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1 Introduction

1 Introduction

Channelrhodopsins (ChRs) are ion channels that have been shown to regulate
phototaxis of green algae (1,2). The functional unit comprises a retinal chromophore
embedded in Seven Transmembrane Helices (7TM). Up to now ChRs are the only light
gated ion channels found in nature. After the discovery in 2003 (3) it was soon
exploited as a tool to trigger nerve cell action potentials (4). A new field of research,
named optogenetics, was established. Pubmed lists about 500 published articles
related to optogenetics in 2015. A number that manifests the heavy interest in this
young research field. ChRs can be used to modulate and shape nerve cell activity in
order to understand neurological processes and counteract neurological
dysfunctions (4,5).

The 7TM architecture of ChRs is wide spread in nature. A diverse set of functionalities
is associated with the 7TM blueprint: In prokaryotes microbial rhodopsins are able to
pump protons (bacteriorhodopsin) and chloride (halorhodopsin) over the membrane.
Thus light energy is converted into an electrochemical gradient (6). Other microbial
rhodopsins control phototaxis of some halobacteria (sensory rhodopsin) (7,8). In
eukaryotes 7TM proteins are responsible for the reception of light both in
visualization (visual rhodopsin) and synchronization of the circadian rhythm
(melanopsin) (9). Additionally, the superfamily of G-Protein Coupled Receptors
(GPCRs) communicates the recognition of various stimuli in form of intracellular
signaling cascades. These processes are crucial for photo- and olfactory sensation,
but also for regulation of homeostasis and the modulation of neuronal functions (10).
Basic research yielding molecular mechanistic understanding of members of this
family will have implications for a broad range of research fields including
applications like rational design of GPCR ligands in drug discovery. Because ChRs
undergo a cyclic reaction triggered by light they can be used for a large set of different
biophysical techniques. Thereby they are ideal candidates to study the structure-

function relationship on molecular level.




1 Introduction

1.1 Channelrhodopsin 2

The best studied ChR originates from Chlamydomonas reinhardltii, a unicellular green
alga and plant model organism (3). In C. reinhardtii two ChR isoforms were found to
be located in the plasma membrane of the so-called “eyespot” equatorial to the
flagellar axis (Figure 1) (11). Below the plasma membrane carotenoid granula reflect
photons back on the photoreceptors. The eyespot rotates around the flagellar axis
which provides the propelling force for cell motility (Figure 1). This rotation leads to
a light-dependent modulation of the membrane potential by ChR2, which is enforced
by voltage gated cation channels. The modulation regulates the flagellar movement
(11). The native ChR isoforms consist of about 700 amino acids, half of which belong
to a hydrophilic domain that protrudes into the cytosol (3). The hydrophilic domain
has no role in ion channeling and is believed to bind the cytoskeleton to ensure
localization in the eyespot. Thus, in optogenetics and biophysics the first ~300-350
amino acids of the N-terminus of ChR2 are used. A low resolution structure of ChR2
shows it as a homodimer with helices C and D at the dimeric interface (12). In 2012
the X-ray crystal structure of the transmembrane part of a ChR was published. The
crystallized protein consists of the first five helices of ChR1 and the last two helices f

ChR2 from C. reinhardtii. Channelrhodopsin 1 and 2 are homodimeric protein

retinal
switch

Figure 1: Organization of the eyespot: The plasma membrane, featuring ChR-1, -2 and a voltage gated

cation channel (VGCC), is underlayed with several layers of carotenoid granula. Reproduced from (16).
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complexes in which the monomers are covalently connected by three and two

disulfide bridges (13), respectively.

1.1.1 The photocycle intermediates

The conductance of cations through the membrane, thus emergence of a
photocurrents results from a cyclic reaction initiated by light absorption. In order to
characterize the basic events that lead to channel opening, nanosecond LASER pulses
were employed to excite ChR and observe thermal relaxation (single turnover
conditions). Under continuous illumination a mixture of intermediate states
accumulate and the photocycle might branch to additional intermediates ((14) is
reviewing the biophysical perspective on single and multi turnover). Therefore,
although it is closer to “native” conditions, continuous illumination complicates the
interpretation of spectroscopic results. The reaction cycle discussed in the following
refers to single turnover conditions. It comprises four intermediates P1°%° — P48 which
were identified by the shift of the retinal UV/Vis absorption (15). These intermediates
reflect certain changes in the retinal binding pocket or retinal itself. Photocycle
intermediates are numbered by the order of their appearance and labeled with the
UV/Vis absorbance maximum (Figure 2). The retinal chromophore is bound to lysine
257 (K257) via a Schiff base (13). In the dark-adapted ground state ChR2 shows a
population of all-trans retinal of up to 100% (16-18) with only minor fractions of cis-
isomerized species. However, it was shown that the light induced all-trans to 13-cis
isomerization drives the photocycle (19).

After absorption of a photon all-trans retinal isomerizes to 13-cis retinal. The
absorption is red-shifted from 470 nm (ground state) to 500 nm in the first
intermediate, P1°°. Formation of P1°% takes place within picoseconds after the light
absorption. FTIR light-dark difference spectra show substantial band changes in the
amide | region, which are suggested to indicate changes in the hydration of the

protein backbone and/or some extent conformational changes (20).
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Figure 2: The photocycle (under single turnover conditions) of ChR2-WT summarizing the recent
findings of protonation events and helix hydration (18). The cycle starts from ground state, “ChR2".
After illumination, as indicated by the blue flash, the retinal isomerizes from all-trans (AT) to 13-cis
retinal. The time constants for the transitions from one intermediate to the other (arrows) are
demarced in the rectangles. Protonation events coinciding with certain transitions in the photocycle
480

are denoted by arrows in the same color as the transition. The dashed arrows of the transition to P4

indicate that only 25% of the protein population go along this reaction branch. Reproduced from (18).
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Subsequently, deprotonation of the retinal Schiff base gives rise to the blue-shifted
P2.3%% intermediate (t~10 ps). After deprotonation of the Schiff base difference bands
in the amide | region are observed (P2,3%° with t~60 ps). These differences were
assigned to the hydration of a—helices and suggested to correspond to pore
formation and channel opening (21). In a second phase helix hydration reaches a
maximum (t~2 ms), which was observed to coincide with the maximal conductance
in electrophysiological experiments. Furthermore, reprotonation of the retinal Schiff
base by aspartate 156 (D156) and the concomitant red-shift of the retinal absorption
was observed, which indicates the formation of P3°%°., With the decay of P3>3
(t~10 ms) the photocycle splits in two branches, both promoting the relaxation of 13-
cis retinal into all-trans (15). 75% decay directly from P3>3° to ground state. With a
probability of 25% back isomeration coincides with the deprotonation of glutamate
90 (E90) and gives rise to a comparatively stable intermediate P4*%°. The amplitude of
the amide | difference bands is similar to P3>3° thus indicating similar hydration

patterns (15). P4*8 is the most long lived state and decays with t~10s.

1.1.2 The Channel Activity - Electrophysiological Measurements

In optogenetics and electrophysiology continuous illumination is used to achieve
current densities with a sufficient ratio of signal to noise. Thus, the excitation light
can interfere with several intermediates or even induce multiple turnover. Under
continuous illumination as depicted in Figure 3 the photocurrents of wild-type ChR2
reach a maximum after a few ms (l,) and decrease in less than 100 ms to a steady
state level (lss) (“desensitization”). The current density of a downstream illumination
cycle depends on the duration of the irradiation break in between cycles. If the break
is shorter than ~15 s the current amplitude is smaller compared to the first cycle
(“light-adaption” (22,23)). Since P4*%° was spectroscopically shown to accumulate
under continuous illumination (24) and its lifetime is in the same range as the light-
adaption, it is discussed to be the desensitized state. The maximum turnover of 4 x

10% Na*/s at -60 mV (14) is in the same order of magnitude as in on-transporters like
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Figure 3: Scheme of a photocurrent measurement. The scheme is typical for an electrophysiological
measurement in voltage clamp mode at a negative holding potential. lllumination (blue bars on top)

give rise to a negative photocurrent (cation influx). Reproduced from (18).

e.g. ClC-ecl (25). ChR2 is not very selective and also channels protons (26). The
conductance is inversely proportional to the radii of passing ions, which indicates that
most of the hydration shell is stripped away by some selectivity filter (26). On the
basis of the conductance/ion radii relationship the diameter for this constriction was

estimated to be ~6.2 A (26).

1.1.3 Structural determinants of pore opening

The overall scaffold of ChR in the ground state is similar to bacteriorhodopsin with
the exception of helix A and B being tilted outwards (13). This allows for an
electronegative hydrophilic funnel between the helices A, B, C and G intruding
towards the Schiff base in the middle of the transmembrane region. Helix B features
a motif of seven polar residues that face towards helices C and G and account for the
electronegativity of the half-channel. Next to the Schiff base the pore is lined by the
side chain of glutamate 90 (E90), which is held in place by hydrogen bonding with
asparagine 258 (N258), jointly referred to as “central gate” (13). The so-called “inner
gate” is formed by tyrosine 70 (Y70), whose phenol ring blocks water influx and the
glutamates E82 and E83 with their respective hydrogen bonding partners histidine

134 (H134) and arginine 268 (R268) (27,28). The inner gate is located close to the
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cytoplasmic interface at the putative pore exit. In order to assure a minimum pore
diameter of 6.2 A (26) major conformational rearrangements are expected.

Slightly remote from the pore, cysteine 128 (C128) and aspartate 156 (D156) have
been shown to crucially influence the photocycle kinetics. Side directed mutagenesis
leads to a dramatic (up to 10* fold) slowdown in the decay of P;3%%/P3°3° and
prolonged photocurrents (29-32). For optogenetic purposes these mutations
increase the light sensitivity (32). Both residues have been shown to be hydrogen
bonded to each other and are referred to as “DC Gate” (30). The variant with C128
substituted by threonine (ChR2-C128T) has been shown to accumulate P3>3 under

continuous illumination (29,31). This substitution is frequently used to make the open

state of ChR2 more accessible and to study its characteristics (30,34,35).

inner gate

-

Figure 4: The funnel in ChR2: Hydrophilic pore (dark blue) in the ChR chimera structure (PDB: 3UG9)

The pore is located between helices A, B, C and G, as well as the assumed pore elongation after
channel opening (light blue). Inner and central gate refer to the constriction sites that prevent a

continous pore.
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1.2 The aims of this thesis

In recent years a lot of knowledge about ChR2 was established: The ground state
structure of a ChR variant was solved in high resolution. The role of several residues
was characterized by electrophysiological studies and specific dynamics of certain
residues (e.g. hydrogen bonding, protonation/deprotonation) were described by
FTIR. On this basis an increasing amount of in silico studies tries to model the
dynamics of ChR. For the design and evaluation of these models experimental data
of the structural dynamics during channel opening is of crucial relevance. In this thesis
cysteine variants for side directed spin labeling were engineered. As depicted in
Figure 5, spin-spin distance measurements were conducted in the closed and open

state to locate structural rearrangements.

Figure 5: Schematic depiction of the experimental approach in this thesis. Reproduced from (36).
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2 Material and Methods

2.1 Material

In times of a broad market of lab supplies and successful standardization of most
commonly used chemicals a comprehensive list of all chemicals used is redundant.
The same holds true for the basic lab equipment, where with the given parameter in
the following routines are easily transferable from one manufacturer to the other.

This section provides a list of rare or sensitive chemicals, buffers, media and sensitive

equipment.

2.1.1 Chemicals

Designation full name Supplier
BHI Difco Brain Heart Infusion Becton, Dickinson and
] ) ) Company, Sparks, Maryland,
BHI agar Difco Brain Heart Infusion agar
USA
) GLYCON Biochemicals,
DM n-Decyl-B-D-Maltopyranoside
Luckenwalde, Germany
. . ) Biotium, Hayward, California,
gelred GelRed™ nucleic acid gel stain
USA
(1-Oxyl-2,2,5,5-tetramethyl-A3- )
. Toronto Research Chemicals,
MTSL pyrroline-3-methyl)
) Toronto, Canada
Methanethiosulfonate
Protease cOmplete Protease Inhibitor .
o ] Roche, Mannheim, Germany
Inhibitor tablet  Cocktail Tablets
Restriction ) L Life Technologies GmbH,
FastDigest restriction enzymes
enzymes Darmstadt, Germany
) Carl Roth, Karlsruhe,
YNB Yeast Nitrogen Base

Germany
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2.1.2 Plasmids

Designation Organisms

Selectable marker

Manufacturer

pET28a E. coli Kanamycin Merck Millipore,
Billerica, Massachusetts,
USA
pPICIK E. coli Kanamycin Life Technologies GmbH,
P. pastoris G418 Darmstadt, Germany
2.1.3 Strains

Designation Genotype Selectable Manufacturer

marker

P. pastoris:

SMD1163 Ahis4 Apepd Aprbl Histidine Life Technologies

auxotroph GmbH, Darmstadt,
Germany

E. coli:

Top1l0 F- mcrA A( mrr- Life Technologies
hsdRMS-mcrBC) GmbH, Darmstadt,
®80/aczAM15 A Germany
lacX74 recAl
araD139 A(
araleu)7697 galU
galK rpsL (StrR)
endAl nupG

BL21- argU (AGA, AGG), Chloramphenicol Agilent

CodonPlus(DE3)-
RIL

ileY (AUA), leuW
(CUA)

Technologies GmbH
& Co. KG,
Waldbronn,
Germany

10
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2.1.4 Buffers

Name Ingredients

Buffer A 20 mM HEPES pH 7.4
100 mM NaCl

Buffer Ad 20 mM HEPES pH 7.4
100 mM NacCl
0.2% (m/v) DM

Buffer C 20 mM MES pH 6.0
100 mM NacCl

Buffer Cd 20 mM MES pH 6.0
100 mM NaCl

0.2% (m/v) DM

Breaking buffer

50 mM sodium phosphate pH 6.0
1 mM EDTA
5% (v/v) Glycerol

MSP buffer 40 mM Tris-HCL pH 8.0
300 mM NacCl

MSPe buffer 20 mM Tris-HCL pH 7.4
100 mM NacCl
0.5 mM EDTA

TAE 40 mM Tris acetate pH 8.0
0.05 M EDTA

TE 10 mM Tris pH 8.0

1 mM EDTA

11
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2.1.5 Media

Abbreviation

full name

Ingredients

BMGY

Buffered Glycerol-
complex Medium

1% (m/v) yeast extract

2% (m/v) peptone

added after autoclaving:

100 mM potassium phosphate pH 7.4
1.34% (m/v) yeast nitrogen base (YNB)
4 % 1075% (m/v) biotin

1% (v/v) glycerol

BMMY

Buffered Methanol-
complex Medium

1% (m/v) yeast extract

2% (m/v) peptone

added after autoclaving:

100 mM potassium phosphate pH 7.4
1.34% (m/v) yeast nitrogen base (YNB)
4 x 107°% (m/v) biotin

0.5% (v/v) methanol

BHI
BHI agar

Brain Heart Infusion
Brain Heart Infusion
agar

3.7% (w/v) BHI
5.2% (w/v) BHI agar

B

Terrific broth

1.2% (m/v) tryptone

2.4% (m/v) yeast extract

0.5% (v/v) glycerol

added after autoclaving:

89 mM potassium phosphate pH 7.4

MD

Minimal Dextrose

1.34% (m/v) yeast nitrogen base (YNB)
4 x 107°% (m/v) biotin
2% (m/v) glucose

MM

Minimal Methanol

1.34% (m/v) yeast nitrogen base (YNB)
4 % 10™5% (m/v) biotin
0.5% (v/v) methanol

YPD

Yeast extract Peptone
Dextrose

1% (m/v) yeast extract
2% (m/v) peptone
2% (m/v) glucose

Agar of the respective medium was prepared by adding 1.5% (w/v) agar.

12
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2.1.6 Equipment

Designation

Tradename, Manufacturer

Akta

Akta avant 25, GE Healthcare

Akta size exclusion
columns

HiLoad™ superdex 200 16/60 prep grade and superdex 200
10/300 GL, GE Healthcare

Cell Disrupter

Cell Disrupter TS Series, Constant Systems Ltd, Low March,
Daventry Northants, United Kingdom

Concentrator

10 kDa/50 kDa, amicon ultra, Millipore, Carrigtwohill,
Tullagreen, Ireland

Electroporator

MicroPulser™ Electroporator, Bio-Rad, Hercules, California,
USA

Miniprep kit

NucleoSpin® Plasmid, Macherey-Nagel, Diiren, Germany

10DG column

Econo-Pac® 10DG Column, Bio-Rad, Hercules, California,
USA

50 L-bioreactor

50 L CellMaker Regular, Cellexus

13



2 Material and Methods

2.2 Biochemical Methods

2.2.1 Pichia pastoris/pPIC9K expression system

The over expression of eukaryotic membrane proteins sets high demands on the
expression host. Eukaryotic proteins often need posttranslational modifications and
membrane proteins depend on machinery that enables the incorporation into the
membrane. These requirements exclude E. coli as an expression host in many cases.
Among the membrane protein structure entries in the Protein Data Bank, yeast cells
are the most common expression hosts (37) and remarkably P. pastoris is the most
often used yeast organism (38). A wide range of ion channels and GPCRs has been
successfully expressed in P. pastoris (38,39).

The P. pastoris expression system used in this work was adapted to ChR2 by Christian
Bamann and coworkers (25,40). It comprises the pPIC9k plasmid (Invitrogen)
together with the P. pastoris strain SMD1163 (Ahis4 Apep4 Aprbl). The lack of
proteinase activity in this strain (Proteinase A, pep4 and Proteinase B, prb1) helps to
avoid degradation of recombinant protein (41). The his4 gene encodes for a histidinol

dehydrogenase and the his4 deficiency turns SMD1163 into a histidine auxotrophic

Comments for pPICIK:
9276 nucleotides

5" AOX1 promoter fragment: bases 1-948
5" AOX1 primer site: bases 855-875
a-Factor secretion signal(s): bases 949-1218
a-Factor primer site: bases 1152-1172
Multiple Cloning Site: bases 1192-1241
3" AOX1 primer site: bases 1327-1347
3" AOX1 transcription

termination (TT): bases 1253-1586
HIS4 ORF: bases 4514-1980
Kanamycin resistance gene: bases 5743-4928
3" AOX1 fragment: bases 6122-6879
pBR322 origin: bases 7961-7288
Ampicillin resistance gene: bases 8966-8106

Figure 6: Vector map for pPIC9K. Reproduced from (42).
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strain, which enables to utilize the his4 gene as a selection marker on the pPIC9K
plasmid (Figure 6 (42,43)).

The pPICIK plasmid is a shuttle vector, featuring an E. coli origin of replication and
antibiotic resistance cassettes (ampicillin, kanamycin) making cloning in E. coli
possible. Since P. pastoris has no native plasmids the expression construct needs to
be integrated into the chromosome (44). Regions homologous to the P. pastoris
chromosome (his4, aox1) permit stable integration of the linearized plasmid into the
chromosome by homologous recombination. The kanamycin resistance cassette
confers a G418 (geneticin) resistance in P. pastoris. The multiple cloning sites are
located next to the S. cerevisiae alpha-mating factor signal sequence, fusing the gene
insert to this sequence. The alpha-mating factor signal sequence allows the secretion
of soluble proteins and was shown to increase expression of some membrane
proteins (45,46).

After digestion with Sall (Figure 6) the linearized plasmid is preferentially transplaced
in the his4 gene of the chromosome (see 2.2.1.2). The transplacement gives a
functional his4 gene and therefore an autotrophic strain. By plating on histidine
depleted minimal media agar plates it can be screened for successful transformants.
In several cases a correlation between gene dosage and the expression level was
observed (44). The probability for multiple insertions is about 1-10% (42).
Consequently a second selection screening for multicopy transplacements is done. In
this second selection round the G418 resistance is used.

The fusion construct is under the control of the AOX1 promoter. The aox1 gene codes
for the alcohol oxidase 1, which functions as the first enzyme in the methanol
metabolism, converting methanol to formaldehyde (47). The AOX1 promoter is

methanol induced and leads to high transcription.
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2.2.1.1 Mutation of the recombinant ChR2 DNA constructs

The ChR2 constructs used in this work originate from the wild-type sequence of the
transmembrane part of the ChR2 (chop 2 coding for aa residues 1-307 of GenBank
accession number AF461397) fused upstream of chop 2 to the alpha-mating factor
signal sequence and downstream to a coding sequence for a 10x His-tag by insertion

with EcoRI/Notl to the pPIC9K vector (Figure 7).

I ' — rﬂ
{ [
alpha Eactor ChR? aa 1307 10x His tag

ChR2wt_pPIC9k (900 to 2200 bps)

Figure 7: Gene map of ChR2 construct

From the wild-type construct 5 different constructs (C34A/C36A/C79A/C87A,
C34A/C36A/C259A, C34A/C36A, C179A/C183A/C259A, CA-C79/C208; see Table 4, p.
46) were incurred from R. Schlesinger having different sets of cysteines exchanged
by alanines.

From construct “C79/C208” other mutations for the cysteine-reduced variants were
derived by introducing mutations in single codons with the quikchange PCR approach.
The mutation Y196F and T159C were directly introduced to the “WT” construct. The
quikchange PCR amplifies the whole plasmid using completely or partially
complementary primer pairs with a mutated sequence of the template plasmid

(Table 1).
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1ul plasmid template (~100 ng/uL)
1.5 pL (each) forward and reverse primer (10 pM)

1L nucleotide triphosphate mix (dNTPs, 10 mM)
10 uL 5 times high fidelity Phusion buffer
2.5 uL DMSO
32 uL Milli-Q water
0.5 uL Phusion hot start DNA-polymerase
Cycling program
time T
45s 98°C
15s 98°C
18 times
60 s 60°C
repetitions
80s 72°C
5mins 72°C
forever 4°C

1 uL of Dpnl, a restriction enzyme which cuts only methylated DNA, was added to the
PCR product and incubated for 1 h at 37°C. In this step solely the parental template
DNA is digested, as it originates from E.coli methylating its own DNA. The digested
DNA was loaded on a 1% agarose gel in TAE-Buffer with gelred (1:10000 dilution). The
DNA band around 10 kb was excised and purified using a gel extraction kit. The
purified product DNA was transformed into E. coli Top10 cells by electroporation
(“EC2” program, 0.2 cm cuvette, 2.5kV, ~5ms) with subsequent selection on
ampicillin/kanamycin (amp/km) BHIl-agar plates. Small cultures (amp/km BHI-
medium) of single E. coli colonies were inoculated, harvested and plasmid purified
according to the instructions of the miniprep kit. Several plasmids from single cell
clones were digested with EcoRI/Notl and analyzed on an agarose gel confirming the
right size of the fragments. Plasmids matching the right size were sent for sequencing

to verify the successful mutation.
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Table 1: Primer used for quikchange mutagenesis (sequence from 5’ to 3’). Mutation depicts the

sequence position and the amino acid codon, which is introduced at this position.

Mutation Sequence Primer name
CCAAACATGGAAGTCAACCACTGGCTGGGAGGAGATC FPChR2_C79T
o7 GATCTCCTCCCAGCCAGTGGTTGACTTCCATGTTTGG GPChR2_C79T
295 CCAAACATGGAAGTCAACCTCTGGCTGGGAGGAGATC FPChR2_C79S
GATCTCCTCCCAGCCAGAGGTTGACTTCCATGTTTGG GPChR2_C79S
GCGGCTGGGAGGAGATCTATGTGTCTGCTATCGAGATGG  FP_C87S
875 GCGGCTGGGAGGAGATCTATGTGTCTGCTATCGAGATGG  GP_(C87S
CAGGCCACCGCGTCTGCTGGTTGCGTTACGCCGAG FP_ChR2E90C
20¢ CTCGGCGTAACGCAACCAGCAGACGCGGTGGCCTG GP_ChR2E90C
117¢ GTGGCTTCTCACCTGCCCGGTCATTCTC FP_C2_Q117C
GAGAATGACCGGGCAGGTGAGAAGCCAC GP_C2_Q117C
CCGAGTGGCTTCTCACCTCTCCGGTCATTCTCATTCACC FP ChR2 wtC128
128¢ GGTGAATGAGAATGACCGGAGAGGTGAGAAGCCACTCGG GP ChR2 wtC128
CACGCTGCCAAGGCCTGCATCGAGGGTTACC FP ChR2 C128S
1285 GGTAACCCTCGATGCAGGCCTTGGCAGCGTG GP ChR2 C128S
159¢C CACGCTGCCAAGGCCTTCATCGAGGGTTACC FPT159C_ChR2
GGTAACCCTCGATGAAGGCCTTGGCAGCGTG GPT159C_ChR2
159y GCCGAAGGGCCGGGCTCGCCAGGTGGTGAC FPT159Y_ChR2
GTCACCACCTGGCGAGCCCGGCCCTTCGGC GPT159Y_ChR2
GCCGAAGGGCCGGACTCGCCAGGTGGTGAC FP_C2_Y196C
196¢ GTCACCACCTGGCGAGTCCGGCCCTTCGGC GP_C2_Y196C
GCCGAAGGGCCGGTCTCGCCAGGTGGTGAC FP_C2_Y196F
196F GTCACCACCTGGCGAGACCGGCCCTTCGGC GP_C2_Y196F
CTATGTGTGCGCTATCTGCATGGTCAAGGTGATTCTCGAG  FP ChR2 C208
208¢ CTCGAGAATCACCTTGACCATGCAGATAGCGCACACATAG GP ChR2 C208
CTGCTTGTGTCTGATATTGGCTGCATTGTGTGGG FP ChR2 C208T
208T GGAAGTGGCGCCCCACACAATGCAGCCAATATCAGAC GP ChR2 C208T
2085 CTGCTTGTGTCTGATATTGGCTACATTGTGTGGG FP ChR2 C208S

GGAAGTGGCGCCCCACACAATGTAGCCAATATCAGAC

GP ChR2 C208S
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2.2.1.2 Transformation of Pichia pastoris with pPIC9k-ChR2 constructs
and selection of multicopy clones

The pPIC9k ChR2 plasmid was digested with Sall for at least 1h at 37°C:

24 uL pPIC9k (~100 ng/uL)
3uL Fast digest green buffer (10x)
3uL Sall (Fermentas)

The digested DNA was desalted and purified from the restriction enzyme by using a
miniprep kit. 120 uL AW-buffer (as supplied in the miniprep kit listed in 0, p. 13) were
added to the digestion mix, subsequently loaded on a mini prep column and washed
and eluted with 30 uL 10 times diluted TE buffer, following the manufacturer
instructions. To 40 pL electrocompetent P. pastoris cells 10 pL purified DNA was
added, incubated for 5 min on ice, transferred into a precooled electroporation
cuvette (2 mm) and electroporated using the “PIC” program (5kV, ~5 ms).
Immediately 1 mL cold 1 M sorbitol was added and the resuspended cells were plated
on a minimal medium agar plate (MD-agar). After 2-4 days of incubation at 30°C
single colonies were visible. The screen for multicopy insertions using the G418
resistance was done in two different ways:

The initial protocol in our research group envisaged the successive transfer of single
clones from the minimal media plate to nutrient medium agar plates (YPD-agar) with
increasing concentrations of G418 as described here (42). Single clones were streaked
from the MD-agar plates to YPD-agar plates with 0.1 to 0.2 mg/mL G418. After 1-2
days of incubation at 30°C these clones were streaked on two YPD-agar plates of
higher G418 concentration and incubated again as before. This routine was repeated
until growth of single colonies at a concentration of 4 mg/mL G418 was achieved.
The colonies on the MD-agar plate were resuspended (ODgpo™~0.2) in nutrient medium
(YPD) and incubated at 30°C for 1h under agitation. 100 pL of the cell suspension
were plated on YPD-agar plates with 0.5 mg/mL G418 and incubated for 3-4 days at
30°C. Single clones were streaked on an YPD-agar plate with 4 mg/mL G418.

The second way saves time and effort. It also allows screening hundreds of clones at

once, which is necessary in order to find a clone with the rare event of a multiple
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insertion. It is an adaption of the Invitrogen™ protocol (42) with the additional step
of a 1 hincubation at 30°C. This step was necessary to make the protocol work in our
hands. The Invitrogen™ protocol is not optimized for the SMD1163 strain, which is
known to be more G418 sensitive compared to not protease deficient strains (48).
The level of resistance is dependent on the cell density. For that reason the G418
screen can give false positive results. Additionally small differences in gene copy
number can lead to dramatic differences in the expression level (49). Thus, as the last
step of clone selection every clone needs to be checked for target protein expression.
Most of the ChR2 variants including the C128T mutation have an absorption
maximum at 480 nm and appear red. SMD1163 cells itself have a slightly beige color.
Therefore for these variants a ~10 mL expression culture is sufficient to check for red
appearance. Clones with variants featuring the wild-type C128 are yellow in color and
needed to be checked for expression levels by purification of a 3-5 L expression
culture, since we failed in establishing a western blot protocol relying in these
constructs only on the poly-HIS tag as epitope, because we had no specific antibody
available. For the detailed expression protocol see 2.2.1.3.

From clones, exhibiting the highest expression, the total DNA (including the genomic
DNA, gDNA) was extracted and the ChR2 genes were amplified by PCR and sent for
sequencing. Since usually several variants were prepared in parallel, sequencing of
the expression clone was done to exclude a mix-up of variants. The protocol for this
procedure was adapted from (50). 30 uL of a 24 h YPD culture were pelleted,
resuspended in 100 puL 0.2 M lithium acetate, 1% SDS and incubated for 5 min at 70°C.
After addition of 300 pL ethanol (p.a.), the suspension was briefly vortexed and
centrifuged for 3 min at 15000xg. The supernatant was discarded, 30 puL TE-buffer

were added and the tube was carefully agitated in order to dissolve pelleted gDNA.
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Thereafter a PCR was conducted:

1uL gDNA template
1 uL (each)  forward and reverse primer (10 pM)
1uL nucleotide triphosphate mix (dNTPs, 10 mM)
10 uL 5 times high fidelity Phusion buffer
2.5puL DMSO
33puL Milli-Q water
0.5 uL Phusion hot start DNA-polymerase
Cycling program
time T
45s 98°C
10s 98°C
35 times
60 s 65°C N
repetitions
30s 72°C
1 mins 72°C
forever 4°C

2.2.1.3 Expression of ChR2 in Pichia pastoris
The AOX1 promoter is repressed by glucose and induced by methanol. Accordingly to

get maximal induction cells from an YPD culture needed to be derepressed prior to

induction. Derepression was achieved by growth in a glucose free medium with

glycerol as carbon/energy source (BMGY).

Preculture:

0.5L BMGY medium in a 2.5 L baffled flask was inoculated with a ~50 mL YPD

preculture.
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Main culture:

The main culture of ChR2 was done on a small scale (<12 L) in flask culture (see 1.) or
on a larger scale in a 50 L-bioreactor (see 2.).

0.5 L BMMY medium supplemented with 1% methanol and 5 uM all-trans retinal in a
2.5 L baffled flask was inoculated in the morning with 50-100 mL of a fresh BMGY
preculture. Per flask 7.5 mL methanol supplemented with 1 mM all-trans retinal was
added in the evening, the next day in the morning and the evening and the following
day in the morning during the 48 h of fermentation at 30°C.

45L of a 1.1x concentrated BMMY supplemented with 1.1% methanol (final
concentration) and 5.5 uM all-trans retinal in the bioreactor were inoculated in the
morning with 5L of a fresh BMGY preculture. The initial ODsoo Was ~7. 0.5 mL
defoamer was added to prevent foam formation. Altogether 0.75L methanol
supplemented with 1 mM all-trans retinal was added during the 48 h of fermentation
at 30°C. The final ODsoo was ~40.

Cells were pelleted by centrifugation (6000xg, 10 min) and stored at -80°C.

2.2.1.4 ChR2 purification

The purpose of the purification is to isolate ChR2 proteins from the plasma

membranes of the yeast cells. Summarized this process comprises 4 steps:

2.2.1.4.1 Cell disruption

The cell and therefore the plasma membranes are fragmented. The frozen cell pellet
is thawed, breaking buffer is added and the cell suspension was passed through a cell
disruptor 4 times at 2.7 kbar. Passing the cell suspension at high pressure through a
small hole to the disruption of the membrane. Protease inhibitors (PMSF 20 pg/mL,
benzamidine 10 pug/mL and 1 protease inhibitor tablet/~100g cells) were added.
Intact cells and cell debris were pelleted (10 min, 5000xg), passed through the cell

disruptor 3-4 times and centrifuged as before.
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2.2.1.4.2 Collecting the membrane

The membrane fragments are separated from the soluble fractions. The soluble
fraction contains large quantities of protein, which are removed. The supernatant

from both centrifugation steps was subjected to ultracentrifugation (~4 h, 125000xg).

2.2.1.43 Protein solubilization

In order to isolate membrane proteins the lipids as membrane protein joining
elements has to be removed. The membrane and its accommodated proteins are
solubilized with the help of a detergent. The pelleted membrane fraction was
homogenized in buffer A (1 g membrane in 10 mL buffer A). 1% (w/v) DM and 2 M
urea were added and the suspension was stirred over night at 4°C. The suspension

was ultracentrifuged (1h, 125000xg).

2.2.1.4.4 Isolating ChR2 from other solubilized proteins

The solubilized ChR2 is isolated using liquid chromatography. At first in an affinity
chromatography step, the protein is bound via its C-terminal poly-histidine stretch to
a Ni?*-cation, which is immobilized on a solid matrix. By adding imidazole, a
competitive ligand of Ni?* in large excess, the protein can be eluted. By size exclusion
chromatography the ChR2 purity is further improved and imidazole is removed. The
affinity chromatography was in most cases performed on an Akta avant 25 system
(GE healthcare). The 60 mM imidazole were added to the supernatant and it was
loaded ~4 times on a Ni-NTA column. Unspecific bound protein was washed away
with 5 column volumes (cv) 60 mM imidazole in buffer Ad and 5 cv 120 mM imidazole
in buffer Ad.

The bound protein was eluted by a linear imidazole concentration gradient starting
from 120 mM to 500 mM over 10 cv using reverse flow. Thereafter the protein
solution was concentrated (50 kDa concentrator). Dependent on the purpose of the

protein it was subjected to a manual (10DG column) or Akta (GE healthcare, superdex
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200 10/300) automated size exclusion column using buffer Ad. The protein was

concentrated to typically 100-200 uM and shock frozen in liquid nitrogen.

2.2.2 Labeling

2.2.2.1 Spin labeling with MTSL

Initial PELDOR measurements were done with the solubilized protein. The labeling
procedure for the solubilized protein is described in this section. Later on the
measurements were done on nanodisc-reconstituted ChR2, the MTSL labeling for
these samples is part of the reconstitution and described in the next section 2.2.3.

To the solubilized protein in buffer Cd a 20 fold excess of MTSL over ChR2-cysteines
was added. The protein was incubated at 4°C with gentle agitation overnight.
Unbound MTSL was removed by washing in a concentrator using buffer Cd or by size
exclusion chromatography (manual 10DG column or on Akta with Superdex 200

10/300) using buffer Ad.

2.2.3 Nanodisc reconstitution

2.2.3.1 Expression and purification of MSP1D1in E. coli

The MSPs can be expressed recombinant in E. coli using the widely used pET system,
hence the gene is under control of the strong T7 promotor and the expression is
induced by IPTG. For further details on the pET expression system refer to (51).

The expression protocol was adopted from (52). 1L terrific broth (TB) medium
(50mg/L kanamycin) was inoculated with 40 mL of an overnight culture of E. coli RIL-
pET28a-MSP1D1 cells in dYT medium (50mg/L kanamycin) and incubated at 37°C,
250 rpm. After reaching of an ODgpo™~0.8 the expression was induced with 1 mM IPTG
and incubated at identical conditions for additional 4 h. The cells were collected by
centrifugation at 8000xg for 15 min and stored at -80°C.

The cells were resuspended in buffer MSPa with 1% (v/v) Triton-X100 and 1 mM

PMSF. The cells were lysed by sonification pulses in total 8 min with pauses in
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P w N

between to allow the cell suspension to equilibrate with the surrounding ice bath.
The lysate was cleared by centrifugation (20 min, 125000xg) and sterile filtration
(0.2 um). The cleared lysate was loaded 4 times on a Ni-NTA column (~5 mL per 1L
of cell culture) and a washing protocol applied of 4 cv of each following:

Buffer MSP + 1% (V/V) Triton-X100

Buffer MSP + 50 mM cholate

Buffer MSP

Buffer MSP + 50 mM imidazole

Finally, the protein was eluted applying a linear imidazole gradient starting from
50 mM to 300 mM over 10 cv using reverse flow. Thereafter the protein solution was
concentrated (10 kDa concentrator) and subjected to an Akta (GE healthcare,
Superdex 200 16/60) automated size exclusion column using buffer MSPe. The pure
protein (typically ~15 mg/L cell culture) was concentrated to 200 uM, shock frozen in

liquid nitrogen, lyophilized and stored at -80°C.

2.2.3.2 Reconstitution of ChR2 in DMPC nanodiscs
The protocol was adopted from (53). MSP1D1 (typically 200 uM), 50 mM/100 mM

DMPC/cholate and ChR2 (typically 100-200uM) were mixed in a molar ratio of 1 to
55 to 0.5. Cholate (200 mM) was added to adjust the end concentration to 20 mM.
All stock solutions added were prepared in buffer MSPe or buffer A. The mix was
incubated for 1 h at 25°C. Afterwards bio beads were added (0.5 to 1 g per mL
reconstitution mix), for spin-labeling MTSL was added (MTSL/cysteine = 20) and
incubated for 2 h at 25°C to remove the detergent. The protein solution was removed
from the bio beads using a cannula, concentrated if necessary (volumne<0.5 mL) and
centrifuged for 20 min at 21000xg to remove larger aggregates. The supernatant was
loaded on Akta automated size exclusion column (Superdex 200 10/300). A typical
chromatogram is shown in Figure 34. The peak around 11.4 mL was concentrated and

buffer exchanged if necessary.
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2.3 Biophysical Methods

2.3.1 Spectroscopic methods

Spectroscopy is the examination of the interaction between
electromagnetic irradiation and matter. Dependent on the
wavelength different energetic transition in molecules can be
excited (Figure 8). Ultraviolet/visible (UV/Vis), infrared and
electron paramagnetic (using microwave radiation)
spectroscopy were employed in this thesis and will be briefly

discussed in the following.

2.3.1.1 Optical spectroscopy

In a spectrometer a certain irradiation intensity lp is passed
through a sample and thereafter the intensity / is measured.
The common logarithm of the ratio of /o to / is defined as
absorbance A. A is proportional to the molar concentration ¢
of an absorbing compound. The relationship is given by the

Beer-Lambert law:

A=scd=1g (IT°> (1)

¢is the molar extinction coefficient at a certain radiation
energy and d the path length the irradiation has to pass

through the sample.

2.3.1.1.1 UV/Vis spectroscopy
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Reproduced from (54).

The UV/Vis region covers the wavelength from ~10 nm to ~800 nm. UV/Vis light

excites electronic transitions in the sample molecule. Typically in protein science

UV/Vis spectra are recorded down to ~250 nm. Below 200 nm atmospheric gases

start to absorb, which puts additional requirements on the experimental setup.

Organic molecules that have high £in the UV/Vis feature delocalized n—systems. The
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absorption maximum Amax of all four proteinogenic amino acids that are aromatic,
histidine (Amax=211 nm, &5700 M?*cm? (55)), tyrosine, phenylalanine and
tryptophan, are in the UV above 210 nm (Figure 9). Equation 1 allows to use
absorbance bands to estimate the concentration of molecules. This approach is
routinely used to determine protein concentrations by the absorption at 280 nm (like
in 3.4.1.3.1, p. 66ff). Here tryptophan has by far the largest ¢ but also tyrosine, the

cystine of disulfide bridges and to a small extent phenylalanine contribute.
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Figure 9: Absorption spectra of tryptophan (o), tyrosine (A), phenylalanine (o; spectrum multiplied by
10), and cystine (V) recorded in 10 mM phosphate buffer (pH 7.0). Reproduced from (55).

Especially photoactive proteins have chromophores, like retinal, that absorb visible
light. The ratio of protein (Amax=280 nm) and retinal (ground state ChR2-WT=
Amax=470 nm) absorbance serves as measure for the purity of a ChR2 protein sample.
The higher the ratio the smaller is the fraction of retinal reconstituted ChR2 protein
in the total protein. Consequently the ratio decreases with increasing purity.

The extinction coefficient, &, (band intensity) as well as the energy of the electronic
transition (band position) of retinal are tuned by the protein surrounding (in
particular the electrostatic environment). Therefore time-resolved measurements of

the UV/Vis absorption of retinal are used to trace the reaction kinetics of ChR2. In
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flash photolysis measurements ChR2 is excited by a 10 ns laser pulse and the thermal
relaxation via several quasi-stable intermediates is observed at a certain wavelength.
The experimental setup uses a monochromator for the probing light to separate
certain wavelengths from a polychromatic light source. In flash photolysis
experiments a second monochromator is used to separate the scattered excitation

light from the probing light.

23.1.1.2 FTIR difference spectroscopy

The infrared (IR) light spans the spectral region from ~0.8 um to ~1000 um.
Electromagnetic radiation of that frequency excites transitions between rotational
and vibrational states. In protein science typically the region from ~50 pum to ~2.5 um
(~200 cm™ to ~4000 cm?), called mid infrared, is investigated. In order absorb light
in the infrared spectral region, a molecule must possess vibrational modes that
induce an oscillating dipole moment. Thus only vibrations with a change in dipole
moment are excited in IR spectroscopy. This excludes the symmetrical stretching
vibration mode of CO; or the stretching vibration of N».

Fourier transform Infrared (FTIR) spectrometer are most commonly used for data
acquisition. Their measuring principle is different from the one used in a conventional
UV/Vis setup, as described above. FTIR spectrometer use polychromatic measuring
light in combination with an interferometer. A scheme of Michelson Interferometer
is shown in Figure 10. Polychromatic IR light is emitted by a source (S). Half of it is
reflected by the beam splitter (dashed line, BS) and travels the distance L to a static
mirror (M1). The other half is transmitted to a moving mirror (M2), which center of
movement is the distance L to the BS. During the measurements it is moved back and
forth by the distance x. When both beam halves are recombined at BS they traveled
the way 2L and 2(L+x), respectively. Thereafter recombined beam are passed through
the sample chamber (not shown) before the intensity / is measured at the detector
(D). The beam path difference x modulates the relative phase difference of the

recombined beam halves. The plot of the light intensity versus x is called
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interferogram. By a Fourier transform the different light frequency components are
resolved and can be plotted as a spectrum (intensity versus wavenumber).

A molecule with N atoms has 3N vibrational degrees of freedom. Accordingly large
molecules like proteins have very complex spectra with many overlapping bands. For
the investigation of protein function it is advantageous to record difference spectra,
which reflect the spectral differences between two states. Ip is recorded with dark-
equilibrated ChR2-WT (ground state) and / after applying a certain illumination
protocol (e.g. P4*80). Using Equation 1 gives the difference spectrum exhibiting
negative bands for ground state and positive bands for P44,

The band positions of a vibration mode is determined to large extent by the bonding
strength and mass of the bonding partners. Proteins have large absorption bands
arising from vibrational modes of their backbone, namely the amide group. Highly
sensitive to the secondary structure configuration and thus to the conformation is
the amide | band. It arises mainly from the C=0 stretching vibration with minor
contributions of out of phase C-N stretching, the CCN deformation and N-H in plane
bending. The absorption maximum is around 1650 cm™. The Conformational
sensitivity is a consequence of the crucial involvement of C=0 and N-H as hydrogen
bond acceptor and donor in secondary structure. The out of phase combination of N-

H bending and C-N stretching constitute for the main part the amide Il mode at
oM
L} |Bs
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Figure 10: Scheme of a Michelson Interferometer. Explanation see text. Reproduced from (56).
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~1550 cm™. To a minor degree also C-O in plane bending and the C-C/C-N stretching
vibrations contribute (57).

Also the amino acid side chains give characteristic bands. Reference (57) gives an
extensive overview. However, the position and intensity of certain sidechain groups
within proteins varies a lot, since the protein environment modulates their electron

density and polarization.

2.3.1.2 Resonance spectroscopy

2.3.1.2.1 EPR spectroscopy

In 1922 Otto Stern and Walther Gerlach performed an experiment shooting silver
atoms through an inhomogeneous magnetic field. The atom beam split under
influence of the magnetic field into two defined bands, thereby proving space
guantization of the magnetic momentum of silver atoms (25, 26). Later on, the origin
of this magnetic momentum was explained by an intrinsic angular momentum of the
electron which is called spin.

Electron paramagnetic resonance (EPR) spectroscopy investigates transitions
between the states of these electron spins. Since according to the Pauli principle, the
electron spin cancels out for paired electrons, electron spin transitions can only be
excited in atoms/molecules featuring an unpaired electron (i.e. paramagnetic
materials). In biology, unpaired electrons occur usually in d-metal complexes or
transiently in special organic cofactors, for instance in riboflavin derivatives.
Therefore most biological matter without these cofactors is EPR silent. From the end
of the 80s researchers started to introduce spin label to defined sites in proteins (site
directed spin labeling). Continuous wave (CW) EPR was used to measure label
mobility and water accessibility. Wayne Hubbell and coworkers used this to
distinguish between an a-helical- and a loop-region (58) in bacteriorhodopsin (BR).
The adaptation of pulsed EPR enabled researchers to measure spin-spin distances in

a range of 1.5 to 5 nm (59) In combination with site directed spin labeling these
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techniques provide information on local structure with less restrictions concerning
the protein size and homogeneity, when compared to NMR or X-ray crystallography.
In this work CW and pulsed EPR have been used in order to characterize structural

changes in ChR2.

The spin label

2,2,5,5-tetramethyl-pyrroline-1-oxyl methanethiosulfonate (MTSL or MTSSL, see
Figure 11) is most commonly used for SDSL. The unpaired electron located mainly at
the nitrogen atom is stabilized by the steric shielding of two methyl groups.

It binds highly specifically to thiol groups over a broad pH range. The small size and
flexibility of the label helps to avoid unwanted effects on the activity of proteins. As
a drawback of the flexible linker, MTSL can adopt different rotamers which can
complicate the interpretation of spin-spin distance changes with reference to

structural changes of the protein.

Figure 11: Spin labeling reaction of a cysteine with MTSL.
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Theoretical background

The following sections will give a brief introduction to EPR (60), in order to
understand the features of an MTSL spectrum and the methods used in this work

(54,61).

Zeeman Effect

The orientation of the electron spin and its associated magnetic momentum are
quantized. The total magnetic moment of an electron is a multiple of the Bohr
magneton, ug. For an electron with its spin S = %, there are two spin states,
characterized by the spin quantum numbers mg; = +1/2 (also called a-spins) and
mg = —1/2 (B-spins), which are degenerate unless an external magnetic field is
applied. This lifting of the degeneracy in a magnetic field is called the Zeeman Effect.
The resulting splitting of the energy levels of both spin states is given by the electron
Zeeman Hamiltonian ﬁz (see Figure 12).
H; = —gusS,Bo

with the strength of the external magnetic field B, and the g-factor characterizing
the orientation dependent proportionality between $ and By. One selection rules for
an EPR transitions is Ams= +1. Thus the energy difference between both spin states
AE is

AE = hv = gugB,

, Which is also the resonance condition, when AE = hv is inserted.

Hyperfine interaction

In formulas (2) and (3) we neglected the influence of neighboring spins on the
magnetic field. Having a closer look, the local magnetic field at the site of the
unpaired electron is influenced by surrounding magnetic moments, the hyperfine
field. A magnetic moment arises from the nuclear spin of the nucleus/nuclei close to
the electron. In case of the spin label used for SDSL the radical is in a m-hybridized
molecular orbital that is composed of the overlapping p;-orbital of the N and O atom

of the nitroxide radical. While 10 and the nearby *?C have the spin quantum number

32

(2)

(3)



2 Material and Methods

I=0, Nitrogen has I=1 and therefore 21 + 1 possible spin orientations determined by
the magnetic spin quantum numbers m;=+1, 0, -1. So considering Zeeman as well as
hyperfine splitting, which are typically the effects dominating the EPR spectra, we get
the following Hamiltonian:
Hysnr = _g/lBSAzBO"'aIAzSAZ

with a the hyperfine coupling constant and fz the spin operator of the nucleus. Taking
the nucleus’ three spin states into account, the hyperfine interaction causes the
splitting into three transitions for an electron coupling to a nitrogen nucleus as shown
in Figure 12. The splitting due to naturally occurring 3C or the even more distant
nuclei is too small to be resolved in a standard EPR spectrum. The hyperfine
interaction arises from two phenomena: The isotropic Fermi contact interaction and
the anisotropic dipole-dipole interaction. The Fermi contact interaction is a magnetic

interaction due to the fact that the electron has a nonzero probability of being at the

myp +1 0 -1

mz=+

E B,>0

a -1

0

+1

Zeeman effect Hyperfine structure D

= 1
mg = %3

£

Figure 12: Left: Energy diagram for the Zeeman effect and hyperfine structure for an atom with a
nucleus =1, like nitrogen. The splitting results in three transitions with different AE. Note: For clarity
the splitting by the hyperfine interaction is strongly exaggerated compared to the Zeeman effect at
typical field strength used in EPR. Right: MTSL spectra showing three resonance lines according to the
hyperfine interaction with the N nucleus. The spectra exhibiting the effect of different label mobility
from the free moving MTSL in A to frozen solution in D and intermediate mobility in B/C. The figure is

reproduced from (62).
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coordinate of the nucleus. The dipole-dipole interaction can be treated as the
interaction between point dipoles and depends on the geometry of the orbital the
electron is located in (e.g. the average interaction is zero for the spherical s-orbitals).
In the X-band the g-anisotropy is very small compared to the anisotropic part of the
hyperfine interaction. Thus mainly the latter gives rise to sensitivity towards a
rotational mobility of the label, as Figure 12 shows on the right side. At X-band
frequencies (9-10 GHz) label with rotational correlation times . smaller than ~0.1 ns
(fast motional limit) show an isotropic splitting (Figure 12, right, A), as the anisotropic
dipolar part of the coupling is averaged out. Slower motion leads to progressive line
broadening (Figure 12, right, B-C) until at ~100 ns the slow motion limit is reached

(Figure 12, right, D).

Interactions with other electron spins

Similar to the hyperfine interaction discussed above, an electron spin also couples
also to another electron spin. Analogous to the isotropic Fermi interaction between
an unpaired electron and a nucleus, for two unpaired electrons with significantly
overlapping orbitals the Heisenberg exchange interaction has to be taken into
account. The exchange interaction can be assumed in the context of protein to decay
exponentially and can be quantified from the line broadening in the spectrum for
distances up to ~1nm. For spin-spin distances >1.5nm it usually becomes
insignificantly small compared to the dipolar coupling and can be neglected.

In this work, due to the large spin-spin distances that were investigated, absorption
line splitting because of nearby electrons can be solely attributed to dipolar coupling.
The energy of a system with two electron spins A and B can be described by the

dipolar coupling Hamiltonian A,..

Hee = S\ADeeS\ =g_:rgAgBH123( 3

$a8p 3($‘Ar)(93r)) (5)
5
where .§A and S\B are the electron spin operators and D, the dipolar coupling tensor.
We can assume that the dipolar coupling is small compared to the Zeeman splitting
(high field approximation) and that the g matrices are only weakly anisotropic. Thus

the two spins are parallel and the expression above can be simplified.
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Hee = Ddip(l - SCOSZH)S\AS\B (6)
where 6 is the angle between the magnetic field axis and the spin-spin vector (see
Figure 13, left) and Dy;,, is the dipolar splitting constant,

—Uo 1 (7)
Dgip = EQAQBMZ; 3

with the isotropic g values of the two spins, g4 and gg, and the distance between
both spins r. Dgy;;, can be experimentally determined, as described in the next
section, and is used to determine r.

In case of a randomly distributed sample in frozen solution the superposition of
signals from spins with random orientation 6 leads to a band shape called a Pake
pattern (Figure 13, right). The symmetrical shape arises from the two different
possible B spin orientations (Figure 13, right: orange dotted line, points out one B
spin orientation). The most probable orientation of the spin-spin vector is
perpendicular to the field axis, therefore 8= 90° is most intense. From there the
probability decreases towards the least probable orientation parallel to the magnetic

field (8= 0°).

! 2“'196

Figure 13: Left: Scheme of the magnetization vectors of spin A (blue) and B (red) both aligned to B,. r
is the spin spin distance and the angle 8 characterizes the orientation of both spins with respect to
each other. Right: The splitting of the resonance line due to dipolar coupling of the two spins gives the

Pake pattern. Reproduced from (61).
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Pulsed EPR spectroscopy

Since the effect of dipolar coupling is typically too small to be read out by the line
width of an EPR spectrum, advanced pulsed EPR techniques that can extract the
dipolar from other couplings need to be applied. Looking closely at an electron spin
in an external magnetic field shows that the spin vector does not align parallel to the
field axis but with some tilt. In analogy to a spinning top with a tilted rotation axis
with respect to the gravitational field, the electron spin is precessing around the field
axis, usually defined as the z axis of the coordinate frame, (see Figure 14) with a
specific frequency, the Larmor frequency v; which is proportional to the local
magnetic field and the gyromagnetic ratio of the electron y,.

v = |VeBol
L 21
The electron spin population in a sample can be pictured to precess, each spin with

its respective v;, on two cones according to the a- and B-orientation. The energy
difference between both spin states is at the typical measuring conditions (X-band)
about 6x 10724 J, whereas the available thermal energy (kzT4Xx 10721 )) is three
orders of magnitude higher. The thermal energy allows transitions between both
orientations. The B-orientation is energetically more favorable and therefore a net

magnetization arises from the very small excess of spins in the B-orientation. After

/\B
S

Figure 14: Schematic depiction of an electron spin vector (black arrow) precessing (grey arrow)

around the magnetic field B (white arrow).
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changes of the external magnetic field the spin population will relax to the new
thermal equilibrium with the longitudinal relaxation time constant T;.

By applying an additional magnetic field oscillating with the Larmor frequency of the
electrons, the magnetization vector can be tilted from the z axis. In practical terms,
as the Larmor frequency is in the GHz range, the oscillating magnetic field is achieved
by irradiation with microwaves. The pulse duration and amplitude determines the tilt
angle of the magnetization. A pulse tilting the magnetization vector into the xy-plane
is called 90°- or ©/2-pulse. While a pulse turning the magnetization beyond the xy-
plane, so that it aligns again with the z-axis but with inverse directionality, is called
180°- or mt-pulse. After the pulse, the magnetization vector is again precessing in the
Larmor frequency around the z-axis. The tilted magnetization vector has a portion in
the xy-plane (transverse magnetization). Tracking the intensity of this transverse
magnetization at a fixed point in the xy-plane will give a signal oscillating with the
Larmor frequency. As a real pulse inverts spins with different Larmor frequencies due
to its spectral width, the precessing spins will get out of phase. The observed signal
is accordingly a dampened oscillation referred to as the free induction decay (FID).
The Fourier transform of the FID will give the Larmor frequencies of the spins and
thus the EPR spectrum. In practical terms, this approach is seldom possible, the
spectrometer’s dead-time after a microwave pulse makes recording the FID
impossible. The FID is thus typically observed after applying a pulse sequence called
Hahn-Echo. The sequence consists of one 1/2-pulse, which focuses the magnetization
in the xy-plane. The magnetization dephases for the duration of 11, is turned by 180°
with a p-pulse, refocuses and dephases again, yielding two back-to-back FIDs, the
electron spin echo. The decay of magnetization coinciding with the last step of
dephasing is measured. The Fourier transform of the FID will give the Larmor
frequencies of the spins and thus the EPR spectrum. As EPR spectra are usually too
broad to be excited by a single pulse, the spectrum is typically obtained by integration

of the echo at different field positions instead of Fourier transform.
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4-pulse electron double resonance

The pulse sequence of a 4-pulse electron double resonance (4pELDOR) experiment is
shown in Figure 15. The 4pELDOR experiment is conducted with two different
microwave pulse frequencies exciting two different populations of spins (blue:
probed spins; red: pumped (inverted) spins). If we ignore the second pulse frequency
(red), on the observer spin frequency (blue) a Hahn Echo is performed, thereafter the
spins are allowed for 1, to dephase and another & pulse is applied, leading to another
echo after t,. This pulse sequence gives two echos with different phase. The second
echo is decreased by all kinds of line broadening effects.

If we apply at another frequency a w-pulse inverting the other population of spins,
the Larmor frequency of the observer spin population will be altered according to
equation (8). Depending on t the dephasing and rephase during t; is not symmetrical
anymore and the second echo acquires a phase shift, compared to the sequence
without the second frequency pulse. As the spin magnetization is detected along the
orientation of the echo without the second frequency pulse, this results in a t
dependent modulation of the echo amplitude in the 4pELDOR. The frequency of this
modulation is solely dependent on the dipolar coupling between the electron spins.

To get from the dipolar coupling in the time domain to the frequency domain, Fourier

ol

- T, —»e T, T,

Y
i
o
Y

Figure 15: 4-pulse PELDOR sequence: Explanation see text. Reproduced from (61).

38



2 Material and Methods

Transform is used. The yielded dipolar coupling frequency is according to equation
(6) proportional to the third power of the spin-spin distance.

As depicted in Figure 16, the resulting distance distribution contains the targeted
intra-molecular distances, but also inter-molecular distances between proteins in
solution in solution. Different background models are applied to correct for these

long range dipolar couplings (63).

Figure 16: Schematic depiction of inter- and intra-molecular spin-spin distances. Reproduced from

(36).

2.3.1.3 Spin labeling efficiency

First, the labeling efficiency for wild type ChR2 was determined to probe the
accessibility of cysteines for MTSL label. Continuous wave EPR spectra of labeled
ChR2 at room temperature were recorded. A spectrum of MTSL label in solution was
normalized to the peak of free label in the ChR2 solution spectrum. The difference of
the ChR2 solution spectrum and the normalized MTSL spectrum is essentially the
spectrum of spin label bound to ChR2. The second integral of this spectrum related
to the second integral of a MTSL solution with known concentration yields the

concentration of bound MTSL in the sample.
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2.3.2 Electrophysiological measurements

The electrophysiological recordings were done by Franziska Schneider in the research
group of Peter Hegemann (Humboldt University, Berlin). For a detailed description of
the method and the measuring setup please refer to (64) and (65). Franziska
Schneider cloned the ChR2-C79/C128T and ChR2-C79/C128T/C208 gene constructs
(not humanized sequence) into the pmCherry-N1 vector and supplied the ChR2-
C128T construct (humanized sequence) in the same vector. After transfection the
Human Embryonic Kidney 293 (HEK) cells were cultivated for 2-3 days before the
measurements were conducted. With a micropipette a conductive connection is
established to the interior of the HEK cell. In voltage-clamp mode the voltage
between the interior of the cell versus an electrode in the external solution of the cell
is clamped to a given value while the current needed to maintain this value is
recorded. The current before illumination of the cell is set to 0. The difference to the
initial conductance after light excitation of the ChR2 in the plasma membrane of the
HEK cells is observed. In ms-time resolution the opening, desensitization and closing
of the channel is observed.

The measurements were conducted at pH 7.2 using the buffers in Table 2.

Table 2: Buffers used for the whole cell patch clamp measurements. The micropipette was filled with
“internal” buffer in a great excess to the HEK cell volume. Thus the internal buffer can be assumed to
be the liquid intracellular of the cell membrane, while the “external” buffer was surrounding immersed

the cells. The pH of both buffers was set to 7.2.

component (mM)

buffer Hepes EGTA NacCl KCl CacCl CsCly MgCl,
internal 10 10 110 1 1 2 2
external 10 - 140 1 1 2 2
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3 Results

3.1 Genetic engineering: Designing cysteine-reduced variants

In order to label side specifically the label accessible cysteines have to be removed.
ChR2-WT contains 9 cysteines. To estimate the amount of label accessible cysteines
the first spin labeling experiments were conducted with ChR2-WT. ChR2-WT was
labeled for 2 h and overnight at pH 6.0 and pH 7.4, respectively. The results are shown
in Table 3.

Table 3: ChR2-WT spin labeling efficiency (label/ChR2) using MTSL; “+” standard deviation determined
by error propagation using the errors of ChR2 and MTSL concentration measurements; labeling

conditions: 25°C, 20 fold excess MTSL to cysteines.

Incubation pH 6.0 pH7.4
2h 1.6+0.3 2.6+0.5
overnight 39+£1.0 5713

In the first 2 h of incubation around 2 cysteines per ChR2 and after incubation
overnight 4-6 cysteines were labeled. The labeling efficiency seems to be slightly
dependent on the pH, yielding higher label stoichiometry at higher pH. Since the
majority of cysteines seems to be label accessible, a cysteine free ChR2 gene (see
Table 4), in which all cysteines are replaced by alanines, was tested for expression (as
described in 2.2.1.4, p. 22ff). After the purification procedure, UV/Vis absorption
spectroscopy and SDS-gel electrophoresis indicated that the cysteine free variant
seems not to express. Therefore, in order to identify essential cysteines several
variants with different number of cysteines were tested for expression
(C34A/C36A/C79A/C87A to C79/C208, Table 4) and analyzed by FTIR (Figure 18) as
discussed later in this section. The most interesting variant is only featuring C79 and
C208 (C79/C208, Table 1) as both residues are, according to the chimera structure, at
the cytosolic side of helix B and F (Figure 17). EPR studies on bacteriorhodopsin and

sensory rhodopsin Il revealed a movement of helix F (66), therefore the distance
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between helix B and F is a promising labeling site to detect helix movements in
analogy to other microbial rhodopsins.

Unfortunately ChR2-C79/C208 did not express, as well as a variant in which C79, C128
and C208 remained (C79/C128/C208, Table 4). As it was known that C128T mutation
in otherwise wild type sequence gives robust expression levels and enables to
accumulate the open state (33,34), a variant was generated (C79/C128T/C208, Table
4) by substituting C128 by a threonine while retaining C79 and C208. This gave a
variant which showed about 5 times higher expression yields than the wild type. It
was previously (31,33) described that the substitution of C128 for a threonine slows
down channel closing by more than one order of magnitude and thereby enables to
accumulate an open state under continuous illumination.

In order to enable the investigation of other labeling sides the remaining cysteines

C79 and C208 were substituted. Replacing additionally C208 by an alanine reduced

extra

intra

Figure 17: The cysteine positions of ChR2 indicated by red circles in the sequence of our ChR2-WT
construct. C128 is marked with a yellow circle and K257, were the retinal is bound by a blue square.

The scheme was plotted using Protter (67).
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the expression to WT level. Replacing C79 by either serine or alanine abolished
expression of functional ChR2.

For the assessment of the general functionality of the cysteine-reduced variants
Figure 18A shows FTIR light-dark difference spectra in the region from 1800 to
1000 cm™. The spectra of ChR2-C128T, -C79/C128T and —C79/C128T/C208 are not
shown, they will be discussed in the context of additional data in 3.3.2 (p. 51ff) and
3.4.3 (p. 70ff). The large amide-I difference bands, indicating a helix hydration, have
been shown to persist from P23%° to P4 (9,19). Therefore the experimentally easy
accessible FTIR light-dark difference spectrum is in many cases a good measure for
an influence of mutations in ChR2. The spectra are scaled to the all-trans retinal
absorption band of ground state ChR2 at 1246 cm™. The difference spectra of ChR2-
C34A/C36A/C259A and —C34A/C36A/C79A/C87A closely resemble the one of ChR2-
WT, which first of all suggests that P4*° is also in these variants the long lived
intermediate, which dominates in the photostationary mixture. Both variants show
the large amide | difference band at 1663(-)/1648(+) cm™, consequently also
undergoing significant structural changes. While ChR2-WT and —C34A/C36A/C259A
are essentially identical, ChR2-C34A/C36A/C79A/C87A shows altered intensity for
the ethylenic stretch vibration of all-trans retinal in ground state at 1552(-) cm™. Also
a band at 1538(-) cm™ varies in intensity between the variants but have not been
assigned yet. Additionally in the region between 1000 and 1150 cm™ are some
positive bands increased in intensity compared to ChR2-WT (like 1139, 1089 and
1066 cm™). In this region C-O and C-C stretching vibrations and different hydrogen-
in-plane and hydrogen-out-of-plane vibration modes of retinal, tryptophan and
histidine are observed (57,68). In consequence the retinal environment of ChR2-
C34A/C36A/C79A/C87A in ground state and most likely in P4*8 is affected. Figure 18B
displays the region characteristic for S-H stretch vibrations. Therefore thiol vibrations
of cysteines can be observed. The light-dark difference spectra of ChR2-C128T and —
C79/C128T/C208 are shown as well. Please note that the spectra of these two
variants are dominated by P3°?° and consequently only negative bands originating

from ground state are directly comparable. In ChR2-C34A/C36A/C79A/C87A (Figure
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18B, orange trace) the band at 2557 cm™ seems to disappear. Due to the poor signal
to noise ratio it is not entirely clear if the band disappears or is smaller in intensity.
Since C34 and C36 are forming of inter-monomer disulfide bonds, respectively, they
cannot be involved in the S-H difference signals. Judged by the C1C2 crystal structure
C79 is exposed to the solvent. The extinction coefficient of cysteines in a polar
environment is very low (69). ChR2-C79/C128T/C208 (Figure 18B, violet trace) does
not show any difference signals, which is in line with the solvent accessibility of C79.
Therefore C87 is the most likely candidate constituting most of the intensity of the
positive band at 2557 cm™ in ChR2-WT. C87 is located in the middle of the
transmembrane region of helix B close to the Schiff base. The appearance or increase
in intensity of this band could be explained by a protonation of a C87 deprotonated
in ground state or by an increase of the extinction coefficient of the thiol group (e.g.
by dehydration). In ChR2-C34A/C36A/C259A (Figure 18B, red trace) the negative
band at 2568 cm™ is clearly reduced. The reduced intensity might also explain the
apparent shift of the band at 2557 cm™. C259 is located in the middle of the
transmembrane region of helix G, facing outward the protein on the opposite site
where lysine 257 binds retinal via the Schiff base. Since C259 is facing outward the
protein the environment might be rather nonpolar, helix G is upon illumination
moving inward, in consequence C259 might get more exposed to hydrophilic
residues. Such a scenario would explain the loss of absorbance intensity.

In conclusion C87 and C259 seem to give difference bands. For the unambiguous
assignment it would be necessary to engineer two variants featuring solely C87A and
C259A, respectively. If the assignment is verified these residues would be ideal
candidates to report on helix B and G dynamics. For the assignment of C128 an
illumination protocol for ChR2-C128T accumulating P4*% to get the comparison to the

other variants would be valuable.
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Figure 18: Light-induced FTIR difference spectra of several cysteine variants in comparison to ChR2-
WT. The spectra were recorded under photostationary conditions (ChR2-WT, -C34A/C36A/C259A and
-C34A/C36A/C79A/C87A at 25°C, pH 7.4, 456 nm illumination; ChR2-C128T and —C79/C128T/C208 at

5°C, pH 6.0, 420 nm illumination) and scaled to the all-trans retinal band at 1246 cm™.
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Table 4: Cysteine mutants tested for expression: left coulmn (AA#) gives the amino acid numbering
for the cysteines in the ChR2 sequence. Each row reflects a mutant tested for expression. The DNA
constructs provided by R. Schlesinger are underlined. The right column indicates expression yields: A

no expression, numbers give the mg of ChR2 per L of cell culture. The “+” for the yield of ChR2-

C79/C1285/C208 refers to the intense red color of a small scale expression, that was not quantified by

purification.

AA# 34 36 79 87 128 179|183 208 259 | Yield
WT ~0.3
C128T ~4.8
C34A/C36A/C79A/C87A ~0.1
C34A/C36A/C259A 0.2-0.6
C34A/C36A 0.4
C179A/C183A/C259A -
C79/C208 -
C79/C128/C208 -
C79/C128T/C208 ~1.5
C208 -
C79/C128T 0.3
C128T ~4.8
$79/C128T/C208 -
C79/C1285/C208 +
C128/C208 -
C79/C128 ;
C128 -
cysless -
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3.2 Ion conductance of the cysteine-reduced variants

Electrophysiology gives a direct read-out of the channel function. The light
dependent conductance of ChR2 can be directly observed and characterized in terms
of kinetics and amplitude. The measurement was done with Human Embryonic
Kidney 293 (HEK) cells in whole cell recording at voltage clamp mode. Typical traces
are displayed in Figure 19. During the measurement of photocurrents the potential
over the membrane is set to -60 mV. The flux of cations into the cell is measured as
negative currents in this patch clamp setup. In the first ms after the onset of
illumination the currents peaks down (ton, Figure 19 left, Table 5) to a transient
current minimum (lp, Figure 19), which means maximal influx of cations. Ton
characterizes the opening of the channel. The cysteine-reduced variants C79/C128T
and C79/C128T/C208 seem to open slightly faster compared to C128T. I, quantifies
the current amplitude. The amplitude of the recording depends, beside the
conductance of the channel itself, also on the expression level and the size of the
individual cell. Therefore, as Imin tends to have a high variability, a high sample

number has to be collected in order to gain significant values. Figure 20 visualizes the

.‘1 100 p/—\{

Tl‘.::ll'l

—C79/C128T
——C79/C128T/C208
—C128T
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Figure 19: Photocurrents in HEK cells (whole cell recording). The left side shows on the short timescale
the onset of the photocurrent (Ton), While the right side shows on the long stimescale desensitization

(Tdes1, Tdes2) and channel closing (Toff). Holding potential -60 mV, illumination with 450 nm for 20 s,

pH 7.2.
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mean of I, from individual cells and the according standard error. ChR2-
C79/C128T/C208 shows about twice the conductance of ChR2-C128T.

I, of ChR2-C79/C128T has because of the low sample number a large standard error,
but the I, seems to be rather in the range of ChR2-C79/C128T/C208 than of ChR2-
C128T. Compared to ChR2-C128T both cysteine-reduced variants show higher

Table 5: Time constants of the photocurrents in HEK cells (whole cell recording). Time constants for
current increase after illumination onset, ton, the biphasic current decrease during illumination
(desensitization), Tdes and the decrease after stopping illumination, Tofr, as indicated in Figure 19. The
data are means with standard error (), the number of samples (individual cells) is given in brackets.

Conditions as described in Figure 19.

ChR2- Ton (MS) Tdes1 (S) Tdes2 (S) Tof (S)
3.83+0.22 0.71+£0.11; 11.6+1,1;82%
C79/C128T 3.70 (1)
(3) 18% (2)
3.90+0.23 0.60 £0.10; 22.2£3,3; 85% 3.40+0.27
C79/C128T/C208
(12) 15% (2) (2)
5.96 £ 0.29 0.95 +£0.14; 22.0+£0.9; 81% 1.68 £0.08
C128T

(5) 19% (2) (3)

-—d C128T (5)

-700 -600 -500 -400 -300 -200 -100 0
I, (PA)

Figure 20: Amplitude (I, see Figure 19) of the photocurrents in HEK cells. The data are means with
standard error (error bars), the number of samples (individual cells) is given in brackets. Conditions as

described in Figure 19.
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photocurrents. It remains unclear if the increased photocurrents are due to higher
conductance of the channels or to higher expression in HEK cells. Since slightly
different constructs were used (ChR2-C128T has a humanized codon set, ChR2-
C79/C128T and ChR2-C79/C128T/C208) have the C. reinhardtii codon set), it could be
attributed also to these differences apart of the differences in protein sequence.
After reaching |, the current increases already during illumination. This process is
called desensitization. The decay is biphasic for all three variants (tges1 and Tges2, Table
5). On the long timescale we experienced frequently baseline instabilities thus only a
small subset of the measured traces could be used. Accordingly the standard error
might be underestimated using such a small sample set. For all three variants the first
phase has a similar time constant and has a smaller amplitude than the second phase
(tdes1, Table 5). The second phase seems to be about two times slower for the
ChR2-C128T and ChR2-C79/C128T/C208 variants (~22s) compared to ChR2-
C79/C128T (~125s).

After stopping illumination the channel closes and the current goes back to the initial
level with the time constant Tosr. The To is slightly slower for the ChR2-C79/C128T and
ChR2-C79/C128T/C208 variants compared to ChR2-C128T.
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3.3 Cysteine-reduced variants in detergent environment

The protein purification includes solubilization in DM (see 2.2.1.4, p. 22ff). The ChR2

samples used in this section are in a DM micelle environment (Figure 21).

Figure 21: Left: Structure of Decyl-B-D-maltopyranoside (DM): The hydrophilic headgroup (pink), a
glucose disaccharide (maltose), is bound via an ether linkage to the hydrophobic tail (blue) of a 10
carbon alkane chain; Right: Schematic representation of a membrane protein in a detergent micelle
(reproduced from (70)). The hydrophobic parts of the protein are shielded by the hydrophobic

detergent tails (blue), while the hydrophilic headgroups (pink) are at the water/micelle interface.

3.3.1 Photostability

First trials to characterize the photocycle of ChR2-C79/C128T/C208 showed that after
continuous illumination a large fraction does not recover ground state but forms a
photoproduct with an absorption maximum around 380 nm (Figure 22). Similar
observation were made with ChR2-C79/C128T (71). The photoproduct at 380 nm
does not recover ground state. The fraction of the 380 nm photoproduct after
illumination and the recovery of ground state depends on the pH. At lower pH a larger
fraction of ChR2 recovers the ground state. Therefore the following measurements
were performed at pH 6.0.

During purification, sample preparation and measurement great care has to be spent

to avoid illumination of the protein in order to yield high amounts of active ChR2.
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Figure 22: ChR2-C79/C128T/C208 UV/vis absorbance spectra at different pH, before and after 1 min (pH
7.4 and 7.9) and 2.5 min illumination (pH 5.6) with 456 nm at 27°C.

3.3.2 Accumulation of the open channel (P3530)

Continues illumination leads in the ChR2-C128T variant to the accumulation of P3>3
(31,33), which was assigned to be a conductive state in WT ChR2 (31). In the following
the time course of the spectral changes during and after illumination are studied.
UV/Vis spectroscopy was used to study the kinetics of the relaxation process after
P339 accumulation. Identical conditions were used as for the freeze quenching of the
PELDOR samples (including 50% (V/V) glycerol). In the UV/Vis setup the spectral
changes during illumination could not be resolved because of perturbing scattered
excitation light. The FTIR difference spectra characterize the P3>3C intermediate of the
cysteine-reduced variants and the influence of spin label as already published (72)
(the FTIR part will be partly cited from this publication). The measurements were
performed at 5°C, at pH 6.0 and at an excitation wavelength of 456 nm.

Figure 23A shows the ChR2-C79/C128T/C208 retinal UV/Vis band before (dotted line)
and after illumination (solid lines). 12 s after illumination (Figure 23B) the main
feature is a Gaussian shaped peak with a maximum at 490 nm, indicating the

predominance of P3°3C. Figure 23C shows the time course of the absorbance
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differences at 390 nm (blue, P23%°), 480 nm (black, Ground state) and 520 nm (red,
P3°3%) with respect to the absorbance before illumination. All three kinetics are well
described by two timeconstants as a global fit reveals (Table 6). The fine-structured
P,3>3 is clearly visible in the first spectra after stopping illumination (Figure 23 B,
maxima at 356 and 377 nm). P3>3 was characterized ChR2-C128T at RT to have a
100 s (33). Consequently at 390 nm the decrease of absorption with t1~80 s can be
most likely be assigned to the decay of P23°°. 520 nm shows the monoexponential
decay (t2~38 min) of P3°3%, At 480 nm the recovery of P4*® or ground state from P,3%
(t1~80 s) and P339 (1,~38 min) is observed as two phases of absorption increase. P4*8°
or ground state have in ChR2-C128T similar absorption patterns (31) and are in this
measurement indistinguishable. At 390 nm the absorption increases with t2~38 min
beyond the initial absorption level, indicating the formation of another photoproduct
(as already observed in 3.3.1), which forms after the decay of P3>3° with absorption
at 390 nm. Also 21 h after illumination the absorption is still increased at 390 nm,
520 nm and decreased at 480 nm. Therefore the photocycle seems to branch into an
irreversible reaction leading to a photoproduct with absorption at 390 nm.
Frequently for these “bleached” samples a baseline upshift was observed, which is
typical for light scattered by larger aggregates. Thus indicating that the bleached
protein might aggregate. About 87% of ground state absorption are here recovered
at 5°C, which is far more compared to illumination at 27°C (Figure 22). The decay of

P3>3% is slow enough (t2~38 min) to allow efficient freeze quenching.
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Figure 23: ChR2-C79/C128T/C208 UV/vis absorbance spectra: Relaxation after 3 min of illumination
(end of illumination t=0 s); A: Spectra recorded before illumination (dotted line) and after 12 sto 21 h
(solid lines, see legend for color coding) after illumination; B: Spectrum 12 s after illumination, P3>3 is
predominant with minor contributions of P3>3 (Amax=356 nm, 377 nm, 414 nm) and Ground state/P4*%°
(shoulder at ~450 nm), an artifact from the spectrometer is marked with “A”; C: Time course of the
absorbance changes after illumination at 390 nm (blue, P33 and P23%°), 480 nm (black, P4**° and
Ground state) and 520 nm (red, P3°%°) with respect to the absorbance before illumination (AA before

illumination=0); conditions: 5°C, pH 6.0, 50% (V/V) glycerol, illumination for 3 min at 456 nm excitation

wavelength maximum.

Table 6: Time constants for the kinetics at 390 nm (P2390), 480 nm (Ground state) and 520 nm

(P3530), as shown in Figure 23.

T1 L)
390 nm 80s; 25% 38 min; 75%
480 nm 80s; 39% 38 min; 61%
520 nm 38 min
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To check for the potential influence of the mutations and the attached spin label on
the structural changes FTIR spectroscopy was performed. IR difference spectra of
both variants (unlabeled and MTSL labeled) were recorded in the dark state and
under photostationary conditions after 3 min illumination (456 nm) at 5°C. These
conditions are identical to the EPR experiments presented below. Positive bands
indicate vibrations in the intermediate state after illumination which are not present
in the dark state whereas negative bands are due to vibrations in the dark state which
are not observed in the intermediate state. The difference spectra of the ChR2-
C79/C128T and ChR2-C79/C128T/C208 variants share the same prominent features
as observed in the C128T variant (9) (Figure 24). Large amide | difference bands at
1662(-)/1648(+) cm™ point to substantial alterations in the protein backbone
conformation. The negative band at 1554 cm™ was assigned to the C=C double bond
stretching vibration of the retinal chromophore in the ground state that shifts to
1533 cm™ in the accumulated P3°?° state. The fingerprint region shows a positive
band at 1180 cm™ that indicates the presence of 13-cis retinal with protonated Schiff
base. These retinal vibrations suggest predominant accumulation of P3°%°. In
conclusion, the strong similarity of the light-induced IR difference spectra of the
ChR2-C79/C128T and ChR2-C79/C128T/C208 variants in comparison to the C128T
variant suggests identical functionality. There is a small additional shoulder in the
amide | region at 1637 cm™ for the MTSL labeled variants. MTSL does not have any
amide groups and the nitroxide group absorbs around 1435 cm™ (73,74). 1637 cm'?
is a typical position for the amide | band of -sheet structures. The band is observed
in ChR2-C79/C128T/C208 and —C79/C128T in the same intensity. Thus the band might

indicate different dynamics of the loop connecting helices A and B in the open state.
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Figure 24: Light-induced FTIR difference spectra of ChR2 variants C128T (black), ChR2-
C79/C128T/C208 and ChR2-C79/C128T unlabeled (blue) and MTSL labeled (red). The spectra were
recorded under photostationary conditions (after 3 min illumination, 456 nm) at 278 K. The spectra

are scaled to the 13-cis retinal band at 1180 cm™.
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3.3.3 Helical movements

To track helical movements upon channel opening, spin-spin distances were
measured of the dark-equilibrated protein (closed state) and the light-equilibrated
protein (open state). The data presented in this section was measured by Christopher
Engelhard (AG Bittl, FU Berlin) and published in (72). For these initial distance
measurements a temperature of 5°C and 456 nm illumination for 3 min were chosen.

As demonstrated in the previous section these conditions are well suited to trap the

100y C79/C128T

0.95
0.90

0.85

intensity (a.u.)

0.80

0.75

— dark

100) C79/C128T/C208 —light <

0.95
0.90

0.85

intensity (a.u.)

0.80

0.75

00 05 10 15 20 25 30 35 25 30 35 40 45 50 55 6.0
time (us) distance (nm)

Figure 25: Background-corrected PELDOR measurements of spin labeled ChR2-C79/C128T (upper left
quarter) and ChR2-C79/C128T/C208 (lower left quarter) in dark (black trace) and light state (green
trace). Distance distributions of ChR2-C79/C128T (upper right quarter) and ChR2-C79/C128T/C208-

labeled (lower right quarter
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P3°30 state. For each of the light and dark time traces, a short low-noise time trace
(1.5 ps) and a long time trace with higher noise (3 us) were recorded and combined
(Figure 25). Because of the high noise content of the long time trace a hamming
window was applied to stabilize the fit of the distance distribution on the long
timescale. The distance distributions derived by Tikhonov Regularization tend to
over-interpret time traces with high noise level in terms of the distance distribution’s
fine structure. Therefore the background-corrected time traces were fitted with two
Gaussians, each.

In the variants ChR2-C79/C128T and —C79/C128T/C208 the cysteine 34 and 36, which
link ChR2-WT covalently are substituted by alanine. Consequently it was not clear at
this point if the ChR2 variants still form a stable dimer. The distance distribution of
the dark-equilibrated ChR2-C79/C128T in (Figure 25: upper half, black trace) shows a
narrow maximum at 3.7 nm. The well-defined short distance indicates a large fraction
of dimeric ChR2. Monomeric ChR2 would only contribute to the high distance
background signal and no defined modulation. Consequently the dimer is also stable
without bridging cysteines. The second Gaussian spreads over a broad distance
region mainly at higher distance. The broad distribution could arise from a fraction of
aggregated protein. In the open state the narrower peak shifts by 5 A towards a larger
distances (Figure 25: upper half, green trace). Thus the B-helices in the dimer are
moving apart.

The ChR2-C79/C128T/C208 variant features at least 4 different spin-spin distances
between the labels. Hence a broader distance distribution is expected. The distance
distribution in the closed state indeed covers a broad range of distances and peaks at
3.9 nm (Figure 25: lower half, black trace). Therefore the distance distribution should
be considered as the average of the distances between the four spin labels. Upon
channel opening the distance distribution maximum again shifts by 5 A (Figure 25:
lower half, green trace), similar to the observed changes between the B-helices in the
ChR2-C79/C128T variant. In contrast to the ChR2-C79 variant the distance
distribution shows also at larger distances a shift to about 6 A. This strongly indicates

an outward movement of helix F.
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3.4 Cysteine-reduced variants in membrane environment

3.4.1 Nanodisc Reconstitution

Nanodiscs are composed of lipids and genetically engineered membrane scaffold
proteins (MSP). The scaffold protein used in this study (MSP1D1) originates from the
human apolipoprotein Al (ApoA-I). ApoA-Il is produced by the liver constituting a
discoidal complex consisting of cholesterol and phospholipids, called high density
lipoprotein particles (HDL). The discoidal HDL particles collect free cholesterol, adopt
a heterogeneous spherical shape and transport the cholesterol back to the liver,
thereby help to reduce fatty deposits in the arteries (anti-atherogenic function) (75).
Nanodiscs were characterized by various biophysical techniques including atomic
force microscopy (AFM) (52), small angle x-ray scattering (SAXS) (76) and solid state
NMR (77). In summary they provide a picture of a circular, homogeneously sized
complex, in which two alpha helical MSP molecules wrap around a membrane patch,
as shown in Figure 26. The size of the MSP construct used in our studies (MSP1D1) is
9-10 nm (76,79).

Membrane proteins can be incorporated into nanodiscs, which offer a lipid
environment (Figure 27) that is closer to native conditions. In contrast to other lipid

environments used to study integral membrane proteins in biophysics (e.g.
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two MSP/Na

Figure 26: Schematic depiction of a nanodisc consisting of phospholipids and MSP1 protein. Picture is

taken from (78).

58



3 Results

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)

Figure 27: Structure of the lipids used for nanodisc reconstitution. Both phospholipids have no net
charge. DMPC has a saturated 14-carbon-atom long fatty acid tail, while the tail of POPC consists of a
saturated 16C and an unsaturated 18C fatty acid.

liposomes) nanodiscs provide a well-defined environment that allows to control the
oligomeric state. Furthermore they ease spectroscopic measurements because of the
small size that minimizes light scattering.

The reconstitution of an integral membrane protein in nanodisc is done in 3 steps:
The solubilized membrane protein is mixed with MSP and lipids solubilized in cholate
at a certain ratio.

The detergent (of the membrane protein and the cholate) can be removed by
biobeads or dialysis (dependent on the cmc of the detergent and the requirements
of the protein).

The reconstituted membrane protein in the nanodisc is purified from small amounts
of aggregate and the residual components by size exclusion chromatography. At the

same time this step enables to validate the dispersity and yield of the final nanodiscs.
3.4.1.1 Optimization of the reconstitution procedure

34.1.1.1 MSP1D1:lipid ratio

First the nanodisc reconstitution procedure was tested for 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC, Figure 27) without incorporating ChR2. DMPC is a

phospholipid with a saturated 14-carbon-atom long fatty acid tail. Due to the
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Figure 28: Chromatogram of reconstitution product of MSP1D1 and DMPC at different mixing ratios.
Conditions: pH 7.4, incubation: 1 h before biobeads addition, 2 h after adding biobeads.

saturated tail it is very stable, while having a moderate melting point of 23°C (80).
Typically protocols in literature (53) recommend the incubation and detergent
removal at a temperature close to the melting point of the lipid (53,81). The
MSP1D1:DMPC ratio suggested in literature is 1:80. In a first trial the 1:80 ratio and
ratios deviating about 10% from this ratio using otherwise standard conditions (pH
7.4) were tested. The chromatogram shows very similar size distribution for all three
reconstitution products (Figure 28). Size and width of the DMPC nanodiscs elution

peak at 12 mLis in line with published results (53).
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3.4.1.1.2 POPC nanodiscs

In order to have a lipid environment with a melting point less close to room
temperature and a longer hydrophobic tail probably suiting the length of the
hydrophobic transmembrane region of ChR2 better, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC, Figure 27) was tested for reconstitution. POPC has a tail
consisting of a saturated 16C and an unsaturated 18C fatty acid. The melting point is
at -2°C and literature (53) suggests a temperature of 4°C for the reconstitution and a
MSP1D1:POPC ratio of 1:65. Again the MSP1D1:lipid ratio was varied to find optimal
conditions (Figure 29). The narrowest size distribution showed the mixing ratio of
1:75. All ratios showed an approximately 2-fold reduced recovery of POPC-nanodiscs
in comparison to DMPC-nanodiscs. Because of the limited ChR2 supply it seems

advisable to use DMPC for the reconstitution of ChR2.
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Figure 29: Chromatogram of reconstitution product of MSP1D1/DMPC and MSP1D1/POPC at different
mixing ratios. The Chromatogram of the DMPC-nanodiscs shows an artefact between 6 and 8 mL due
to pressure fluctuation during the measurement. Conditions: pH 7.4, incubation: 1 h before biobeads

addition, 2 h after adding biobeads.
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34113 Effect of pH

Since the cysteine-reduced ChR2 variants are more photostable at pH 6.0 than pH 7.4
the effect of pH on the reconstitution process itself was investigated at a
MSP1D1:DMPC ratio of 1:80. The chromatogram shows that the yield of nanodiscs is
about 3 times lower for pH 6.0 in comparison to pH 7.4 (Figure 30). These findings
advocated to use a pH of 7.4 also in the following reconstitutions of ChR2 in

nanodiscs.

15 |-
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Figure 30: Chromatogram of reconstitution product of MSP1D1 and DMPC at different pH. Conditions:
MSP1D1:DMPC=1:80, incubation: 1 h before biobeads addition, 2 h after adding

3.4.1.2 Optimization of ChR2 reconstitution

The preliminary tests suggested reconstitution of ChR2 into nanodiscs containing
DMPC at pH 7.4. In order to get optimal yields the reconstitution conditions had to
be optimized with respect to ChR2. For these studies ChR2-C79/C128T/C208 was
used, as this variant is available in high amounts due to its good expression vyields.
From literature it is known that DMPC-MSP1D1 nanodiscs with incorporated
bacteriorhodopsin trimers elute from the Superdex 200 HR 10/30 column as a single
peak after about 12 mL (79). At about 8 mL a fraction elutes that is too large to

penetrate the porous beads of the column, which is called void volume. Additional
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peaks between 8 and 12 mL can be attributed to larger aggregates (79). Thus the self-
assembly of a membrane protein in nanodiscs is imperfect and yield also, depending
on the degree of optimization, residual amounts of aggregates.

The rationale behind the following experiments was to find conditions, which
optimize the monodispersity of the nanodiscs and the recovery of ChR2. Therefore
to find conditions which give a single elution peak at a volume slightly smaller than
the empty DMPC nanodiscs (12 mL) with a maximal amplitude at a given ChR2

concentration.

34.1.2.1 MSP1D1:lipid ratio

For the reconstitution of a membrane protein into nanodiscs fewer lipids are needed,
since the membrane protein occupies some part in the final lipid bilayer. Accordingly
the scaffold protein to lipid ratio has to be optimized for the individual membrane
protein. Different MSP1D1:DMPC ratios were tested while having a constant
MSP1D1:ChR2 ratio of 1:1, consequently having one ChR2 dimer per nanodisc. The
chromatogram in Figure 31 shows, that the reconstitution seems to work in a range
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Figure 31: Chromatogram of reconstitution of ChR2 in DMPC nanodiscs at different MSP1D1:DMPC
ratios. Conditions: pH 7.4, MSP1D1:ChR2=1:1, incubation: 1 h before biobeads addition, 2 h after

adding biobeads.
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of 1:45 to 65 MSP1D1:DMPC, although the best ChR2 recovery and narrowest size
distribution is found using a ratio of 1:55. In comparison to empty DMPC nanodisc
(~12 mL, see Figure 28) the elution peak of the ChR2 nanodiscs is clearly shifted to
lower volume (~11 mL) and accordingly of higher hydrodynamic radius. Thus
significant amounts of nanodiscs not occupied by ChR2 can be identified by a
peak/shoulder at ~12 mL. The right side of Figure 31 illustrates that the elution peak
at 480 nm follows nicely the absorption at 280 nm indicating that there are no larger

populations of empty nanodiscs.

3.4.1.2.2 Biobeads incubation time

After mixing scaffold protein, ChR2 and lipids the reconstitution mixture is incubated
before the detergent is removed by addition of biobeads. In the literature the
incubation time varies between 15 min to 2 h (53,79,81). The effect of different
incubation times was tested on identical samples. While the incubation time has only

minor effects on the width and position of the nanodisc elution peak (Figure 32), it

20
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Figure 32: Chromatogram of reconstitution product of ChR2/MSP1D1/DMPC with different incubation
times for the reconstitution mixture before the biobeads are added. Conditions: pH 7.4, ratio

ChR2:MSP1D1:DMPC=1:1:55, incubation: 2 h after adding biobeads.
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has a significant effect on the peak amplitude. Depending on the sample volume
injected the exact peak position can vary by few 0.1 mL. Thus the assembled
nanodiscs seem to have a similar size and monodispersity at short incubation times.

The recovery of ChR2 improves upon prolonged incubation (Table 7).

Table 7: Nanodisc reconstitution with different incubation time of the mixture before biobeads

addition. Conditions: pH 7.4, ratio ChR2:MSP1D1:DMPC=1:1:55, incubation: 2 h after adding biobeads.

Incubation time 15 min 1h 2h
recovery (ChR2) 22% 36% 50%
34.1.2.3 MSP1D1:ChR2 ratio

The experiments above were done at a ratio of 1 MSP1D1 per ChR2. In the
centrifugation step after detergent removal a pellet was visible for all these
preparations. The precipitate consists of ChR2 and MSP1D1 (SDS gel, data not shown)

that was thereby removed before the size exclusion chromatography. This
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280 nm

A*1000

. 1 . 1 . 1 . 1
6 8 10 12 14

Volume (ml)

Figure 33: Chromatogram of reconstitution product of ChR2/MSP1D1/DMPC at different ratio of
MSP1D1:ChR2. Conditions: pH 7.4, ratio MSP1D1:DMPC=1:55, incubation: 1h before biobeads
addition, 2 h after adding biobeads.
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precipitation suggested an excess of ChR2. For that reason the effect of lower amount
ChR2 per MSP1D1 was investigated, while keeping the concentration of MSP1D1
constant. Table 8 gives the ChR2 relative recovery (percentage recovered of total
ChR2 used in the reconstitution) for the different ratios. The ChR2 recovery is best at
a ratio of 0.55 ChR2 per MSP1D1. Figure 33 shows that the ratio does not have
significant effect on the nanodiscs peak shape, thus does not lead to a population of
empty nanodiscs. One might expect that a ratio of approximately 1 ChR2 per nanodisc
as in case of the 1:0.55 ratio might result in a population of monomeric ChR2
nanodiscs. The chromatogram does not support this hypothesis since the peak
position shifts for higher MSP1D1 to ChR2 ratios slightly to lower volume, thus to

larger size. The shift is very small and thus might be an insignificant variation.

Table 8: Nanodisc reconstitution at different MSP1D1:ChR2 ratios. MSP1D1:DMPC ration was 1:50 and
the MSP1D1 concentration was the same for all reconstitutions. Conditions: pH 7.4, ratio

MSP1D1:DMPC=1:55, incubation: 1 h before biobeads addition, 2 h after adding biobead:s.

MSP1D1:ChR2 1:0.55 1:0.70 1:1

recovery (ChR2) 63% 47% 47%

3.4.1.3 ChR2 nanodiscs characterization

A typical chromatogram of a reconstitution of empty DMPC nanodiscs and ChR2
reconstituted in DMPC nanodiscs is shown in Figure 34. The Gaussian shape of the
elution peaks suggests a homogeneous size distribution of the nanodiscs. Empty
nanodiscs are clearly separated from ChR2 containing nanodiscs during the size
exclusion chromatography (Figure 34, black vs. blue line). The fact that the absorption
at 480 nm (Figure 34, red dotted line) matches perfectly the absorption at 280 nm
(Figure 34, black line) shows that at the final reconstitution conditions all nanodiscs
are occupied with ChR2. In order to characterize the reconstituted nanodiscs further
UV/Vis-, FTIR-spectroscopy, dynamic light scattering and PELDOR measurements

were employed.
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Figure 34: Size exclusion chromatogram after nanodisc reconstitution of ChR2 (black, red). For

comparison empty DMPC nanodiscs (DMPC).

3.413.1 UV/Vis-spectroscopy

Figure 35 shows a typical absorption spectrum of ChR2-C79/C128T/C208
reconstituted in DMPC nanodiscs. The specific absorption of the retinal cofactor has
a maximum at 480 nm. The aromatic amino acid sidechains have their absorption
maximum at 280 nm (see 2.3.1.1.1, p. 26ff). Since the MSP1D1 and the ChR2 protein
do both feature aromatic residues, the absorption of ChR2 and scaffold protein
overlay at this wavelength. The extinction coefficient for ChR2 at 280 nm is not
known. Calculating the extinction coefficient from the protein sequence (using
ProtParam (82)) gives a value of 77350 McmM. The variation from these
calculations for proteins which absorbance arises mostly from tryptophan is typically
<10% (83). Our ChR2 construct features 10 tryptophan (£s0=5540 cm*M1) and 14
tyrosine (£280=1480 cm™*M) (83). The ChR2 used for the reconstitution had typically
a ratio of 280nm/480nm of 2.1. This would correspond to 20% of bleached ChR2.
Assuming the same fraction of bleached ChR2 after reconstitution, using the

published extinction coefficient of MSP1D1 at 280 nm (53) and of ChR2 at 480 nm,
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Figure 35: Absorption spectrum of ChR2-C79/C128T/C208 in DMPC nanodiscs at pH 7.4. The ratio of

the absorbance at 280 and 480 nm is a measure for the purity of the ChR2 sample.
the number of ChR2 per nanodisc can be calculated. Thus 1.7 ChR2 are on average
reconstituted to one nanodisc, which indicates that most likely single ChR2 dimers

were reconstituted in the nanodiscs.

3.4.1.3.2 Summary

Combining the results of the experiments above the optimal conditions were a
molecular ratio of 0.55:1:55 (ChR2:MSP1D1:DMPC) at a pH of 7.4 throughout the
whole reconstitution procedure. An incubation time of 2 h before biobeads addition
and 2 h after biobeads addition gives the highest ChR2 recovery of 50-60%. But the
self-assembly system seems also to tolerate ratios of ChR2 to MSP1D1 up to 1:1 and
biobeads incubation times down to 15 min. Judged from the UV/Vis characterization
the nanodiscs harbor most likely ChR2 dimers. Thus stochiometrically the input of
reconstitution components is not necessarily the same as the output that constitutes

the nanodiscs.
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3.4.2 Photostability

In order to compare the photostability of ChR2-C79/C128T/C208 in detergent and

membrane environment, the depletion and recovery of ground state and P3>3° during

and after illumination was measured and is plotted in Figure 36. The reduced

illumination intensity allowed to measure the absorbance during illumination. The

intensities are scaled to the depletion of ground state at the onset of illumination.

The detergent sample shows a continuous decay at 480 nm and 530 nm. The

nanodisc sample shows a similar decay at both wavelength but with lower amplitude.

The relaxation back to ground state after illumination is more than 5 times faster in

Table 9: Time constants for relaxation at 480 nm (ground state) and 530 nm (P3°3°) after illumination

of ChR2-C79/C128T/C208 in DM detergent micelles (DM) and DMPC nanodiscs (ND)

AA

-0.05

ND

Toffl

DM

Toff2 Toffl Toff2

480 nm 355,85%

1815s,15% 125,30% 220s,70%

530 nm

25s

- 300 s -

0.10 | .-

0.05

0.00

ChRZ-C79/C128T/|(3208:

480nm 530 nm |
Nanodisc _—
DM solubilized -----  -----

100

EOOO
time (s)

Figure 36: Kinetik of absorption differences at 480 nm (ground state) and 530 nm (P3>3°) during and

after illumination with 456 nm of ChR2-C79/C128T/C208 in DM detergent micelles (dashed lines)

DMPC nanodiscs (solid line). Conditions: 25°C, pH 6.0.
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nanodiscs than in detergent (Table 9). Additionally a higher fraction of the protein
recovers ground state as the absorption at 480 nm relaxes closer back to the initial

level.

3.4.3 Accumulation of the open channel (P3530)

The increased photostability allows to perform measurements that need to be
averaged several times in order to get a sufficient signal to noise ratio, like flash-
photolysis measurements. Figure 37 shows the traces of the transient absorption
changes after excitation by an ns laser flash of a flash-photolysis measurement. The
decay of P38 and P3>3 is well described by a single exponential function, while the
recovery of ground state is ruled by a two exponential function with the decay
constants of P38 and P3>3°, The co-occurrence indicates an equilibrium between P30
and P30, The monoexponential decay reveals a direct transition from both
intermediate states to ground state, which was as well observed for ChR2-C128T (31).
Also since the single turnover is clearly dominated by these transitions, the

photocycle seems to be well approximated for the single turnover by a simple model
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Figure 37: Transient absorption changes after ns laser excitation (450 nm) of ChR2-C79/C128T/C208
in DMPC nanodiscs. Conditions: 25°C, pH 7.4
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featuring solely these transition and neglecting the branch that lead to the sustained
hydrolysis of the Schiff base (as described in 3.3.2, p. 51ff). P3>3 decays 10 times

slower than P38 and will thus accumulate at constant illumination.

Table 10: Time constants for global fit of transient absorption changes after ns laser excitation of

ChR2-C79/C128T/C208 in DMPC nanodiscs in Figure 39. Values for ChR2-C128T are taken from (31)

ChR2- P,380 = Ground state P3>3 & Ground state
C79/C128T/C208 5s 65 s
C128T 2.2s 29s

Before the PELDOR measurements of the nanodisc samples the illumination
conditions were optimized for the purpose of getting a homogenous open state
sample by accumulating as much P33 as possible. pH 6.0 and 7.4 and different
excitation wavelength (Amax=405, 420, and 456 nm; see Figure 38 A/B) were
compared at 5°C. In FTIR it was shown, that the first excitation cycle yields higher
excitation efficiencies than the following excitation cycles (35). Therefore the

comparison was done with a fresh sample of the same batch of protein for every
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Figure 38: ChR2-C79/C128T/C208 UV/vis absorbance spectra/kinetics: Relaxation after 1 min of
illumination (start of illumination t=0 s); A: Spectra recorded before illumination (red line) and 80's
(black line) after illumination; B: Amplitude of the absorbance changes after illumination at 405 nm
(orange lines), 420 nm (magenta lines) and 456 nm (blue lines) at pH 6.0 (solid lines) and pH 7.4 (dotted
lines). Conditions: 5°C, pH 6.0, 50% (V/V) glycerol, illumination for 1 min.
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Figure 39: ChR2-C79/C128T/C208 UV/vis absorbance changes after 60s of illumination at different pH
wavelength (Figure 38): A: Absorbance at 530 nm after 1 min illumination at pH 6.0 (blue) and pH 7.4
(red); B: Percentage of absorbance decrease at 480 nm after 1 min illumination and complete
relaxation. Conditions: 5°C, pH 6.0, 50% (V/V) glycerol, illumination for 1 min.

illumination condition. The protein was purified, MTSL labeled and reconstituted in
dim-light/red-light. Each illumination condition in Figure 38 represents a first
illumination cycle for the respective sample. pH 6.0 (solid lines) and 7.4 (dotted lines)
give after 60 s excitation at 405 nm (orange lines) or 420 nm (magenta lines) virtually
the same amount of P3>*° as judged by the absorption increase at 530 nm. When
excited at 456 nm (blue lines) about one third less P3>3 accumulates, that is
consistent with the results in detergent at the same illumination conditions (see
3.3.2, p. 51ff). The results are summarized in Figure 39 A. The decay of P3>3° advances
with a t in the range of several minutes. Thus also after illumination P3>3 is
predominantly in the sample for several minutes and can be spectroscopically

characterized.
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Looking at the decrease of the ground state absorption after complete relaxation,
differences between both pH conditions become evident (Figure 39 B). Higher pH
favors the bleaching of ground state, as already observed in the detergent solubilized
samples (Figure 22). 420 nm excitation at pH 6.0 leads only to ~7% bleaching, so
about 93% of ground state is recovered, which is slightly more compared to the other
wavelengths.

Using excitation wavelengths more distant to the probing wavelength enabled us to
efficiently block scattered light with a cutoff filter and to resolve the time course of
P3>3° absorption during illumination (Figure 40). The most promising illumination
conditions from Figure 39 were reinvestigated focusing on the duration of
illumination. Consistent with the previous results the time course of P3>3
accumulation is very similar for pH 6.0 (magenta bold line) and pH 7.4 (magenta
dotted line) illuminating at 420 nm. 405 nm at pH 7.4 (orange dotted line) give a
slightly lower yield of P339, The rise of P3>3 is at maximum after 7 s. Taking into
account that the illumination conditions might somewhat vary in temperature and

light intensity, it is advisable to choose a slightly longer time period for illumination.
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Figure 40: ChR2-C79/C128T/C208 UV/vis absorbance kinetics: Amplitude of the absorbance changes
after illumination at 405 nm (orange lines) and 420 nm (magenta lines) at pH 6.0 (solid lines) and pH

7.4 (dotted lines). Conditions: 5°C, pH 6.0, 50% (V/V) glycerol, illumination for 1 min.
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Figure 41: A: FTIR-absorption spectrum before illumination, and B: Light-induced FTIR difference
spectra of ChR2 variants C128T (black), ChR2-C79/C128T unlabeled (red), and ChR2-C79/C128T
unlabeled (blue). The spectra were recorded under photostationary conditions (after 20 s illumination

at 420 nm, averaged 80 s) at 278 K. The spectra are scaled to the all-trans retinal band at 1246 cm™.

For the following measurements 15s were chosen as illumination duration at
420 nm.

To have a detailed comparison between unlabeled and labeled protein in nanodiscs,
FTIR difference spectra were recorded for ChR2-C79/C128T (Figure 41). The spectra
were recorded during illuminating. After 20 s of illumination with 420 nm at 5°C a
steady state was reached. In the following 80 s of illumination the absorbance was
stable. During this 80 s period the spectra were recorded. Therefore the temperature
and illumination conditions closely resemble the conditions of the PELDOR
measurements. Often the spectra are scaled to the C-C-stretching vibrations of all-
trans retinal in the ground state (1246, 1237, 1202 cm™). These bands represent
different coupled vibrational modes (23). In the three spectra these bands have

different intensities, which might indicate slightly different retinal environments in
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ground state. Because the difference band for the 13-cis retinal in P3>3° has a different
maximum for ChR2-C128T the spectra were scaled to all-trans retinal in ground state
at 1246 cm™ (Figure 41). As already described for ChR2-C79/C128T in detergent
(3.3.2, p. 51 ff.) the spectra share main features. There are substantial difference
bands in the amide | region, 1662 cm™(-)/1625 cm™(+), indicating large structural
changes. The difference pattern at ~1554 cm™(-)/1533 cm}(+) is assigned to the C=C
double bond stretching vibration of the retinal chromophore, which is absorbing at
1554 cm™ in ground state and at 1533 cm™ in P33, In conclusion both together
indicates predominant accumulation of P3°3° and substantial structural alterations for
ChR2-C79/C128T and ChR2-C128T in membrane.

Apart from these general findings there are subtle differences in the position and
amplitude of several bands. The band at 1180 cm™ is assigned to 13-cis retinal with a
reprotonated Schiff base (ChR2-wt: 1177 cm™, ChR2-E123T: 1179 cm™?) (9,19,23). The
amplitude between labeled and unlabeled ChR2-C79/C128T is virtually the same, but
reduced for ChR2-C128T. Also the band position is red shifted to 1175 cm™ in ChR2-
C128T. For ChR2-E123T the ~1175 cm the band was suggested to arise from all-trans
intermediates of a 13-cis photocycle (23). Therefore a photostationary intermediate
mixture of ChR2-C128T in DMPC nanodisc with a significant contribution of
nonconductive states could be possible.

The amplitude of the amide | difference bands is smaller in ChR2-C128T compared to
ChR2-C79. Especially the bands around 1662 (-) and ~1650 cm™ (+) are clearly larger
in the cysteine-reduced variants. These bands have been assigned to a-helix
hydration and correlate with channel opening (8). The shift arises from the amide
C=0 groups which absorption is downshifted from 1662 to 1650 cm™ due to the
interaction with water hydrogen. Thus the amplitude of these bands increases with
the hydrated area of helices. This implies that at least some of the cysteines in ChR2-
C128T prevent water to penetrate fractions of the protein upon channel opening.
Since this effect was not observed in the detergent environment (see Figure 24) the
DMPC nanodisc environment seems to restrict the water influx as well. The

comparison of detergent solubilized ChR2-C128T with egg-PC reconstituted protein
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(33) showed the same tendency. On the other hand the reduced hydration could be
also a result of an increased fraction of intermediates from a 13-cis photocycle in the
photostationary mixture.

In ChR2-C128T a band at 1671 cm™ (-) manifests. This amide | region is assigned to
the absorption of turns (57) and to have a high correlation to channel opening in
several ChR2 variants (8). Also the labeled and unlabeled ChR2-C79/C128T show a
shoulder at this position. The rearrangement of a turn might be a crucial event for
channel opening. The bands at 1637 and 1625 cm™ (+) could be related to the

elongation of B-strands (57).
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3.4.4 Helical movements upon channel opening

3.4.4.1 Helix B movements

The reconstituted samples have a monodisperse size distribution (Figure 34, p. 67)
and on average ~2 ChR2 per nanodisc (see 3.4.1.3.1, p. 67ff). With improved
illumination conditions the accumulation of P3>3C is enhanced (Figure 39 and Figure
40). Since pH 7.4 and 6.0 are equally suitable for P3>3® accumulation, both pH values
were tested. The background-corrected time traces in Figure 42 (left) show clear
modulations indicating a narrower distance distribution compared to the detergent
samples. Thus the Tikhonov Regularization implemented in Deer Analysis (63) could
be applied to resolve the distance distribution (Figure 42, right). At pH 7.4, the ground

state (black line) shows a heterogeneous distance distribution consisting mainly of

C79/C128T pH 7.4
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Figure 42: ChR2-C79/C128T DMPC nanodisc reconstituted, background-corrected pELDOR time trace

(left) and the corresponding distance distributions (right) in dark and light state at pH 7.4 and pH 6.0.
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two Gaussian curves with maxima at 3.60 nm and 4.18 nm (Table 11). From the
distance distribution the cause for the heterogeneity cannot be concluded. The broad
distance range between the labels might be due to the rotamer distribution of the
labels or/and to different protein conformations. Rotation of two fixed MTSL
molecules can increase or reduce the distance between each other by up to 1.9 nm
(84). C79is on the edge between the A-B helix loop and helix B. The A-B-loop showed
to be rather flexible in the C1C2 crystal structure (7). Also combinations of a small
conformational change that allows the label to explore another set of rotational
angles could be possible. Thus the distance change is quantitatively difficult to

interpret.
Table 11: Comparison of distance distributions in Figure 42 in dark and light state at pH 6.0 and 7.4:
Two Gaussian were fitted to the distance distributions in order to compare the contribution and exact

position of the main distance populations.

pH Center rel. Area
3.60 nm 58%
7.4
0,
Dark 4,18 nm 42%
6.0 3.65 nm 100%
3.62 nm 30%
7.4
428 nm 70%
Light
3.60 nm 20%
6.0
4.36 nm 80%

After channel opening (green line) the second Gaussian shifts by 0.2 nm to 4.28 nm
and increases in width and intensity, while the first maximum stays at the same
distance but is reduced in intensity. Thus intensity shifts also from the first maximum
to higher distance by ~7 A.

The distance distribution in the ground state at pH 6.0 (Figure 42: bottom, black line)
is for the main part described by one Gaussian centered at 3.65 nm, the second

Gaussian at 4.18 nm is absent. The distribution after illumination (green line) still
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features a part of the protein population (~¥20%) with a label distance of 3.66 nm,
while 80% are shifted by 7 A to 4.36 nm. The population residing at 3.66 nm could be
a ground state fraction of the photostationary mixture. On the other hand our ChR2
preparations seem always to contain a fraction of protein without retinal. The
apoprotein might have a C79-C79 distance similar to the holoenzyme. The sample
used for the pH 6.0 measurement in Figure 42 had a ratio of 280 nm to 480 nm of 2.6,
which is a typical value for the ChR2 nanodiscs preparations in this work.
Approximate the fraction of bleached ChR2 (see 3.4.1.3.1) gives a value of ~17%.
Therefore the bleached ChR2 fraction could explain the population at 3.66 nm. The
close match of the bleached fraction and the fraction at 3.66 nm also could suggest
that ChR2 dimer binds/loses retinal cooperatively, similar as it was described for
bacteriorhodopsin (85), and a B-B helix distance in the apoprotein similar to the
holoprotein. To validate these hypotheses serial measurement investigating samples

with ChR2 bleached to different degrees would be necessary.

3.4.4.1.1 Movement in P1°%°

The almost complete conversion from one single distance maximum to another one
up shifted by 7 A sets ideal conditions to have a detailed look on the B helix
movement. Spectra of early P1°°° measured by femtosecond IR (~100 ps) or cryo-FTIR
(80 K) resemble each other in the main features (24). Substantial difference bands in
the amid | region insensitive to H/D exchange (24) indicate structural rearrangements
of helices like kinking. Difference bands in the carbonyl region were assigned to
hydrogen bonding changes of D156 (32) and E90 (19,86). However the nature of
these early changes is not clarified so far. Since the changes in the amide | do not
supply any spatial information which part of the a-helical structures
moves/rearranges, PELDOR spectroscopy was employed to clarify an involvement of
helix B in the structural changes in early P1°%. ChR2-C79/C128T was shock frozen and
measured at 80 K. The sample was illuminated at 80 K, measured again, the

temperature increased to 120 K, illuminated and measured again. Figure 43 B shows
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Figure 43: DMPC nanodisc reconstituted ChR2-C79/C128T measured at different cryogenic
temperatures, A: UV/vis spectra before and after illumination, B: Background-corrected PELDOR time

traces. Conditions: pH 6.0.

the comparison of these time traces in comparison to ChR2-C79/C128T in P3°%
(illuminated at RT and shock frozen). Figure 43 A shows a measurement in the UV/Vis
using the identical freezing/illumination protocol with the exception that the
measurement at 277 K was conducted after illumination without shock freezing. The
time traces for the dark-adapted ChR2-C79/C128T and the ChR2-C79/C128T
illuminated at 80 K and 120 K are identical. Therefore the intracellular part of helix B

does not move in early P;>%.

3.4.4.1.2 Movement beyond Ps°%°

Ground state and P3°3° have been characterized in terms of the helix B-B distance in
the previous sections. In this section the intermediates following P33, thus mainly
P4*80, are qualitatively characterized. Light conditions were optimized to accumulate
about 50% (relating to the absorbance difference at 530 nm at optimized illumination
conditions, AA(530nm), as 100%) in P3>3°. The sample was illuminated at the
optimized condition until the maximum amplitude of AA(530nm) was reached, the

illumination was stopped, the sample was incubated until ChR2-C79/C128T had
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relaxed to 50% of AA(530nm) and subsequently shock frozen (Figure 44 green trace).
In this way ChR2, which is not accumulated in P3>3, is trapped in the intermediates
later than P30, thus mainly P4*8°. The sample is denoted as “50% relaxed”.

Sample with half decayed P33 (50% relaxed) was compared to the samples prior to
any illumination (dark) and illuminated at optimized conditions (light). All samples
were from the same batch of ChR2 purification and nanodiscs reconstitution,
consequently only different in the composition of the photocycle intermediates.
Figure 45 shows the result of the PELDOR measurements. In the time traces the
ground state sample clearly differs from the illuminated samples. The time traces of
the illuminated samples show only minor differences among each other. Crucially,
the resulting distance distributions of “50% relaxed” and the fully illuminated
samples are almost superimposable. The close similarity between the “illuminated”
and “50% relaxed” indicates a similar position of helix B in P3>30 and P4*2°,

The “illuminated” sample shows a larger ChR2 fraction residing at the ground state
distance than in previous measurements (see Figure 42). The integral for the
distances smaller than 3.86 nm is about 35% of the overall integral, which is 15%
more as in for the pH 6.0 sample above (Figure 42, p. 77). The sample in this
measurement had an absorbance ratio at 280nm/480nm of 2.8 which is 0.2 higher
than usually used for the PELDOR sample and corresponds (assuming two ChR2 per
nanodisc) to 23% of bleached ChR2. The discrepancy of 12% to the fraction with a
distance <3.86 nm might be partly explained by the uncertainty of the integral of the

overlapping distance peaks.
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Figure 44: UV/vis kinetic at 530 nm of illumination and relaxation of ChR2-C79/C128T PELDOR sample
“50 relaxed”: lllumination start at 100 s, stop at 120 s. An identical protein sample was shock frozen
after 20 s illumination, “illuminated”. The “50% relaxed” sample was further incubated at 5°C and

shock frozen when 50% of the AA(530 nm) were decayed.
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Figure 45: Background-corrected PELDOR time traces (left) of ChR2-C79/C128T sample treated with
different illumination conditions (as described in the text and in Figure 46) and the corresponding

distance distributions (right).
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3.4.4.2 Helix F movements

The measurements in detergent showed qualitatively a movement of helix F (see
3.3.3, p. 56ff). In order to get quantitative results the ChR2-C79/C128T/C208 in
nanodiscs was investigated. Having two label present per monomer results in four
distances if we assume a perfectly symmetric dimer with completely homogenous
monomers. Additionally the four interacting spins introduce artifacts that are
broadening the distance distribution in the end. In consequence it is challenging to
track a single distance in a four spin system like the helix F to helix F distance (C208
to C208) in ChR2-C79/C128T/C208. The spin-spin distance between C208 with MTSL
bound was a priori estimated applying the MMM routine (87) to a ChR2 homology
model. The homology model (88) was further refined by adding an explicit
water/POPC membrane environment, minimization and equilibration to room
temperature by Christian Spakowski (AG Bondar, 2014, pers. Comm. 2015). The

results are shown in Table 12:

Table 12: MMM predictions for distances of MTSL attached to C79 and C208 in the refined ChR2

homology model (see text above). The + value gives the relative RMSD distance deviation as calculated

from MMM.
. . Monomer B
Distance (nm) in between .
intra C79 C208
intra 2.63+7.4%
Monomer A Cc79 3.65+12.4% 3.72+10.3%
2.63+7.4%
C208 3.71+10.3% 5.05+2.5%

Accordingly the helix F-F distance (~5.0 nm) is clearly distinguishable from all
distances in which helix B is involved (~3.7 nm). Judged from the C1C2 x-ray
crystallographic structure and the ChR2 homology model C79 is perfectly solvent
accessible, while C208 is less accessible and partly buried in the protein. Recent
fluorescence labeling studies indicated as well lower accessibility of C208 compared
to C79 (89). This is also reflected by the lower RMSD of the C208-C208 distance
compared to the distances in which C79 is involved (Table 12). To make use of the

different accessibilities we reduced the 50% of the nitroxide radicals of the fully MTSL
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Figure 46: Reduction kinetics of MTSL label bound to ChR2-C79/C128T/C208. Conditions: 40-fold
ascorbate excess relative to bound MTSL (c(MTSL)~150 uM), pH 6.0, 5°C.
labeled ChR2-C79/C128T/C208 (2.1 £15% MTSL/ChR2) with ascorbate. On one hand

we hoped to yield a relative enrichment of spins on the C208 site due to the lower
accessibility. On the other hand reducing 50% of the spins in our ChR2 population
turns the four spin system more towards a two spin system, which reduces the impact
of artefacts on the final distance distribution. The reduction kinetics of MTSL bound
to ChR2-C79/C128T/C208 are shown in Figure 46. The decay of EPR spectral intensity
arising from the reduction of MTSL is clearly biphasic. The faster phase hasa t10f 1 h
and the slower phase a 12 of 7 h. Both phases have the same amplitude. For the
PELDOR sample ChR2-C79/C128T/C208 was incubated for 2.5 h. Thus about 82% of
the fast and 25% of the slow decaying spin component are reduced. In case that the
two phases originate from the different accessibilities of C79 and C208 the long C208-
C208 distance should be much more pronounced than in the detergent
measurements before. From the same batch of MTSL labeled ChR2-C79/C128T/C208
one part was reduced as described before. The other half was shock frozen without
prior reduction in order to be able to clearly resolve the differences arising from the

reduction. Figure 47 shows the non-reduced sample. The distance distribution shows
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Figure 47: Background-corrected PELDOR time traces (left) of MTSL-labeled ChR2-C79/C128T/C208
and the corresponding distance distributions (right).

in ground state a maximum at ~3.7 nm as suggested from the homology model
(Table 12), but also another maximum at 3.2 nm which was not predicted. Since the
later distance was not observed in ChR2-C79/C128T (Figure 45, p. 82) it must be a
distance in which C208 is involved — most likely the shortest predicted distance
(2.63 nm) thus the intra-monomer C79-C208 distance. Other than expected from
Table 12 there is no defined peak in the region around 5 nm. At ~¥4.8 nm and ~5.5 nm
are small bands. For distances >5.5 nm the time trace length might not be sufficient,
which might be the reason why the C208-C208 distance could be not resolved. In
conclusion the predictions from the homology model agree well with the distance
measurements for C79 but they fail for C208.

After illumination the maximum at ~4.3 nm agrees very well with the light distance
distribution of ChR2-C79/C128T observed in Figure 45. The maximum in dark at
3.2 nm shifts to lower distance to <3.0 nm. This maximum might be assigned to the
intra-monomer C79-C208 distance, thus helix B or F seem to have a movement
component towards each other.

The recording of a longer time trace of the non-reduced and reduced ChR2-

C79/C128T/C208 is currently underway and will help to elicit the helix F movement.
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3.4.4.3 Tracing distances beyond helix B and F: Introducing additional
cysteines

Yielding a rather narrow distance distribution with the optimized accumulation
conditions set the stage to introduce additional cysteines in order to track additional
distances. The remaining C79 puts several constraints on the location of an additional
labeling site. Ideally the inter-monomer distance of the additional introduced
cysteine should not overlap with the C79 inter-monomer distance. Furthermore the
distance to the C79 labeling site should not overlap with the inter-monomer distance
of the newly introduced label. In the dark sample the C79-C79 distance occupies the
region between 3 to 4 nm and after illumination the region between 4 to 5 nm.
Consequently a large inter-monomer distance of at least >4 nm or a very short
distance <3 nm would be desirable. The inter-monomer distance of the putative
labeling sites was evaluated by simulating the MTSL label attached to a cysteine at
the respective positions using the software MMM (87). Based on these criteria 3
residues (Q117, S222 and Y196) were chosen.

In the case of Q117 the single mutation Q117C was already electrophysiologically
characterized and showed photocurrents similar to wild type (90). This information
promised also decent expression for a variant having the Q117C substitution
introduced in the ChR-C79 background. Indeed ChR2-C79/C128T/Q117C showed
expression yields comparable to ChR2-C79/C128T and both cysteines could be
labeled to more than 90%.

§222 was chosen to clarify the nature of the helix F movement. Tracking the helix at
two points could clarify the degree of tilting involved in the rearrangement.
Additionally making use of a position in the putative ion channel and W-band
measurements sensitive to H-bonding via the polarization of the nitroxide N-O bond
could give direct information about the pore formation in this area. The
ChR2-C79/5222C variant was successfully expressed. Unfortunately the C222 position
could not be labeled. Destabilizing the protein structure by adding defolding additives

(urea, DMSO) did not increase the yield of labeled holoenzyme (Figure 48). The
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Figure 48: MTSL labeling of ChR2-C79/S222C at different conditions.
fraction of cysteines labeled per ChR2 was about 50%, i.e. one label per ChR2. With
the known high labeling efficiency of C79, this means that S222C was not
guantitatively labeled.
Based on molecular dynamics simulation of the C1C2 chimera in the ground state (AG
Bondar), tyrosine 196 (helix D, Y196) was suggested to have an unusual stable
hydrogen bond to tryptophan 223 (helix E, W223). The investigation on a variant
(Y196F) with disrupted hydrogen bond at this position is described in section 3.5
(page 89 ff.). A variant having Y196 substituted by a cysteine was genetically
engineered as well but did not express.
Table 13: MMM predictions for distances of MTSL attached to additionally introduced cysteines tested
for expression and site specific spin labeling: “helix” indicates the helix of the “cysteine substitution”.
Since in the C1C2 ChR2 structure the monomers within the dimer are complety symmetrical a newly
introduced cysteine to ChR2-C79/C128T creates three new distances: The intra- and inter-molecular

distance between the introduced labeling site and C79, as well as the distance between the introduced

labeling side between the monomers of the dimer.

distance (nm)

. cysteine - expression/
. . troduced
Helix substitution C79 intra- C79 inter- |.n o .uc.e label-accessible
amino acid inter-
molecular molecular
molecular
C Q117cC 3.0 3.8 2.7 yes/yes
F $222C 3.1 3.6 5.3 yes/no
E Y196C 3.1 2.6 4.6 no/-
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3 Results

34.43.1 The helix C-C distance: A solid dimer interface

The C-C helix distance is well suited to test the integrity of the dimer interface. In the
cysteine-reduced variants the cysteines that bridge the dimer by two disulfide bonds
were removed as well. Thus the above observed distance changes could be due to a
reorientation of the monomers with respect to each other, rather than a movement
of a domain within the monomers. The sequence position 117 is at the extracellular
end of helix C. The software MMM approximates an intermonomer distance of
2.7 nm between two MTSL labels bound to position 117 in a dimer (Table 13). Thus
the distance should be clearly separated from the distances arising from the labeled
C79 (Figure 45, p. 82). Indeed the distance distribution for ChR2-C79/C128T/Q117C
in the ground state shows a distance peak at 2.75 nm (Figure 49 blue line) that does
not move upon channel opening. This suggests a strong interaction between the
monomers, which is supported by the fact that on a reducing SDS page residual ChR2

running at the dimer size is observed.

1.0 . . : : : e e e e e e e e
C79/C128T/Q117C" dark
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Figure 49: Background-corrected PELDOR time trace (left) of DMPC nanodisc reconstituted
ChR2-C79/C128T/Q117C and the corresponding distance distributions (right). The blue line indicates

the C117 inter-monomer distance in the distance distribution.
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3.5 The Y196F variant: Localizing a dangling water

The H-bond between Y196 and W260 (see Figure 50) was identified in MD simulations
of the ground state of C1C2-chimera as one of the strongest in the protein (C.
Mielack, A.N. Bondar 2014, pers. Comm.). This helix E-G connection was abolished by
eliminating the OH of Y196, thus exchanging tyrosine 196 with a phenylalanine. The
kinetics of ChR2-Y196F were compared to WT and a steady state FTIR spectrum of
P4*° was recorded to clarify the functional significance of this strong H-bond. Later
simulations suggested that a weakly hydrogen bonded water molecule which
existence was shown by FTIR (91,92), a so called “dangling water”, is located next to
W260. Thus the water region of the P4*® FTIR spectrum was analyzed with respect to

differences to ChR2-WT.

extraceIIuLar k{ \,

Figure 50: Hydrogen bonding network of Y196 in C1C2 chimera structure (PDB: 3UG9). The residues
shown are conserved in ChR1 and ChR2. The water hydrogen close to W260 is supposed to interact
weakly with the m—system of the tryptophan and the respective O-H stretching vibration (the
respective hydrogen atom is depicted in blue) to give rise to the “dangling water” vibration. The other
water hydrogen interacts with the backbone of helix G, while the oxygen is hydrogen bonding with

W223.
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3.5.1 Results

Figure 51 shows a flash-photolysis measurement comparing characteristic
wavelength of ChR2-Y196F with ChR2-WT. In Table 14 the time constants fitted to
traces recorded in 20 nm steps from 320 nm to 600 nm using 5 exponential functions
are shown. 11 characterizes the decay of P1°°° and the rise of P23%%, 1, a second phase
of P,3%° formation with lower amplitude, 13 the decay of P23°° and rise of P339, 14 the
decay of P3>30 and 15 the decay of P40 to ground state. ChR2-Y196F shows slightly
delayed kinetics of all intermediates apart from the decay P4*°. Because of the ChR2-
Y196F time trace length of 0.9 s the s is most likely underestimated by the fit. Over
all the kinetics diverge by less than a factor of 2 and are very similar, thus they give
no indication for a crucial functional role of the Y196-W260 hydrogen bond.

Table 14 shows that P4*8° decays at least three orders of magnitude slower than any
other intermediate state. In consequence under continuous illumination P4 is
accumulated and the P40 state is characterized by the FTIR difference spectrum in
Figure 52. The large amide-I difference bands, indicating a helix hydration, have been
shown to persist from P30 to P4*9 (9,19). Therefore the experimentally easy
accessible FTIR light-dark difference spectrum is in many cases a good measure for
an influence of mutations in ChR2. Figure 52 shows the comparison between the FTIR
light-dark difference spectra of ChR2-Y196F and —WT. The spectra are scaled to the
all-trans retinal absorption band of ground state ChR2 at 1246 cm™. The region from
1100 to 1800 cm™, which features absorption bands of vibrational modes of
carboxylic acids, of the amide backbone as well as retinal specific bands, is essentially
superimposable. In conclusion the FTIR difference spectra as well as the kinetic traces
in the UV/Vis do not indicate any functional relevance of the Y196-W260 hydrogen
bond.
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Figure 51: Transient absorption changes after ns laser excitation (450 nm) of ChR2-Y196F (blue) in

comparison to ChR2-WT (black), both solubilized in DM. The three traces are characteristic for the four

intermediates of the photocycle: At 520 nm P1°% (decay) and Ps°2° are observed. The trace at 480 nm

reports on the P4

25°C, pH 7.4

480

and ground state. 380 nm shows the formation and decay of P,3°. Conditions:

Table 14: Time constants of the decay of the different intermediates from global fit of transient

absorption changes after ns laser excitation of ChR2-Y196F solubilized in DM. Kinetic traces were

recorded between 320 nm and 600 nm and fitted by 5 exponentials. Conditions as in Figure 51.

T1 T2 T3 T4 Ts
ChR2- P1500 P23390 P2b390 P3530 P4480

(us) (Ms) (ks) (ms) (s)
WT 7.2 156 1.9 6.5 7.4
Y196F 9.9 191 3.3 8.3 (1.4)
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Figure 52: Light-induced FTIR difference spectra of ChR2-Y196F (blue) and —WT (black). The spectra

were recorded under photostationary conditions (456 nm illumination) at 25°C and scaled to the all-

480

trans retinal band at 1246 cm. At these conditions P4**° is dominant in the photostationary mixture.

Although the major functional features seem to be preserved in ChR2-Y196F there
are subtle differences in a single O-H stretching vibrations of a weakly hydrogen
bonded internal water molecule, a so called “dangling water” (Figure 53). Liquid
water has a very broad absorption band in the infrared from ~2800 to ~3700 cm™. In
order to minimize the influence of the broad water background on the band position
and to ease the comparison of both spectra, the second derivative is plotted in Figure
53. The dangling water is a structural water molecule that lacks a strong hydrogen
acceptor for one of the hydrogens. Already minor changes in the hydrogen bonding
strength of the weakly hydrogen bonded H can lead to a significant spectral shift.
Rozenberg et al. analyzed the dangling water hydrogen bond length in various
hydrates, organic acid salts and carbohydrate crystals with respect to the respective
vibrational band position and came up with an empirical correlation (93). The
correlation allows to estimate the structural displacement that is necessary to explain
the spectral shifts (Table 15). Accordingly the shift of ~14 cm™ between the ground
state OH-bands in ChR2-Y196F (3640 cm™) and WT (3626 cm™) corresponds to an
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increase of 0.24 A of the weak hydrogen bond of the dangling water. The respective
shift in P4*8 of ~12 cm™ matches an increase of 0.14 A. The effect of the Y196F
mutation on the ground state structure was further investigated in silico employing
molecular dynamics simulations. The calculated distance changes between W260 are
too small to be tracked in the molecular dynamics simulations, but the simulations
show a destabilized orientation of W260 due to the lacking hydrogen bond with Y196
(C. Mielack, A.N. Bondar 2015, pers. Comm., publication in preparation). W260 in
ChR2-Y196F is in comparison to ChR2-WT slightly more rotated towards the protein
backbone of helix F, which might be responsible for the observed small increase in
the hydrogen bonding distance between W260 and the dangling water (see Figure
50). The assignment of water next to W223 as the dangling water is fortified by the
observation, that ChR2-C128T shows a clear band position shift in the dangling water
region since C128 is in close proximity of W223. The difference spectra of ChR2-C128T
and —C79/C128T/C208 were recorded at 5°C and pH 6.0, thus at different conditions
as the other difference spectra (20°C, pH 7.4) in Figure 54. However FTIR studies of
the dangling water in bacteriorhodopsin did not show an influence of moderate pH
and temperature changes on the dangling absorption pattern (94). Because of the
poor quality of the ChR2-C128T spectrum it is hard to identify minor shifts in
comparison to ChR2-C79/C128T/C208. But nevertheless ChR2-C128T and -
C79/C128T/C208 show very similar dangling water band positions. ChR2-T159C has
as well an unaltered absorption pattern in the water region. The comparison proofs
that the substitution of C34, C36, C87, C179, C183 and C256 by alanine as well as
T159 by cysteine do not have any effect on the dangling water (Figure 54). Coherent
with this finding all these positions are remote to the dangling water position
hypothesized by us. Already at 80 K dangling water difference bands are observed
(92). In 3.4.4.1.1 (p. 79ff) it was shown that at these cryogenic temperatures no
movements of helix B are observed. Most likely structural changes occur only in the
direct environment of the isomerized 13-cis retinal. Indeed W223 was suggested on
the basis of molecular dynamics simulations to have a steric conflict with the 13-

methyl group of retinal after isomerization (5).
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Figure 53: Light-induced FTIR difference spectra (upper part) and the respective second derivative
(lower part) of ChR2-Y196F (blue) and —WT (black). The O-H stretching region is compared. For a
precise band position the second derivative of the difference spectrum (resolution reduced to 8 cm™)
is displayed. The spectra were recorded under photostationary conditions (456 nm illumination) at

25°C and scaled to the all-trans retinal band at 1246 cm™:

Table 15: Qunatification of the dangling water difference bands: Band positions in ground state
(ChR2%%%) and (P4*°), full width at half maximum (FWHM), area and the weak hydrogen bond length
calculated from the band position according to (93). The band parameter are determined by the fit of
the second derivative (Figure 53) with the second derivative of lorentzians. The standart deviation was
calculated from the noise between 3680 and 3750 cm™. The “+” value are two standart deviations,

thus the 96% confidence interval for each parameter.

ChR2- v (ecm™) FWHM  Area (cmx1000) r(H...0) (A)
g& WT 3625.5+0.7 18.7+2.5 -54+1.5 2.66
S “V196F 36390.7£02 11.1+11  -2.8+04 2.90
. WT 3615.7+0.8 16.1+3.0 3.2+1.2 2.55
}-r Y196F 3628.2+0.3 129+1.2 3.2+0.5 2.70
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Figure 54: Light-induced FTIR difference spectra of several cysteine variants in comparison to ChR2-
WT. The O-H stretching region is compared. The spectra were recorded under photostationary
conditions (ChR2-WT, -C34A/C36A/C259A and —T159C at 25°C, pH 7.4, 456 nm illumination; ChR2-
C128T and —C79/C128T/C208 at 273 K, pH 6.0, 420 nm illumination) and scaled to the all-trans retinal
band at 1246 cm™.
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3.6 The T159C variant: A functional variant with improved

expression
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Figure 55: T159 in the C1C2 chimera structure (PDB: 3UG9): T159 is located next to the B-ionone of

the retinal chromophore.

Several of the alanine substitutions seem to decrease the expression of functional
ChR2, while the C128T substitution enhances expression levels (see 3.1, p. 46, Table
4). It was shown that the T159C substitution can improve the expression of ChR2 in
Xenopus laevis oocytes, hippocampal pyramidal neurons, and HEK cells (95-97). The
enhanced expression was up to now not verified in Pichia pastoris and the isolated
protein was not biophysically characterized. The preparation of a suitable PELDOR
sample consumes large amounts of highly purified ChR2. Thus the available amount
of ChR2 is limiting the experimental approach in some cases. For instance DMPC was
chosen for the nanodiscs reconstitution instead of POPC because of the much better
nanodiscs reconstitution efficiency with DMPC (see 3.4.1.1.2, p. 61). In order to
enhance ChR2 expression yields the T159C mutation was expressed, purified and

biophysically characterized.
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3.6.1 Results

The expression yield in comparison to ChR2-WT could be improved by a factor of 2,
thus yielding ~0.6 mg ChR2-T159 per L of cell culture.

Figure 56 shows a flash-photolysis measurement comparing characteristic
wavelengths of ChR2-T159C with ChR2-WT. In Table 16 the time constants, fitted to
traces recorded in 20 nm steps from 320 nm to 600 nm using 5 exponential functions,
are shown. The biphasic formation of P,3° in ChR2-T159C is overall slightly slower
than in ChR2-WT: The amplitude of the first fast phase of P2,3°° (~7 us) is drastically
reduced, while the time constant of the second slow phase (P2,3%°) is now dominant
and slightly faster than in ChR2-WT. The decay of P3>3 is slightly delayed, which is in
line with photocurrent measurements showing a slower closing of the channel (96).

Figure 57 shows the comparison between the FTIR light-dark difference spectra of
ChR2-T159C and —WT dominated by the P,*® intermediate. The spectra are scaled to
the C-C all-trans retinal absorption band of ground state ChR2 at 1246 cm™. The
region from 1100 to 1800 cm?, which features absorption bands of carboxylic acids,
of vibrational modes of the amide backbone as well as retinal specific bands, are for
the most part superimposable. The only clear difference is the altered intensity of the
ethylenic stretch vibrations of all-trans retinal at 1552 cm™ and 1538 cm™. In ChR2-
T159C the vibration mode at 1538 cm™ is more pronounced than in ChR2-WT,
indicating the different retinal environment in ground state. The C-C stretch
vibrations (~1000 to 1250 cm) are not affected. Both argues for a local effect of the
T159C substitution on the retinal in the ground state and if any only minor effects on
retinal in P;*°. An additional difference is observed in the S-H stretch vibration region
(Figure 58). The positive band in ChR2-WT at 2557 cm™ is blue shifted in ChR2-T159C
by ~2 cm™ and appears to be more intense. A straight forward explanation might be
that an additional band is arising from C159 due to the movement of the retinal. The
time resolved UV/Vis measurement shows slightly delayed kinetics for the formation
of P23% and the decay of P3>3, In conclusion also considering the large photocurrents
(95,96), ChR2-T159C has comparable functionality as ChR2-WT and is, due to its two-

fold expression, well suited to be employed for biophysical studies instead of ChR2-
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WT. Additionally the T159C substitution should be tested in the background of the
cysteine-reduced variants. Judged from the C1C2 x-ray crystallographic structure
T159 is not solvent accessible and thus C159 will most likely not interfere with the

labeling of other cysteines.
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Figure 56: Transient absorption changes after ns laser excitation (450 nm) of ChR2-T159C (red) in
comparison to ChR2-WT (black), both variants solubilized in DM. The three traces are characteristic for
the four intermediates of the photocycle: At 520 nm P1°°° (decay) and P3°%° are observed. The trace at
390

480 nm reports on the P4* and ground state. 380 nm shows the formation and decay of P2

Conditions: 25°C, pH 7.4.

Table 16: Time constants of the decay of the different intermediates from global fit of transient
absorption changes after ns laser excitation of ChR2-T159C solubilized in DM. Kinetic traces were

recorded between 320 nm and 600 nm and fitted by 5 exponentials. Conditions as in Figure 56.

ChR2- T1 T2 T3 T4 Ts
P1500 (us) P2a390 (us) P2b390 (us) P3530 (ms) P4480 (S)

WT 7.2 156 1.9 6.5 7.4

T159C 7.4 52 2.3 9.4 11.5
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Figure 57: Light-induced FTIR difference spectra of ChR2-T159C (red) and —WT (black). The spectra

were recorded under photostationary conditions (456 nm illumination) at 25°C and scaled to the all-

480

trans retinal band at 1246 cm™™. At these conditions P4* is dominant in the photostationary mixture.
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Figure 58: Light-induced FTIR difference spectra of ChR2-WT (black), -Y196F (blue) and —T159C (red).
The spectra were recorded under photostationary conditions (456 nm illumination) at 25°C and scaled

to the all-trans retinal band at 1246 cm™.
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4 Discussion

4.1 New cysteine-reduced variants for side directed spin labeling

The prerequisite for the spin-spin distance studies are cysteine-reduced variants,
which are able to accumulate the open state. All accessible cysteines in these variants
must be removed apart from the labeling sides. We were successful in substituting
all cysteines except of C79, which could not be substituted without abolishing the
protein expression. Three variants were produced in sufficient yields and with
accessible labeling sides: ChR2-C79/C128T, -C79/C128T/C208 and -
C79/C128T/Q117C. In these variants all WT-cysteines aside from the ones stated are
substituted by alanine. In consequence 7 to 9 amino acids were substituted in each
variant. The C128T substitution that was introduced in each of the variant is known
to prolong the conducting state, thus to enable the accumulation of P3°3° under
continuous illumination (31,33). The variants were characterized by UV/Vis-, FTIR-
spectroscopy and electrophysiology. In order to evaluate the functionality the results
were compared to ChR2-C128T, which has been investigated in depth with various
methods (17,31-33,35,98) and has also been applied in optogenetic studies (34). In
the following the functionality will be discussed, first in detergent environment, then
in DMPC nanodisc environment, before both environments are compared and

related to the potential functional role of the cysteines.

4.1.1.1 Functionality in detergent environment

In detergent the most striking difference between the kinetics of the cysteine-
reduced variants and ChR2-C128T (31,33) is the irreversible formation of a
photoproduct with absorption around 380 nm in the cysteine reduced variants.
Nevertheless the photo stationary state during illumination (Figure 24, p. 55) is
virtually identical for MTSL labeled/unlabeled ChR2-C79/C128T
and -C79/C128T/C208 when compared to ChR2-C128T. These finding is in line with
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the electrophysiology measurements. In ChR2-C79/C128T/C208 and ChR2-
C79/C128T the photocurrents are not impaired in comparison to ChR2-C128T
(section 3.2, p. 47ff). In contrast the cysteine-reduced variants give higher currents
compared to ChR2-C128T. Without further studies it cannot be concluded if the
increased photocurrents are due to an increased single channel conductance or result
from higher expression levels. Consequently, there are no indications for an influence
of the cysteine substitutions in the variants nor of the MTSL labeling in the P3>3
intermediate.

Some fraction of ChR2-C79/C128T/C208 (Figure 23, p. 53) decays from P, directly
to the ground state (t~80 s), which is observed for ChR2-C128T as well (31). Another
fraction decays (t~38 min) on a longer timescale to a photoproduct with an
absorption maximum around 380 nm (Figure 22) that does not recover the ground
state. ChR2-C128T has two long lived blue-shifted intermediates (P38° and P3>3) (33).
Both intermediates represent a branch of the ChR2-C128T photocycle under
continuous illumination and were shown by resonance Raman spectroscopy to
feature a retinal chromophore with hydrolyzed Schiff base still located in the binding
pocket (98). In ChR2-C128T the hydrolysis of the Schiff base is reversible since P38
and P3°3 decay to the ground state. In the cysteine-reduced variants somehow this
process seems to be irreversible at least for some fraction of the protein population.
This fraction increases with increasing pH (Figure 22, p. 51). The spin-spin distance
measurements showed a disposition of these variants to form aggregates. Since it
was shown that bacteriorhodopsin has an improved thermodynamic stability of
17 kcal/mol with all-trans retinal bound (99), it might well be that the readiness to
aggregate originates from the loss of the retinal cofactor. The slow relaxation at 5°C
and the low ground state recovery at RT hamper time resolved single turnover
measurements that rely on averaging numerous recordings. The impaired
photostability also complicates the handling of these variants by posing the necessity
to work in darkness or red light. Nevertheless the variants in detergent environment

530

are well suited to characterize P3>%° in illuminated, freeze-quenched samples, as in

the PELDOR measurements (3.3.3, p. 56ff). Another possibility is to measure during
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illumination at 5°C on a minute timescale, as in the FTIR-measurements (Figure 24, p.

55).

4.1.1.2 Membrane environment

The handicaps of these variants could be partly overcome by the reconstitution in
nanodiscs environment. The reconstitution of ChR2 in DMPC nanodiscs was
optimized yielding monodisperse samples (0, p. 66ff) with ChR2 recoveries of up to
63% (0, p. 65ff). In order to be closer to native conditions reconstituting into lipids
with longer chains and lower melting point would be desirable. The reconstitution in
POPC was tested and gave in our hands drastically reduced yields (3.4.1.1.2, p. 61).
This is in line with observations made with nanodisc reconstitution of
proteorhodopsin (100). Consequently without having variants that give higher
expression yields employing POPC lipids is not feasible. The DMPC nanodisc
environment speeds up the ground state recovery and drastically reduces bleaching
of ChR2-C79/C128T/C208 compared to the detergent (DM) environment (Figure 36,
p. 69). The nanodisc environment enabled to record time resolved single turnover
UV/Vis-kinetics (Figure 37, p. 70). The decay kinetics of the different intermediates
are similar to ChR2-C128T in detergent environment (Table 10, p. 71).

The FTIR light-dark difference spectra of ChR2-C79/C128T in Figure 59 give a
comparison of P3>3 in DM solubilized and DMPC nanodisc reconstituted samples. The
helix hydration bands (1662 cm™(-)/1648 cm™(+)) are clearly larger in detergent
environment. After channel opening a smaller helix surface is exposed to water in
DMPC nanodisc environment compared to DM. Detergents in general are considered
to expose less lateral pressure on the transmembrane region than lipids.
Furthermore the acyl chains of DMPC incorporated in nanodiscs have a higher order
than liposomes (100). Accordingly nanodiscs have an enhanced lateral pressure
compared to liposomes and could allow less conformational freedom to embedded
membrane proteins. As a result ChR2 might undergo smaller conformational changes

that lead to decrease of the hydrated helix surface (the conformational changes will
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be discussed in 4.2, p. 106ff). The lower photostability of the cysteine-reduced
variants could be a result of the increased helix hydration that replaces helix-helix
hydrogen bonds and thereby potentially decreases the structural stability of the open
state. Also an increased solvent accessibility of the Schiff base, that favors hydrolysis

of the retinal or lowers the retinal affinity, might be a consequence.

4.1.1.3 Cysteine functionality

In nanodiscs ChR2-C128T shows smaller hydration bands than ChR2-C79/C128T
(Figure 59, p. 104). In conclusion substituting the majority of cysteines by alanines
leads to an open state in which the helices are more solvent exposed. The position of
the cysteines C179, C183 and C259 are facing the hydrophobic lipid environment of
the transmembrane region. They are surrounded by hydrophobic residues and are
not conserved in many channelrhodopsins (88). Thus these residues might not fulfill
a specific functional role in the photocycle, but rather have less specific importance
on the level of translation, folding or membrane insertion. In line with this
assumption C259 can be substituted by other bulky residues like methionine, leucine
or threonine without any effect on the amplitude of photocurrents, while the
substitution with alanine yielded only 20% of the photocurrents ((101) referring to
mutations in the background of a WT-behaving C34S/C36S-variant). Figure 18A (p.
45) shows that C259 has basically no influence on the vibrational bands of P4*%° and
therefore no major impact on P4*° Nevertheless C259 has an impact on the
difference bands in the S-H stretching region (2568 cm™(-), Figure 18B), indicating
that it experiences alterations, like different hydrogen bonding, in P4*8° compared to
ground state. C179/C183 could be substituted by other hydrophobic residues like

alanine or leucine retaining 65 or 80% of photocurrent amplitudes (101).
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Figure 59: Light-induced FTIR difference spectra of ChR2 variants C128T (top), ChR2-C79/C128T
unlabeled (middle), and ChR2-C79/C128T unlabeled (bottom) in detergent (DM, red lines) and
reconstituted to DMPC ND (blue lines), respectively. The spectra were recorded under photostationary

conditions (after 20 s illumination at 420 nm, averaged 80 s) at 278 K. The spectra are scaled to the all-

trans retinal band at 1180 cm™.
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C34 and C36 are located in a soluble N-terminal B-sheet domain and were shown in
the x-ray crystal structure to bridge the monomers within the dimer (7). The
substitution by alanine gives about the same stationary photocurrents in oocytes as
WT (90) in contrast the substitution by serine gives a 2.5 fold increase (102). The
functional role of the disulfide bridges in ChR2-WT dimer seems not to be crucial,
especially since the spin-spin distance measurements show a dimeric protein (3.4.4.1,
p. 77ff). Indeed also a study employing circular dichroism (CD)-spectroscopy and
electrophysiology proved that ChR2 is also without the N-terminus still dimeric and
shows photocurrents similar to the construct including the N-terminus (103).

C87 is located on helix B facing in between helices A and G, a region where the
prolongation of the pore towards the intracellular side is expected. The substitution
by serine lowers stationary photocurrents in oocytes to about one third of ChR2-WT,
reduces the permeability for larger cations, but does not alter the kinetics of channel
opening and closing (104). In Figure 18B (p. 45) it seems to contribute solely to a
positive band at 2557 cm™ therefore experiences hydrogen bonding or electrostatic
changes between P4*° and ground state. To assign the 2557 cm™ in the single
mutation variant and subsequently trace the kinetics of this band might give
interesting insights the hydration dynamics during channel opening. C87 is probably
the most likely candidate to have substantial impact on the helix hydration in P3>3°,
C79 and C208 are conserved in many ChRs. Substituting C79 or C208 reduces the
expression yields and photocurrents (Table 4, p. 46 and (101,102)). Again it is not
clear on which level (e.g. translation, folding, membrane insertion or thermodynamic
protein stability) the substitution of these cysteines reduces the expression yields.
Comparing ChR2-C79/C128T/C208 and —C79/C128T, the substitution of C208 to
alanine does not have any severe impact on the FTIR difference spectra (P3°39). As
well the photocurrents show similar kinetics and amplitudes (3.2, p. 47ff). Therefore
a crucial functional role of both residues seems to be unlikely.

Probably the reduced expression of these variants can be compensated by
introducing mutations that are known to enhance expression, like substituting C34

and C36 by serine, T159 by cysteine or C259 by leucine. Additionally the T159C
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substitution was shown to improve the retinal affinity in the ChR2-WT background
and photocurrents in various mutational backgrounds (96,97). Improving the retinal

affinity might also have beneficial effects on the photostability.

4.2 Helical movements

In detergent environment qualitatively an outward movement of helices B and F
could be shown (Figure 25, p. 56). In ChR2-C79/C128T the helix B-B distance is
overlain by a broad background (Figure 25, p. 56, top row), which we attribute to
aggregated protein as discussed above. Apart from the distance background, the
illuminated ChR2-C79/C128T sample (Figure 25, p. 56, top row, green trace) shows a
much less defined distance than the dark-equilibrated sample (black trace). This
suggests a more heterogeneous distance between the B-helices in the illuminated
sample. Figure 23 B) shows in addition to the predominant P3>3° also minor
contributions of P,3° and ground state/P4*°. Consequently a fraction of
intermediates other than P3°30 is sampled as well and might contribute with different
helix B-B distances. Therefore the distance changes are not straight forward to
guantify. To get a more quantitative picture of the distances the dimers were trapped
in their oligomerization state in nanodiscs and the illumination conditions were
optimized towards maximal accumulation of P3°3%, Thereby the background could be
eliminated and a narrower distance distributions for the illuminated samples was
yielded.

Another uncertainty of interpretation arises from the distance measurement
between the monomers. The cysteines C34 and C36 that covalently link the
monomers within the dimer in ChR2-WT are replaced in the cysteine-reduced
variants. Therefore the ChR2-Q117C/C128T variant was designed. The label at Q117C
located in helix C is part of the dimer-interface close to the extracellular side. The
PELDOR measurements of ChR2-Q117C/C128T show that upon illumination the C-C

helix distance stays exactly the same (Figure 49, p. 88). This suggests a solid dimer-
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interface also upon channel opening. Consequently the observed distance changes
of the other labeling sides can be interpreted in terms of local or helix displacements.
The PELDOR measurements of ChR2-C79/C128T exhibit pH dependent different label
distances at helix B in ground state (Figure 42, p. 77). At pH 7.4 the distance
distribution is more heterogeneous than at pH 6.0. Since cysteine bound MTSL has a
pKa out of the physiological range (105) the altered distribution is most likely the
result of a pH dependent conformational change of the protein. Recently time-
resolved fluorescence anisotropy measurements were conducted by AG Alexiev on
the ChR2-C79/C128T/C208 variant selectively labeled with a fluorescence dye at C79
(89). The measurements showed at pH 6.0 lower conformational space of the
cytoplasmic part of helix B compared to pH 7.4. In consequence the pH dependence
of the PELDOR distance distribution arises indeed from conformational alterations of
the protein and not only dynamics of the spin label itself. The two C1C2 crystal
structures published can give a hint for the cause of the pH dependence of the
conformational space. One x-ray crystal structure of the C1C2 chimera was solved at
pH 6.0 (7). A blue shifted C1C2-variant with two amino acid substitutions
(corresponding amino acids in ChR2: T159G/G163A) in close proximity to the B-
ionone ring of the retinal was crystalized at pH 7.0 and the structure was solved (30).
The C1C2 ChR structures at pH 6.0 and 7.0 resolve different protonation states for 4
amino acids of which 3 are located in the N-terminus. The only structural difference
observed in the transmembrane part (apart from the amino acid substitutions) is
glutamate 83 (E83), which is located on the intracellular part of helix C close to C79.
E83 is in the protonated state at pH 6.0 hydrogen bonded to H134 (helix F), while
deprotonated it forms a salt bridge with R268 (helix G). PROPKA approximates for
E83 a pKa of 5.4 in the C1C2 structure (30), which might be higher for ChR2. Thus
protonation of E83 at pH 6.0 in ChR2 and consequently hydrogen bonding to H134
might lead to the homogenous loop/helix conformation observed in the PELDOR
measurements. The functional relevance of this pH dependence of the inner gate

needs to be clarified in future studies.
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In early P1°® (at 80 and 120 K) helix B does not move (see 3.4.4.1.1, p. 79ff.). Although
already on the ps timescale and at 80 K substantial amide-| difference bands were
observed (24) and recent MD studies suggest the prolongation of the hydrophilic
funnel to the cytosolic side during P1°® (5,6). Both studies agree on the hydrogen
bond between glutamate 90 (E90) and asparagine 258 (N258) and a salt bridge
between glutamate 83 (E83) and arginine 268 (R268) as major constriction sides that
prevent a pore prolongation to the intracellular side in ground state (Figure 4). The
authors substituted the all-trans retinal in the respective structure by 13-cis
isomerized retinal. One of the two studies used a ChR2 homology model based on
the C1C2 x-ray structure (6). The simulation shows a strain on the lysine (K257) to
which the 13-cis retinal is bound via the Schiff base. The strain is propagated to R268
and causes a weakening of the hydrogen bond to E90. The deprotonated E90 forms
a salt bridge to arginine 93 and the cytosolic part of helix B tilts outwards. However,
E90 is most likely only deprotonated during P4*8° (19), the first larger hydration events
of the protein interior take place in P23°° (8) and in this work it was shown that helix
B does not move at cryogenic temperature up to 120 K (3.4.4.1.1, p. 79ff) thus in early
P1°%. The second simulation on the C1C2 x-ray structure (5) identified a steric conflict
of the 13 methyl group of the isomerized retinal with tryptophan 223 (W223), that
leads to the movement of the cytoplasmic half of helix F. The suggested distortion of
the W223 side chain in early P1°%° would be in line with the observed dangling water
difference bands at cryogenic temperature (92) and our hypothesized location of the
dangling water being hydrogen bonded to W223 (3.5, p. 89ff). Therefore kinetics of
the dangling water difference band might yield valuable information on the dynamics
of early helix F movements. The movement of helix B and thereby the pore formation
between helices A, B, C and G suggested in both works is strongly supported by the

large helix B outward movement shown in this work.
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Our measurements investigating different illumination conditions suggest an
identical helix B-B distance in P33° and P4*° (3.4.4.1.2, p. 80ff.). The latter finding is
in line with the PELDOR data published by Sattig at al. (102) using a variant

accumulating P4* (Table 17). Figure 60 shows a comparison of our distance
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Figure 60: PELDOR distance distribution for the ChR2-C79/C128T in DMPC nanodiscs (solid lines) and
“Mut-2C”-variant solubilized in DM (dotted lines) from Sattig at al. (102) labeled as well at C79. The
distance distribution for the dark-equilibrated (black lines) ChR2 and the illuminated ChR2 (red lines).
ChR2-C79/C128T is accumulating P3°*® while the “mut2C”-variant accumulates P4*° under continuous

illumination.

Table 17: Amino acid substitutions in ChR2-C79/C128T and “Mut-2C”-variant from Sattig at al. (102) in
comparison to ChR2-WT. First row indicates the sequence position (#AA), the following rows indicate
the amino acid (C: cysteine, S: serine, L: leucine, A: alanine, T: threonine) at the respective sequence

position in the different variant.

AAH 34 36 79 87 128 179 183 208 259
ChR2-WT

ChR2-C79
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distribution data (ChR2-C79/C128T in DMPC nanodiscs, pH 7.4) and the data of Sattig
at al. recorded at pH 7.4 with a DM solubilized sample. In their publication Sattig at
al. investigated a variant featuring C128. For most other cysteines different
substitutions (Table 17) were used. The variant showed ChR2-WT like kinetics,
therefore it can be assumed that P4 is accumulated under continuous illumination.
In the ground state (Figure 60, “dark” black traces) as well as in P3>39/P4*8 (“light”,
red traces), the maxima of the distributions are virtually the same. This finding is
interesting not only because the illuminated samples represent different
intermediates, but also because the nanodisc membrane and detergent environment
give the same helix B movement. This suggests a very robust mode of movement for
helix B, which displacement persists also during P4*°. It also strengthens the idea of
gating consisting of two steps: 1. the major conformational changes prolonging the
pore to the intracellular side between helices A, B, C and G 2. the opening of a last
constriction site within the pore that enables cation flow.

A helix B movement was suggested also from electron microscopy studies of 2D-
crystals of bacteriorhodopsin (106,107) and ChR2-C128T (108). In ChR2-C128T the
EM data does not reveal a direction of movement of helix B and was interpreted as
loss of helical order. A helix B movement was not observed in visual rhodopsin
(109,110), where the helix F movement seems to be the functional relevant event
(111). In this work the movement of helix F of ChR2-C79/C128T/C208 was
gualitatively shown in detergent environment. The long F-F helix distance is difficult
to resolve (long modulation frequencies) and could not be determined in nanodiscs
up to now (Figure 47, p. 85), but is still ongoing work. Nevertheless differences in the
region of the B-F helix distance were observed, where a subpopulation moves to
smaller distance upon channel opening. A cryo electron microscopy study of
illuminated ChR2-C128T 2D crystals (108) showed an outward movement of helix F
away from helix B. An outward movement of the cytoplasmic side of helix F was as
well observed for bacteriorhodopsin (112), sensory rhodopsin Il (66,113) and visual

rhodopsin (109,110). Therefore an inward movement of helix F seems unlikely and
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the distance change might rather correspond to certain label and loop
conformational dynamics in a subpopulation.
The helix F movement seems to be a general feature of rhodopsins. The mechanism

of the helix F displacement still needs to be elucidated.
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In this work three functional ChR2 cysteine-variants were engineered to enable the
site specific labeling end of helix B and additionally helix F or C. The labeling positions
can be investigated in the ground state and in the accumulated open state, P3>3, The
variants were spin-labeled and subjected to pulsed electron double resonance
(PELDOR) measurements. Thereby an outward displacement of the cytosolic side of
helix B and F in the open state could be observed. The helix B displacement persist
also in the desensitized state, P4*®. These results strengthen the hypothesis of a
prolongation of the pore between helices A, B, Cand G (5-7) by the observed outward
movement of helix B in the open state. However, as suggested earlier (8,9), the major
structural changes are to some extent decoupled from the on-gating, since the
outward displacement of helix B persists in the desensitized state. Furthermore we
set the stage for the quantitative determination of the helix F movement, which is
currently underway.

The results of this thesis will help to guide the development and benchmark future

open state models.
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The narrow distance distributions in the PELDOR measurements of ChR-C79/C128T
could allow to systematically investigate the cooperativity of retinal loss and helix B
movement. Concerning the elucidation of a potential cooperativity of retinal loss one
approach could be the following. First one batch of nanodisc reconstituted ChR2-
C79/C128T (typically ~20% of bleached protein molecules (3.4.1.3.1, p. 70ff)) is
divided into several samples and subjected to continuous illumination of different
time intervals. The different illumination duration will result in different fractions of
bleached ChR2 in the sample. After recovery of the ground state of the remaining
intact ChR2 the identical optimized illumination protocol (as applied to the nanodisc
samples in 3.4.4, p. 77ff) will be applied to each sample in order to get maximal P3>3°
accumulation. The interrelationship between the fraction of bleached ChR2 and the
intensity of the distance population residing at ground state distance (~3.8 nm) can
clarify potential cooperativity of retinal binding within the monomers. For
bacteriorhodopsin cooperative retinal binding was shown (85).

The cooperativity of the helix B movement could be clarified by using different
illumination conditions for the freeze quenching protocol. Exposing ChR2-C79/C128T
to different light intensities and illumination durations will yield different fractions of
P3>3%in the freeze quenched samples. For example at 50% ground state and 50% P3°3°
in case of a strong positive cooperativity the distance distribution should show only
the ground state distance (~3.8 nm) and the 7 A shifted illuminated peak both of same
intensity. In case of no cooperativity helix B in both monomers would be statistically
displaced after illumination therefore having in 25% of the dimers both helices B
displaced, in 25% no helical movement and in 50% one helix per dimer moved.
Consequently both scenarios should be clearly distinguishable. Positive cooperativity
of opening was shown for other homodimeric channels, that feature one pore per
monomer, as CLC (e.g. (114)) or the voltage gated H*-channel Hvl (115).
Cooperativity could be also important for the desensitization and light adaption of

ChR2, thus cooperative effects on the thermal relaxation could play a role. Knowledge
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about the level of cooperativity will make clear if we can consider the monomers
within the dimer as completely symmetrical or if we have to take a mixture of
different states into account. Therefore it will help to interpret the distance shifts
upon channel opening more precisely. The same holds true for the pH induced
structural heterogeneity (3.4.4.1, p. 77ff). Experiments on the functional relevance of
the observed differences between pH 6.0 and 7.4 might also shed light on E83 as
major constriction side (see 4.2).

The measurements on ChR2-C79/C128T/C208 are still ongoing in order to quantify
the helix F-F distance changes upon channel opening. The results will help to guide
and benchmark in-silico simulations of the channel opening.

The same variants employed for spin labeling can be also subjected to
complementary methods. Fluorescence labeling, anisotropy and label accessibility
measurements have already been performed to some extent (89). The results show
different fluorescence label accessibility at C79 between ground state and the
illuminated sample. Therefore also stark probes attached to C79 might give
difference signals.

The FTIR band of the dangling water was assigned to a water in the crystal structure
of C1C2. As well C87 was assigned to a FTIR difference band in P4>® (+2557 cm™). The
assignments are tentatively but might give the framework for FTIR spectroscopic
studies of helix F (dangling water) and B (C87).

The approach to introduce cysteines in ChR2-C79/C128T in order to determine
additional distances has several limitations. First of all the inter-monomer distance of
the additional introduced label needs to be >4 nm or a very short distance <3 nm to
be distinguishable from the C79-C79 distance. Further on the labeling position needs
to be label accessible and the engineered variant needs to express in sufficient
amounts. Therefore the expression should be improved. Most promising is the T159C
substitution to improve expression yields and photostability. Also substituting C259
by leucine, C34/C36 by serine instead of alanines seems to be promising (as discussed

in 4.1.1.3, p. 103ff). The improvement of expression might also enable to reintroduce
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C128 in order to yield a ChR2-WT like photocycle, which would ease time resolved

studies tremendously.
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Abstract

Channelrhodopsins (ChRs) are ion channels that regulate phototaxis of green algae.
(1,2). The functional unit comprises a retinal chromophore embedded in seven
transmembrane helices (7TM). Up to now, ChRs are the only light gated ion channels
found in nature. After the discovery in 2002 (3) the ChRs were soon exploited as a
tool to trigger nerve cell action potentials (4). A new field of research, named
optogenetics, was established. Since ChRs undergo a cyclic reaction triggered by light
they can be investigated by a large set of different biophysical techniques and hence
are ideal candidates to study the structure/function relationship on molecular level.
In this work three functional ChR2 cysteine-variants were engineered to enable the
site specific labeling of the cytosolic end of helix B and additionally helix F or C. The
labeling positions can be investigated in the ground state as well as in the
accumulated open state, P3>3°, The variants were spin-labeled and subjected to
pulsed electron double resonance (PELDOR) measurements. Thereby, an outward
displacement of the cytosolic side of helix B and F in the open state could be
observed. The helix B displacement persist also in the desensitized state, P4*%°. These
results strengthen the hypothesis of a prolongation of the pore between helices A, B,
Cand G (13,28,33) by the observed outward movement of helix B in the open state.
However, as suggested earlier (21,35), the major structural changes are to some
extent decoupled from the on-gating, since the outward displacement of helix B
persists in the desensitized state. Furthermore, we set the stage for the quantitative
determination of the helix F movement, which is currently underway.

The results of this thesis will help to guide the developments and benchmark future

open state models.
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Kurzzusammenfassung

Kanalrhodopsine (KR) sind lonenkanile, die die Phototaxis von Griinalgen steuern
(1,2). Die funktionale Einheit umfasst ein Retinal-Chromophor, das in sieben
Transmembranhelices eingebettet ist. Kanalrhodopsine sind die einzigen,
naturlichen, lichtgesteuerten lonenkanale, die bisher entdeckt wurden. Nach ihrer
Entdeckung 2002 (3) wurde bald erkannt, dass mit ihnen Aktionspotentiale in
Nervenzellen durch Licht ausgel6st werden kénnen (4). Da KR eine zyklische Reaktion
durchlaufen, die nichtinvasiv durch Licht ausgelost wird und groRere strukturelle
Veranderungen umfasst, eignen sie sich ideal um an ihnen Struktur-Funktions-
Zusammenhange biophysikalisch zu ergriinden.

In dieser Arbeit wurden drei aktive KR-Cysteinvarianten hergestellt, die spezifisch an
dem zytosolischen Ende der Helix B und zusatzlich an Helix C oder F markiert werden
konnen. Die markierten Positionen kénnen im Grundzustand oder im akkumulierten
offenen Zustand, P3°3°, untersucht werden. Die KR-Varianten wurden spinmarkiert
und in gepulsten Elektronendoppelresonanzmessungen untersucht. Die Messungen
belegen eine Auswartsbewegung der zytosolischen Seite von Helix B und F im offenen
Zustand. Auch im desensitivierten Zustand, P4*9, bleibt Helix B nach aufRen versetzt.
Die Ergebnisse untermauern die Hypothese einer Tunneloffnung zwischen den
Helices A, B, Cund G (13,28,33). Gleichzeitig deuten die Resultate darauf hin, dass die
grofRen Konformationsanderungen, wie bereits vermutet (21,35), zu einem gewissen
Grad von der Tunneldffnung entkoppelt sind, da Helix B auch im desensitivierten
Zustand nach auBen versetzt bleibt. Weiterhin wurde die Grundlage fiir eine
guantitative Bestimmung der Helix F Bewegung bereitet, welche ein weiterhin
laufendes Projekt ist.

Die Ergebnisse dieser Arbeit werden helfen Modelle des offenen Kanals zu entwickeln

und zu beurteilen.
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List of Tables

Table 1: Primer used for quikchange mutagenesis (sequence from 5’ to 3’). Mutation
depicts the sequence position and the amino acid codon, which is introduced at this
POSITION. ettt et etebsb et sb s s bsbsbsbsbsbnsnsnbnnnnnnnnnnnnnnns 18
Table 2: Buffers used for the whole cell patch clamp measurements. The micropipette

III

was filled with “internal” buffer in a great excess to the HEK cell volume. Thus the
internal buffer can be assumed to be the liquid intracellular of the cell membrane,
while the “external” buffer was surrounding immersed the cells. The pH of both
DUFFErS Was SET 10 7.2 et 40
Table 3: ChR2-WT spin labeling efficiency (label/ChR2) using MTSL; “+” standard
deviation determined by error propagation using the errors of ChR2 and MTSL
concentration measurements; labeling conditions: 25°C, 20 fold excess MTSL to
(oYL K= 1= T USSP TR 41
Table 4: Cysteine mutants tested for expression: left coulmn (AA#) gives the amino
acid numbering for the cysteines in the ChR2 sequence. Each row reflects a mutant
tested for expression. The DNA constructs provided by R. Schlesinger are underlined.
The right column indicates expression yields: A “-“ no expression, numbers give the
mg of ChR2 per L of cell culture. The “+” for the yield of ChR2-C79/C128S/C208 refers
to the intense red color of a small scale expression, that was not quantified by
oYU a1 Tor= ) o] o FO TSP 46
Table 5: Time constants of the photocurrents in HEK cells (whole cell recording). Time
constants for current increase after illumination onset, ton, the biphasic current
decrease during illumination (desensitization), T¢es and the decrease after stopping
illumination, Tof, as indicated in Figure 19. The data are means with standard error
(), the number of samples (individual cells) is given in brackets. Conditions as
describDed iN FIGUIE 19.....ciiiiiiiiiiieeeie ettt e e e e et e e e e e e e s eanerrereeeeens 48
Table 6: Time constants for the kinetics at 390 nm (P2390), 480 nm (Ground state)
and 520 nm (P3530), as Shown in FIGUIre 23........cuuiiieiiiiee et 53
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Table 7: Nanodisc reconstitution with different incubation time of the mixture before
biobeads addition. Conditions: pH 7.4, ratio ChR2:MSP1D1:DMPC=1:1:55, incubation:
2 h after adding biobeads. .......ccuuiiiiiiiii e 65
Table 8: Nanodisc reconstitution at different MSP1D1:ChR2 ratios. MSP1D1:DMPC
ration was 1:50 and the MSP1D1 concentration was the same for all reconstitutions.
Conditions: pH 7.4, ratio MSP1D1:DMPC=1:55, incubation: 1 h before biobeads
addition, 2 h after adding biobeads..........cocuiiiiiiiiiiii 66
Table 9: Time constants for relaxation at 480 nm (ground state) and 530 nm (P3>3°)
after illumination of ChR2-C79/C128T/C208 in DM detergent micelles (DM) and
D1 O P g Yo T T Yo 111 0 ) ISP 69
Table 10: Time constants for global fit of transient absorption changes after ns laser
excitation of ChR2-C79/C128T/C208 in DMPC nanodiscs in Figure 39. Values for
ChR2-C128T are taken from (31) ueeeeiiciiiiiiiiieeiee ittt e 71
Table 11: Comparison of distance distributions in Figure 42 in dark and light state at
pH 6.0 and 7.4: Two Gaussian were fitted to the distance distributions in order to
compare the contribution and exact position of the main distance populations..... 78
Table 12: MMM predictions for distances of MTSL attached to C79 and C208 in the
refined ChR2 homology model (see text above). The + value gives the relative RMSD
distance deviation as calculated from MMM, ........cccoooiiiiiiiini s 83
Table 13: MMM predictions for distances of MTSL attached to additionally
introduced cysteines tested for expression and site specific spin labeling: “helix”
indicates the helix of the “cysteine substitution”. Since in the C1C2 ChR2 structure
the monomers within the dimer are complety symmetrical a newly introduced
cysteine to ChR2-C79/C128T creates three new distances: The intra- and inter-
molecular distance between the introduced labeling site and C79, as well as the

distance between the introduced labeling side between the monomers of the dimer.

Table 14: Time constants of the decay of the different intermediates from global fit

of transient absorption changes after ns laser excitation of ChR2-Y196F solubilized in
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DM. Kinetic traces were recorded between 320 nm and 600 nm and fitted by 5
exponentials. Conditions as in FIGUre 51. .......cceeviiiieiiiiiiieeee e 91
Table 15: Qunatification of the dangling water difference bands: Band positions in
ground state (ChR28%) and (P4*9), full width at half maximum (FWHM), area and the
weak hydrogen bond length calculated from the band position according to (93). The
band parameter are determined by the fit of the second derivative (Figure 53) with
the second derivative of lorentzians. The standart deviation was calculated from the
noise between 3680 and 3750 cm™. The “+” value are two standart deviations, thus
the 96% confidence interval for each parameter.......cccccocveivciiiniienniee e, 94
Table 16: Time constants of the decay of the different intermediates from global fit
of transient absorption changes after ns laser excitation of ChR2-T159C solubilized in
DM. Kinetic traces were recorded between 320 nm and 600 nm and fitted by 5
exponentials. Conditions as in FIGUIe 56. .......ceeeeiiiieciiiiiiieee et ee e 98
Table 17: Amino acid substitutions in ChR2-C79/C128T and “Mut-2C”-variant from
Sattig at al. (102) in comparison to ChR2-WT. First row indicates the sequence
position (#AA), the following rows indicate the amino acid (C: cysteine, S: serine, L:
leucine, A: alanine, T: threonine) at the respective sequence position in the different

(V2= L= 109
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List of Figures

Figure 1: Organization of the eyespot: The plasma membrane, featuring ChR-1, -2 and
a voltage gated cation channel (VGCC), is underlayed with several layers of carotenoid
granula. Reproduced from (16). .....cccvueeiiieeeiiie et e e e e e 2
Figure 2: The photocycle (under single turnover conditions) of ChR2-WT summarizing
the recent findings of protonation events and helix hydration (18). The cycle starts
from ground state, “ChR2”. After illumination, as indicated by the blue flash, the
retinal isomerizes from all-trans (AT) to 13-cis retinal. The time constants for the
transitions from one intermediate to the other (arrows) are demarced in the
rectangles. Protonation events coinciding with certain transitions in the photocycle
are denoted by arrows in the same color as the transition. The dashed arrows of the
transition to P4*° indicate that only 25% of the protein population go along this
reaction branch. Reproduced from (18). ......cccevcuiiiiiiiiiiiiiireee e 4
Figure 3: Scheme of a photocurrent measurement. The scheme is typical for an
electrophysiological measurement in voltage clamp mode at a negative holding
potential. llumination (blue bars on top) give rise to a negative photocurrent (cation
influx). Reproduced from (18). ....eiiiiieiiciieeiee et e e e e e et rreeee e e e e eeans 6
Figure 4: The funnel in ChR2: Hydrophilic pore (dark blue) in the ChR chimera
structure (PDB: 3UG9) The pore is located between helices A, B, C and G, as well as
the assumed pore elongation after channel opening (light blue). Inner and central
gate refer to the constriction sites that prevent a continous pore........cccccceeeennnneeee. 7

Figure 5: Schematic depiction of the experimental approach in this thesis.

U o oo [UTol=Te I { o] o T (1) PRSP 8
Figure 6: Vector map for pPICIK. Reproduced from (42).....ccooveeeeeeeeieciiirveeeneeeeeennns 14
Figure 7: Gene map of ChR2 CONSLIUCE......ccceiiiiiiiiieee e 16

Figure 8: The electromagnetic spectrum and accordant types of excitation.
ReProduced from (54). oo iiieeeiee ettt eeeecrrree e e e e eesebra e e e e e eeseeasbraeeaeeeesennnns 26
Figure 9: Absorption spectra of tryptophan (o), tyrosine (A), phenylalanine (o;
spectrum multiplied by 10), and cystine (V) recorded in 10 mM phosphate buffer (pH
7.0). Reproduced from (55). .ottt ettt e e 27
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Figure 10: Scheme of a Michelson Interferometer. Explanation see text. Reproduced
L1800 AT (51°) RO PP PRI 29
Figure 11: Spin labeling reaction of a cysteine with MTSL. ......cccocviiviiiieiiniiieeeeee, 31
Figure 12: Left: Energy diagram for the Zeeman effect and hyperfine structure for an
atom with a nucleus I=1, like nitrogen. The splitting results in three transitions with
different AE. Note: For clarity the splitting by the hyperfine interaction is strongly
exaggerated compared to the Zeeman effect at typical field strength used in EPR.
Right: MTSL spectra showing three resonance lines according to the hyperfine
interaction with the N nucleus. The spectra exhibiting the effect of different label
mobility from the free moving MTSL in A to frozen solution in D and intermediate
mobility in B/C. The figure is reproduced from (62)........cccveeviieeeeiieeecieeeeiee e, 33
Figure 13: Left: Scheme of the magnetization vectors of spin A (blue) and B (red) both
aligned to BO. r is the spin spin distance and the angle 8 characterizes the
orientation of both spins with respect to each other. Right: The splitting of the
resonance line due to dipolar coupling of the two spins gives the Pake pattern.
LT o] oo [UTol=To I { o] o TN (3 1 TR PP 35
Figure 14: Schematic depiction of an electron spin vector (black arrow) precessing
(grey arrow) around the magnetic field B (white arrow). ........cccceeeeciieeeecciieeeenee, 36

Figure 15: 4-pulse PELDOR sequence: Explanation see text. Reproduced from (61).

Figure 16: Schematic depiction of inter- and intra-molecular spin-spin distances.
2L o] oY [UTol=Te It { o] o T (1) TR 39
Figure 17: The cysteine positions of ChR2 indicated by red circles in the sequence of
our ChR2-WT construct. C128 is marked with a yellow circle and K257, were the
retinal is bound by a blue square. The scheme was plotted using Protter (67)........ 42
Figure 18: Light-induced FTIR difference spectra of several cysteine variants in
comparison to ChR2-WT. The spectra were recorded under photostationary
conditions (ChR2-WT, -C34A/C36A/C259A and -C34A/C36A/C79A/C87A at 25°C, pH
7.4, 456 nm illumination; ChR2-C128T and —C79/C128T/C208 at 5°C, pH 6.0, 420 nm

illumination) and scaled to the all-trans retinal band at 1246 cm™........cccevevveneee. 45
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Figure 19: Photocurrents in HEK cells (whole cell recording). The left side shows on
the short timescale the onset of the photocurrent (ton), while the right side shows on
the long stimescale desensitization (tdes1, Tdes2) and channel closing (toff). Holding
potential -60 mV, illumination with 450 nm for 20s, pH 7.2 ....ccveeeeiiiieeeciieeeee 47
Figure 20: Amplitude (lp, see Figure 19) of the photocurrents in HEK cells. The data
are means with standard error (error bars), the number of samples (individual cells)
is given in brackets. Conditions as described in Figure 19. .......cccccceevvveeeenivieee e, 48
Figure 21: Left: Structure of Decyl-B-D-maltopyranoside (DM): The hydrophilic
headgroup (pink), a glucose disaccharide (maltose), is bound via an ether linkage to
the hydrophobic tail (blue) of a 10 carbon alkane chain; Right: Schematic
representation of a membrane protein in a detergent micelle (reproduced from (70)).
The hydrophobic parts of the protein are shielded by the hydrophobic detergent tails
(blue), while the hydrophilic headgroups (pink) are at the water/micelle interface.50
Figure 22: ChR2-C79/C128T/C208 UV/vis absorbance spectra at different pH, before
and after 1 min (pH 7.4 and 7.9) and 2.5 min illumination (pH 5.6) with 456 nm at
A O PP PPPP 51
Figure 23: ChR2-C79/C128T/C208 UV/vis absorbance spectra: Relaxation after 3 min
of illumination (end of illumination t=0s); A: Spectra recorded before illumination
(dotted line) and after 12 s to 21 h (solid lines, see legend for color coding) after
illumination; B: Spectrum 12 s after illumination, P3>3° is predominant with minor
contributions of P3>3 (Amax=356 nm, 377 nm, 414 nm) and Ground state/P4*%°
(shoulder at ~450 nm), an artifact from the spectrometer is marked with “A”; C: Time
course of the absorbance changes after illumination at 390 nm (blue, P3>3 and
P,3%0), 480 nm (black, P4*¥° and Ground state) and 520 nm (red, P3>3°) with respect to
the absorbance before illumination (AA before illumination=0); conditions: 5°C, pH
6.0, 50% (V/V) glycerol, illumination for 3 min at 456 nm excitation wavelength
L0 DT 0 01U TR 53
Figure 24: Light-induced FTIR difference spectra of ChR2 variants C128T (black), ChR2-
C79/C128T/C208 and ChR2-C79/C128T unlabeled (blue) and MTSL labeled (red). The
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spectra were recorded under photostationary conditions (after 3 min illumination,
456 nm) at 278 K. The spectra are scaled to the 13-cis retinal band at 1180 cm™... 55
Figure 25: Background-corrected PELDOR measurements of ChR2 labeled at C79 (a)
and C79/C128T/C208 (b) in dark and light state. For each data set two PELDOR
measurements of different length were combined, the resulting trace was treated
with a hamming window after background correction to stabilize the fit. Distance
distributions of C79- (c) and C79/C128T/C208-labeled (d) ChR2. ChR2-C79/C128T
shows a broad background with a sharp feature at 3.7 nm that shifts to 4.2 nm upon
light activation. The same shift occurs in ChR2-C79/C128T/C208, with an additional
shift of the distribution’s inflection point from 5.2 nm to 5.4 nM. .....ccccovvivriiieenns 56
Figure 26: Schematic depiction of a nanodisc consisting of phospholipids and MSP1
protein. Picture is taken from (78). ....ceeevciieei i 58
Figure 27: Structure of the lipids used for nanodisc reconstitution. Both phospholipids
have no net charge. DMPC has a saturated 14-carbon-atom long fatty acid tail, while
the tail of POPC consists of a saturated 16C and an unsaturated 18C fatty acid...... 59
Figure 28: Chromatogram of reconstitution product of MSP1D1 and DMPC at
different mixing ratios. Conditions: pH 7.4, incubation: 1 h before biobeads addition,
2 h after adding biobeads. ..........uviiiiiii i 60
Figure 29: Chromatogram of reconstitution product of MSP1D1/DMPC and
MSP1D1/POPC at different mixing ratios. The Chromatogram of the DMPC-nanodiscs
shows an artefact between 6 and 8 mL due to pressure fluctuation during the
measurement. Conditions: pH 7.4, incubation: 1 h before biobeads addition, 2 h after
=0 Lo 1T aT= o] o] o JT=To K3 61
Figure 30: Chromatogram of reconstitution product of MSP1D1 and DMPC at
different pH. Conditions: MSP1D1:DMPC=1:80, incubation: 1 h before biobeads
addition, 2 h after adding ... 62
Figure 31: Chromatogram of reconstitution of ChR2 in DMPC nanodiscs at different
MSP1D1:DMPC ratios. Conditions: pH 7.4, MSP1D1:ChR2=1:1, incubation: 1 h before
biobeads addition, 2 h after adding biobeads. ..., 63
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Figure 32: Chromatogram of reconstitution product of ChR2/MSP1D1/DMPC with
different incubation times for the reconstitution mixture before the biobeads are
added. Conditions: pH 7.4, ratio ChR2:MSP1D1:DMPC=1:1:55, incubation: 2 h after
F=To Lo T g ¥ =48 o TTo] o J=T- Yo -0 64
Figure 33: Chromatogram of reconstitution product of ChR2/MSP1D1/DMPC at
different ratio of MSP1D1:ChR2. Conditions: pH 7.4, ratio MSP1D1:DMPC=1:55,
incubation: 1 h before biobeads addition, 2 h after adding biobeads...................... 65
Figure 34: Size exclusion chromatogram after nanodisc reconstitution of ChR2 (black,
red). For comparison empty DMPC nanodiscs (DMPC).........ccccecvieeeeiiiieeeeeciieee e 67
Figure 35: Absorption spectrum of ChR2-C79/C128T/C208 in DMPC nanodiscs at pH
7.4. The ratio of the absorbance at 280 and 480 nm is a measure for the purity of the
ChR2 SAMIPIE. eeeiiiee ettt e e e e e st e e e s s ate e e e e sabaeeeesnsaeeeeennraeeeenns 68
Figure 36: Kinetik of absorption differences at 480 nm (ground state) and 530 nm
(P3°39) during and after illumination with 456 nm of ChR2-C79/C128T/C208 in DM
detergent micelles (dashed lines) DMPC nanodiscs (solid line). Conditions: 25°C, pH
B0 e e n e s e e e e e e e e e e aeaeaeneaeaanns 69
Figure 37: Transient absorption changes after ns laser excitation (450 nm) of ChR2-
C79/C128T/C208 in DMPC nanodiscs. Conditions: 25°C, pH 7.4........ccccveeevveeerneennee. 70
Figure 38: ChR2-C79/C128T/C208 UV/vis absorbance spectra/kinetics: Relaxation
after 1 min of illumination (start of illumination t=0 s); A: Spectra recorded before
illumination (red line) and 80 s (black line) after illumination; B: Amplitude of the
absorbance changes after illumination at 405 nm (orange lines), 420 nm (magenta
lines) and 456 nm (blue lines) at pH 6.0 (solid lines) and pH 7.4 (dotted lines).
Conditions: 5°C, pH 6.0, 50% (V/V) glycerol, illumination for 1 min. ........c.c.c.......... 71
Figure 39: ChR2-C79/C128T/C208 UV/vis absorbance changes after 60s of
illumination at different pH wavelength (Figure 38): A: Absorbance at 530 nm after
1 min illumination at pH 6.0 (blue) and pH 7.4 (red); B: Percentage of absorbance
decrease at 480 nm after 1 min illumination and complete relaxation. Conditions: 5°C,

pH 6.0, 50% (V/V) glycerol, illumination for 1 min. ........ccecveeveeevieniieeciesie e 72
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Figure 40: ChR2-C79/C128T/C208 UV/vis absorbance kinetics: Amplitude of the
absorbance changes after illumination at 405 nm (orange lines) and 420 nm
(magenta lines) at pH 6.0 (solid lines) and pH 7.4 (dotted lines). Conditions: 5°C, pH
6.0, 50% (V/V) glycerol, illumination for 1 min. .......cccceeveenienceeniie e 73
Figure 41: A: FTIR-absorption spectrum before illumination, and B: Light-induced FTIR
difference spectra of ChR2 variants C128T (black), ChR2-C79/C128T unlabeled (red),
and ChR2-C79/C128T unlabeled (blue). The spectra were recorded under
photostationary conditions (after 20 s illumination at 420 nm, averaged 80s) at
278 K. The spectra are scaled to the all-trans retinal band at 1246 cm™.................. 74
Figure 42: ChR2-C79/C128T DMPC nanodisc reconstituted, background-corrected
pELDOR time trace (left) and the corresponding distance distributions (right) in dark
and light state at pH 7.4 and pH 6.0. .....cooiiiiiieiiieeeeee e 77
Figure 43: DMPC nanodisc reconstituted ChR2-C79/C128T measured at different
cryogenic temperatures, A: UV/vis spectra before and after illumination, B:
Background-corrected PELDOR time traces. Conditions: pH 6.0. ......cccccvvvvveeeerennnes 80
Figure 44: UV/vis kinetic at 530 nm of illumination and relaxation of ChR2-C79/C128T
PELDOR sample “50 relaxed”: lllumination start at 100 s, stop at 120 s. An identical
protein sample was shock frozen after 20 s illumination, “illuminated”. The “50%
relaxed” sample was further incubated at 5°C and shock frozen when 50% of the
AA(530 NM) WEIe AECAYEM. ...coeeiiirieeeee et e e e e eee e e e e e e e e e anrees 82
Figure 45: Background-corrected PELDOR time traces (left) of ChR2-C79/C128T
sample treated with different illumination conditions (as described in the text and in
Figure 46) and the corresponding distance distributions (right).........ccccovveveriiennnnnne. 82
Figure 46: Reduction kinetics of MTSL label bound to ChR2-C79/C128T/C208.
Conditions: 40-fold ascorbate excess relative to bound MTSL (c(MTSL)~150 uM), pH
5.0, 57C. ettt et b e bt e bt e e bt e bt e e bt e he e ebeenaeeebeenneenareen 84
Figure 47: Background-corrected PELDOR time traces (left) of MTSL-labeled ChR2-
C79/C128T/C208 and the corresponding distance distributions (right). .................. 85
Figure 48: MTSL labeling of ChR2-C79/S222C at different conditions. ..................... 87
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Figure 49: Background-corrected PELDOR time trace (left) of DMPC nanodisc
reconstituted ChR2-C79/C128T/Q117C and the corresponding distance distributions
(right). The blue line indicates the C117 inter-monomer distance in the distance
ISTIIDULION ... e e 88
Figure 50: Hydrogen bonding network of Y196 in C1C2 chimera structure (PDB:
3UG9). The residues shown are conserved in ChR1 and ChR2. The water hydrogen
close to W260 is supposed to interact weakly with the m—system of the tryptophan
and the respective O-H stretching vibration (the respective hydrogen atom is
depicted in blue) to give rise to the “dangling water” vibration. The other water
hydrogen interacts with the backbone of helix G, while the oxygen is hydrogen
bonding With W223. ...ttt s b e 89
Figure 51: Transient absorption changes after ns laser excitation (450 nm) of ChR2-
Y196F (blue) in comparison to ChR2-WT (black), both solubilized in DM. The three
traces are characteristic for the four intermediates of the photocycle: At 520 nm P1°%°
(decay) and P3°2° are observed. The trace at 480 nm reports on the P4*° and ground
state. 380 nm shows the formation and decay of P23%°. Conditions: 25°C, pH 7.4 ... 91
Figure 52: Light-induced FTIR difference spectra of ChR2-Y196F (blue) and —WT
(black). The spectra were recorded under photostationary conditions (456 nm
illumination) at 25°C and scaled to the all-trans retinal band at 1246 cm™. At these
conditions P4*® is dominant in the photostationary mixture. ........cccoecvvvveeveveeneenne. 92
Figure 53: Light-induced FTIR difference spectra (upper part) and the respective
second derivative (lower part) of ChR2-Y196F (blue) and —WT (black). The O-H
stretching region is compared. For a precise band position the second derivative of
the difference spectrum (resolution reduced to 8 cm™) is displayed. The spectra were

recorded under photostationary conditions (456 nm illumination) at 25°C and scaled

Figure 54: Light-induced FTIR difference spectra of several cysteine variants in
comparison to ChR2-WT. The O-H stretching region is compared. The spectra were
recorded under photostationary conditions (ChR2-WT, -C34A/C36A/C259A and —
T159C at 25°C, pH 7.4, 456 nm illumination; ChR2-C128T and —C79/C128T/C208 at
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273 K, pH 6.0, 420 nm illumination) and scaled to the all-trans retinal band at
1246 CM™LL Lottt ettt sttt e bt e e ereneas 95
Figure 55: T159 in the C1C2 chimera structure (PDB: 3UG9): T159 is located next to
the B-ionone of the retinal chromophore. ........cccoooiiie i, 96
Figure 56: Transient absorption changes after ns laser excitation (450 nm) of ChR2-
T159C (red) in comparison to ChR2-WT (black), both variants solubilized in DM. The
three traces are characteristic for the four intermediates of the photocycle: At
520 nm P1°® (decay) and P3°%° are observed. The trace at 480 nm reports on the P4*
and ground state. 380 nm shows the formation and decay of P23%°. Conditions: 25°C,
DH 78 oottt e e sttt e s et ee e et e et e et e s e e ee e 98
Figure 57: Light-induced FTIR difference spectra of ChR2-T159C (red) and -WT
(black). The spectra were recorded under photostationary conditions (456 nm
illumination) at 25°C and scaled to the all-trans retinal band at 1246 cm™. At these
conditions P4%% is dominant in the photostationary mixture. ..........cccccoevveveereenennee. 99
Figure 58: Light-induced FTIR difference spectra of ChR2-WT (black), -Y196F (blue)
and —T159C (red). The spectra were recorded under photostationary conditions

(456 nm illumination) at 25°C and scaled to the all-trans retinal band at 1246 cm™.

Figure 59: Light-induced FTIR difference spectra of ChR2 variants C128T (top), ChR2-
C79/C128T unlabeled (middle), and ChR2-C79/C128T unlabeled (bottom) in
detergent (DM, red lines) and reconstituted to DMPC ND (blue lines), respectively.
The spectra were recorded under photostationary conditions (after 20 s illumination
at 420 nm, averaged 80 s) at 278 K. The spectra are scaled to the all-trans retinal band
AL 1180 CM™L. ettt bttt nes 104
Figure 60: PELDOR distance distribution for the ChR2-C79/C128T in DMPC nanodiscs
(solid lines) and “Mut-2C"-variant solubilized in DM (dotted lines) from Sattig at al.
(102) labeled as well at C79. The distance distribution for the dark-equilibrated (black
lines) ChR2 and the illuminated ChR2 (red lines). ChR2-C79/C128T is accumulating

P3°30 while the “mut2C”-variant accumulates P4*%° under continuous illumination.
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Appendix

List of Abbreviations
4pELDOR 4-Pulse Electron Double Resonance
amp Ampicillin
C. reinhardtii Chlamydomonas reinhardtii
ChR Channelrhodopsin
ChR1 Channelrhodopsin-1
ChR2 Channelrhodopsin-2
CwW Continuous Wave
DM n-Decyl-B-D-Maltopyranoside
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DMSO Dimethyl Sulfoxide
DNA Deoxyribonucleic acid
E. coli Escherichia coli
EPR Electron Paramagnetic Resonance
FTIR Fourier transformed Infra Red
gDNA genomic Deoxyribonucleic acid
GPCR GTP-binding Protein Coupled Receptors
HEK cell Human Embryonic Kidney 293 cell
IR Infra Red
km Kanamycin
m/V mass/Volume
MSP Membrane Scaffold Protein
MTSL (1-Oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl) Methanethiosulfonate
P. pastoris Pichia pastoris
PCR Polymerase Chain Reaction
PELDOR Pulsed Electron Double Resonance
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
RT Room Temperature
UV/Vis Ultra Violet/visible
UV/Vis Ultra Violet
Vv/V Volume/Volume
VGCC Voltage Gated Cation Channel
WT wild type
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