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Abbreviations

2p-ESEEM Two-pulse electron spin echo envelope modulation

AD Analog-to-digital

ATPa Non-hydrolyzable analog of ATP

B factor Debye-Waller factor

B-field External magnetic field

BME β-Mercaptoethanol

BNC Bayonet Neill-Concelman

CCA-adding enzyme ATP(CTP):tRNA nucleotidyltransferase

CCAse CCA-adding enzyme

ChR2 Channelrhodopsin-2

CTPa Non-hydrolyzable analog of CTP

cw Continuous wave

DDM N-Dodecyl β-D-maltoside

DEER Double electron-electron resonance

DTT Dithiothreitol

E. coli Escherichia coli

EPR Electron paramagnetic resonance

EPR transient Time-resolved cw EPR trace

FTIR Fourier transform infrared

GUI Graphical user interface

HAMP domain Signal transduction domain

Hsa Homo sapiens sapiens

HsaCCA Human CCA-adding enzyme

MCP Methyl-accepting chemotaxis protein

MD Molecular dynamics

MTSSL (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)

methanethiosulfonate

Np Natronomonas pharaonis

NpHtrII Halotransducer II from Natronomonas pharaonis

NpSRII Sensory Rhodopsin II from Natronomonas pharaonis

PDB Protein Data Bank
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PME Particle Mesh Ewald algorithm

PML Purple membrane lipids

R1 MTSSL side chain

RLA Rotamer Library Approach

RMSD Root-mean-square deviation

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SDSL Site-directed spin labeling

SL Spin label

SNR Signal/noise ratio

SSE Sum of the squared prediction errors

TMH Transmembrane helices

Wt Wild type

Z-DOPE Normalized Discrete Optimized Protein Energy score
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Introduction

Introduction

Motivation

Life is based on four fundamental classes of macromolecules: Carbohydrates, proteins,  

lipids, and nucleic acids. Among those, proteins are arguably the most complex subjects 

of biophysical studies with an immense repertoire in structural and functional versatility: 

Proteins  are  essential  components  in  the  cell's  immune response,  for  the  catalysis  of 

chemical reactions, for regulatory pathways, in the transport machineries required for the 

translocation of molecules and ions, in the sensory system detecting internal and external 

stimuli and finally in the responses caused by attractant or repellent stimuli – in short:  

Proteins function to keep cells alive.

It is easy to understand that the primary, secondary, and tertiary structure of a protein is  
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“Certainly no subject or field is making more progress on so many 
fronts at the present moment, than biology, and if we were to name the 
most powerful assumption of all, which leads one on and on in an 
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that everything that living things do can be understood in terms of the 
jigglings and wigglings of atoms.”

Richard P. Feynman,
The Feynman Lectures on Physics, vol. 1-3, p. 35 (1963)
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encoded in genes. It is also easy to understand that a protein's structure will somehow 

provide an indication of its function. However, the function of a protein cannot be easily 

predicted from its genetic information (Figure 1).

Until now, approximately ~113.500 different biological macromolecular structure have 

been deposited in the  Protein Data Bank (PDB)[1]. Interestingly, only ~3.000 of those 

published structures have been characterized as transmembrane proteins, accounting for 

less  than  3 %  of  all  documented  macromolecular  structures.  The  main  biophysical 

methods for protein structure determination are X-ray crystallography (~89 %), solution 

NMR  (~10 %),  and  other  methods  (~1%)  including  electron  microscopy,  solid-state 

NMR,  electron  crystallography,  neutron  diffraction,  fiber  diffraction  and  solution 

scattering.  While  X-ray  crystallography  is  a  very  powerful  tool  for  protein  structure 

determination,  it  yields  limited  information  on  protein  dynamics.  On  the  other  hand, 

solution NMR yields sufficient information on protein structure and dynamics, but it is  

limited by the molecular weight of the analyzed proteins. It is therefore no surprise that  

we know more about protein structure than we know about protein dynamics. With a 

limited number of resolved transmembrane protein structures, this discrepancy becomes 

even more apparent.

Biophysical methods provide insight into the structure-dynamics-function relationship of 

proteins. In this work, we are going to study three proteins with published structures from 

three different organisms by electron paramagnetic resonance (EPR) spectroscopy - two 

of these proteins are membrane proteins:

1. The  Halotransducer  II  from  Natronomonas pharaonis (NpHtrII)  is  part  of  the 

phototaxis system in halophilic archaea. Spin labels (SL) were introduced into the 

HAMP2 domain by  Site-directed spin labeling (SDSL) to compare the protein 

backbone mobility in this domain before and upon signaling using  continuous 

wave (cw) EPR spectroscopy.

Does  HAMP2  exhibit  a  conformational  equilibrium  between  two 

structures with significantly different dynamics, similar to the equilibrium found 

in HAMP1?
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2. Channelrhodopsin-2 (ChR2) is a light-activated cation channel isolated from the 

green alga Chlamydomonas reinhardtii. Interspin distances changes between two 

spin-labeled native cysteines in the transmembrane helices (TMHs) TMH B and 

TMH F  were  detected  before  and  upon  illumination  using  double  electron-

electron resonance (DEER) spectroscopy.

Does  ChR2  undergo  a  significant  conformational  change  upon  light-

activation,  i.e.  an  outward  movement  of  the  cytoplasmic  part,  similar  to  the 

structural changes found in other rhodopsins?

3. The human CCA-adding enzyme (HsaCCA) is an enzyme involved in the protein 

biosynthesis.  During  catalysis,  specific  nucleotides  are  discriminated  as 

substrates for the elongation of a tRNA. The interspin distance between two spin-

labeled domains, the head and the body domain, were compared as function of 

different substrates using DEER spectroscopy.

Does a substrate-dependent domain positioning between the head and the 

body domain mediate substrate-specificity?
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EPR spectroscopy

EPR  spectroscopy  is  based  on  transitions  between  Zeeman  levels  of  paramagnetic 

systems located in a magnetic field. The present systems are diamagnetic and thus, an 

unpaired electron is  introduced at  the  desired site using the approach of SDSL.  EPR 

spectroscopy in combination with SDSL is a powerful method to investigate proteins [2]. 

It  yields  information  about  the  protein  backbone  mobility,  the  polarity,  and  the 

accessibility of a given target site. In addition, interspin distances in the range of 1-2 nm 

can be detected by low-temperature (160 K) cw EPR spectroscopy, while the detection of 

larger  distances  (2-8 nm)  is  accessible  to  DEER  spectroscopy  (Figure 6)  at  low 

temperatures (50 K).

The introduction of SLs into proteins is commonly performed utilizing the thiol-specific 

reaction of a suitable SL with solvent-accessible cysteine side chains, covalently binding 

the SL to the protein via disulfide bridges. The spin labeling strategy can either be aimed 

at native cysteines or at those that have been introduced by site-directed mutagenesis.  

Similarly, native cysteines can be removed by site-directed mutagenesis to reduce the 

number  of  potential  target  sites.  (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) 

methanethiosulfonate (MTSSL) is a commonly used nitroxide SL, that is known to cause 

very little perturbation of protein structure and function upon binding to solvent-exposed 

cysteines (Figure 2).
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Spin label dynamics

Upon binding of MTSSL to a protein's cysteine side chain, the SL can effectively function 

as probe reporting biophysical properties in the vicinity of the targeted site. One of the  

parameters  that  define  the  line  shape  of  the  cw EPR spectrum is  the  reorientational 

correlation time τc (Figure 3): τc is mainly determined by the side chain's internal motion, 

fast protein backbone fluctuations, and the overall protein rotational diffusion. The cw 

EPR spectrum is  very  sensitive  to  changes  in  the  τc values  within  a  wide  range  of 

reorientational correlation times (~0.1-100 ns).
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The internal motion of the MTSSL side chain (R1) is usually hindered by intramolecular 

(Sδ–HCα hydrogen bond) interactions and can additionally be hindered by intermolecular 

interactions  (steric  contacts,  hydrophobic  interactions,  etc.)  at  the  site  of  attachment, 

resulting in an anisotropic motion pattern that is reflected by an incomplete averaging of 

the hyperfine tensor A of the nitroxide [3]. In consequence, two spectral components (R1 

rotamer populations) can be observed in the low-field part of the X-band (~9.4 GHz) EPR 

spectrum:  The  fist  component  at  a  lower  external  magnetic  field (B-field)  value 

corresponds to the R1rotamer population, where the z-axis of the nitroxides is oriented in 

parallel to the B-field. The second component at a higher B-field value corresponds to the 

R1 rotamer population with the z-axis of the nitroxides in a perpendicular orientation 

11



EPR spectroscopy

with respect to the B-field.

In addition to the anisotropic effects caused by the internal motion of the nitroxide SL, 

the spectral line shape of an R1 spectrum is also altered by protein backbone fluctuations 

[4]. A decrease in the apparent R1 mobility leads to an increase in the contribution of the 

first  low-field component,  similar  to  the  effect  of  a  parallel  orientation of  R1 to  the 

external B-field. In contrast, an increase in the apparent R1 mobility leads to an increase  

in  the  contribution  of  the  second  low-field  component,  similar  to  the  effect  of  a 

perpendicular orientation of R1 to the external B-field. The extraction of τ c, while taking 

into account the anisotropic motion of the SL, from a given R1 spectrum is a non-trivial 

problem: A successful approach to determine τc is the fitting of simulated spectra to the 

experimental data with varying parameter sets [5].

Furthermore, if a protein exhibits an equilibrium of two conformational substates, which 

differ significantly in backbone fluctuation (“mobility”) and which exchange at a low rate  
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(µs-ms)  compared  to  the  SL rotation correlation times (ps-ns),  the  resulting cw EPR 

spectrum will exhibit two components as described before (Figure 5): In the case of two 

significantly distinct  mobilities or  in the  case of  a  conformational  equilibrium that  is 

significantly shifted to either side, the two components can be clearly identified in the 

low-field peak. However, if the conformational substates exchange at a rate close to the 

SL mobility or if the backbone fluctuations are very similar, the two components might 

overlap and cannot be easily resolved in the low-field peak.

The  identification  and  characterization  of  the  individual  spectral  contributions  that 

account for the cw EPR spectrum of a spin-labeled protein is crucial for the analysis of its  

different conformational substates. Powerful experimental techniques are available for the 

unraveling  of  the  individual  contributions  to  multi-component  cw  EPR  spectra:  For 

example, temperature-dependent measurements can reveal conformational equilibria in 

proteins  by  shifting  the  population  number  from  a  (low-energy)  ground  state  to  an 

(higher-energy) activated state upon temperature increase. The fractions of the different 

populations can be determined from fitting of simulated spectra to the experimental ones 

(Figure 15).

Interspin distances

The investigation of protein conformations and dynamics can also be performed by the 

determination  of  interspin  distance  distributions  with  either  low-temperature  cw EPR 

spectroscopy or by DEER spectroscopy. In short, the dipolar coupling between at least 

two  unpaired  electrons  (e.g.  R1  side  chains)  can  either  be  analyzed  as  a  distance-

dependent broadening of the cw EPR spectrum for small interspin distances (1-2 nm) or it 

can be determined from the stimulated electron spin-echo as a function of larger interspin 

distances (2-8 nm).

For the fitting procedure of cw EPR spectra with DIPFIT  [6], all required EPR fitting 

parameters (g-, and A-tensors as well as the linewidth), except for those describing the 

spectral  effects  caused  by  dipolar  coupling,  are  derived  from an  averaging  of  fitting 

results for the individual unbroadened EPR spectra. The observed broadening in spectra 

of interacting spins is then attributed to the dipolar broadening from which an average 

distance and an average distance distribution width can be determined.

An  excellent  example  for  the  application  of  the  low-temperature  cw  EPR  distance 

measurement is the study on the light-induced outward motion of TMH F of NpSRII [7]: 
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The triangulation of individual interspin distances in the NpSRII/NpHtrII complex, both 

in its dark-adapted and its freeze-trapped photo-activated state, clearly indicated light-

induced distance changes involving TMH F (Figure 11).

In  comparison  to  the  rather  limited  distance  resolution  of  low-temperature  cw  EPR 

spectroscopy, DEER spectroscopy is capable of detecting individual interspin distances 

and their corresponding distance distributions. In fact, DEER spectroscopy allows for the 

detection and identification of individual R1 rotamer populations: Changes in distance 

distributions, and protein conformation transitions can thus be revealed.

A four-pulse experiment is set up to create the pulse sequence for a DEER experiment: 

Two microwave pulses at υobs are used to generate the initial  Hahn-echo with a fixed 

delay (τ1) between the first two observer pulses, and between the second observer pulse  

and  the  Hahn-echo (Figure 6).  This  echo is  refocused  up  to  a  certain  time  after  its 

generation,  the  dipolar  evolution  time  (τ2),  using  a  third  observer  pulse  at  υobs. 

Furthermore, the application of the fourth pump pulse at υpump with a varying delays (t') 
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after  echo modulates the signal intensity of  echoref (V) in a distance-dependent manner. 

While  the  signal  intensity  of  echoref decays  over  time  due  to  unspecific  interspin 

interactions  (the  so-called  “background”  spins),  it  also  oscillates  with  a  frequency 

corresponding  to  the  distance-dependent  strength  of  the  dipolar  coupling  between 

individual SL rotamer populations. The resulting dipolar evolution function (V(t')) as a 

function of τ2 is the actual DEER signal. After dividing by the background decay, the 

background-corrected  DEER  data  is  called  the  “Form  factor”  (F(t')).  The  Fourier 

transform  of  F(t')  yields  the  “Pake  pattern”,  which  is  the  data  set  used  for  the 

determination  of  interspin  distances.  In  DEERAnalysis  [8],  the  individual  dipolar 

coupling frequencies of individual SL rotamer populations are deconvoluted by Tikhonov 

regularization and transformed into individual distances and their distance distributions.
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Materials & Methods

Preparation of NpHtrII mutants

For  the  generation  of  NpHtrII  cysteine  mutants,  CaCl2 competent  Escherichia  coli 

(E. coli)  BL21(DE3)  cells  were  transfected  with  pET27bmod-NpHtrII-His [9,  10] 

plasmids  by  heat  shock  (37 °C;  30 s).  Over-night  cultures  (37 °C;  12 h;  LB medium; 

50 µg/ml  Kanamycin)  were  used  to  amplify  the  plasmid  copies  and  for  further 

purification with the QIAprep Spin Miniprep kit (Qiagen). The purified plasmids were  

then utilized for site-directed mutagenesis with the QuikChange Lightning kit (Agilent 

Technologies). The resulting plasmids potentially containing the desired NpHtrII cysteine 

mutations were then transformed into E. coli cells. After an over-night incubation on LB 

agar  plates  (37 °C;  12 h;  LB agar;  50 µg/ml  Kanamycin),  visible  clone colonies  were 

selected for plasmid amplification and sequencing.
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All  NpHtrII  cysteine  mutants  were  expressed  and  purified  using  a  slightly  modified 

version of the standard protocol [11]. In short: Single clones from over-night incubations 

on LB agar plates were selected and grown in LB medium to an optical density of OD 578 

0.8-1.0. Overexpression of NpHtrII mutants was induced by the addition of 0.4 mM IPTG 

and  the  cells  were  incubated  overnight  (18 °C;  12-14 h;  LB medium;  50 µg/ml 

Kanamycin). Starting with the cell harvest, the protein purification of NpHtrII continued 

according to the standard protocol. Finally, a sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE)  was  used  to  document  the  success  of  the  expression 

(Figure 7).
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Preparation of the NpSRII/NpHtrII complex

Solubilized  NpHtrII was incubated with solubilized  NpSRII or  NpSRII-D75N in a 1:1 

molar ratio and without light-exposure (20 °C; 1 h).  Preparations of  purple membrane 

lipids (PML) from Halobacterium salinarum were then mixed with the sensor-transducer 

complex in a 1:1 weight ratio and incubated overnight under high-salt conditions with 

sufficient  Bio-Beads  SM-2  resin  (Bio-Rad  Laboratories)  to  remove  superfluous  n-

Dodecyl β-D-maltoside (DDM) detergent (4 °C; 12 h; 1 M NaCl). Prior to usage, pelleted 

membrane  fractions  (4 °C;  20 min;  16000 × g)  were  adapted  to  different  salt 

concentrations by three consecutive cycles of resuspension with the final buffers (“low 

salt” MKCl: 150 mM KCl, 10 mM TRIS-HCl, pH 8; “high salt” MKCl: 3.5 M KCl, 10 mM 

TRIS-HCl, pH 8;) and centrifugation.

Time-resolved cw EPR measurements

For time-resolved EPR measurements, the experimental setup for the light-activation of 

NpSRII, NpSRII-D75N, and ChR2 was adapted: An increase in signal/noise ratio (SNR) 

was achieved by the replacement of the excimer pumped dye laser (Lambda Physik) with 

3 W LEDs (Edison Opto) as primary light sources. In the case of NpSRII, and NpSRII-

D75N,  an  “Edixeon  A Series  Warm  White”  LED  was  used  in  combination  with  a 

500 nm ± 40 nm  bandpass  interference  filter  (Edmund  Optics  Inc.).  For  ChR2,  an 

“Edixeon A Series Neutral White” LED was used in combination an infrared cutoff filter 

(Schott Glaswerke) and a 461.4 nm ± 5 nm interference filter (Schott Glaswerke).  The 

delay before illumination was set to 0.5 s, while the illumination times were set to 2.00 s 

(NpSRII, ChR2) and 0.25 s (NpSRII-D75N). The lock-in amplifier time constants were 

set  to  50 ms  (NpSRII)  and  5 ms  (NpSRII-D75N,  ChR2),  respectively. The  recording 

times, and number of repetitions were optimized to maximize the expected recovery of 

the  cw  EPR  signal  after  illumination,  while  minimizing  the  duration  of  individual 

repetitions  for  the  experiment:  Time-resolved  cw  EPR  traces  (EPR  transients) were 

recorded  with  5.000-50.000  repetitions,  including  a  time  frame  of  5-10 s  after 

illumination.

Flash photolysis

Transient optical absorption experiments were performed as described previously  [12]. 

The light from a 50 W halogen lamp was filtered with an infrared cutoff filter (Schott  
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Glaswerke) and a 500 nm ± 6 nm (NpHtrII) or 520 nm ± 6 nm (NpHtrII-D75N) bandpass 

interference filter (Schott Glaswerke) and passed through the quartz cuvette placed in a 

temperature-controlled  sample  holder  (temperature  stability  within  0.1  K).  The 

transmitted light was then passed through a monochromator adjusted to the corresponding 

interference filter wavelength and detected with a photodiode. A flash light with a flash 

duration of 80 µs was used for light excitation. The signal was recorded using an analog-

to-digital (AD)  converter  with  a  sampling  rate  of  30 kHz  and  a  12-bit  digitization 

resolution providing an optimized input  range. The transient  absorption changes were 

detected at 298 K for both sensor-transducer complexes.

Electron paramagnetic resonance spectroscopy

Site-directed spin labeling

His-tagged proteins with native or introduced cysteines were first overexpressed and then 

purified  using  Ni-NTA agarose  (Quiagen).  Cysteine  side  chains  were  reduced  by 

incubation with 5 mM  β-Mercaptoethanol (BME) or  Dithiothreitol (DTT), respectively. 

Excessive  reducing  agent  was  removed  by  washing  with  degassed  buffer  after  an 

incubation time of 1h at 4 °C. The proteins were then incubated with 1 mM MTSSL for a 

minimum of 12h at 4 °C. Unbound spin label was finally removed by intensive washing 

with degassed buffer prior to the elution and the purification of the spin-labeled proteins.

Continuous wave EPR measurements

Cw EPR spectra  were recorded at  room temperature (298 K) with a homemade EPR 

spectrometer, equipped with a Bruker dielectric resonator. The microwave frequency was 

set  to  9.6-9.7 GHz  (X-band)  with  a  corresponding  center  field  of  approximately 

345.0 mT. The  microwave  power  was  set  to  0.4-0.6 mW and  the  modulation  of  the 

external magnetic field was adjusted to 0.15 mT. Samples were loaded into EPR glass 

capillaries  (0.9 mm  inner  diameter)  using  a  maximum  sample  volume  of  5-15 μl. 

Temperature-control was achieved using a liquid flow thermostat and regularly monitored 

by a resistance thermometer element close to the sample.

Time-resolved cw EPR measurements were performed according previous experimental 

setups [13]. However, the continuous flow cryostat was replaced with a insulating glass 

thermostat providing access to the resonator's window. The temperature was kept constant 

by  a  continuous  flow  of  room  temperature  nitrogen  into  the  glass  thermostat.  EPR 
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transients  were  recorded  at  fixed  B0 field  position  corresponding  to  the  immobile 

components maxima in the low-field peak. The modulation amplitude was optimized to 

acquire the maximal signals of the immobile components without significant overlap to 

the  mobile  component  of  the  low-field  peak  (0.3-0.6 mT).  The  EPR transients  were 

recorded up to 4.5 s after the sample illumination described earlier, using an AD converter 

with a sampling rate of 13 kHz and a 12-bit digitization resolution providing an optimized 

input range.

Simulation of cw EPR spectra

The  parameterization  of  the  cw  EPR  spectra  from  NpSRII/NpHtrII,  and  NpSRII-

D75N/NpHtrII was performed with MultiComponent  [14]. The initial parameters were 

either  derived  from  published  HAMP1  data  (A-tensors,  g-tensors)  [15,  16] or  from 

individual fits of HAMP2 cw EPR spectra (R-tensors, W-tensors, scaling factors) with 

predominant single components (Table 1).

Table 1: MultiComponent start parameters. For the simulation of the cw EPR spectra, parameters  
were either fitted (numbers in italics) or used with fixed values (numbers in normal type). The 
scaling factors define the contributions of the individual components to the simulated cw EPR 
spectrum.

Parameter Isotropy Component ci Component cm Component cne

Axx
a [mT] anisotropic 0.58

Ayy
a [mT] anisotropic 0.42

Azz
a [mT] anisotropic 3.90 3.70 3.50

gxx
b anisotropic 2.00849

gyy
b anisotropic 2.00606

gzz
b anisotropic 2.00221

Rxx, yy, zz isotropic 8.50 7.50 6.00
Wxx, yy, zz isotropic 0.00 0.00 1.50
Scaling factor 0.025 0.25 0.50

a Parameters taken from HAMP1 simulations [15]. Errors were estimated to ± 0.015 mT.
b Parameters averaged from HAMP1 simulations [16]. Errors were estimated to ± 4·10-5.

For each simulation iteration, a random subset of the current best variable parameters  

were mutated using a Gaussian model  (Monte Carlo algorithm). After  a maximum of 

20,000 iterations and within a tolerance of 1·E-9 for the  sum of the squared prediction 

errors (SSE), the fitting process was terminated. The resulting parameters were accepted 

for a second fitting run using a downhill simplex algorithm (Nelder-Mead) with the same 
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termination conditions. Negative scaling factors, and negative parameters were rejected 

and the simulation was repeated without the affected component, and with the respective 

parameters fixed to a value of zero.

Interspin distance measurements

Experiments for DEER spectroscopy comprise individual experiments in preparation for 

the final DEER signal, combining cw with pulsed EPR spectroscopy at low temperature: 

First,  a  two-pulse  electron spin echo envelope modulation (2p-ESEEM) experiment is 

performed  to  determine  the  phase-memory  time.  Two  microwave  pulses  of  specific 

durations and varying delay are generated to create the so-called Hahn-echo signal. The 

echo signal decays due to an effect called dephasing (change in the Larmor frequency of 

the spins),  caused by both spin-spin interactions as well as interactions with the local 

environment of the R1 rotamers. However, a sufficient phase memory time is crucial for 

the generation of the DEER signal  and,  in  consequence,  for  the  determination of the 

distance distribution. A low-temperature cw EPR experiment is performed to measure the 

absorption spectrum of a given nitroxide sample. The maximum at the low-field and the 

maximum  at  middle-field  position  of  the  cw  EPR spectrum are  then  determined,  to 

arbitrarily  discriminate  between  a  so  called  “observer”  fraction,  and  a  “pump”  spin 

fraction,  respectively. Their  field positions  are  used to  calculate the observer “pump” 

pulse  frequency  (υpump),  and  the  “observer”  pump  frequency  (υobs)  for  the  DEER 

experiment.

Spin-labeled HsaCCA enzymes with concentrations ranging from 25-50 µM (in a total of 

25-45 ml sample solution) were incubated with tRNA transcripts and non-hydrolyzable 

NTP analogues under conditions that ensure a complete substrate turnover (4-25 °C; 2-

20 min). The final concentrations of tRNA, tRNA-C and tRNA-CC were adjusted to be in 

a  moderate  excess  of  the  enzyme  concentrations  (120 %),  whereas  the  final 

concentrations  of  a,b-methylene ATP (Jena  Bioscience)  and a,b-methylene  CTP (Jena 

Bioscience) were significantly higher (300 %).

The spin-labeled ChR2 samples were prepared in a dark-adapted and in an light-induced 

intermediate state: The dark-adapted state was achieved by a storage of the sample on ice 

and in full  darkness for at  least  3 hours.  The intermediate state was accumulated by 

slowly freezing the previously dark-adapted samples under illumination with a 100 W 

halogen light bulb filtered by an infrared cutoff filter (KG-2, Schott Glaswerke) and an 

interference filter for blue light (DMZ 12-2, 461.4 nm, Schott Glaswerke). The freezing 
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rate  was  optimized  to  yield  a  maximum  concentration  of  the  intermediate  with  the 

increased distance between C79R1 and C79R1’.

All sample preparations contained 20-25 % (V/V) glycerol and were loaded into EPR 

quartz capillaries with an outer diameter of 3 mm prior to freezing in liquid nitrogen and 

insertion into  the  resonator. DEER experiments  were performed at  50 K and X-band 

frequencies (9.4 GHz) using a Bruker Elexsys 580 spectrometer with a 3 mm split ring 

resonator  (ER  4118X-MS3,  Bruker)  in  combination  with  a  continuous  flow  cryostat 

(EPR900,  Oxford  Instruments).  The  temperature  was  controlled  using  an  ITC  503S 

(Oxford  Instruments).  All  interspin  distance  measurements  were  performed using  the 

four-pulse DEER sequence:

π/2(υobs)  -  τ1  –  π(υobs)  –  t’  –  π(υpump)  –  (τ1 + τ2 - t’)  –  π(υobs)  –  τ2  –  echo

with observer pulse lengths of 16 ns for π/2 and 32 ns for π pulses and a pump pulse 

length of 12 ns. A two-step phase cycling (+‹x›, -‹x›) was performed on π/2(υobs). The 

time t’ was varied, whereas τ1 and τ2 were kept constant. The dipolar evolution time is 

then given by

t = t' – τ1

The data was analyzed for t  > 0 only. The resonator was overcoupled and the pump 

frequency υpump was set to the center of the resonator dip (i.e. at the maximum of the 

nitroxide EPR spectrum) whereas the observer frequency υobs was 65-75 MHz higher (at 

the local low field maximum of the EPR spectrum). Proton modulation was averaged by 

adding traces at eight different τ1 values, starting at τ1,0 = 200 ns and incrementing by Δτ1 

= 8 ns. Data points were recorded in 8 ns time steps. The total measurement time for each 

sample was 24-48 h. Tikhonov regularization and parameter validation were performed 

with DEERAnalysis 2013 [8]. Numerical values for the peaks of the interspin distances 

were derived by the manual fit of Gaussians to the distance distributions.

Molecular modeling

Loop modeling

The  computational  modeling  of  structurally  unresolved  loop  regions  into  protein 

structures is a common approach when working with incomplete data from the PDB [17, 

18]. In this work, loop modeling was performed using MODELLER [19] as implemented 

in UCSF Chimera [20].

22



Materials & Methods

Missing  loop  regions  were  modeled  by  the  generation  of  100  randomized  structure 

prototypes into the available PDB structures. Only single residues of the parent structure 

adjacent to the missing regions were allowed to be moved during the individual modeling 

runs.  The final  loop models were then selected for further investigation based on the 

fulfillment of formal structural criteria such as the normalized Discrete Optimized Protein 

Energy score (z-DOPE)  [21] and their  general  plausibility in the context  of  available 

structural information from homologous sequences.

Rotamer library approach

The Rotamer Library Approach (RLA) is a computational method used for the prediction 

and the selection of spin label conformations (rotamers) within a structural model. For a 

specific spin label target site a dataset of precalculated rotamers covering all  possible 

rotamers are screened with respect to the spin labels' internal, and interaction energies  

when attached. This information is used to weight the probability of a specific rotamer 

configuration  while  avoiding  steric  clashes  with  the  structural  model  [22].  The 

subsequent attachment of the predicted spin label rotamers to replace specific amino acid 

side chains in silico can be used to calculate interspin distance distributions.

Complete protein structures were used to calculate the distance distributions based on the 

RLA as implemented in MMM 2013 [22]. A site scan for each amino acid evaluated for 

single-point  mutagenesis  and  spin  labeling  was  performed  with  the  precalculated 

rotamers for MTSSL and a cryogenic temperature of 175 K. The predicted spin label 

rotamers were then attached to the target sites in the protein structures and used for the  

distance distribution calculations.

Molecular docking simulation

Starting  with  the  crystal  structure  of  HsaCCA  [23],  the  highly  flexible  loop  was 

homology-modeled based on the crystal structure of the Geobacillus stearothermophilus 

CCA-adding enzyme. For the macromolecular rigid-body docking with AutoDock Vina 

[24], the homology-model of the HsaCCA and the crystal structure of the yeast tRNA for  

phenyl-alanine  [25] were energy-minimized with YASARA [26] and joined in a search 

space cuboid with an edge length of 10.0 nm. The search space was centered to enable a 

free orientation of the tRNAPhe around the catalytic site of the HsaCCA.
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Molecular dynamics simulation

Molecular dynamics (MD) simulations were performed on a desktop computer with an 

Intel® Core™  i5-2500 processor using YASARA 14.7.17  [26]. For  HsaCCA, the crystal 

structure was used (PDB: 1OU5). All amino acids of the body domain that are sterically 

not involved in the interdomain interaction of the enzyme were removed (V218-I354).  

The resulting  reduction  in  the  size  of  MD simulation cell  (structure  dimensions  plus 

0.1 nm  margin)  limits  the  computational  requirements  for  the  MD  simulation  and 

significantly boosts the simulation speed. The partial crystal structure was then energy-

minimized using YASARA built-in function. The MD simulation was performed using 

the AMBER03 force field [27], taking into account bond, angular, dihedral, planarity, van 

der Waals',  and Coulomb interactions up to a cutoff distance of 1.05 nm. Long-range 

Coulomb  interactions  were  also  calculated  using  the  Particle  Mesh  Ewald  algorithm 

(PME) for a simulation cell with periodic boundary conditions. The MD simulation speed 

was set  to  “normal”,  corresponding the interpolation of  charges  using 4th order  PME 

splines and within a numerical PME tolerance of 10-5. Intramolecular forces were updated 

every simulation time step of 1 fs,  while intermolecular forces were recalculated with 

every second simulation time step. The macroscopic MD simulation parameters were set 

to physiologically relevant values: The average simulation temperature was set to 310 K 

and  continuously  controlled  by  rescaling  the  atom  velocities  using  a  Berendsen 

thermostat. Conversely, the pressure was set to 1 bar and continuously monitored by a 

solvent probe. The corresponding target solvent density was set to 0.993 g*ml-1 with the 

solvent being composed of  water and 0.9 % (w/w) NaCl at a pH value of 7.4. Pressure 

deviations  from the target  value during the MD simulation were compensated for  by 

isotropical resizing of the MD simulation cell. 

MD simulation snapshots were saved at  macroscopic time steps of t = 0.1 ns.  For the 

simulation of  HsaCCA D139A the last snapshot of the  HsaCCA was used (t = 7.6 ns). 

After the introduction of the mutation D139A in silico, another energy-minimization was 

performed  to  compensate  for  the  potentially  disruptive  change  within  an  already 

equilibrated MD simulation trajectory. The simulation of  HsaCCA D139A was finally 

stopped  at  t =7.6 ns.  The  tilting  angles  between  secondary  structure  elements  were 

determined with the command “GroupLine”, which calculates two regression lines of the 

individual  atom 'point  cloud'  coordinates.  Both MD simulations were set  up,  run and 

analyzed using custom “Yanaconda” macros written in YASARA [26].
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Software development

Data acquisition

The device drivers as well as the software for data recording and processing in several  

experimental  setups  were  implemented  in  LabVIEW  (National  Instruments):  project 

“Beluga”– time-resolved cw EPR, room temperature cw EPR (Fig: 8); project “Finback” 

– low-temperature  cw EPR;  project  “Minke” – flash photolysis;  project  “Narwhal”  – 

high-pressure cw EPR. While custom user-interfaces provide an intuitive access to the 

functionality of the experimental setups, the data acquisition is controlled and monitored 

via serial communication transmission protocols (PCI, PCIe, USB, IEEE-488 and RS-

232).  If  required  by  the  experiments,  the  recording  of  experimental  data  can  be 

synchronized  with  internal  or  external  TT'L  “trigger”  signals  using  Bayonet  Neill-

Concelman (BNC) connectors and efficiently averaged with limited main memory usage 

for an improvement in SNR.

Data processing
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Figure 8: GUI “Beluga”. Cw and time-resolved EPR measurements can be performed in the same 
interface. User parameters are communicated to the corresponding driver implementations in the 
background.  Repetitions  of  single  EPR  transient  recordings  (green)  are  averaged  for  an 
improvement in SNR (red) .
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Several  software  tools  for  the  processing  of  experimental  data  were  implemented  in 

Python3:

• "logscal.py”  is  a  re-implementation  of  the  command-line  data  reduction  tool 

LOGSCAL, originally written by Prof. H.-J. Steinhoff. This command-line tool 

loads  ASCII-formatted  input  files  from  time-resolved  experiments  and,  if 

necessary, averages neighboring data points to a user-specified maximum number 

of  data  points  within  each  decade  on  the  logarithmic  scale.  In  addition,  the 

statistical  errors for each of the final  data points is  calculated.  The processed 

datasets can then be used for an unbiased fitting of time constants differing by 

orders of magnitude with a constant number of data points per decade.

• “pyDipfit” is a graphical user interface (GUI) for the command-line 

simulation/fitting tool DIPFIT [6] (Figure 9): This GUI loads experimental input 
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files with different ASCII formats, checks the validity of the experimental data 

with formal criteria, visualizes the experimental data in a user-friendly interface, 

executes DIPFIT with user-specified parameters, processes the fitting results, and 

finally visualizes both the experimental data and the simulation/fitting results for 

validation.

• “pydta2dat”  is  a  command-line  tool  for  the  conversion  of  ELEXSYS  EPR 

spectrometer (Bruker) raw data files into ASCII-formatted files.

• “pyspe2dat”  is  a  command-line  tool  for  the  conversion  of  MiniScope  EPR 

spectrometer (Magnettech) raw data files into ASCII-formatted files.

The software written with Python3 can be downloaded from the group's homepage:

http://www.macromol.uniosnabrueck.de/Software.php
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Results & Discussion

HAMP2 in the Halotransducer II of Natronomonas pharaonis

Protein characterization of NpHtrII

NpHtrII  is  an  integral  part  of  the  negative  phototaxis  in  archaea:  Found  in  a  2:2 

membrane complex with its  cognate sensor,  Sensory Rhodopsin II (NpSRII),  NpHtrII 

mediates a photophobic response to blue-green light by modulating the motion pattern of 

the organism (Figure 10). NpHtrII is highly homologous to bacterial chemoreceptors, i.e. 

the methyl-accepting chemotaxis proteins (MCPs) [28] and part of a conserved regulatory 

two-component  system comprising the histidine kinase CheA, the response regulators 

CheY/CheB, and the methyltransferase CheR [29].

A light-activation of the sensor NpSRII triggers conformational changes, which induces 

an outward motion of its TMH F (Figure 11) during a spectrally silent transition from M1 
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to  M2 (Figure 14) [30–33].  Steric  contacts  of  TMH F  with  NpHtrII  then  induce  a 

clockwise rotation and piston-like motion of TMH 2 in the transmembrane part of the 

transducer  [31,  34,  35],  a  reorientation  motion  that  is  similar  to  structural  changes 

described for the transmembrane signaling in chemoreceptors  [36–38]. Induced by the 

TMH 2  displacement,  the  first  signal  transduction  domain (HAMP1)  adjacent  to  the 

membrane  switches  between  two  conformational  states,  mainly  characterized  by 

differences  in  their  mobility  [39].  The  conformational  (structure/dynamics)  changes 

representing the signaling state of  NpHtrII then propagate along the transducer, passing 

the second HAMP domain (HAMP2) as well as the adaptation domain toward the CheA 

binding region (tip) of  NpHtrII. Previous studies proved a thermodynamic equilibrium 

between conformations with different dynamics in the transducer tip [11], which might be 

the key to understanding the regulatory control of CheA kinase activity by  NpHtrII. In 

fact,  a  recent  study  with  signaling  and  adaptation  in  silico suggests  a  signaling 

mechanism  based  on  dynamic  allostery  resembling  models  previously  proposed  for 

E. coli chemoreceptors [40].

In  this  study,  we  will  perform cw EPR spectroscopy  in  combination  with  SDSL on 

reconstituted  NpSRII/NpHtrII  preparations  to  characterize  the  conformations  and 

dynamics of the HAMP2 domain. For the HAMP1 domain, a salt-driven and temperature-

dependent equilibrium between two conformations has already been described  [15]. In 
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addition, a light-induced switching of HAMP1 domain conformation and dynamics was 

revealed by time-resolved EPR spectroscopy [39].

According  to  the  currently  suggested  models  for  signal  propagation  mediated  by 

consecutive HAMP domains [41], we would expect the two HAMP domains of NpHtrII 

to be in opposite states of their conformation and dynamics: In the dark-adapted (non-

signaling) state of  NpSRII, HAMP1 exhibits a dynamic conformation whereas HAMP2 

would  exhibit  a  more  rigid  conformation.  In  the  photo-activated  (signaling)  state  of 

NpSRII,  the  conformation  of  HAMP1  becomes  more  compact  and  rigid,  while  the 

conformation of HAMP2 would become more dynamic.

Complexes of NpSRII-D75N/NpHtrII could provide some additional information on how 

signal propagation affects the conformation of HAMP2: While it has been shown that the 

NpSRII-D75N mutant is functionally competent to activate  NpHtrII, the sensor exhibits 

differences in the structural arrangement of TMH C, TMH F, and TMH G in the non-
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signaling (dark-adapted)  state [12].  The hydrogen bond mediated interaction  between 

TMH C and TMH G seems to be significantly weakened or non existent, a characteristic 

feature  of  the  M  state  formation  in  NpSRII  upon  light-activation  (Figure 14). 

Furthermore, the extent of the TMH F outward motion seems to be significantly reduced 

compared to the movement found in  NpHtrII. Both findings are evidence that  NpHtrII-

D75N is biased toward partial activation, i.e. an outwards-facing displacement of TMH F, 

in the dark-adapted state.

Conformational equilibrium in the HAMP2 domain of NpHtrII

To  answer  the  question,  whether  the  HAMP2  domain  exhibits  a  conformational 

equilibrium  similar  to  that  found  in  the  HAMP1  domain  of  NpHtrII,  temperature-

dependent  cw  EPR measurements  were  performed  for  selected  spin-labeled  HAMP2 

cysteine  mutants.  In  addition,  the  spectral  characteristics  for  those  mutants  were 

compared with preparations at high and at low salt concentrations, respectively.

A  sequence  alignment  of  HAMP2  with  HAMP1  and  other  HAMP  domains  was 

performed to identify homologous positions (Figure 13) as possible targets for the SDSL. 

Furthermore, the sequence alignment was used to exclude potentially disruptive positions, 

i.e. positions where covalently bound SLs at homologous positions have been shown to 

interfere with the domain's secondary structure and function.
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The  resulting  cysteine  mutants  (NpHtrII-C173S-A161C,  NpHtrII-C173S-G167C, 

NpHtrII-C173S-E195C,  NpHtrII-C173S-G196C)  were  expressed  and  purified.  The 

cysteine  side  chains  of  all  HAMP2 mutants  were found to  be  solvent-accessible  and 

suitable  for  SDSL  with  MTSSL.  Spin-labeled  transducers  were  dimerized  with 

NpSRII/NpSRII-D75N and finally reconstituted in PML. The reconstitution buffer was 

adjusted for high salt (3.5 M KCl) or low salt (0.15 M KCl) concentrations prior to the 

EPR measurements.

All  reconstituted  mutants  exhibit  optical  time  constants  similar  to  the  native 

NpSRII/NpHtrII  complex  (Table 2)  and  to  the  spin-labeled  HAMP1  mutants  [39], 

indicating a minimal-invasive effect of SL introduction to the photocycle (Figure 14).
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Table 2: Time constants determined by exponential fitting of transient optical data.

Mutant t1 / ms t2 / ms t3 / ms

Wild type (wt) 15.9 269.5 449.8
A161R1 6.5 192.3 1037.7
G167R1 177.1 223.9 834.8
E195R1 82.6 193.1 773.7
G196R1 215.0 357.6 980.9

Mutants were measured at 25 °C and with low salt conditions. Simultaneous tri-exponential fits at 
three  different  wavelengths  (400 nm,  500 nm, 550 nm) were  performed to determine the  time 
constants. Errors were estimated to < 10 %.

33

 
 
 
 
 



Results & Discussion

All EPR spectra of the spin-labeled HAMP2 mutants can be characterized by the presence 

of three distinct mobility components as evident by the simulation and analysis of their  

spectral line shapes. Especially at low salt concentrations and at room temperature, the 

low field peak  region of  the  spectra  can  be  visually  separated  into three  distinct  SL 

mobility  components  (Figure 15).  The first  component  (ci)  corresponds to  a  nitroxide 

population  with  a  significantly  reduced  mobility,  yielding  a  powder  spectrum  with 

reorientational  correlation  times  of  τ ≥ 100 ns.  The  second  component  (cm)  exhibits 

slightly reduced SL mobility with reorientational correlation times in the nanosecond time 

scale  (3 ns ≤ τ ≤ 8 ns).  The  third  component (cne)  is  characterized  by  a  nitroxide 

population with the highest SL mobility and reorientational correlation times of τ ≤ 1 ns.

For the analysis of the cw EPR spectra, parameter sets corresponding to components c i, cm 
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and cne were  fitted to  the  experimental  data  (see  “Simulation of  cw EPR spectra“  in 

“Materials  &  Methods“).  For  NpHtrII-C173S-A161C  (A161C)  and  NpHtrII-C173S-

G167C (G167C), temperature-dependent measurements at high salt and then at low salt 

conditions with the same preparations were performed (Figure 16, 17).
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The temperature-dependent cw EPR measurements for the reconstituted sample of A161C 

dimerized with NpSRII show a linear dependency of log(τ) and T-1 for both components 

cm (Figure 16A, black circles) and cne (Figure 16A, black triangles) at high salt and at low 

salt  concentrations:  The  SL mobility  for  each  component  increases  with  temperature 

according to an activated process. Due to significant uncertainties in the determination of 

the  high  reorientational  correlation  times  for  component  ci,  this  component  is  not 

represented in the Arrhenius plot. The reconstitution of a A161C sample with  NpSRII-

D75N in the presence of low salt concentrations yields higher reorientational correlation 

times  in  comparison  to  the  reconstitution  with  wild  type  NpSRII  (Figure 16A,  gray 

symbols) and for the same temperature.

The van't Hoff plot for A161C shows a temperature-dependent equilibrium between the 

SL components  cm and cne (Figure 16B,  black diamonds):  An increase in  temperature 

shifts the ratio of component ci toward component cm. In addition, the data shows a salt-

driven equilibrium - an increase in SL mobility with a decrease of the salt concentration. 

In contrast,  the ratio of component cne (data not shown) does not change significantly 

neither as a function of salt concentration or temperature. The reconstitution of A161C 

with  NpSRII-D75N at low salt  concentration shows a significant bias in the ratios of 

component cm and ci (Figure 16B, gray diamond) toward a significant loss of SL mobility. 

The reaction enthalpies and entropies determined from the intercept and the slope of the 

regression  line  in  the  van't  Hoff  plot  with  high  salt  (low salt)  conditions  amount  to 

ΔH°
 = 30.5 (33.7) kJ·mol-1,  and  ΔS°

 = 104.8 (121.1) J·mol-1·K-1,  respectively.  These 

thermodynamic  parameters  are  consistent  with  previously  published  parameters  for 

NpSRII/NpHtrII-S91R1 with low-salt conditions: 23.0 kJ·mol-1·K-1,  and 80.0 J·mol-1·K-1 

[42]. In the same publication, the value of the equilibrium constant K was given as 1.3 at  

298 K,  which  is  in  good  agreement  with  the  values  for  K  calculated  for  high  salt 

conditions (1.3). However, with low salt conditions, K is significantly higher (2.6).
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The  Arrhenius  plot  for  the  reconstituted  sample  of  G167C  dimerized  with  NpSRII 

exhibits  a  linear  dependency  of  log(τ)  and  T-1 for  component  cm (Figure 17A,  black 

circles) at high salt and at low salt concentrations. An increase of temperature leads to a 

decrease  of  the  reorientational  correlation  times  for  each  component  similar  to  the 

findings for A161C. The same linear dependency of log(τ) and T-1 can be observed for cne 
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(Figure 17A,  black  triangles)  at  low  salt  concentrations.  However,  at  high  salt 

concentrations the parameters for component cne could not be reliably detected due to its 

low fraction (< 2 %) in the initial preparation. The parameters determined for the NpSRII-

D75N  preparation  are  almost  identical  to  the  NpSRII  preparation  (Figure 17A,  gray 

symbols).

The van't Hoff plot for G167C again shows a linear temperature- and salt-dependency 

similarly to that of A161C. However, the equilibrium is significantly shifted toward the 

immobile  component  ci (Figure 17B,  black  diamonds).  Surprisingly,  the  sample 

reconstitution  with  NpSRII-D75N  also  exhibits  an  increase  in  SL  mobility,  when 

compared to the preparation with  NpSRII and the same experimental  conditions.  The 

reaction  enthalpies  and entropies  determined from the  intercept  and  the  slope  of  the 

regression  line  in  the  van't  Hoff  plot  with  high  salt  (low salt)  conditions  amount  to 

ΔH°cm = 21.9 (25.6) kJ·mol-1,  and  ΔS°cm = 65.6 (82.2) J·mol-1·K-1, respectively.  These 

thermodynamic  parameters  are  consistent  with  previously  published  parameters  for 

NpSRII/NpHtrII-S91R1 with low-salt conditions: 23.0 kJ·mol-1·K-1,  and 80.0 J·mol-1·K-1 

[42]. In the same publication, the value of the equilibrium constant K was given as 1.3 at  

298 K, which is significantly higher than the values for K calculated for high salt (0.4) or 

low salt conditions (0.6).
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A plot  comparing  the  reorientational  correlation  times  of  component  cm in  HAMP1 

mutants  with  those  of  their  homologous  mutants  in  the  HAMP2  domain  (low  salt  

concentrations,  ~25 °C)  does  not  show  any  significant  differences  between  the  two 

domains: The average reorientational correlation times are identical within the estimated 

errors (Figure 18A, black circles). Interestingly, the reorientational correlation times for 

the preparations with  NpSRII-D75N in HAMP1 and HAMP2 are slightly increased in 

comparison  to  NpSRII.  But,  due  to  the  small  sample  size  in  the  HAMP1 domain,  a 

comparison with the HAMP2 domain is not feasible (Figure 18A, filled gray circles).

Large  variations  can  be  seen  in  the  determined  ratios  of  the  components  cm and  ci 

(Figure 18B,  black  diamonds)  for  the  two  HAMP domains.  The  comparison  of  the 

average ratio found in the HAMP1 mutants with the average ratio found in the HAMP2 

mutants  shows a  minor  difference in  SL mobility:  On average,  the  HAMP1 mutants 

exhibit  a  shift  of  the  conformational  equilibrium  towards  higher  mobility  than  the 

HAMP2 mutants and vice versa. However, due to the sparse sampling for this dataset the 

observed difference is not significant and still within the estimated errors. In contrast, the  

HAMP2  mutants  dimerized  with  NpSRII-D75N  show  a  significant  decrease  in  SL 

mobility when compared to the same mutants dimerized with NpSRII.

In summary, HAMP2 mutants A161C and G167C exhibit a temperature-dependent and 

salt-driven SL equilibrium between mobility components ci and cm: Higher temperatures 

and lower salt concentrations increase the fraction of the mobile component cm in favor of 

the immobile component ci. In contrast, lower temperatures and higher salt concentrations 

or the combination of NpSRII-D75N transducer preparations with low salt concentrations 

at room temperature decrease the fraction of the mobile component  cm in favor of the 

immobile component ci.

Time-resolved cw EPR measurements with HAMP2 mutants

In order to investigate possible light-induced mobility changes in HAMP2, time-resolved 

cw EPR measurements were performed. For the detection of transient changes in the EPR 

spectra  of  the  HAMP2  mutants  upon  light-activation,  the  central  field  positions  for 

mobility component ci were chosen.
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Upon illumination, all HAMP2 mutants show similar transient changes in the EPR signal 

amplitudes of their ci components: A decrease of signal amplitude during illumination, 

followed by an increase in signal amplitude after illumination  (Figure 19, black traces) 

back to the initial signal level. For a qualitative characterization of the recovery process, 

single  exponential  exponential  functions  were  fitted  to  the  EPR  traces  after  their 

illumination periods with fixed time constants between 1.5-2.0 s (Figure 19, red curves), 

which were shown to be indicative for temperature relaxation artifacts [39]. The residuals 

resulting  from difference  of  the  exponential  functions  to  the  experimental  data  were 

plotted (Figure 19, blue): None of the residual data plots exhibit systematic deviations of 

the experimental data from the given exponential functions.

In  summary, all  time-resolved  cw EPR measurements  with  HAMP2 mutants  show a 

decrease of amplitude for the component ci,  which represents the SL fraction with the 

highest  reorientational  correlation times and the lowest  SL mobility. However, at  this 
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point it cannot be decided whether the observed mobilization is light- or temperature-

induced.

The D75N mutation in NpSRII

The  preparation  of  NpHtrII  with  NpSRII-D75N  was  performed  to  gather  additional 

information about the sensor-transducer interaction, especially to investigate its influence 

on the conformational changes induced in the HAMP2 domain.

The deprotonation of the Schiff base triggered by the isomerization of all-trans retinal to 

13-cis retinal,  is  characteristic  for  the  M  state  formation  of  the  NpSRII  photocycle 

(Figure 14) [34]. In the early M state (M1), the Schiff base counter ion D75 is protonated. 

The carboxylic group of D75 then rotates by 90 degrees with respect to its ground state 

position,  which  in  turn  leads  to  an  reduction  of  the  water-mediated  hydrogen  bond 

network  in  the  extracellular  part  of  the  retinal  pocket  [43].  As a  consequence,  water 

molecules shift within the retinal pocket and lead to a further structural reorganization,  

i.e. the weakening of the interhelical connections between TMH C and TMH G. In the 

late M state (M2), the structural changes have initiated an outward motion of TMH F that 

is the basis for the signal transduction to NpHtrII [30–33]. The formation of M1 and the 

decay  of  M2 can  be  studied  spectroscopically,  but  the  transition  from  M1 to  M2 is 

spectrally silent.

The D75N mutation in  NpSRII  removes the primary proton acceptor  for  the  sensor's 

Schiff  base.  As  a  consequence,  the  deprotonated  state  of  the  Schiff  base  cannot  be 

stabilized and the Schiff base reprotonates instantly. The photocycle turnover times of  

NpSRII-D75N are therefore approximately 50 times faster than those of NpSRII [44, 45]. 

However, the signal transduction from NpSRII-D75N to NpHtrII seems to be conserved 

[12]. This signaling is attributed to the late M state (M2) of the  NpSRII photocycle, in 

which the TMH F moves outwards to initiate the signal transduction [38, 46] to NpHtrII.
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A structural overlay of the crystal structures for  NpSRII-D75N (PDB: 4GYC),  NpSRII 

(ground state, PDB: 3QAP) and NpSRII (M1 state, PDB: 2F95) reveals differences in the 

average  Debye-Waller  factors  (B  factor)  for  the  amino  acids  of  the  three  structures: 

Amino acids with a blue coloring indicate structural regions with the lowest B-factors 

found in all of the three structures (B factor: 2 Å2), indicative for the most rigid regions. 

In contrast, amino acids with a red coloring indicate structural regions with the highest B 

factors found (B factor: 80 Å2). Protein regions with very high B factors are less-well 

structured,  but  more dynamic.  The white  coloring shows the regions with average B 

factors of 20 Å2, representing an intermediate value with moderate structural flexibility.

The structure of  NpSRII-D75N shows a wide range of B factors (Figure 20, left). The 

most  rigid  region  can  be  found close  to  the  interaction  site  with  NpHtrII,  especially 

involving TMHs F and G. The most dynamic regions can be found close to the A-B loop,  

in the N-terminal part of TMH D, and in the C-terminal part of TMH G. The structure of 

NpSRII exhibits a similar color pattern, although all colors are more pale, indicating more 

moderate B factors on average (Figure 20, center). The structure of NpSRII in its putative 

M1 state is more similar to  NpSRII than to  NpSRII-D75N, since the color intensity is 
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further reduced. Interestingly, the blue color pattern found in the other two structures 

covering large parts of TMHs F and G is restricted to a small region close to the retinal 

binding pocket of the sensor.

The  top  view  of  the  structural  overlay  highlights  spatial  differences  in  the  TMH 

arrangement in the three sensors.  The biggest  deviations can be found in the relative 

orientations of TMHs D and the E-F loop. TMH D shows three significantly different 

outward motions: While its tilt angle is smallest for NpSRII (Figure 21, green color) and 

largest for the M1 state of  NpSRII (Figure 21, magenta color), the tilt angle of  NpSRII-

D75N seems to have an average value compared to other two structures. Similarly the E-

F loop shows different levels of inward motion: While the E-F loop in the M1 state of 
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NpSRII  exhibits  the  largest  degree of  inward  motion,  the  E-F loop in  NpSRII-D75N 

seems to be less displaced in comparison to NpSRII.

In summary, the crystal structures of NpHtrII-D75N, the ground state NpHtrII and the M1 

NpHtrII  show clear  differences  in  the  distribution  and  the  extent  of  their  flexibility. 

However, the structural differences observed for the secondary structures elements of the 

sensors are small.

Functional model of NpHtrII

The  cw EPR data  for  the  HAMP2 in  NpHtrII  prove  a  salt-driven,  and  temperature-

dependent conformational equilibrium between the components ci and cm observed in our 

experiments. In contrast, cne was not found to be part of this equilibrium. Salinity and 

temperature  have  already been identified  as  important  parameters  influencing  the  SL 

mobility in the HAMP1 domain [15]. The effects of both parameters were attributed to a 

shift in the two-state equilibrium of the HAMP1 domain reversibly switching between a 

compact conformation (cHAMP) and a dynamic conformation (dHAMP). In contrast to 

our data analysis for the HAMP2 mutants, these finding were based on the analysis of 

only two EPR parameter sets with different reorientational correlation times: Components 

ci and cm were combined to a single component (I) with “two contributions arising from 

different rotameric states of the spin label side chain”, whereas component cne is almost 

identical to the second component (II) found in the HAMP1 study. However, our data  

analysis  clearly  shows  the  presence  of  three  distinct  mobility  components.  The 

interpretation  of  the  SL mobility  equilibrium  observed  for  HAMP2  is  analog  to  the 

interpretation of the experimental data for the HAMP1 domain: HAMP2 seems to be in a 

conformational  two-state  equilibrium  similar  to  HAMP1.  Based  on  the  oppositional 

dynamic coupling model for alternating HAMP domains, we would expect the two-state 

equilibrium  of  the  HAMP2  domain  to  be  shifted  toward  a  cHAMP  conformation. 

Unfortunately, we cannot draw the conclusion that the HAMP2 domain is  per se in a 

more compact conformation compared to HAMP1 due to the variations in the equilibrium 

constants  within  both  HAMP  domains  as  function  of  the  specific  SL  target  sites. 

However, our EPR transient measurements explicitly exclude a significant light-induced 

reduction in conformational dynamics for HAMP2. This finding is complementary to the 

experimental  data  for  the  HAMP1 domain,  where the  conformational  dynamics  were 

significantly reduced upon illumination [39].
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The cw EPR data for NpHtrII dimerized with NpSRII-D75N prove a systematic increase 

of  the  reorientational  correlation  times  in  HAMP2  for  the  mobility  component  cm. 

Furthermore, the conformational equilibrium in HAMP2 is shifted toward a less dynamic 

state. In the two-state equilibrium model for the HAMP domains, our findings could be 

interpreted as a stabilization of the cHAMP conformation of HAMP2 by NpSRII-D75N. 

A hypothesis that could be verified by a repetition of our experiments with the HAMP1 

domain: We would expect to find a decrease in the observed reorientational correlation  

times and a significant shift  of the conformational equilibrium of HAMP1 toward the 

dHAMP conformation. However, our results for the NpSRII-D75N/NpHtrII complex can 

only be understood by unraveling the effects of the D75N mutation on the structure and 

the dynamics of  NpSRII itself:  First  of  all,  our comparative crystal  structure analysis 

suggests that NpSRII-D75N might be more rigid than NpSRII, especially at the interface 

to  NpHtrII (TMH F, G). This reduction of flexibility in the sensor might have a direct 

impact  on  the  conformational  equilibria  in  the  coupled  transducer  and  lead  to  the 

observed  reduction  in  HAMP2  mobility.  Secondly,  our  comparative  crystal  structure 

analysis shows that the tilt angles for at least some of the TMHs in NpSRII-D75N might 

be different from that in  NpSRII. As a speculation, the TMH F might be slightly more 

inward-oriented in  NpSRII-D75N. Such a structural  configuration of the dark-adapted 

sensor  would  stabilize  the  non-signaling  state  of  NpHtrII  and  therefore  shift  the 

conformational  equilibrium  of  the  HAMP2  domain  into  a  even  more  rigid  cHAMP 

conformation.  An excellent  example  for  this  kind  of  transducer  fine-tuning  has  been 

found in NpSRI - opposite displacements of the TMH Fs mediate attractant and repellent 

signaling  in  HtrI  [47].  Thirdly,  a  reduction  in  flexibility  of  the  sensor  and/or  the 

displacement of TMHs in NpSRII-D75N might also have an influence on the clustering 

properties  of  the  NpSRII-D75N/NpHtrII  complex:  The  clustering  of  NpSRII-D75N 

sensors in the membrane will enforce an increase of tip-interaction in the cytosol by an  

increase  of  the  local  complex  concentration  and  might  in  turn  influence  the 

conformational equilibrium in the HAMP2 domain. Cw EPR data on NpHtrII tip mutants 

proved that  tip  interactions  indeed influence the photocylce times of  NpSRII,  i.e.  the 

activation/deactivation  signals  are  communicated  in  both  directions  along  the 

halotransducer  [11].  Whatever  the  underlying  causes  to  the  effects  observed  in  the 

NpSRII-D75N/NpHtrII  might  be:  The  sensor-induced  conformational  changes  are  an 

intriguing example of the tight coupling between the sensor  NpSRII and the transducer 

NpHtrII observed in HAMP2.
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Conformational changes in the Channelrhodopsin-2 of 

Chlamydomonas reinhardtii

Protein characterization of Mut2C and Mut3C

ChR2 is a member of the type-I rhodopsins (Figure 22A), that enters a photocycle upon 

light-activation starting with the isomerization of the C13-C14 bond in its chromophore 

retinal  [48].  The photo-intermediates of ChR2 are linked with distinct  conformational 

states exhibiting different cation permeability, in this context referred to as closed or open 

states of the ion pore. The photo-activation of reconstituted ChR2 effectively depolarizes 

cell membrane potentials by a cation flux during ChR2's open state, which can be used to 

trigger action potentials when expressed in neuronal cells. The noninvasive and precise 

spatio-temporal control of neuronal activity in vitro and in vivo has established ChR2 as 

the  most  prominent  optogenetic  tool  in  the  past  decade  [49,  50].  Surprisingly,  the 

mechanism of light-induced activation of ChR2 is still unknown. However, the coupling 

of retinal isomerization with conformational changes has been described in detail for the  

proton pump bacteriorhodopsin (bR) [51–53] and the photosensor NpSRII [7, 54]: Upon 

light-activation, both proteins exhibit movements in the cytoplasmic part of their TMHs F 

and G during the photocycle (Figure 14).

The  expression  and  spin-labeling  of  ChR2  mutants  and  their  consecutive  functional 

characterization was performed by the group of Dr. Christian Bamann from the Max 

Planck Institute of Biophysics in Frankfurt a. M.. The experimental characterization of 

the ChR2 mutants will be shortly introduced in this chapter.
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Similar movements that control the gating of the putative cation pore are also anticipated 

for ChR2  [55, 56]. According to a homology model of ChR2 [57] and the closed state 

structure  of  a  channelrhodopsin  chimera  (C1C2)  of  ChR1  (TMH A-E)  and  ChR2 

(TMH F-G)  [58], the pore comprises residues from TMHs A, B, C, and G, including a 

cation-selective patch of glutamate residues E82, E83, and E90 in TMH B [59–64]. Thus, 

the analysis of possible interhelical movements involving these helices is subject of the 

present work.

Preliminary  studies  have  shown  ChR2  to  exists  only  in  a  homodimeric  form. 

Furthermore, a cysteine-free mutant exhibits insufficient expression levels in yeast cells 

and electrophysiological experiments with this mutant show very low currents upon light-

activation, suggesting either an invasive effect of the complete cysteine-removal on its 

structural  integrity  or  an  impairment  of  its  translocation  into  the  cell  membranes.  

However, a careful iterative ChR2 cysteine mutant screening finally led to two functional  

constructs expressed in oocytes (Figure 22,B-E): The mutant  ChR2 C34S-C36S-C87S-

C179L-C183L-C259L (Mut3C)  with  six  native  cysteines  replaced  and  the  mutant 

ChR2 C34S-C36S-C87S-C179L-C183L-C208A-C259L (Mut2C)  with  seven  native 

cysteines replaced.

The significant reduction of native cysteines in both mutants Mut3C and Mut2C, while 

retaining the characteristic functional properties of ChR2, is the starting point of our EPR 

distance measurements.
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(C) Current densities in pA/pF for different mutants normalized to the wild type value. The bars  
depict the mean values # standard error of the mean (SEM). 1 = wild type ChR2 (n = 6), 2 = 
Mut3C (n = 6), 3 = Mut2C (n = 6), 4 = C34SC36S ChR2 (n = 3), 5 = C34SC36SC208A ChR2 (n =  
3), 6 = C34SC36SC79A ChR2 (n = 3). (D),(E) Flash photolysis data for Mut3C (red) and spin-
labeled Mut3C (black) in (D) and for Mut2C (blue) and spin-labeled Mut2C (black) in (E). Figure 
and text from [71].
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Intra- and intermolecular distance measurements with Mut3C and 

Mut2C

In order to investigate possible light-induced conformational changes anticipated for the 

ion pore gating in ChR2, EPR experiments in combination with SDSL were performed 

for  the  dark-adapted and the  freeze-trapped illuminated  states  of  Mut3C and Mut2C, 

respectively.  The  illumination  procedure  is  described  in  the  “Materials  &  Methods” 

section of this work (see “Interspin distance measurements” in “EPR spectroscopy”).

In silico spin labeling was performed using the C1C2 crystal structure as a model  to  

predict the accessibility of the targeted cysteine side chains and the anticipated range of 

the interspin distances in our ChR2 mutants (Figure 23). Unresolved structural elements 

like the loop connecting TMH A and TMH B were modeled using MODELLER [19].

According to the RLA, cysteines C79 and C208 are solvent-accessible, whereas cysteine 

C128 is shielded from the solvent (Figure 22A). Interspin distances involving C128 are 

therefore very unlikely to be observed in our EPR experiments, reducing the expected 

spin-spin  interactions  in  Mut3C  to  those  involving  C79R1,  C79R1',  C208R1,  and 
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C208R1' (TMHs B,F). In Mut2C the anticipated spin-spin interactions are even further 

reduced,  involving  only  C79R1  and  C79R1'  (TMHs B).  The  simulated  distance 

distributions can be grouped by their average distances: The smallest average distance 

was simulated for the intraprotomer spin-spin interactions of Mut3C (2.0 nm – 3.0 nm), 

while the largest average distance was found for the interprotomer distance distribution of 

C208R1,  and  C208R1'  (5.0 nm  –  5.5 nm)  within  the  same  mutant.  The  remaining 

interprotomer distances for both Mut3C, and Mut2C yield average distances of 3.0 nm – 

4.5 nm. Except for the largest average distance exclusive to Mut3C, all other spin-spin 

interactions  are  expected  to  be  within  the  distance  range  accessible  to  DEER 

spectroscopy.

Calculations of the spin-labeling efficiencies for Mut2C as well as Mut3C using MTSSL 

proved C128 to be solvent-inaccessible,  reducing  the  study of  the  expected interspin 

distances in both ChR2 mutants to TMHs B (Mut3C,  Mut2C) and TMHs F (Mut3C), 

respectively.

The background-corrected dipolar evolution functions of Mut2C in the dark-adapted and 

in  the  illuminated  state  exhibit  modulation  depths  of  0.50  (0.48),  corresponding to  a 

number of interacting spins of 2.3 (2.2). This finding is in good agreement with the initial  

hypothesis of C128 not being accessible for spin labeling (Figure 24A). Furthermore, the 

number  of interacting spins  in  Mut2C proves the  presence of intraprotomer  spin-spin 

interactions.  The  resulting  distance  distribution  for  Mut2C  in  the  dark-adapted  state 

shows a maximum (main peak) at 3.7 nm and a shoulder at 4.1 nm, within an estimated 

error of 0.1 nm (Figure 24B). Contrarily, the distribution for the light-induced state of 

Mut2C reveals a main peak at 4.2 nm and a shoulder at 3.8 nm. The observed changes of 

the  distance  distribution  upon  illumination  are  found  to  be  fully  reversible  after 

consecutive dark-adaption.
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The  corresponding background-corrected  dipolar  evolution  functions  of  Mut3C differ 

significantly from those of Mut2C, both in the dark-adapted and in the illuminated state 

(Figure 24C). The modulation depths of 0.36 (0.37) correspond to a number of interacting 

spins of 1.83 (1.83), which indicates that cysteine C208 is either less accessible to spin  

labeling  with  MTSSL than  cysteine  C79  or  its  immediate  environment  is  sterically 

interfering  with  the  bound MTSSL side  chain.  The  resulting distance distribution for 

Mut3C in  the  dark-adapted state  shows a  main  peak  at  3.7 nm and a  minor  peak at 

4.2 nm, which is in good agreement with the maximum found in Mut2C. The minor peak 

is shifted to larger distances compared to the corresponding peak in Mut3C and exhibits a 

significantly  higher  amplitude  even  in  the  dark-adapted  state.  Additional  spin-spin 

interactions can be observed in the distance range from 2.0 nm to 3.3 nm, which were 

missing in Mut2C. The distance distribution for Mut3C in the illuminated state shows 

fully reversible alterations in all distance components compared to the dark-adapted state.  
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The most prominent change is a shift of the distance distribution maximum to 4.3 nm, 

which  can  also  be  observed upon the  illumination of  Mut2C.  However, we  can  also 

observe additional contributions beyond 4.7 nm that have not been observed in Mut3C.

In summary, both Mut2C and Mut3C show systematic changes in the interspin distances 

involving  TMHs B  upon  illumination.  Furthermore,  Mut3C  exhibits  light-induced 

changes in the interspin distances involving TMHs F.

Time-resolved cw EPR measurements with Mut3C

In addition to the interspin distance measurements of the freeze-trapped illuminated states 

of Mut3C and Mut2C, time-resolved cw EPR measurements were performed for sample 

preparations of Mut3C.

The cw EPR spectrum of Mut3C at room temperature shows a high degree of immobility 

for the bound spin label (Figure 25A), only a minor fraction of the bound spin labels 

shows an increased mobility. A third fraction can be attributed to either unbound spin 

labels or spin labels bound to denatured Mut3C. Recordings for the time-resolved cw 

EPR measurements (transients) were performed at the main component of the low-field 

spectrum (Figure 25A, blue field line), at the peak closest to the zero-crossing of the low-

field component (Figure 25A, green field line), and at the maximum of the middle-field 

component closest to the zero-crossing (Figure 25A, red field line). The field positions 

within the cw EPR spectrum were chosen to be most sensitive for changes of the very 

immobile, the mobile, and the very mobile components of the bound spin label ensembles 

of Mut3C, respectively [33, 39].
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Within the time frame of illumination, the amplitude of the very immobile component of 
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Mut3C decreases significantly (Figure 25A, blue bar). Interestingly, the amplitude almost 

recovers  to  its  initial  value  within  the  measured  time  frame  of  ten  seconds  after 

illumination.  In contrast,  the  amplitude of the mobile component  of  Mut3C increases 

significantly  upon  illumination  (Figure 25A,  green  bar).  But  similar  to  the  previous 

measurement,  the  amplitude nearly  recovers  to  its  initial  value.  In  the  third transient 

recording of Mut3C, reflecting the very mobile components of the spin label ensembles 

of Mut3C, the illumination of the sample correlates with a significant increase in signal 

amplitude (Figure 25A, red bar). Yet again, during the recovery time of the measurement 

the amplitude of the spectrum clearly decreases almost to its initial value. An averaging 

of  the  individual  time-resolved  EPR measurements  yields  an  EPR  transient  with  an 

improved  SNR  (Figure 25B).  In  comparison  to  a  temperature  relaxation  artifact 

(Figure 25B, red solid curve) [39], the exponential function fitted to the EPR transient is 

significantly slower with an exponential decay constant of 39 s (Figure 25B, red dashed 

curve).  The  flash  photolysis  data  for  Mut3C  (Figure 22D),  and  other  published  data 

(Figure 27B) confirm that  the recovery of  the ground state is  the slowest  step in the 

photocycle of ChR2 with time constants of ~20-50 s [55, 65–68].

A control measurement of the cw EPR spectrum of Mut3C minutes after the illumination 

experiments  reveals  visible  changes  in  the  amplitudes  of  the  low-field  spin  label 

components. The most significant change is a drastic increase of the component reflecting 

the very mobile spin labels that are either free spin labels or those bound to denatured  

Mut3C. And another significant change is visible: A fraction of the very immobile spin 

components has become more mobile, increasing the mobile component of the low-field 

cw EPR spectrum significantly.

In summary, the cw EPR spectrum of Mut3C exhibits a significant increase in SL side 

chain mobility upon illumination. Furthermore, the time-resolved cw EPR experiments 

reveal  that  the  light-induced  transient  mobilization  of  the  SL  side  chain  is  clearly 

distinguishable  from a  mobility  increase  induced by  a  temperature  relaxation  artifact 

during illumination.

Functional model of ChR2

The DEER data prove a well-defined dimeric state for Mut2C and Mut3C even in the 

absence of the interprotomer disulfide bonds, which have been observed in the C1C2 

crystal structure between the homologous residues C34 and C36. Our B-factor analysis of 

this  crystal  structure  reveals  the  lowest  values  for  TMHs C  and  TMHs D,  which 
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constitute the dimerization interface between the protomers [58].

The experimental results of our DEER experiments prove a light-induced increase of the 

average distance between C79R1 and C79R1',  most  evident  from the observations of 

Mut2C.  While  a  shifting  body  motion  of  the  two  protomers  could  explain  this  

observation, it would require a breakage of the strong dimerization contacts formed by 

TMHs C and TMHs D. Since the ChR2 dimer is known to be exceptionally stable  [69, 

70],  a  rigid-body  motion  seems  very  unlikely.  Furthermore,  this  mode  of  a  spatial 

protomer translation cannot convincingly explain the additional intraprotomer distance 

changes (C79R1-C208, C79R1'-C208R1') observed in Mut3C.

The interpretation of  the  observed distance changes is  facilitated by the fact  that  the 

interspin  distance  changes  between  C79R1  and  C79R1'  in  Mut3C  and  Mut2C  are 

extraordinarily  well-defined,  suggesting  distinct  distinct  rotamer  conformations.  The 

presence of these rotamer conformations in both the dark-adapted and the light-activated 

states indicates limited protein backbone flexibility at the sites of spin label attachment.  

This observation is in good agreement with the high degree of immobility found in both 
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the cw EPR spectra of Mut3C and Mut2C already at room temperature. We can expect the 

distribution width to be even further reduced upon freeze-trapping of the samples, as the 

spin-labeled proteins adapt to their lowest-energy conformations prior to cooling to the 

glass transition temperature. Due to the given structural restraints imposed on spin label 

reorientation, the interspin distance changes between C79R1 and C79R1' can serve as a 

direct reporter for structural  changes at  the site of spin label attachment. These light-

induced  structural  alterations  can  either  have  been  initiated  by  a  shift  and/or  a 

reorientation  of  TMHs B  itself  or  provoked  by  a  relocation  of  the  loop  connecting 

TMHs A and TMHs B. However, we know that  the “A-B loop is  already structurally 

disordered in the dark-adapted state of the C1C2 crystal structure, whereas the backbone 

of residue C79 is resolved at the N-terminus of TMH B” [71], ruling out the loop as a 

likely trigger for the light-induced distance changes. Instead, the backbone of residue C79 

is resolved at the N-terminus of TMH B in the same crystal structure, proving a limited 

backbone flexibility at the site of spin label attachment for the dark-adapted state. The 

light-induced  distance  changes  observed  in  Mut3C  and  Mut2C  can  therefore  be 

interpreted  as  direct  evidence  for  a  movement  of  at  least  the  N-terminus  of  TMH B 

(further referred to as “TMH B movement”).  In addition to the interprotomer changes 

reflecting the TMH B movement, we also find significant intraprotomer distance changes 

in Mut3C. These light-induced intraprotomer distance changes may originate from the 

TMH B movement alone or from a superposition of movements of TMH B and TMH F. 

Based on the present experiments an additional relocation or tilt of TMH F within the 

Mut3C protomer  cannot  be  ruled  out  nor  can  it  be  proven.  In  conclusion,  our  EPR 

experiments  clearly  prove  that  the  TMH B  movement  accompanies  the  structural 

transition of ChR2 from a closed state to an open state upon illumination.

Interestingly,  the  distance  distribution  for  Mut2C  exhibits  a  full  inversion  of  its 

amplitudes upon illumination. However, an optimized protocol for freeze-trapping the M 

intermediate of  NpSRII yields only ~50 % of sensors in the intermediate state  [33, 72]. 

The high yield of Mut2C/Mut3C in their intermediate state can either be explained by the 

long photocycle times of the ChR2 monomers or by a cooperative activation within the 

ChR2  dimer.  Unfortunately,  neither  the  light-induced  changes  in  the  EPR  distance 

measurements of Mut2C/Mut3C nor the transient changes in the cw EPR spectrum of 

Mut3C provide a solution to this problem.
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The pronounced TMH B movement of ChR2 is a new mode of rhodopsin conformational 

dynamics, although a minor light-induced TMH B movement has been discussed for bR 

before  [73].  The  light-induced  structural  alterations  found  in  Mut3C and  Mut2C are 

similar to the well-known displacement of TMH F found in bacteriorhodopsin (bR) [74, 

75],  NpSRII  [31, 32, 76], and halorhodopsin (hR)  [77]. Contemporary with our study 

another  group published  their  finding  that  the  C128T Chr2  mutants  corresponding to 

Mut3C  and  Mut2C  exhibit  conformational  changes  of  TMH F  and  TMH B  [78]. 

Furthermore,  a  recent  study  on  freeze-trapped  crystals  of  the  C128T ChR2  mutant 

demonstrates that the transition from the closed state to the open state is linked to light-

induced tilt movements of TMH F and TMH G. Interestingly, the study also confirms a 

mobilization of TMH B upon channel opening [69], which is in good agreement with the 

results of our time-resolved cw EPR measurements for Mut3C.
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The key to assigning a functional role for the TMH B movement to the ChR2 channel 

opening is the identification of essential interaction sites between the TMHs: In the C1C2 

crystal structure, the cation permeation seems to be blocked at the cytoplasmic part of the 

putative cation channel pore involving TMH A, TMH B, TMH C and TMH D. However, 

we  know that  TMH C and TMH D are  involved in  exceptionally strong dimerization 

contacts  and are  therefore  very unlikely to  relocate  during channel  opening.  We also 

know that the light-induced channel opening originates in the isomerization of the all-

trans retinal covalently bound to K257 at TMH G [79–81]. Therefore, the conformational 

changes triggered by the retinal isomerization must be relayed from TMH F to TMH B 

and/or TMH A for ChR2 channel opening. Since covalent bonds connecting both TMHs 

to TMH F are missing, conformational changes can only be relayed via salt bridges or 

hydrogen bond interactions. Previous studies have shown the cation-selective patch of 

glutamate residues E82, E83, and E90 in TMH B to be crucial for channel function and 

protein folding. Glutamate residues are known take part in both kinds of interactions with 

other  amino  acid  side  chains.  A sequence  alignment  among  all  twelve  known ChRs 

reveals a strict conservation of residues E82 and E90 (both TMH B) and R268 (TMH G), 

implying high structural and functional relevance of these specific residues  [82, 83]. In 

particular, substitution of  E90 is  known to modulate the ChR2's  ion selectivity  while 

retaining its functionality as a light-gated channel [57, 59, 64]. In contrast, the mutation 

of glutamate 82 to alanine (E82A) results in a severely diminished expression level of this 

mutant  [59] indicating a strong invasive effect of this mutation on the ChR2 structure.  

The strong mutation sensitivity of the C79 position as well as the shift observed in the 

distance distribution between the dark-adapted and the ligand-induced state are further 

indication for the structural and functional relevance of the N-terminal end of TMH B.

Since a crystal structure of ChR2 has not been published yet, the specific interaction sites 

of  TMH B  with  other  TMHs  are  still  elusive.  However,  a  recent  study  published  a 

proposed  model  on  the  “Early  Formation  of  the  Ion-Conducting  Pore  in 

Channelrhodopsin-2”  using  a  combination  of  UV/Vis  absorption  changes,  step-scan 

Fourier  transform  infrared (FTIR)  spectroscopy,  homology  modeling,  and  MD 

simulations [68]. The chronology of the spectral changes observed in this study provides 

a  time  line  for  the  structural  alterations  occurring  during  the  ChR2  photocycle: 

Immediately after the light-induced isomerization of the retinal chromophore, the Schiff 

base  (TMH G)  deprotonates.  This  deprotonation  is  accompanied  by  the  equivalent 

protonation of E123 (TMH C) and D253 (TMH G). There is also evidence for a change in 
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the hydrogen bond interaction of E90 (TMH B), finally resulting in a full deprotonation 

before  channel  opening.  Similarly,  the  experimental  data  provides  evidence  for  an 

unidentified  conformational  change  or  the  hydration  of  one or  more α-helices  before 

channel opening, which exhibits a bi-phasic decay with two distinct time constants during 

channel recovery. The first time constant (T1/2 = 40 ms) accompanies the channel closure, 

while  the  second  time  constant  (T1/2 = 48 s)  accompanies  the  reprotonation  of  E90 

(TMH B). The study states that “this might indicate that water molecules are leaving the 

channel simultaneously to E90 reprotonation”. In addition to the experimental data, the 

study presents  the  very  detailed  analysis  of  a  100 ns  ChR2 MD simulation  with  the 

transition from a closed (no conductivity) dark-adapted to a pre-open (formation of a 

continuous  aqueous  pore)  light-adapted  channel.  Interestingly,  the  MD  simulation 

identifies  E90  (TMH B)  as  the  key  residue  for  both  pore  formation  and  TMH B 

movement: In the dark-adapted state of the ChR2 model, E90 (TMH B) is connected to 

N258 (TMH G) via two hydrogen bonds, stabilizing the conformation and interaction of 

both residue side chains.  Upon isomerization of the  retinal  chromophore,  a structural 

strain propagates via the side chain of K257 (TMH G) to the adjacent N258 (TMH G). 

This strain induces a rotation of the N258 (TMH G) side chain, resulting in a loss of one 

of the two initial hydrogen bonds. The increase in conformational mobility allows E90 

(TMH B)  to  rotate  from  an  inwards-facing  (intracellular)  to  an  outwards-facing 

(extracellular) orientation during the second half of the MD simulation. The deprotonated 

form of E90 (TMH B) is then stabilized in its extracellular conformation by a salt bridge 

with K93 (TMH B). After this event, TMH B tilts outwards on the intracellular side by 

3.9 Å with E90 (TMH B) serving as the hinge.  The TMH B movement enables water 

influx  from  the  extracellular  to  side  toward  the  intracellular  side,  where  the  water 

molecules interfere with the salt bridges observed between E83 (TMH B)/H134 (TMH C) 

and E83 (TMH B)/R268 (TMH G). The resulting weakening of the salt bridges finally 

facilitates the influx of water molecules from the intracellular side and the formation of a 

continuous aqueous pore through ChR2 with E90 (TMH B) positioned at the narrowest 

point. The strategic position of E90 (TMH B) renders this residue a crucial element for 

both  the  channel  gating  and  the  ion  selectivity.  Furthermore,  the  light-induced 

reorientation and deprotonation of E90 (TMH B) breaks the connection between TMH B 

and TMH G, resulting in an outward tilt of TMH B [68].
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Motif C in the CCA-adding enzyme of Homo sapiens

Protein characterization of HsaCCA and HsaCCA D139A

CCA-adding  enzymes (CCAses)  enzymes  are  highly  specific  RNA polymerases  that 

synthesize and maintain the sequence CCA at  the tRNA 3'-end in a unique template-

independent but sequence-specific nucleotide polymerization reaction [84]. The invariant 

nucleotide triplet is a prerequisite for tRNAs to be aminoacylated and to participate in 

protein  biosynthesis  [85].  A set  of  highly  conserved  motifs  in  the  catalytic  core  of 

CCAses controls the sequential nucleotide incorporation: Three amino acid residues form 

Watson-Crick-like base pairs to the incoming CTP and ATP in the nucleotide binding 

pocket, while the tRNA remains bound to the CCAse. A reorientation of these amino acid 

residues finally switches the enzyme's substrate specificity from CTP to ATP. While the 

underlying structural mechanism initiating this switch in the nucleotide binding pocket  

has not been understood yet, it must involve extensive structural rearrangements within 

the CCAses during nucleotide addition [86, 87].

The sample preparation,  the  spin-labeling and the biochemical  characterization of the  

HsaCCA mutants used for the EPR distance measurements presented in this work was 

performed  by  the  group  of  Prof.  Mario  Mörl  from  the  University  of  Leipzig.  The 

information  gained  from  protein  preparations  and  characterizations  of  HsaCCA and 

HsaCCA D139A will be shortly introduced in this chapter.
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The  CCAses  can  be  divided  into  two  classes  (class I,  class II),  based  on  sequence 

alignments from enzymes of different species [88]. Class I CCAses are found in archaea, 

while class II CCAses are found in eubacterial, and eukaryotic cells. Although enzymes 

of  both  classes  catalyze  the  same  polymerization  reaction,  homologous  amino  acid 

residues are have only been identified within the nucleotide binding pocket  [84]. Five 

conserved motifs have been described in class II ATP(CTP):tRNA nucleotidyltransferases 

(CCA-adding enzymes)  [88–91]. In addition to this characteristic sequence signature, a 

highly flexible loop element is located between motifs A and B. With the exception of 

motif C, the motifs' specific functions have been identified [92–96].

The  flexible  loop element  is  involved in  switching  the  enzyme's  specificity  from C- 
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toward A-addition during synthesis  [97, 98]. However, the role of motif C during this 

synthesis has yet to be elucidated. Single-point mutations in motif C cause significant 

differences  in  CCA-addition  efficiency:  The  mutations  G143A and  R153A have  no 

impact on CC-addition, which is evident from the imaging of denaturing polyacrylamide 

gels  showing the  products  of  the  enzyme variants  using  radioactively labeled  human 

tRNATyr and non-radioactive nucleotides (Figure 29). In contrast,  the mutation D139A 

severely impairs the A-addition while exhibiting a similar affinity for ATP compared to  

the wild type variant of HsaCCA.

Tryptophan  fluorescence  measurements  with  HsaCCA  and  HsaCCA D139A  show 

identical signal quenching in the presence of increasing concentrations of yeast tRNAPhe-

CC (Figure 30).

In summary, the differences in CCA-addition for  HsaCCA and  HsaCCA D139A could 
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not be explained by differences in substrate specificity. Furthermore, only the mutation 

D139A in motif C exhibited a clearly impaired efficiency in A-addition.

Interdomain distance measurements with HsaCCA and 

HsaCCA D139A

To study  the  effect  of  motif C  in  the  structural  rearrangements  of  HsaCCA during 

catalysis, EPR experiments in combination with SDSL were performed. The substrate-

free crystal structure of HsaCCA [23] was evaluated with MMM [22] to identify optimal 

spin  label  positions  for  the  detection  of  movements  between  the  head  and the  body 

domain  during  catalysis.  Target  sites  for  SDSL were  then  selected  to  minimize  the 

invasive  effect  of  site-directed  mutagenesis  and  spin  labeling  on  enzyme  function 

(Figure 31). The intrinsic cysteines residues at positions 334 (C334) and 344 (C344) are 

located in the body domain of HsaCCA and were both found to be readily accessible to 

spin labeling. In order to avoid the introduction of a second spin label system into the 

same domain, C344 was replaced with alanine (C344A). Histidine 87 (H87) is located in 

the  head domain  of  the  enzyme and had to  be  replaced  by cysteine,  introducing the 

mutation H87C. This position was identified as solvent accessible, representing a possible 

target for spin labeling. The resulting enzyme variants of HsaCCA and HsaCCA D139A 

carried  two  cysteine  residues  with  MTSSL spin  labels  covalently  bound at  positions 

H87C (H87R1) and C334 (C334R1). Leaving the C344A mutation unmentioned in both 

cases,  the  spin-labeled  enzyme  constructs  were  termed  HsaCCA H87R1/C334R1 and 

HsaCCA D139A/H87R1/C334R1, respectively.
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Figure 31:(A) Crystal structure of HsaCCA with R1 rotamers at positions 87 and 334 (gray stick 
models calculated using MMM 2013; see  [22]).  All motifs are colored according to Figure 28. 
Residue D139 is highlighted in stick representation (red). The second intrinsic cysteine residue 
located at position 344 (green) was replaced by alanine prior to spin-labeling. In the neck region,  
a-helices  h8  and  h11,  forming  an  additional  spring  element  as  described  by Toh  et  al.,  are 
indicated.  [107] (B) The introduction of the spin labels has  no effect  on the CCA-addition to 
radioactively  labeled  human  mitochondrial  tRNATyr.  M,  mock  incubation  of  the  tRNA in  the 
absence of enzymes. The labeled wild type and D139A mutant are indicated by the asterisk. These 
enzyme  preparations  show  a  CCA-adding  activity  that  is  indistinguishable  from  that  of  the  
unlabeled versions, with a full CCA end added by the wild type* enzyme and a reduced A-addition 
catalyzed by the D139A* variant. Figure and text from [111].
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Interestingly,  the  construct  HsaCCA D139A/H87R1/C334R1  showed  a  much  higher 

temperature-sensitivity  than  HsaCCA H87R1/C334R1  with  visible  protein  aggregates 

forming abundantly at room temperature. As a qualitative measure of this aggregation, the 

2p-ESEEM traces of protein samples incubated for different times at 37 °C were recorded 

(Figure 32). The rapid temporal decay of the echo intensities from samples with longer 

incubation times can be interpreted as a consequence of increased spin-spin interactions  

due to their decreased spatial separation. This interpretation is in line with the observation 

that  the  samples  with  longer  incubation  times  exhibited  a  higher  degree  of  clouding 

visible after the 2p-ESEEM measurements.

In silico spin labeling was performed with a single chain from the substrate-free crystal  

structure  of  HsaCCA.  The  initial  RLA revealed  the  interspin  distance  distribution  of 

H87R1/C334R1 to be populated within a range of 2.8 nm to 4.1 nm. A subsequent energy 

minimization  of  the  same  crystal  structure  using  YASARA's [26] built-in  function 
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Figure 32: Protein aggregation of HsaCCA-D139A after different incubation times at 37 °C. The 
decay of the 2p-ESEEM experiment after 0 min (black curve), 5 min (blue curve), and 30 min (red 
curve) shows a rapid decrease of the phase memory time as a function of the incubation time.
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increased the calculated distances of the interspin distribution to slightly higher values 

(2.9 nm and 4.5 nm),  well  within the distance range accessible to DEER experiments 

(Figure 33A; 1).

DEER experiments were performed in absence (apo) and in the presence (tNRA, tRNA-

C,  tRNA-C  +  CTPa,  and  tRNA-CC  +  ATPa)  of  substrates  for  both 

HsaCCA H87R1/C334R1  and  HsaCCA D139A/H87R1/C334R1  (Figure 33).  The 

experimentally determined modulation depths of 0.52 (0.48) correspond to a number of 

interacting spins of 2.2 (2.3), respectively.

The  experimentally  determined  interspin  distance  distribution  for  the  apo  state  of 

HsaCCA H87R1/C334R1 shows a main peak (maximum) at 3.7 nm and a smaller peak 

(shoulder) at 4.2 nm, within an estimated error of 0.1 nm. The observed distances are in 

excellent  agreement  with  the  calculated  distances  and  prove  a  monomeric  form  of  

HsaCCA H87R1/C334R1  in  vitro (Figure 33A; 1,  black  curve).  After  incubation  of 

HsaCCA H87R1/C334R1 with  tRNA the  maximum is  almost  fully  shifted  to  4.2 nm 

(Figure 33A; 2, black curve). A similar shift can observed upon the addition of tRNA and 

the non-hydrolyzable analog of CTP (CTPa) (Figure 33A; 3, black curve) with two main 

peaks, representable by a superposition of two Gaussians centered at 3.9 nm and 4.4 nm. 

The incubation of  HsaCCA H87R1/C334R1 with tRNA-C and CTPa yields  a  similar 

distance  distribution  with  a  single  maximum at  4.0 nm (Figure 33A; 4,  black  curve). 

Upon the addition of tRNA-CC a minor peak at 3.7 nm and a major peak at 4.4 nm was 

observed  (Figure 33A; 5,  black  curve).  Finally,  when  HsaCCA H87R1/C334R1  was 

incubated with tRNA-CC and the  non-hydrolyzable analog of ATP (ATPa) two equally 

populated  distance  distributions  with  maxima  at  3.7 nm  and  4.2 nm  became  evident 

(Figure 33A; 6, black curve).

The corresponding interspin distance distribution for  HsaCCA D139A/H87R1/C334R1 

was also investigated. In the apo state of this enzyme variant the experimental distance 

distribution is almost identical to the results for the apo HsaCCA H87R1/C334R1 with a 

maximum at 3.7 nm and a shoulder at 4.3 nm (Figure 33A; 1, red curve). Surprisingly, the 

incubation of HsaCCA D139A/H87R1/C334R1 with tRNA does not change the distance 

distribution  (Figure 33A; 2,  red  curve)  when  compared  to  the  apo  state.  The  same 

observation can be made for  the  incubation of  HsaCCA D139A/H87R1/C334R1 with 

tRNA and CTPa (Figure 33A; 3, red curve), with tRNA-CC and CTPa (Figure 33A; 4, 

red curve) and finally with tRNA-CC (Figure 33A; 5, red curve). Interestingly, upon the 
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addition of tRNA-CC and ATPa the experimental  distance distribution is significantly 

changed (Figure 33A; 6, red curve). A maximum at 4.2 nm and a shoulder at 3.3 nm can 

be observed. In comparison with HsaCCA H87R1/C334R1, the component for the larger 

distance is  equal  in its  mean value,  distribution width and amplitude.  In contrast,  the  

component for the smaller distance of  HsaCCA D139A/H87R1/C334R1 is significantly 

smaller  in  amplitude.  Interestingly,  the  addition  of  ATPa  to 

HsaCCA D139A/H87R1/C334R1 did not show an effect on the distance distribution.
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Figure 33: (A) DEER experiments and measured interspin distance distributions. Left column: 
Background  corrected  form  factors  F(t)  of  the  averaged  DEER  traces  of  HsaCCA 
H87CR1/C334R1 (black,  thin lines)  and  HsaCCA D139A/H87R1/C334R1 (red,  thin lines)  for 
different substrate incubations. Fitted traces for HsaCCA H87CR1/C334R1 (black, bold lines) and 
HsaCCA D139A/H87R1/C334R1  (red,  bold  lines)  were  used  to  calculate  the  corresponding 
interspin  distance  distributions.  Right  column:  Amplitude-normalized  interspin  distance 
distributions  for  HsaCCA  D139A/H87R1/C334R1  (black  line)  and  HsaCCA 
D139A/H87R1/C334R1 (red line)  for  different  substrate  incubations.  The area of  the  distance 
distribution for apo HsaCCA H87R1/C334R1 (light gray) is displayed as a visual reference for all 
distance distributions, while the calculated interspin distances for apo  HsaCCA H87R1/C334R1 
(blue line) are only shown in the first distance distribution. (Continuation of the legend on the next  
page.)
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In summary, HsaCCA H87R1/C334R1 shows an increase in the interspin distances upon 

addition of tRNA, tRNA and CTPa, tRNA-C and CTPa as well as tRNA-CC. However, 

the addition of the same substrates to HsaCCA D139A/H87R1/C334R1 has no significant 

effect on the observed distances and leads to an interspin distance distribution similar to 

the apo state. The differences between both enzyme variants are therefore most evident 

upon the addition of tRNA-CC and of tRNA-CC and ATPa.

Rigid body docking simulation with HsaCCA and tRNAPhe

The interaction of  HsaCCA and tRNAPhe was further investigated by a macromolecular 

rigid-body docking simulation in combination with the RLA approach (Figure 34; see 

“Molecular  docking simulation”  in  “Materials  & Methods”).  Three  different  types  of 

enzyme-substrate  interactions  could  be  observed:  The  first  type  of  interaction  was 

predicted to be energetically most favorable (-92.1  kJ·mol-1), placing both the acceptor 

stem and the T arm of the tRNAPhe onto the enzyme's body domain while orienting the 

tRNA 3'-end toward the catalytic site of  HsaCCA (Figure  34). The other two types of 

interactions showed a similar affinity of the acceptor stem and the T arm to the enzyme's  

body domain (-84.2 kJ·mol-1 – -82.1 kJ·mol-1), but the tRNA 3'-ends were either rotated 

clockwise or counter-clockwise by an angle of approximately 90 degrees compared to the 

first  type  of  interaction.  With  the  resulting  best  matches  of  the  tRNA docked to  the 

enzyme,  the  distance  distributions  were  then  calculated  based  on  the  RLA.  The 

comparison of the distance distributions with and without tRNA bound indicates no direct 

interaction of the spin label side chain H87R1 with the substrate, but suggests a close 

proximity of C334R1 to the tRNA. However, the direct interaction of the spin label side 

chains and the substrate resulting in a systematic shift of the distance distributions upon 
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(B) Mechanistic model for different motif C states during CCA-addition. As a spring element,  
motif C is involved in the adjustment of  the catalytic core (striped black box) and the tRNA 
binding site for the individual reaction steps. In HsaCCA, motif C (intact spring element, black) is 
expanded upon tRNA binding and remains in this conformation for both C-adding steps. In this 
conformation, the enzyme provides enough space for the growing tRNA. Upon ATP binding, motif 
C undergoes a slight contraction that might be required for A incorporation and/or limiting the 
number of added nucleotides. In the D139A enzyme variant (red), motif C (broken spring element, 
red) shows no expansion upon tRNA and/or nucleotide binding, even with a growing CC-end on 
the tRNA substrate. Only in the terminal step, the spring element is significantly extended, leading 
to an orientation of the tRNA primer end relative to the bound ATP that impedes an incorporation  
of this nucleotide, resulting in a strongly reduced A-adding activity. Figure and text modified from 
[111].
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substrate binding was not observed.

Molecular dynamics simulation with HsaCCA and HsaCCA D139A

The structural relevance of D139 in motif C was further investigated by the introduction 

of the single-point mutation D139A into the equilibrated molecular dynamics simulation 

model  of  HsaCCA.  Individual  structural  key  features  were  recorded  to  indicate 

significant changes during the MD simulation (Figure 35).
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Figure 34: Best  result  of  the  macromolecular  rigid-body  docking  simulation for  the  crystal 
structure of  HsaCCA and tRNAPhe shown in Figure 31. R1 rotamers at positions 87 and 334 are 
shown in gray stick models. All motifs are colored according to Figure 28.
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Figure 35: Comparison  of  structural  key  features  during the  MD trajectories  of  HsaCCA and 
HsaCCA D139A. (A) Front view of  HsaCCA after 7.6 ns of MD simulation. (B) The mutation 
D139A was introduced into HsaCCA after the initial MD simulation with HsaCCA (black line). 
The duration of the equilibration phase for both MD trajectories was evaluated to be 0.5 ns after 
energy minimizations. The variances for the individual data are displayed with gray error bars. The 
mutation in motif C leads to a minor decrease in the distance between D139/A139 and G143 (Cα-
Cα, red circles), whereas the distance H87-C334 (Cα-Cα, black circles; Figure 31) does not change 
significantly. The change in the distance G166-T104 (Cα-Cα, blue circles) shows a detachment of 
the highly flexible loop element from the catalytic core as a consequence of the mutation. This is 
preceded by a significant reorientation of the α-helix and the β-strand surrounding D139/A139 
(Cα-Cα, red triangles), and by a significant interdomain tilting movement between the head and 
the body domain (Cα-Cα, green triangles).
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Three distances (Cα-Cα distance) and two tilt angles (atom group vectors) were used as 

markers: The first distance D139/A139-G143 (Figure 35B, red circles) is a measure for 

the  helix-capping  interaction  of  D139  to  G143  found in  HsaCCA (Figure 35A).  The 

second  distance  G166-T104  (Figure35B,  blue  circles)  serves  as  an  indicator  for  the 

hydrogen bond interaction of the highly flexible loop element with the enzyme's catalytic 

core (Figure 35A). The third distance H87-C334 (Figure 35B, black circles) documents 

the distance between the head domain and the body domain of the enzyme (Figure 35A). 

This distance serves as a relative measure for the interspin distance H87R1-C334R1 and 

is an indicator for a possible “nodding” motion of the head domain with respect to the 

body domain (Figure 35A). The first  tilt  angle between motif C's α-helix and β-strand 

(Figure 35B, red triangles),  both surrounding D139/A139, documents the effect of the 

single-point mutation D139A on the secondary structure of motif C itself (Figure 35A). 

The second tilt angle between the head domain and the body domain (Figure 35B, green 

triangles) is a measure for a possible rotation motion of the head domain, thereby serving 

as an indicator for the global effect of the D139A mutation on the secondary structure of  

HsaCCA (Figure 35A).

The  duration  of  the  equilibration  phases  for  the  individual  HsaCCA  and  the 

HsaCCA D139A MD  simulations  was  evaluated  to  be  0.5 ns  after  initial  energy 

minimization: The start structures of  HsaCCA, and  HsaCCA-D139A exhibit an overall 

energy (including potentials of bonds, angles, dihedrals, planarity and Coulomb, van der  

Waals interactions) of -25.2 kJ·mol-1, and -25.0 kJ·mol-1. After the equilibration phase, the 

overall  energy of both structures fluctuates with average values of  -24.6 kJ·mol-1,  and 

-24.3 kJ·mol-1, respectively. Therefore, the structural key features of both MD trajectories 

are compared within the time frames beginning after the equilibration phases and ending 

with  the  stop  of  the  respective  MD simulation  trajectories.  The  distance  D139-G143 

(Figure 35B, red circles) has a mean value of 0.65 nm with very limited fluctuations. This 

observation  is  in  good  agreement  with  the  finding  of  a  very  stable  helix-capping 

throughout the MD trajectory of  HsaCCA. A very similar distance can be observed for 

G166-T104 (Figure 35B, blue circles) with an average value of 0.88 nm. Surprisingly, the 

continuous hydrogen bond interaction between the highly flexible loop element and the 

catalytic core of HsaCCA restricts distance fluctuations in a very similar way compared 

to the helix-capping interaction of D139 and G143. The distance H87-C334 (Figure 35B, 

black circles) shows significantly larger fluctuations around its average value of 4.02 nm. 

These fluctuations can be plausibly explained by an interdomain movement between the 
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head and the body domain of HsaCCA. The tilt angle between motif C's α-helix and β-

strand (Figure 35B, red triangles) strongly fluctuates around a mean value of 108 degrees, 

despite the sturdy helix-capping interaction of D139 in motif C. In a similar manner, the 

tilt angle between the head domain and the body domain (Figure 35B, green triangles) 

shows strong fluctuations around an average value of 71 degrees.

After 7.6 ns of MD simulation time for HsaCCA, the mutation D139A was introduced in 

silico.  Surprisingly, the distance D139-G143 (Figure 35B, red circles)  decreases to an 

average  value  of  0.65 nm  within  the  equilibration  time,  but  recovers  within  a  few 

nanoseconds of the MD trajectory to its initial value (0.62 nm). A plausible explanation 

for this reversible distance change is the replacement of a bulky side chain (D139) with a 

significantly smaller side chain (A139), which enforces transient reorientation motions of 

nearby amino acid side chains. With the introduction of A139 into motif C, the distance 

G166-T104 (Figure 35B, blue circles) increases dramatically from 0.88 nm to 2.37 nm. 

This finding contradicts a continued hydrogen bond interaction between G166 and T104, 

thereby disrupting the interaction of the highly flexible loop element with the catalytic 

core of  HsaCCA D139A. However, the average distance H87-C334 (Figure 35B, black 

circles)  is  3.91 nm  and  almost  identical  to  the  average  distance  found  in  HsaCCA, 

excluding an excessive “nodding” motion as an explanation for the detachment of the 

highly flexible loop element from motif D. Instead, the tilt angle between motif C's α-

helix and β-strand (Figure 35B, red triangles) shows a highly significant decrease in its 

average value – from a mean value of 108 degrees to a mean value of 75 degrees – and 

also significant increase in its fluctuation amplitude. In contrast, the tilt angle between the 

head domain and the body domain (Figure 35B, green triangles) only slightly increases 

from an average value of 71 degrees to an average value of 75 degrees while exhibiting a 

significant  increase  in  its  fluctuation  amplitude.  These  changes  in  the  fluctuation 

amplitudes of the tilt angles can be interpreted as a destabilization in the interdomain 

contact mediated by motif C. Furthermore, the mutation-induced changes observed for 

the mean tilt angles argue for an enforced reorganization of the β-sheet and a consequent 

rotation motion of the head domain with respect to the body domain.

It is evident from the sequence of structural changes observed in our MD simulations for 

HsaCCA and  HsaCCA D139A that  the  mutation D139A has  a  negative effect  on the 

native  positioning  of  the  head  domain.  Furthermore,  the  rapid  onset  of  the  changes 

observed  after  the  replacement  of  D139  with  A139  suggest  the  presence  of  strong 

tensions within the structural arrangement of HsaCCA, effectively balanced by the highly 
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adaptive yet robust design of motif C.

Functional model of HsaCCA

It  is  evident  from  the  experimental  results  with  HsaCCA and  HsaCCA D139A that 

motif C plays a decisive role in the enzymes' function. But only the mutation D139A in 

motif C leads to a functional phenotype of  HsaCCA which exhibits a severely reduced 

efficiency in  A-addition  (Figure 29).  Surprisingly, the  crystal  structure  of  the closely 

related A-adding enzyme from Aquifex aoelicus together with a tRNA primer and an ATP 

analog shows no direct interaction of its motif C with any of the substrates (Figure 28B) 

[86,  97].  Therefore,  the  direct  interaction  of  motif C  with  tRNA or  the  nucleotide 

substrates in both  HsaCCA variants seems unlikely. The kinetic analysis of A-addition 

shows both  KM values  to  be identical,  ruling out  differences  in  the  specificity  of  the 

nucleotide binding pocket for ATP as a possible explanation for the differences in the A-
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addition  efficiency  (Figure 29).  Similarly,  the  tryptophan  fluorescence  experiments 

indicated a similar binding behavior of tRNA for both HsaCCA variants (Figure 30). This 

finding does not exclude minor differences in the binding modes of tRNA, but proves that 

the D139A mutation has no observable impact on the affinity for the tRNA-CC substrate 

itself.

In  conclusion,  the  significant  difference  in  the  kcat of  HsaCCA and  HsaCCA D139A 

(Figure 29)  must  originate  in  differences  either  in  the  catalytic  step  per se or  as  a 

consequence  of  differences  in  the  conformational  steps  preceding  catalysis.  As  a 

consequence  of  the  enzyme's  topology,  motif C  cannot  directly  interact  with  the 

nucleotide binding pocket or the flexible loop element. In fact, the influence of motif C 

on  the  catalytic  function,  especially  for  an  efficient  A-addition,  must  involve  global 

domain movements. The first indication for such domain movements during synthesis is 

the dissolving of co-crystals of a tRNA nucleotidyltransferase and tRNA-CC upon the 

addition  of  ATP  [86].  This  is  a  consequence  of  extensive  rearrangements  during 

nucleotide  addition  disturbing  both  the  intermolecular  interfaces  between  individual 

proteins and the packing density within the crystal unit cells. The second indication for 

domain movements in HsaCCA is given by the finding that for the class II CCA-adding 

enzyme from E. coli the presence of glycerol revealed a strong effect on A-addition while 

C-addition remained nearly  unaffected  [99].  This  effect  was attributed  an  increase  in 

solvent viscosity by increasing concentrations of glycerol, suggesting that the enzyme's 

conformational  transition  is  crucial  for  A-addition  but  not  for  C-addition.  The  third 

indication for the relationship between efficient nucleotide addition and increased protein 

flexibility  is  based  on  the  analysis  of  a  temperature-sensitive  mutation  in  the 

Saccharomyces cerevisiae CCA-adding enzyme  [100–102]. These findings are in good 

agreement  with  our  observation  that  HsaCCA is  temperature-insensitive  and  highly 

efficient in CCA-addition, whereas HsaCCA D139A is temperature-sensitive (Figure 32) 

and very inefficient in A-addition (Figure 29B).

To further investigate the putative interdomain movements for the individual  catalytic  

reaction steps in HsaCCA, EPR distance measurements were performed in the presence 

of tRNA substrates and nucleotide analogs. The DEER experiments prove a monomeric 

state  of  HsaCCA  (HsaCCA H87R1/C334R1)  and  HsaCCA D139A 

(HsaCCA D139A/H87R1/C334R1) in solution. This finding is supported not by only the 

number of interacting spins determined from the modulation depth of our experiments but 

also by the high degree of consistency between the simulated distance distribution in a 
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single monomer (HsaCCA H87R1/C334R1) and our experimental results. However, the 

crystal structure of HsaCCA clearly shows an interprotomer disulfide bond between the 

two intrinsic  residues  C344 missing in  our  constructs  [23].  Although the  asymmetric 

crystal unit consisting of two monomers was assumed to be the biological assembly, the 

biological  relevance  of  such  a  dimeric  assembly  is  unclear.  Furthermore,  the  crystal 

structure  of  a  CCA-adding  enzyme  from  Geobacillus  stearothermophilus exhibits  a 

significantly different dimeric assembly involving the head domains of the enzyme [23, 

90]. It is therefore reasonable to assume that the interprotomer interactions in  HsaCCA 

and  HsaCCA D139A involving  the  intrinsic  cysteine  residues  were  either  favored  or 

enforced by the crystal packing.

To investigate  possible  structural  rearrangements  during CCA-addition,  we performed 

DEER  experiments  with  HsaCCA H87R1/C334R1  and 

HsaCCA D139A/H87R1/C334R1. Both constructs exhibit an asymmetric double-peak in 

their  apo  states  that  can  sufficiently  be  explained  by  an  equilibrium  between  two 

rotameric  ensembles  of  spin  label  side  chains  or  two  conformational  states  of  the  

enzymes,  unequally  populated  upon  freezing  in  liquid  nitrogen  (Figure 33; 1).  This 

equilibrium is sensitive to domain movements, since both target  sites for the MTSSL 

(H87C, head domain; C334, body domain) show a limited backbone flexibility in the 

crystal structure.

Ligand-induced  conformational  changes  could  be  observed  for  both 

HsaCCA H87R1/C334R1  and  HsaCCA D139A/H87R1/C334R1.  In  the  presence  of 

tRNA the  former  construct  shows  a  conformational  equilibrium,  which  is  generally 

populated  toward  the  larger  distances.  In  contrast,  the  later  construct  shows  a  

conformational equilibrium very similar to its apo state (Figure 33; 2). The changes in the 

population ratios of the rotamers can either be interpreted as a direct interaction of the  

tRNA with the C334R1 spin label  side chains or as an indirect  effect,  caused by the  

interaction of the tRNA with the immediate environment of the spin label side chains. A 

direct interaction with the spin label side chains would disagree with the results of the  

molecular  docking  experiments  (Figure 34A)  and  very  likely  impede  efficient  CCA-

addition,  which  is  contradicted  by  our  control  experiments  for  HsaCCA  and 

HsaCCA H87R1/C334R1 (Figure 31). We therefore conclude that the binding mode of 

the  tRNA  by  HsaCCA H87R1/C334R1  is  significantly  different  compared  to 

HsaCCA D139A/H87R1/C334R1, while retaining a functionally equivalent state. Upon 

the addition of tRNA and CTPa to each of the constructs, the smaller of the two peaks  
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observed in HsaCCA H87R1/C334R1 is shifted toward a slightly larger distance, whereas 

the  distance  distribution  of  HsaCCA D139A/H87R1/C334R1  remains  unaffected 

(Figure 33; 2).  However,  despite  the  differences  in  the  distance  distribution  of  both 

constructs, the C-addition is undisturbed in both enzymes. For this step of the catalysis a 

well-defined and tight binding of the tRNA substrate to the body domain is mandatory, 

since it is preceded by an enforced interaction of the 3'-end of the tRNA with the catalytic 

core of the enzyme in the head domain. The addition of CTPa to each of the constructs 

with tRNA already bound to their body domains leads to a minor change in the distance 

distribution of HsaCCA H87R1/C334R1, whereas the distance distribution of the D139A 

construct is still very similar compared to its apo state (Figure 33; 3). Assuming that the 

interaction of the enzymes with the tRNA remains unaltered in both cases, the changes in 

the distance distributions observed here would correspond to transient  changes of the 

interspin  distances  between  the  head  and  the  body  domains,  trapped  by  the  non-

hydrolizable analogue of CTP. In the presence of tRNA-C and CTPa,  both constructs 

exhibit  a  distance  distribution  very  similar  to  the  former  experiment  (Figure 33; 4). 

However,  upon  the  addition  of  tRNA-CC  to  HsaCCA H87R1/C334R1  the  rotameric 

ensemble  is  not  only  shifted  toward  larger  distances,  but  also  significantly  more 

populated corresponding to  larger  interdomain distances.  Surprisingly, the  addition of 

tRNA-CC to  HsaCCA D139A/H87R1/C334R1 has  no apparent  effect  on the distance 

distribution  (Figure 33; 5).  The  significant  increase  in  the  interdomain  distances  of 

HsaCCA H87R1/C334R1 can be interpreted as a reorientation motion of the head domain 

to accommodate for the growing 3'-end of the tRNA in a prerequisite for the consecutive 

A-addition. Lacking this crucial reorientation motion,  HsaCCA D139A/H87R1/C334R1 

must fail to initiate the final step of CC-addition. Consequentially, the addition of tRNA-

CC and ATPa to  HsaCCA H87R1/C334R1 shows a significant shift  of  the population 

corresponding  to  the  larger  interdomain  distances  toward  smaller  distances  with  two 

equally  populated  rotameric  populations.  In  contrast,  the  distance  distribution  of  the 

D139A construct  exhibits  a significant  shift  of  its  rotameric population toward larger 

distances  (Figure 33; 6).  This  ligand-induced interdomain  distance  change  is  the  only 

apparent conformational change observed for HsaCCA D139A/H87R1/C334R1.

The crystal structure of HsaCCA reveals that motif C comprises four distinct secondary 

structure elements (Figure 31, 36): The first secondary structure element at the N-terminal 

end of motif C is a single β-strand. This strand can be identified as the peripheral part of 

the twisted β-sheet assembly in the enzyme's head domain. Interestingly, the N-terminal 
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part of the highly flexible loop extends toward the catalytic core from this extensive and 

well-organized β-sheet. The β-strand of motif C then extends into the second secondary 

structure element, a short linker segment featuring an L-shaped curvature. The aspartic 

acid D139 is located within this segment being the first amino acid consecutive to the β-

strand. Hydrogen bonds from this aspartic acid interconnect the second with the third 

secondary structure element, a short α-helix facing the preceding short linker segment in  

an angle of approximately ninety degrees. This type of interaction has been described as 

helix-capping and might be essential for the stability of the α-helical structure [103, 104]. 

Due to the characteristic progression of the linker, the helix-capping might also lock both 

the α-helix and the β-strand in a well-defined orientation toward one another. The fourth 

secondary structure  element  is  another  linker element,  which is  positioned in  parallel  

underneath the α-helix. It extends approximately up to an imaginary straight line with the  

initial β-strand and marks the C-terminal end of motif C.

In  contrast  to  class I  CCA-adding  enzymes,  class II  CCA-adding  enzymes  do  not 

translocate along their tRNA substrate during the polymerization process  [105]. This is 

why the growing 3'-end of the tRNA has to be scrunched in the catalytic core for proper 

accommodation [90]. The steric forces required for a substrate-specific adaptation of the 

enzyme  must  be  facilitated  by  both  the  structural  changes  of  the  head  domain, 

surrounding the catalytic core, and by the relative positioning of the head domain to the 

body domain, counteracting the rigid binding of the T arm to the body domain during the 

polymerization process. Earlier research studies have shown that the highly flexible loop 

element can switch the specificity of the nucleotide binding pocket from CTP to ATP 

[97]. While this selectivity switch for specific substrates seems to be restricted to local 

conformational changes within the head domain, we propose motif C to be involved in 

the global conformational changes between the head and the body domain. The functional 

relevance  of  a  well-tuned domain  motion  during  catalysis  was  recently  found in  the 

CCA -adding enzyme of  Archaeoglobus fulgidus [106]. Similar to the structure and the 

function of the springy hinge found in the neck region of Thermotoga maritima [107], the 

α-helix in motif C might be part of a hydrogen network acting in concert with the region 

of the neighboring α-helices in the body domain. The mutation D139A would therefore 

not only disrupt the helix-capping and destabilize the structural organization and correct 

positioning of  this  important  spring element.  The  loss  of  the  flexible  interconnection 

between the head and the body domain would also severely reduce the adaptation of the 

enzyme  to  the  growing  3'-end  of  the  tRNA  and  prevent  the  addition  of  the  third 
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nucleotide.

The present molecular dynamics simulations of  HsaCCA and  HsaCCA D139A provide 

further evidence for the role of motif C as regulatory spring element embedded in the 

adaptive structural network of the class II CCA-adding enzymes. Upon the replacement 

of aspartic acid at position 139 by alanine  in silico,  the head domain tilts away from 

motif C  (Figure 36).  This  domain  motion  is  accompanied  by  the  detachment  of  the 

enzyme's N-terminus from the β-strand of motif C and by the reorientation of the well-

organized β-sheet. As a consequence of this reorganization process, two β-strands extend 

N-terminally into the highly flexible loop element and enforces its detachment from the  

nucleotide binding pocket. This loss of interaction is functionally equivalent to the effect  

caused by disruptive point-mutations or the deletion of the highly flexible loop element, 

both of which are known to dramatically interfere with A-addition [94, 98, 108].
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Summary

In  this  work,  we  studied  three  proteins  from  three  different  organisms  by  EPR 

spectroscopy: NpHtrII is part of the phototaxis system found in halophilic archaea, ChR2 

is  a  cation-selective  channel  isolated  from a  green  alga,  and  HsaCCA is  an  enzyme 

involved in the protein biosynthesis of humans. The goal was to identify characteristic  

conformations and dynamics in each of the studied proteins that  were linked to their  

specific functions. The scientific disciplines employed in this work include biochemistry 

(site-directed  spin-labeling),  bioinformatics  (data  analysis,  molecular  modeling), 

informatics  (device  control,  software  development),  molecular  biology  (mutagenesis, 

transformation,  heterologous  protein  expression,  protein  purification,  protein 

characterization),  and  physics  (EPR  spectroscopy,  optical  spectroscopy,  experimental 

assembly).

The  experimental  results  show  a  strong  interdependence  between  protein  structure, 

conformers,  dynamics,  and  function.  Hydrogen  bonds,  although  being  a  transient 

electrostatic  attraction  between  polar  molecules,  are  the  key  molecular  interactions 

required  for  the  conservation  of  protein  functionality:  Hydrogen  bond  networks  in 

NpSRII and ChR2 stabilize the helix bundles, and hydrogen bond networks in HsaCCA 

mediate interdomain flexibility. However, the resulting structural alterations observed in 

our proteins manifest on a much larger scale: We have detected changes in the protein  

backbone mobility of the HAMP2 domain in NpHtrII after signaling. We have discovered 

the  TMH B  movement  in  ChR2  accompanying  channel  opening.  And  we  have 

documented  a  substrate-dependent  motion  of  the  head  domain  in  HsaCCA  during 

catalysis.

The  individual  findings  for  each  of  the  three  projects  are  summarized  in  the  next  

paragraphs.
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Conformational equilibrium in the HAMP2 domain of NpHtrII

The cw EPR data for the HAMP2 in the  NpSRII/NpHtrII complex prove a salt-driven, 

and temperature-dependent conformational equilibrium between a more compact and a 

more dynamic conformational state. We propose this conformational equilibrium to be 

equivalent  to  the  two-state  model  (cHAMP/dHAMP)  found  in  HAMP1.  Our  time-

resolved cw EPR data for the HAMP2 furthermore prove that the HAMP2 domain does 

not  switch to  a  cHAMP conformation upon light-activation of  NpSRII.  However, we 

cannot explicitly confirm a cHAMP conformation for HAMP2 in the non-signaling state 

of  the  sensor,  due  to  the  variations  in  the  equilibrium constants  for  the  investigated 

residue  positions  within  both  HAMP domains  of  NpHtrII.  Interestingly, the  NpSRII-

D75N/NpHtrII  complex  exhibits  a  significantly  reduced  flexibility  in  the  HAMP2 

domain. Previous experiments proved the D75N mutation to not interfere with signaling. 

We therefore propose that the altered conformational dynamics of the HAMP2 domain in 

the  NpSRII-D75N/NpHtrII complex represents a compact conformation of the HAMP2 

domain in the non-signaling state, which is functionally equivalent to the conformation 

found in the native NpSRII/NpHtrII complex.

TMH B movement in ChR2

ChR2 undergoes significant structural alterations during its photocycle. In addition to the 

well-known displacement of TMH F found in bR, SRII, and hR, our DEER experiments 

with Mut3C and Mut2C prove a light-induced TMH B movement as a novel mode of 

rhodopsin conformation dynamics. An additional TMH F movement cannot be ruled out 

by  our  experiments,  nor  can  it  be  proven.  Since  the  most  prominent  sequence  and 

structural differences between ChRs and other microbial-type rhodopsins are confined in 

TMH A and  TMH B,  we  propose  the  observed  transient  conformational  changes  of 

TMH B to be a key element in making ChR2 a cation channel.

Part  of  this  work  has  been  peer-reviewed  and  published  with  shared  first 

authorship (*) with the group of Dr. Christian Bamann from the Max Planck Institute of 

Biophysics in Frankfurt a. M.:

Sattig, T.*,  Rickert, C.*,  Bamberg, E.,  Steinhoff,  H.-J., & Bamann, C. (2013). Light-

Induced Movement of the Transmembrane Helix B in Channelrhodopsin-2. Angewandte 

Chemie International Edition, 52(37), 9705–9708. doi:10.1002/anie.201301698
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Flexible spring element motif C in HsaCCA

Class II  CCA-adding  enzymes  exhibit  a  remarkable  degree  of  structural  adaptability 

during  catalysis.  Our  DEER  experiments  with  HsaCCA H87C/C334  and 

HsaCCA D139A/H87C/C334 prove ligand-induced interdomain movements to be a key 

feature  of  the  enzymes'  substrate-specificity  and  elongation-termination.  We propose 

motif C to be an integral part of this well-defined flexibility found in HsaCCA by acting 

as a spring element in concert with neighboring regions. MD simulations reveal how the  

mutation D139A breaks this spring element and thus interferes with the correct spatial 

arrangement of the reactants during catalysis, which in turn impedes A-addition. Further 

experiments with HsaCCA will be required to elucidate the structural interconnection of 

the highly flexible loop element with motif C.

Part  of  this  work  has  been  peer-reviewed  and  published  with  shared  first 

authorship (*) with the group of Prof. Mario Mörl from the University of Leipzig:

Ernst,  F. G. M.*,  Rickert, C.*,  Bluschke, A.,  Betat,  H.,  Steinhoff,  H.-J., & Mörl,  M. 

(2015). Domain movements during CCA-addition:  A new function for motif  C in the 

catalytic core of the human tRNA nucleotidyltransferases. RNA Biology, 12(4), 435–446. 

doi:10.1080/15476286.2015.1018502
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Outlook

The findings of this work highlight some of the possible structural alterations required for 

protein function:  It  is  an interesting finding that  the structural  key element for signal 

transduction  in  the  HAMP2  domain  of  NpHtrII  is  a  minor  change  in  its  backbone 

flexibility. It is surprising that the structural key element for channel opening in ChR2 is a 

TMH B movement, not a movement of TMH F or TMH G found in other rhodopsins. 

And it is fascinating that the structural key element for the substrate-dependent catalysis  

of  HsaCCA comprises  a  flexible  spring  network  in  motif C,  mediating  interdomain 

flexibility.

The next steps in the investigation of NpHtrII with EPR spectroscopy could be focused on 

the  adaptation  domain  between  HAMP2  and  the  transducer  tip:  Since  the  signal 

transduction was documented upstream and downstream of the adaptation domain in the 

transducer, the occurrence of structural changes during signaling (i.e. changes in domain 

mobility and/or distance) seem mandatory. The impact of the D75N mutation in NpSRII 

on  the  signaling  state  of  the  HAMP2 domain  has  not  been fully  understood yet.  An 

investigation of  NpSRI/NpHtrII complexes could provide valuable information on this 

matter by a comparison of the light-induced attractant with the light-induced repellent 

signaling state of the transducer.

The upcoming installation of a Q-Band DEER setup will enable the study of interspin 

distance changes involving TMH F in ChR2. Furthermore, the displacement of TMH B 

could be studied in detail by time-resolved EPR spectroscopy to characterize the helical  

movement in the context of the photocycle.

The investigation of the proposed functional interdependence between motif C and the 

flexible  loop element  in  HsaCCA during  catalysis  could be  performed with cw EPR 

spectroscopy: Possible mobility changes in the flexible loop region during catalysis could 

be documented in a substrate-dependent manner, and as a function of motif C integrity 

(D139A mutation). Furthermore, additional interspin distance measurements are required 

for a better characterization of the interdomain motion observed during catalysis.
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