearrangements of T74 and L49 (Fig. 3.3.2) are
similar to those observed in the light-driven sodium pump KR2. Indeed, the L74
and N112 residues of KR2, which are analogs of L49 and T74 of SyHR, are

reoriented in the same manner in course of photocycle upon Na* binding in the
core of the KR2 protomer!?®,
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3.4 Structure of O-state of Cl-bound SyHR

By applying mentioned protocol, we solved 1.6 A-resolution structure of the
O state of the SyHR photocycle. Crystallographic data analysis identified that the
major fraction of the protein molecules in the crystal are in the O state. Fo-F.
difference electron density maps showed the trace amount of the ground state,
insufficiently low for the proper fitting of this residual conformation (Fig. 3.4.1).
The state composition of the SyHR crystals after the cryotrapping procedure is also
supported by the microspectrophotometry experiments. Therefore, we fitted the

crystallographic data exclusively with the O state structure in the final model.

Figure 3.4.1. 2F.-F. densities for the O-state. Structure of ground state is shown
yellow. O-state is shown wheat.
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Major conformational changes in the structure of the O state, in comparison
to the ground state, are observed exclusively in the area around the RSB.
Interestingly, the O state structure of the RSB region is very similar to the SO,*-
bound form in the ground state. Namely, there is no chloride ion near the RSB.

Also, we observed the same flip of L49 and rearrangement of T74.

Figure 3.4.2. Organisation of the RSB region in the O-state.

The only major difference between the O state and the SO,%-bound form is
the position of R71, which is slightly shifted towards the extracellular side in the
O state structure. The change in the position of this residue led to rearrangement of
H-bonds and appearance of a new water molecule w419, not found in both the

ground-state and SO42-bound form. Thus, in the O state, R71 forms an H-bond
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with this water w419 instead of w403. In its turn, w419 is H-bonded to w403,
which is coordinated by T198 (Fig. 3.4.1).

3.5 Structure of the potential K-state.

Using the crystals of SyHR with the cryotrapped K state we solved the
structure of the protein at the 1.7 A resolution. 2F.,-F. electron density maps
showed that the major fraction of the proteins in the crystal remains in the ground
state of the Cl-bound form of SyHR. Thus, the small difference in the maximum of
the absorption spectrum between the ground and these active states is also
explained by the low population of this state during cryotrapping (Fig. 1.3.7.1).
The difference Fox-Focr electron density maps indicated the presence of the strong
signals above the level of 56 near the C12, C13, C19, and C20 atoms of the retinal
cofactor and also around its B-ionone ring as well as near the W75 and L82 side
chains. The analysis of the structural data indicated that the fraction of the active
state is around 35% in the crystal and the rest 65% is ground state. To build the

model more accurately, extrapolated electron density maps was used.

The data showed structural rearrangements in the retinal region of SyHR in
this active state. Surprisingly, the retinal cofactor is in very the unusual
configuration for microbial rhodopsins. The polyene chain of retinal is turned
upside down by 12-s-cis isomerization. In this case, the B-ionone ring is not

reversed due to 6-s-cis isomerization.

The C20 atom of the retinal is thus moved towards the L82 residue by 1.7 A,
which, in its turn, is reoriented to allow enough space for the cofactor

iIsomerization. At the same time, the C19 atom of the retinal is moved closer to the
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W75 residue. Consequently, the side chain of W75 is rotated by 10 degrees (Fig.
3.5.1). The B-ionone ring of the retinal is also shifted by almost 2A in this state.
The described structural rearrangements occur synchronously as indicated by the
simultaneous appearance of the strong signal at the difference electron density

maps near the retinal and W75 and L82 residues.

Figure 3.5.1. Changes in RSB region in a potential K-state. Ground-state is
shown as transparent.

The RSB is not displaced considerably in this state. The surrounding of the
RSB, such as water molecule w401, residues T74, and S78, as well as the CI- ion,

occupy the same positions as in the ground state of the SyHR photocycle.

Thus, the main change was the flip of the retinal polyene chain and the
change in the amino acid position caused by this flip. This conformation of retinal
has never been observed in microbial rhodopsins before. However, unusual

conformations of retinal, such as, for example, 11-cis, were also observed in
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halorhodopsins®. In addition, isomerization of 6-s-cis was also observed in
microbial rhodopsins!?®. Also, the retinal polyene chain twist was observed in

schizorodopsins!?,

Summing up, in this state there is a red shift in the spectrum, small structural
changes affecting mainly the retinal, as well as the unchanged position of the

chloride, its binding amino acids and the Schiff base.

Thus, the resulting state is an early state with a red shift. Based on this

information, it can be assumed that the resulting state is a K - state.

Under this assumption, we observe a disturbance of retinal occurring prior to
the 13-cis isomerization, since chloride and RSB are still in the same places as in
the ground in this state. Probably, further in the course of the photocycle, 13-cis

iIsomerization and changes in the position of the chloride will occur.

However, this information is only an assumption. It is possible that this state
IS not native, but only artifact associated with the low mobility of the protein in the

crystal at cryo-temperatures.

Further investigation of the position of the retinal in the K - state using, for
example, FTIR - spectroscopy can confirm or refute our hypothesis. Such research

would be a useful follow-up to research on this protein.
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3.6. Potential mechanism of the chloride pumping.

The structural data on the ground, K, and O functional states of the SyHR
photocycle presented here allowed us to propose the potential molecular
mechanism of chloride pumping by the protein. In general, the suggestion is that

the mechanism is similar to that proposed for archaeal HRs, such as NpHR®.

The retinal binding pocket and the RSB region are organized similarly in
SyHR and NpHR®. In both cases, chloride ion is coordinated by two residues,

serine and threonine, and one water molecule (Fig. 3.6.1).
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Figure 3.6.1. Comparison of active center of SyHR and NpHR. (A) Retinal
binding area of SyHR. (B) Retinal binding area of NpHR.
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Notably, the coordination of the chloride ion and water molecule w401 in
SYHR is tighter compared to NpHR. Indeed, the distance between chloride and the
closest water molecule is 3.0 and 3.3 A in SyHR and NpHR, respectively. Also, in
NpHR, this water molecule forms a weak 3.5 A H-bond with the RSB, whereas in
SyHR the corresponding distance is 2.6 A. These tighter hydrogen bonds explain
well why SyHR has a much higher affinity to chloride than NpHR and HsHR.
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Indeed, SyHR has a Kd of 0.112 mM, while NpHR only 2 mM and HsHR even 10
mM71%6.125 Notably, the presence of L49 in SyHR at the position of S81 in NpHR
also makes the region between the RSB and R71 less hydrated in cyanobacterial

rhodopsin.

Comparing the O structures of SyHR and NpHR, similarities are evident.
Structure of the O state of NpHR was obtained by (Koyama et al.)®®; unfortunately,
the coordinates corresponding to this state are not available in the Protein Data
Bank (PDB). However, there is a structure of the anion-free blue form of NpHR,
which resembles the structure of the O state of NpHR®2. Therefore, the structure of
the blue form of NpHR were used for the comparison of the structures of the O
states of SyHR and NpHR.

The main structural difference between the ground and anion-free form of
NpHR is the flip of T126. Thus, in the O state of NpHR, the sidechain of T126
occupies the original space of the chloride binding site. Also, a similar
reorientation of S81 is observed which corresponds to the L49 flip in SyHR (Fig.
3.6.2).
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Figure 3.6.2. Ground and O states of SyHR and NpHR. (A) Comparison of
ground form of SyHR (yellow) and O-state (wheat). (B) Comparison of ground
state of NpHE (green) and anion-free O-like state (pink).

Otherwise, the structure of the cytoplasmic and intracellular parts of the
proteins are mostly the same for the ion-bound and ion-free forms. The exceptions
are amino acids Y124 and G234 in NpHR. These residues undergo significant
rearrangements during the switch between the ion-bound and ion-free forms.

Interestingly, SyHR has a corresponing tyrosine (Y72), which remains in the

same place, exactly as T183, which corresponds to G234 in NpHR.

The remarkable similarity of the anion-free forms and the O states suggests
that these proteins have similar chloride pumping mechanisms, although they are
phylogenetically quite distant. The high affinity for chloride and the ability to
pump chloride against strong concentration gradients makes SyHR potentially a

good candidate for being a next-generation optogenetic tool.

According to the available experimental data and presented here high-
resolution structures of SyHR in different functional states we propose the
following key events to occur during the chloride transport by the protein. First,

upon absorption of the light photon, retinal become excited and passes from the
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all-trans to 6-s-cis and 12-s-cis configuration in the K state. This differs from other
MRs and likely means a unique primary photochemical reaction in SyHR.
However, the ability of MRs, including HRs, to maintain the retinal in unusual (11-
cis) configuration as a result of the red-light adaptation was described several times
in literature!?%, Also 6-s-cis configuration of retinal was already observed in the
microbial rhodopsins!®. It is important that for the further validation of our
hypothesis additional experiments are required. Nevertheless, the high resolution in
the K-state allows to position the retinal only in this way. Thus, the structural data

provide initial insights into the early-stage dynamics of SyHR.

This initial reconfiguration of the retinal does not affect the organization of
the RSB region and ClI- ion bound near the RSB. However, residues W75 and L82
of the retinal binding pocket are rearranged to avoid steric conflict with the
cofactor. We suppose that retinal transition occurs from 11-cis to 13-cis occurs
later in photocycle, because at this stage we do not observe any relocation of the
RSB.

Next, during the transitions of SyHR through the L-like and N-like states, the
Cl ion, originally bound in the RSB region, is released to the cytoplasm with the
formation of the O state. Our structural data together with the previous
spectroscopy studies of the mutant forms of SyHR allow us to suggest that the
release of the CI- occurs through the region of the H167 residue. A large cavity
near H167 might serve as part of the ion-release pathway. The mutation of the
corresponding histidine to alanine in homologous MrHR results in the dramatic
deceleration of the L and N states decay, associated with the ion release. At the
same time, the only alternative way for Cl release passes near the region of D85,

which is not conserved within the family. Moreover, the substitution of the
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aspartate D85 in MrHR corresponding to D85 in SyHR does not strongly affect the

photocycle of the protein.

We hypothesize that CI" is translocated within the protein upon the K-to-L
and the L-to-N state transitions in the same manner as it was shown for the NpHR.
We cannot exclude that CI- ion could also be transiently bound near H167. It
should be noted, that despite the absence of analogs of H167 in archaeal HRs, the
Cl- release pathway is formed transiently during their photocycle in the same
region of the protein as we suggest for SyHR. Indeed, according to the structure of
the N state of NpHR, chloride releasing way is formed near the cytoplasmic part of
helix F®. In NpHR, the appearance of the kink of helix F at the K215 residue
creates a water channel leading outside of the protein. K215 of NpHR corresponds
to L164 in SyHR, which is located close to H167. Therefore, the release channel in
NpHR is located in nearly the same area as the proposed anion release pathway in
SyHR. This fact highlights again the similarity of the anion pumping mechanisms

of archaeal and cyanobacterial HRs.

95



Figure 3.6.3. Schematic representation of chloride pumping process by SyHR
during photocycle.

Regarding the question of what steps of the photocycle correspond to the ion
release and uptake in cyanobacterial anion pumps, there is no definitive opinion in
the literature. Some researchers hypothesized that CI- release occurs upon the L-to-

N state transition, while the ion is uptaken with the rise of the O state. Others
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assume that ion release and uptake occur with the formation and the decay of the O
state, respectively’®™, The structure of the O state of the SyHR photocycle
presented here clearly supports the second idea. Our structural data show that in
the O state the retinal is isomerized back to the all-trans configuration, but the CI

ion is not yet bound in the region of the RSB.

The last step of the photocycle is therefore the uptake of the CI- through the
extracellular side of the protein to its original binding site near the RSB. We
suggest that the uptake occurs through the large polar concavity protruding from
the extracellular bulk in the region between helices A, B, G to the R71 residue as
identified in the structure of the protein. It is somewhat more difficult to specify
what amino acids are involved in chloride uptake. Information from site-specific
mutagenesis in MrHR suggests that E193 (E192 in MrHR) can play a role in
chloride uptake because its mutation to alanine significantly slows down the
turnover of the photocycle’. Finally, the binding of the ClI- to its original site in the
central part of the protein results in the SyHR returning to its initial ground state
(Fig. 3.6.1).
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3.7 Sulphate pumping and selectivity mechanism.

3.7.1. Structural insights into sulphate pumping mechanism

It is known that SyHR is capable of pumping sulfate ions in absence of
chloride. But the molecular mechanism of the sulfate pumping was completely
unknown. The obtained structure of the SO4%-bound form of SyHR reveals

interesting details about sulfate transport.

According to the presented structure of SO4% bound protein, there is no
sulfate inside the rhodopsin in its ground state, despite the crystals being grown
using (NH,).SO, as the precipitant at a concentration of 2 M. Moreover, given the
size of the active site of SyHR, it is unlikely that sulfate can fit in it in the ground
state. However, previous studies have identified a red shift in the absorption
spectrum of a protein upon the addition of sulfate to an ion-free protein solution.
We suggest that the spectral shift is a result of long-range interactions between the
central part of the protein near the retinal cofactor and sulfate ions bound at the two
sites at the surface of SyHR. Indeed, under sulfate bound conditions the absorption
peak of SyHR in violet crystals in the absence of Cl- is 556 nm, which corresponds

to the sulfate-bound, but not to the anion-free form of the protein in solution.
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Figure 3.7.1.1. Schematic representation of sulphate pumping by SyHR in

course of photocycle. Sulphate ion uptakes after the beginning of photocycle and
releases before the photocycle ends.

Thus, given our data, we assume that SyHR does not bind sulfate inside the
protein in the ground state. The ion enters the protein during the photocycle after
the photon absorption by the retinal cofactor (Fig. 3.7.1.1). Unfortunately, our data
Is not sufficient to say with certainty at what stage of the photocycle the binding
and translocation of sulfate occur. As soon as the ground state of SO4%-bound
form is very similar to the O state of Cl-bound SyHR, structures of the protein in

the intermediate states may differ between the SO4% and Cl- pumping modes of
SyHR.
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3.7.2 Sulphate selectivity mechanism

The high-resolution structure of SyHR and reported earlier structures of the
MrHR and its SO42-pumping mutant allows us to suggest the key determinants of

anion selectivity in cyanobacterial HRs.

We suggest that the unique ability of cyanobacterial HRs to pump sulfate is
due to the presence of a large cavity at the extracellular side of the protein, serving
as an ion uptake vestibule. Indeed, in SyHR, the cavity protrudes from the
extracellular space through the large pore in the protein to the R71 residue. In the
wild-type MrHR, which is incapable of pumping sulfate, the entrance of the pore is
dramatically smaller. In SyHR, we suppose that sulfate enters through a large
extracellular cavity and then passes through a channel going inside the protein past
the FG loop and more specifically T183. Through this channel, sulfate enters the
central part of the protein, where it reaches R71 and T198 and further binds near
T74 and S78 in the end of the photocycle. In MrHR, this entrance to the cavity is
much tighter and the transition from the cavity to the internal part of the channel is
hindered by the presence of bulky E182 instead of T183 in SyHR. It is known that
both E182T and E182A variants of MrHR are capable of pumping sulfate.
Interestingly, E182A mutant pumps sulfate even more efficiently than SyHR-like
E182T mutant. This suggests that the size of this amino acid is a determinant of
sulfate pumping in cyanobacterial HRs. It should be noted that E182 is
conservative and found in MrHR, NpHR, and HsHR, but only in SyHR it is
substituted by threonine (Fig. 3.7.2.1).
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HR [Halobacterium salinarum]

HR [Natronomonas pharaonis]

MrHR [Mastigocladopsis repens]

SyHR [Synechocystis sp. PCC 7509]
MrHR E182A [Mastigocladopsis repens]

Fig. 3.7.2.1. Sequence aligment of the FG loop of different halorhodsins.

Nevertheless, unlike SyHR, mutant forms of MrHR possess another possible
way for the sulfate to reach the internal part of the channel. Thus, double mutation
N63A/P118A opens a new way for sulfate located between the BC and DE loops.
This double mutant of MrHR pumps sulfate although comprising a bulky
negatively charged E183 residue. Interestingly, SyHR also has alanines in positions
corresponding to N63 and P118, but we have not found any additional channel in
SYHR in the region between BC and DE loops. In addition, the entire FG loop of
SyHR is very different from the corresponding loop of archaeal HRs and also from
that of MrHR.

Finally, SyHR and MrHR demonstrate some essential differences between
the cytoplasmic internal regions, close to H167, and the putative ion release
pathway. Namely, the cavities in SyHR are notably larger than those in MrHR,
which might also be a determinant of the effective translocation of a bulky divalent

anion through the cytoplasmic side specific for SyHR.
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Fig. 3.7.2.2. Possible entry for sulphate in SyHR and MrHR. The main putative
entrance to the cavity in SyHR (A) and MrHR (B).The second way for sulfate to
enter the protein, which is obstructed in SyHR (C) and opened in MrHR-

N63A/P118A (D).
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4. Conclusion

In this work, a comprehensive structural study of the SyHR cyanobacterial
anion pump was carried out. As part of the work, the following new scientific

results were obtained

1. Development of the protocol for large-scale expression of the SyHR protein in
chloride-bound and anion-free forms in E. coli cells in an amount sufficient for

crystallization.
2. Obtaining crystals of SyHR in chloride-bound and sulfate-bound forms.

3. Cryotrapping of the obtained crystals and spectral analysis of the resulting

intermediates.

4. Determination of the first three-dimensional structure of the SyHR protein with a
resolution of 1.57 A, which is a record value among microbial thodopsins pumping

anion.

5. Determination of the three-dimensional structure of SyHR in sulfate-bound form

with a resolution of 2.0 A.

6. Determination of the three-dimensional structure of the O-state of the chloride-
bound form of SyHR with a resolution of 1.6 A. This is the first structure of the

active state among cyanobacterial anion pumps.

7. Determination of the three-dimensional structure of the potential K - state with a

resolution of 1.7 A.
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The data obtained suggested a mechanism for pumping chloride by the
SyHR protein, and also gave structural insigths into unique sulphate pumping.
Since the data obtained indicate that the mechanism of chloride pumping is very
similar to that of archaeal rhodopsins. This fact suggests that SyHR may become a
more promising optogenetic tool than archaeal halorhodopsins, since it has a much
stronger affinity for chlorine in the active site and therefore can pump chloride
through a stronger negative chloride gradient. Studying SyHR as a potential tool

for optogenetics is a promising topic for future research.
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