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Microbial rhodopsins are seven transmembrane α-helical proteins with a retinal cofactor which 

affords the sensitivity to a broad spectrum of visible light and provides the driving energy needed 

for transport. They are ubiquitous in nature, are expressed in all three domains of life, and their 

hosts are found in a wide variety of environments. A great deal is known regarding proton transport 

in the extracellular direction and chloride transport in the cytoplasmic direction, primarily through 

the study of the prototypical proton pump, bacteriorhodopsin and archaeal chloride pumping 

halorhodopsins. Recently, in the last six years, microbial rhodopsin chloride transport in bacteria 

and inward proton transport were discovered. Here, two new and atypical groups of microbial 

rhodopsin ion pumps are described and characterized largely through time-resolved vibrational 

and visible light spectroscopy in parallel with site directed mutagenesis. First, we investigated a 

group of chloride pumping microbial rhodopsins from cyanobacteria with an unusual, 

bacteriorhodopsin-like sequence. We observed deprotonation of a key residue in the so-called 

proton donor position, which is likely a regulatory mechanism to ensure efficient chloride transport 

and prevent the backflow of chloride. Next, a new group of inward proton pumps from Antarctic, 

alkaline, freshwater lakes with a highly hydrophilic primary sequence was characterized. The 

mechanism of proton transport, along with several important residues were identified including a 

central amino acid which forms hydrogen bonds to bridge the cytoplasmic and extracellular sides 



 
 

 
 

of the protein and is apparently crucial for transport. Additionally, two thermally stable isomeric 

forms of retinal are accommodated in the binding pocket and the equilibrium between these states 

is dependent on the wavelength of illumination and pH. Hypotheses regarding the unanswered 

question of the biological role of inward proton transport are discussed. Ion transporting microbial 

rhodopsins are of interest to researchers in the field of optogenetics for the optical control of cells 

or organelles that express them. These proteins have the potential to be used in the field in their 

native state or with improved properties after mutagenesis. 
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1. INTRODUCTION  

 

1.1. Rhodopsins 

 

1.1.1. Overview 

 

Rhodopsins are a family of retinal-binding, light-activated membrane proteins which are 

functionally versatile and highly ubiquitous in nature. Host organisms occupy diverse 

ecosystems; both terrestrial (for example in soil, on plants, and even in harsh environments like 

deserts)1–4 and aquatic (fresh, brackish, and salt water from tropical environments to the poles)5–

10. They have been highly successful evolutionarily, being widely expressed in all three domains 

of life (Archaea, Bacteria, Eukaryota) and even in viruses.11 In general, rhodopsins are classified 

into two groups namely, microbial rhodopsins (Type I) and animal rhodopsins (Type II).11 The 

sequence similarity between Type I and Type II is not significant and the question of whether 

they share a common ancestor is still under debate within the community; that being said, there 

is some evidence to suggest that this is the case (see 1.1.4).12–14  

 

Microbial rhodopsins, the focus of this work, are expressed in archaea, bacteria, algae 

and other protists, fungi, and viruses, while animal rhodopsins are responsible for vision and 

circadian responses in complex eukaryotic organisms including humans.15–18 Microbial 

rhodopsins exhibit a much wider range of functions including active cation and anion transport 

(H+ extracellular direction, H+ intracellular direction, inward Cl-, outward Na+), cation and anion 

channels, photoreceptors, and enzymes.19–29 Here, our focus is primarily chloride transporting 

and inward proton transporting microbial rhodopsins, and these will be discussed in detail below.  

 

1.1.2. Structure 

 

Despite the wide range of functionalities and host organisms, as well as low sequence 

similarity between Type I and Type II, most rhodopsins have a similar characteristic structure.12 

These membrane proteins are comprised of seven transmembrane alpha helices (labelled A 

through G in the case of microbial rhodopsins, and 1 through 7 when referring to animal 
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rhodopsins) with the N and C termini on the extracellular (EC) and cytoplasmic (CP) sides of the 

membrane, respectively (see Figure 1.1.2.1).11,15 Two exceptions exist which were discovered 

recently: enzyme rhodopsins, such as CyclOp, which have eight transmembrane (TM) helices 

and both termini on the cytoplasmic side, and the newly discovered heliorhodopsins, which are 

flipped in the membrane.30,31 The protein is referred to as an opsin in the absence of the light-

sensitive retinal chromophore, and a rhodopsin when retinal is covalently bound via the ε-amino 

group of a lysine on the seventh helix in both Type I and Type II rhodopsins.32,33  

 

 
Figure 1.1.2.1: Microbial rhodopsin structure. (A) Cartoon representation of Type I rhodopsin 

structure with retinal bound to helix G. (B) Cartoon representation of the structure of 

bacteriorhodopsin, PDB ID: 1C3W. Reproduced with permission from Ernst et al. Chem. Rev. 

114, 126–163 (2014). 

 

The chromophore binding forms the structure known as the retinal Schiff base (SB) which has 

the form: R2C=NR'. Type II rhodopsins are G-protein coupled receptors (GPCRs) which 

typically accommodate retinal in the 11-cis state in the dark, and the isomerization to the all-

trans configuration upon light absorption initiates a cascade of conformational changes 

ultimately leading to signal transduction.11,13 Interestingly, retinal is released from some Type II 

rhodopsins after photoisomerization (known as photobleaching) and (in the case of the vertebrate 

visual systems) must be naturally replenished by extraneous reisomerization of the all-trans 

retinal.13 In contrast, Type I rhodopsins make use of the all-trans to 13-cis isomerization to 

convert light to usable energy, and the spontaneous return of the chromophore to the all-trans 

configuration is a primary feature of the so-called photocycle.11,13 While nearly all rhodopsins 
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possess just one light-sensitive chromophore, xanthorhodopsin (XR) is an example of a Type I 

rhodopsin with an unusual light harvesting system. XR possesses a second carotenoid 

chromophore, salinixanthin, which acts as an antenna to direct light energy toward the reaction 

centre (retinal), similar to photosynthetic systems.34,35 Archaerhodopsin 2 (AR2) on the other 

hand has the carotenoid, bacterioruberin, for structural purposes.36  

 

It is now understood that there are consistent structural features in all microbial 

rhodopsins (MRs), mainly in the retinal binding pocket. As mentioned above, one of these 

features is the lysine providing the SB linkage in the middle of helix G. In this vicinity, all MRs 

possess at least one bound water molecule.11 Most MRs possess a hydrogen bonded network in 

the binding pocket consisting of water and the so-called counterion, most often composed of two 

aspartic acids which stabilizes the protonated SB.11 The H-bonding partner of the counterion (see 

1.1.9) of bacteriorhodopsin (BR), Tyr-185, was previously thought to be very well conserved 

among microbial rhodopsins but several exceptions are presently known including 

heliorhodopsins, channelrhodopsin-2 (ChR2), and schizorhodopsins.37 Furthermore, bulky 

aromatic amino acids such as Trp-86 and Trp-182 of  BR (see 1.1.4) are found on either side of 

retinal and help to define the steric contacts of the retinal binding pocket.11 Many exemptions to 

this rule, previously considered to be quite rigid, have emerged in the present work and in 

recently published works. For example, heliorhodopsins and some members of the new group 

which is partially described below, namely several rhodopsins from the genus Spirosoma (see 

7.2) express phenylalanine, and alanine or glycine, respectively, in place of Trp-182.38 These 

significant similarities between microbial rhodopsins allow for the functional conversion of 

certain microbial rhodopsins by site-directed mutagenesis, in some cases by a single amino acid 

substitution. These include the conversion of proton pumps to photosensors and chloride pumps, 

sensors to proton pumps, phototactic sensors to photophobic sensors, sodium pumps to proton 

and chloride pumps, and chloride pumps to proton pumps.32,33,39,40 It is interesting to note that 

Inoue et al. suggested that the successful conversion by mutagenesis would only be possible in 

the direction opposite to the natural evolutionary mutagenesis from which these pumps 

emerged.40 While evidence is lacking for MRs in general, phylogenetic analysis of eubacterial 

MRs revealed that proton pumps are ancestral, followed by chloride pumps, and then sodium 

pumps in this subset of proteins.40 These interconversions illustrate that the structural framework 
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of rhodopsins is indeed very similar and that small changes at the molecular and atomic levels 

can have profound global effects in rhodopsins.  

 

Rhodopsins naturally organize in tertiary structures comprising either monomers or 

higher order oligomers, from dimers to hexamers.41 Oligomers may provide a higher thermal 

stability through intermonomer interactions and resistance to thermal denaturation, as is the case 

in bacteriorhodopsin and Anabaena sensory rhodopsin.42–44 Oligomers are functionally 

significant as well. Observed in the proton pumping blue absorbing and green absorbing 

proteorhodopsins (see 1.1.9), specific intermonomer contacts may also serve to adjust the pKa of 

the Schiff Base and the primary proton acceptor, structures which are crucial for proton 

transport.41,45 In the recently discovered sodium pump KR2, sodium transport was strongly 

inhibited in variants where pentamers were disrupted.46 Additionally, oligomers occasionally 

form pores between monomers which may be used for ion translocation in viral rhodopsins and 

other proteins.47,48 Certain rhodopsin species, including Anabaena sensory rhodopsin49 (ASR, see 

1.1.4, and 1.1.8) and BR,50,51 spontaneously form hexagonal 2D crystals of protein trimers (the 

so-called purple membrane51 of Halobacterium salinarum in the case of BR) in vitro and in 

vivo.41   

 

1.1.3. Abundance of microbial rhodopsins in nature 

 

Excluding exotic extremophiles, sunlight is critical for all life on Earth and is responsible 

for approximately 50% of aquatic primary production.1 Solar energy conversion occurs most 

commonly through the familiar oxygenic photosynthetic pathway, in anoxygenic photosystems, 

and in rhodopsins.1,2 Previously, it was widely accepted that microbial rhodopsins were 

expressed only in halophilic archaea. However, at the turn of the century, DNA sequencing 

technology was improving significantly, and opsins were identified outside of Archaea and 

animals. First in fungi including Neurospora crassa, and then through widespread sampling of 

bacterial proton pumping proteorhodopsins (PRs) which revealed their ubiquity in marine 

environments.5,12,53 Metagenomic and metatranscriptomic data are not infallible; while they can 

detect PR genes, they cannot distinguish between functional and non-functional proteins and 

cannot provide information regarding the species of the host organism.54 Since these ground 



 

5 
 

breaking investigations of proteorhodopsin abundance in the early 2000s, several others have 

confirmed previous results and extended our understanding of their abundance in different 

environments. PRs are expressed in up to 70% of cells in some marine environments, up to 62% 

of nonmarine, and up to 56% in freshwater environments depending on the region and detection 

method.54 Other studies have found that up to 70%, 75%, and >79% of marine bacteria contained 

PR genes while <6% contained genes for other microbial rhodopsins.1,55,56 These values depend 

strongly on geographic location, and may be as low as 15% in some surface waters.56 Owing to 

their abundance, the energy generating potential of proteorhodopsins on Earth is staggering. The 

rate at which Earth’s proteorhodopsins from surface waters convert solar energy into 

transmembrane potential by proton transport is about 1013 W, approximately equal to the rate of 

released energy from the burning of fossil fuels worldwide.33 The PR photosystem had the 

capacity to collect more light energy per unit area compared with oxygenic photosynthesis of 

autotrophic phytoplankton in all sampled regions except for one.1 The PR containing SAR11 

bacterium may be the most abundant organism in the world and can be found even in non-photic 

environments.2,57 

 

One wonders how rhodopsins proliferated and became so ubiquitous in nature, while 

various other photosynthetic systems remain somewhat uncommon. PRs have a relatively simple 

mechanism and are encoded by only one gene, increasing the likelihood of lateral gene 

transfer.2,57,58 Accordingly, despite significant taxonomic and physiological variation among 

rhodopsin-containing bacteria, the mechanisms of proton transport by these PRs are not 

diverse.56 The production of adenosine triphosphate (ATP) through the proton gradient generated 

by light-driven, extracellularly directed proton transport by bacteriorhodopsin was already well 

characterized when the same mechanism was observed in PR expressing hosts.59,60 It is now 

clear that PRs help their hosts in other ways, and seem to be particularly essential in times of 

stress. Light stimulated cell growth seems rare and is observed in some laboratory experiments 

of organisms harboring PRs, but not all.56,58 However, improved survival and increases in ATP 

production have been observed in light-stimulated starvation conditions confirming the prevalent 

theory that PRs are relied on in oligotrophic (characterized by an unusually low level of 

dissolved nutrients and a higher concentration of dissolved oxygen) ecosystems.54,56,57 As 

mentioned above, the abundance of PRs varies by geography. The prevalence of PR-containing 
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organisms is governed by nutrient availability as they are typically found in environments with 

limited organic carbon available.1,55 In the future, it has been predicted that the proportion of PR-

containing organisms may increase as they are well suited to oligotrophic environments which 

are becoming more prevalent due to climate change.1 

 

1.1.4. History of microbial rhodopsin research 

 

This field of study has a rich history with a great many players who have paved the way 

for early career researchers studying today. It is important to continue to honour the pioneering 

researchers, without whom the status of the body of rhodopsin knowledge is impossible to know 

but would certainly be impacted negatively in a profound way. While visual pigments have been 

the subject of biophysical characterization for over seventy years,18 microbial rhodopsin research 

began in 1971 with the discovery of the light-sensitive pigment from the purple membrane of 

Halobacterium salinarum (then halobium) by Oesterhelt and Stoeckenius.52 Two years later, the 

research pair named the protein bacteriorhodopsin and elucidated the light-driven function, 

extracellularly directed proton transport detected by the light-dependent pH decrease of external 

media.19 Since then, as the most primitive standalone proton gradient generating photosystem, 

bacteriorhodopsin has been studied extensively (with 4,203 publications on PubMed at the time 

of writing). Furthermore, because of high thermal and chemical stability, ease of production and 

efficient packing (purple membrane), and rapid photocycle which allows for many repetitions in 

experiment, BR has been instrumental in the development and refinement of numerous 

biophysical techniques such as: electron61 and time-resolved X-ray crystallography,62 high-

resolution and high-speed Atomic Force Microscopy,63,64 time-resolved Fourier-transform 

infrared spectroscopy,65–67 and both solution and solid-state nuclear magnetic resonance.68–70 In 

fact, the first electron microscopy structure of a membrane protein was of BR in 1975, earning a 

Nobel Prize.71 

 

In 1977, Matsuno-Yagi and Mukohata performed transport assays on cell suspensions of 

H. salinarum differing in pigmentation to purple membrane (possessing instead a red colour) and 

detected light-induced pH increase; after which the presence of a new protein was 

hypothesized.72 In the same study, the light-induced pH decrease of BR containing cell 
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suspensions was observed in conjunction with the increase of ATP production.72 Originally, it 

was believed that this new protein in H. salinarum was a light-driven sodium ion pump.73–75 

Later, Schobert and Lanyi named this new protein halorhodopsin (HR) and determined through 

ion fluxes and a volume increase during illumination that the protein translocates chloride in the 

cytoplasmic direction in response to light.21 Strains of H. salinarum lacking HR and BR showed 

bistability between two photoactive species, one red pigment with absorption maximum similar 

to BR (580 – 590 nm) and the other, with a blue shifted absorption (373 nm).76 Slow photocycle 

kinetics (on the order of seconds rather than ms) and this bistability were consistent with a 

phototactic sensory receptor which was originally called slow rhodopsin-like pigment (sR).76 

Now, sR is called SRI and its role in H. salinarum is understood. SRI guides the flagellar motor 

of H. salinarum to seek favourable, long wavelength light (>500 nm) and avoid UV.27,76,77 

Finally, the complete picture of the participants in the H. salinarum photosystem became clear in 

the mid 1980s with the characterization of the photophobic sensor SRII which helps the 

organism avoid oxidative stress caused by the over-exposure to blue light.25,78,79  

 

The landscape changed drastically as DNA and cDNA sequencing technology improved. 

As mentioned above, more than two decades ago, microbial rhodopsins which were originally 

believed to be confined to archaea, were identified in the fungus Neurospora crassa.53 Later they 

were discovered in proteobacteria through metagenomic analysis of surface waters from a wide 

geographic region (see 1.1.3).5,12 This revolutionized the field and initiated the rapid expansion 

of the body of knowledge representing the functional and taxonomic diversity of microbial 

rhodopsins in nature. Just in the last twenty years, additions to the known microbial rhodopsins 

include but are not limited to: bacterial proton pumps (for example: PspR, PaR, PR, ESR, TR, 

GR), algal proton pump (AR2), fungal proton pump (LR), bacterial anion pumps (MastR, SyHR, 

NM-R3), bacterial photosensor (ASR), bacterial sodium pumps (KR2, NM-R2), viral rhodopsins 

(OLPVRII), enzymes (HKR1, Rh-PDE, Rh-GC), bacterial inward proton pumps (PoXeR, AntR), 

archaeal inward proton pumps (NsXeR, SzR), cryptophyte anion channels (GtACR1, GtACR2), 

cryptophyte cation channels (GtCCR1, GtCCR2, GtCCR3), chlorophyte proton channel (ChR1), 

and chlorophyte cation channel (ChR2).37,48,80 It is perhaps of importance to note that the sodium 

pump KR2 can pump Li+ and H+ but also Rb+, Cs+, and K+ when the selectivity filter is perturbed 

by mutation.81,82 The development of a less-selective pump as well as natural and manufactured 
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(by mutation to improve biophysical characteristics) channelrhodopsins and ion pumps are 

advantageous in the field of optogenetics which will be discussed below (see 1.2.1).  

 

 
Figure 1.1.4.1: Cladogram of known microbial rhodopsins. Used with permission of Annual 

Reviews, Inc., from Microbial Rhodopsins: Diversity, Mechanisms, and Optogenetic 

Applications, Elena G. Govorunova, Oleg A. Sineshchekov, Hai Li, and John L. Spudich, 86, 

2017 permission conveyed through Copyright Clearance Center, Inc. 

 

Relatively new members of this extensive family of proteins are the inward proton pumps 

(xenorhodopsins and schizorhodopsins), including AntRs whose characterization is discussed in 

detail in the present work. The diversity of MRs is conveyed in Figure 1.1.4.1 and the 

functionalities are shown in Figure 1.1.4.2. 

 

 One of the long-standing unknowns in the retinal protein community is whether Type I 

and Type II rhodopsins evolved independently or from a common ancestor. On the one hand, 

they share effectively no sequence similarity but on the other hand, they have the same hepta-

helical architecture with a retinal-binding, SB-forming lysine always expressed on TM7.11 

Recently, researchers have shed some light on this problem by performing site-directed 

mutagenesis on bovine rhodopsin. Several (though not all) double mutations which removed the 

SB-forming lysine from TM7 (replacing with alanine or glycine) and introducing another lysine 
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elsewhere in the retinal binding pocket were successful in binding 11-cis retinal, reproducing the 

appropriate absorption maximum (λmax), and retaining function.14 It was argued that this is 

evidence that the SB linkage of lysine in the middle of TM7 which is superconserved among 

Type I and Type II rhodopsins is not in fact a prerequisite for photoactive rhodopsins. Their data 

show that the protein remains functional when the SB forming lysine is not located on helix 7, 

providing some support for the theory of divergent evolution from a common ancestor. The 

authors reason that since there are many potential SB forming sites in bovine rhodopsin, that it is 

unlikely that both Type I and Type II rhodopsins “selected” the site in the middle of helix G (or 

helix 7), independently and by chance. Some researchers are not convinced; this certainly 

shouldn’t be considered a conclusive proof, rather an illustrative example. More work is required 

in this area to understand the evolutionary history of microbial rhodopsins and the lineage of 

Type I and Type II rhodopsins; indeed, this is an active area of research. 

 

 

1.1.5. Helix C motifs 

 

It has been useful to refer to different groups of microbial rhodopsins by a three-letter 

identifier known as the helix C motif; the identity of the amino acids is often indicative of the 

 
Figure 1.1.4.2: The light-driven functions of microbial rhodopsins; chloride pumps, proton 

pumps, sodium pumps, inward proton pumps, cation channels, anion channels, photosensors, 

and enzymes. The purple arrows indicate uni-directionality of transport, orange arrows 

indicate bi-directionality of transport, and pale orange arrows indicate interaction through 

signal transduction to transmembrane or soluble transducers. Reprinted by permission from 

Springer Nature Customer Service Centre GmbH: Springer, Biophysical Reviews, Biophysics 

of rhodopsins and optogenetics, Hideki Kandori, 2020. 
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function. Among microbial rhodopsins, the highest degree of conservation occurs in helix C and 

three of these residues appear to play a critical role in the function of many groups of rhodopsins. 

In the case of proton pumping rhodopsins, these are the proton acceptor, the hydrogen bonded 

proton acceptor partner, and the proton donor.11   

 

Outward directed proton pumping microbial rhodopsins 

 

A 

 

B 

 
Figure 1.1.5.1: Crystallographic structure of BR with several important residues labelled. The 

members of the Helix C motif (Asp-85, Thr-89, and Asp-96) are shown. (A) Retinal binding 

pocket of BR, showing Asp-85 and Thr-89 of the Helix C motif. (B) Crystal structure of BR, 

showing Asp-85 and Asp-96, the proton acceptor and proton donor of the Helix C motif. The 

black lines indicate proton transfers. From Nango, E. et al. A three-dimensional movie of 

structural changes in bacteriorhodopsin. Science 354, 1552–1557 (2016). Reprinted with 

permission from AAAS. 

 

The proton acceptor and the hydrogen bonded acceptor partner both lie on the 

extracellular side of the protein and all outward directed proton pumps (archaeal, bacterial, and 
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eukaryotic) express aspartic acid and threonine, respectively in these positions (Asp-85 and Thr-

89 in the case of BR).11,80 The proton donor which lies on the cytoplasmic side of retinal, is 

usually a carboxylic acid. In the case of BR, the proton donor is an aspartic acid (Asp-96), and its 

helix C motif is DTD (see Figure 1.1.5.1).83 This scheme is also shared by the other archaeal (for 

example: aR-1, aR-2, aR-3, and HwBR), as well as algal (AR2), and fungal proton pumps 

(LR).80  As mentioned above, the field was revolutionized at the turn of the century with the 

discovery that light-driven proton pumps previously believed to be confined to archaea are also 

widely distributed in bacteria.5,12 The diversity in the helix C motifs of outward directed proton 

pumping microbial rhodopsins comes solely from the proton donor position. The newly 

discovered bacterial proton pumps expressed: glutamic acid forming a DTE motif in the case of 

proteorhodopsins,12 xanthorhodopsin,34 and actinorhodopsins,84 lysine forming a DTK motif in 

the case of ESR,85 and glycine forming a DTG motif in the case of PspR and PaR.86 

 

Inward proton pumping microbial rhodopsins 

 

 The first member of the xenorhodopsin clade, ASR, was described in 2003.28 In 2011, the 

new group was coined as xenorhodopsins but no function was determined; in the intervening 

years, several ASR homologues were discovered.87 It wasn’t until 2016 that it was determined 

that the xenorhodopsin gene from the marine bacterium Parvularcula oceani encodes an inward 

proton pump (PoXeR), with a DTL motif.20 The following year another inward proton pump was 

found in the archaeal Nanosalina (NsXeR), with a DSA motif.88 The most recently discovered 

inward proton pump was from Asgard archaea, named schizorhodopsin (SzR) and it possesses an 

FSE helix C motif.37 The second project of this work is the characterization of an inward proton 

pump, also with an FSE motif (however, there is variation within the group and a general F/L/M-

S-E/Q motif encompasses the identified members). 

 

 Other ion transporting microbial rhodopsins 

 

 The situation is markedly different when it comes to anion transporting microbial 

rhodopsins. Haloarchaeal halorhodopsins (HsHR, NpHR) possess a TSA helix C motif.80  More 

recently, bacterial anion transporting rhodopsins were discovered in Mastigocladopsis repens 
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(MastR or MrHR pumping Cl-) and Synechocystis sp. PCC 7509 (SyHR), and most members of 

the group possess a TSD motif (the minority have V, L, or I in the donor position, forming a 

TSD/V/L/I motif).39,89,90 Bacterial halorhodopsin-related proteins (RmHR, R28HR1) possess the 

common TSA motif, while R28HR2 (from the same organism as R28HR1, Rubrivirga marina 

SAORIC-28T) has a TTD motif similar to MastR and SyHR.91 The final class of anion 

transporting microbial rhodopsins was found in the marine flavobacterium Nonlabens marinus 

S1-08T and have an NTQ motif (NM-R3).92  

 

Through a single amino acid substitution chloride pumps have been converted to proton 

pumps and vice-versa. In BR, replacing Asp-85 with threonine, creates the TTD motif,93 and in 

MastR, replacing Thr-74 with aspartic acid, creates the DSD motif.39 It is interesting to note that 

this D ↔ T functional switch is mirrored in Nonlabens marinus S1-08T (albeit from a different 

position in the motif) which also expresses a sodium pump, NM-R2 (with an NDQ motif).92  

This organism expresses three different ion transporting microbial rhodopsins, as it also 

expresses a PR-like proton pump with DTE motif (NM-R1).92   

 

 Photosensory microbial rhodopsins 

 

 Archaeal photosensory microbial rhodopsins are closely related to BR and have the same 

proton acceptor and acceptor partner (aspartic acid and threonine, respectively) but the proton 

donor position is replaced with either a tyrosine or phenylalanine. Halobacterium salinarum 

expresses phototactic SRI and photophobic SRII which have a helix C motif of DTY, while 

Natronomonas pharaonis sensory rhodopsin II (NpSRII) has a DTF motif.80 Eubacterial 

Anabaena sensory rhodopsin (ASR) from xenorhodopsins on the other hand has a DTS motif.80 

 

 It should be noted that while the helix C motif as a generalized classification scheme has 

been helpful in the past, the community may be reaching a ‘tipping point’ where a different 

sequence-based system will be needed. This is considering the ever-expanding diversity of 

microbial rhodopsins and the discovery of increasingly more exotic helix C motifs. For example, 

cryptophyte (but not chlorophyte) cation channelrhodopsins possess a DTD motif which was 

originally believed to be a marker for extracellular proton transport.94 
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1.1.6. Retinal isomerization 

 

Retinal is produced through the cleavage of β-carotene and is a vitamin A aldehyde.11 In 

MRs, light is absorbed by retinal on a femtosecond time scale, and the isomerization at the 13th 

carbon, from the all-trans-15-anti (all-trans or simply AT in the present work) configuration to 

the 13-cis-15-anti configuration occurs between 10-14 – 10-12 s (see Figure 1.1.6.1).11,13 The SB 

does not rotate and the global protein structure in the early stages after isomerization (the first 

photointermediates, I, J, and K, see section 1.1.7) is not altered substantially compared to the 

dark state; although the chromophore itself in the J and K intermediates is thermally excited and 

significantly twisted.11,95 Rotation around the double C=C bond has a very large energy barrier 

and can only proceed when the molecule is in an electronically excited state. The all-trans to 13-

cis photoisomerization results from an electronic transition as a π-electron from the conjugated 

retinal polyene chain is excited from the ground state to a higher energy level.11 A prevailing 

theory postulates that the initial steps of the isomerization are induced by the so-called Bond 

Length Alteration (BLA), in which changes to the C-C bond lengths and bonding angles are 

affected after excitation.96  The retinal chromophore may become twisted in the excited 

electronic state and relaxes through the conical intersection (the point of minimum energy gap 

between the excited state and ground state energy profiles) into the electronic ground state (see 

Figure 1.1.6.2). Relaxation to both ground state configurations, all-trans and 13-cis, is possible. 

Bacteriorhodopsin, for example, has a quantum yield of isomerization of 0.64.11 The quantum 

yield here refers to the ratio of successful isomerization events from all-trans  13-cis to the 

number of absorbed photons, with relaxation from the excited state back to all-trans making the 

balance. 

 

Free retinal isomerizes from all-trans to 13-cis, 11-cis, and 9-cis states with low quantum 

yields but the steric interactions in the retinal binding pocket of microbial rhodopsins reduce the 

degrees of freedom so that all but the isomerization to 13-cis isomer have negligible quantum 

yields; this encourages fast isomerization.11,97 Approximately 30% of the photon energy is stored 

in the distortion of the chromophore and the network of H-bonds.11 Various microbial rhodopsins 

do not possess 100% all-trans in the dark state, but rather an isomeric equilibrium exists, which 
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in some cases, can be shifted by sample conditions including pH, for example. This aspect of 

isomeric equilibrium shifts is known as light and dark adaptation and is described in detail below 

(see 1.1.8, and 3.2.4).  

 

 
Figure 1.1.6.1: Structure of the all-trans and 13-cis-15-anti retinal isomers. 

 

 
Figure 1.1.6.2: Ground (S0) and excited (S1) state energy landscapes showing the trajectory 

followed during isomerization. From the electronic excited state, the relaxation to 13-cis or all-

trans state is through the conical intersection. Reproduced with permission from: Ernst, O. P. 

et al. Chem. Rev. 114, 126–163 (2014).  
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1.1.7. Photocycle 

 

The photocycle of microbial rhodopsins begins with the absorption of a photon by retinal, 

and the isomerization from all-trans to 13-cis initiates a cascade of conformational changes 

which ultimately leads to protein function (see Figure 1.1.7.1).11,32,98,99 Certain microbial 

rhodopsin photocycles are more complex and the proteins may bind other retinal isomers in 

thermally stable states in the retinal binding pocket (see 1.1.8). The photocycle is characterized 

by distinct structural states which are spectroscopically observable because they absorb different 

wavelengths of light to different extents.11,32 In general, the photocycle turnover (i.e. the time to 

return to the low energy dark state) is shorter in ion pumps (on the order of ms) than in channels 

or photosensors (on the order of s).11,98,99 Of course, there are exemptions and the photocycle rate 

is often sensitive to a variety of conditions including temperature, pH, and ion concentration. 

Additionally, prolonging or accelerating the channel closure in channelrhodopsins or 

accelerating photocycle kinetics of ion pumps may be desired in optogenetics (see 1.2.1) and can 

be achieved through site-directed mutagenesis.100 

 

General proton pumping photocycle 

 

In the case of BR, the initial steps in the photocycle include the red-shifted, twisted, hot J 

intermediate (~625 nm) which forms in 500 fs.101–104 This is followed immediately by the K 

intermediate (~590 nm) which is characterized by the twisted 13-cis state of retinal and 

negligible global structural changes, forming on the order of ps.11 The isomerization to 13-cis 

retinal causes the rearrangement of amino acids and changes the electrostatics in the binding 

pocket. This is known as the L intermediate and it manifests as an increase in the pKa of the 

proton acceptor (Asp-85 in BR) and a decrease in the pKa of the SB, setting the stage for the 

initial proton transfer.105 The blue shifted M intermediate rise is characterized by the 

deprotonation of the SB, and the proton transfer to the acceptor.11 The M intermediate decays as 

the proton from the proton donor (Asp-96 in BR) is transferred along intervening water 

molecules to the SB.11 These steps are also called the M1 and M2 intermediates, and involve the 

SB rotation from facing the extracellular to the cytoplasmic sides of the protein (alternating 

access model).11 Large structural changes to the protein backbone occur in the N intermediate 
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and the defining feature is the outward tilting of the F-helix on the cytoplasmic side.11 This 

allows for the entry of water molecules, and the reprotonation of Asp-96 from the cytoplasm.11 

Finally, the isomerization of retinal from 13-cis to all-trans results in the red-shifted O 

intermediate.11  

 

It is important to note that the alternating access model is the prevailing theory which 

describes the process by which BR (and other MRs such as NpHR) establishes unidirectionality 

of transport. In essence, the uptake and release of ions occurs at different times in the photocycle; 

in other words, H-bonding access to the cytoplasm and the extracellular space do not occur 

simultaneously.106 This is effective at preventing the backflow of the transported ions and 

increasing pumping efficiency. 

 

 
Figure 1.1.7.1: Generic photocycle scheme of a proton pumping microbial rhodopsin. The 

isomeric state of retinal, the protonation state of the Schiff base, and the identity of the 

intermediates are shown. See text for more details. Reproduced with permission from: Ernst, 

O. P. et al. Chem. Rev. 114, 126–163 (2014).  
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1.1.8. Photochemistry – Light and dark adaptation 

 

It is well understood that the functional cycle in microbial rhodopsins originates from the 

isomerization of the all-trans isomer; however, the photochemistry of various microbial 

rhodopsins has been shown to be more complex than one might expect. For example, when BR 

can thermally relax fully in the dark, it tends to accumulate more of the 13-cis-15-syn (13C) 

retinal isomer. This is distinct from the 13-cis-15-anti isomer which commonly arises through 

the normal photoisomerization and functionally relevant photocycle. Nuclear magnetic 

resonance, chromatography, Raman, and electronic absorption spectroscopy studies have 

determined differing molar ratios of all-trans to 13-cis-15-syn retinal in the dark-adapted BR 

samples. First providing a rough estimate that the populations were approximately equal with 13-

cis-15-syn as a slight majority, and later determining more precisely that the dark adapted BR 

contains 66 – 67% 13-cis-15-syn and 33 – 34% all-trans.107–110 As BR is exposed to light, the 

equilibrium shifts strongly toward all-trans, with more than 98.5% all-trans being present in the 

light-adapted sample.110 The all-trans cycle is functionally active and is not converted to the 13-

cis-15-syn state after photoexcitation, rather returning to the all-trans ground state with 100% 

yield. This cycling property is shared by other proton pumping eubacterial and eukaryotic 

microbial rhodopsins.12,111 In general, light-driven ion pumps (such as BR, HR, and LR) can 

accommodate both the all-trans and the 13-cis-15-syn isomers in the retinal binding 

pocket.107,111,112 The situation is different in most other MRs including proteorhodopsin, and 

sensory rhodopsins from various organisms, including Halobacterium salinarum, Natronomonas 

pharaonis, and Salinibacter ruber. In proteorhodopsin for example, the isomeric composition is 

almost exclusively all-trans in the dark.113–115 The sensory rhodopsins mentioned above bind the 

all-trans retinal in a vast majority in the dark-adapted ground state, and either maintain a 

majority of all-trans in the light adapted state116 or acquire a larger proportion of 13-cis.117–119  

 

It is important to note that there are other microbial rhodopsins which accommodate the 

13-cis-15-syn retinal isomer in a thermally stable state. For example, algal histidine kinase 

rhodopsin HKR1 from C. reinhardtii is described by a branched photocycle with two states: Rh-

UV (λmax = 380 nm) and Rh-Bl (λmax = 490 nm). The Rh-UV state has predominantly the 13-cis-

15-anti isomer with deprotonated SB and photoconversion accumulates the Rh-Bl state which 



 

18 
 

exists in thermal equilibrium of the 13-cis-15-syn and all-trans-15-anti isomers, both with 

protonated SB.24 The populations of the two states can be shifted by light. Illumination with blue 

light shifts the equilibrium completely to Rh-UV while illumination with UVA light leads to a 

heterogeneous mixture of Rh-UV and Rh-Bl, the composition of which depends on the 

wavelength.120 The time constant of thermal equilibration is on the order of days when left in the 

dark at room temperature.120 

 

Unsurprisingly, channelrhodopsins found in the same organism (C. reinhardtii) also 

possess interesting photochemical isomeric properties. In ChR2, the isomer ratio of 30:70, 

13C:AT in the dark adapted state does not change significantly in the light adapted state.121  In 

contrast, the C1C2 chimera exists in an equilibrium between all-trans and 13-cis-15-syn states 

and fully relaxes to a dark state characterized by a 100% all-trans chromophore population in 

several hours.122 The apparent dark-adapted state is defined as the state where 70-80% 

photocurrent is recovered, reached in a timescale of tens of seconds but depends on pH and 

membrane potential.122 Light adaptation shifts the equilibrium and a larger proportion of the 13-

cis-15-syn isomer is accumulated. The situation is similar to the case of the C128T mutant of 

ChR2 (and to a lesser extent the WT) where the populations of retinal isomers can be altered by 

light; light adaptation with blue light accumulates more all-trans, and green light accumulates 

13-cis-15-syn.123 In the case of mutants of ChR2 (C128A, C128S), the lifetime of the open state 

is prolonged and the photochromicity is improved.124 Illumination with 450 nm light initiates 

channel opening and illumination with red shifted light (optimally 546 nm) drives complete 

channel closure.124 It is important to note that the functional relevance of the 13-cis cycle in 

cation channelrhodopsins is still an active area of research and debate.33 

 

Arguably the most well-known example of photochromic behaviour, and light and dark 

adaptation occurs in the eubacterial photosensor, ASR (see Figure 1.1.8.1). Like BR, ASR binds 

both all-trans-15-anti and 13-cis-15-syn retinal isomers in thermally stable states but unlike BR, 

the dark adaptation of ASR results in the accumulation of the all-trans isomer in an 

overwhelming majority. Immediately following its discovery, there were conflicting reports 

regarding the isomer proportion in the dark adapted and light adapted states. In the dark-adapted 

state, the amount of AT retinal ranged from 67% – 97%, and the amount of 13C present in the 
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light adapted state ranged from 55% – 82%.125–130 Additionally, a single Schiff base resonance 

peak in solid state NMR suggested the presence of only the all-trans isomer in dark adapted 

ASR.131 It was clear within the first years of study that the proportion of 13C in the light adapted 

samples was strongly dependent on the illumination wavelength: in particular, that illumination 

with orange (580 nm) light drives the thermal equilibrium toward 13C, while illumination with 

blue (480 nm) light drives the equilibrium toward AT.126 Later, the wavelengths were optimized 

for accumulation of 13C using orange (590 nm) light illumination and AT using blue (490 nm) 

light illumination.129,130 Another source of the discrepancy between the reported isomer 

proportions was the dependency on pH which was identified more recently. While the isomer 

composition in the dark-adapted sample is only moderately dependent on pH (~97% at all pH 

values except above pH 9, ~85% AT at pH 11), the composition in the light adapted sample is 

intimately linked to pH; the highest 13C content in the light adapted sample peaks near pH 5.132 

This also helps to explain the results achieved by Vogeley et al. who reported 82% 13C after 

illumination with 580 nm light, because the pH was arbitrarily set to 5.6 which is nearly optimal 

rather than neutral pH which was used more commonly by others resulting in more modest 

populations of 13C.126  

 

A 

 
 

B  

 
Figure 1.1.8.1: Photochromism of ASR. (A) Pictorial representation of the isomerization 

reactions of ASR. The red and blue arrows show the isomerization from 13-cis-15-anti to all-

trans and 13-cis-15-syn, respectively. (B) The absorption spectra of ASRAT (red dotted line) 

and ASR13C (blue dotted line). The K intermediates of ASRAT (red solid line) and ASR13C 
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(blue solid line) are not relevant to the present discussion. All measurements were performed 

at 130 K. Reprinted with permission from Kawanabe, A., Furutani, Y., Jung, K. H. & Kandori, 

H. Photochromism of Anabaena sensory rhodopsin. J. Am. Chem. Soc. 129, 8644–8649 

(2007). Copyright (2007) American Chemical Society. 

 

  
Figure 1.1.8.2: Reaction scheme of ASR showing both the photoreaction and thermal 

relaxation. Dark adaptation leads to the overwhelming majority of ASRAT (dotted line). 

Photoexcitation of ASRAT and ASR13C results in the functional photocycle and 

photochromism, respectively. Branching ratios x and y were determined to be unity. Reprinted 

with permission from Kawanabe, A., Furutani, Y., Jung, K. H. & Kandori, H. Photochromism 

of Anabaena sensory rhodopsin. J. Am. Chem. Soc. 129, 8644–8649 (2007). Copyright (2007) 

American Chemical Society. 

 

Apparently, there are two photocycles that define the photoreactions in ASR. These are 

the traditional all-trans cycle (ASRAT) which is well known among MRs and is responsible for 

the signalling state in ASR, and the 13-cis-15-syn cycle (ASR13C) whose functional relevance 

remains elusive (see Figure 1.1.8.2).132 One of the identifiers of the 13C cycle is the so-called C 

intermediate which has a red shifted absorption and presents as a red shifted ethylenic stretch 

band (C=C stretch) and a 1176 cm-1 peak (C-C stretch).133 Kawanabe and colleagues were 

successful in solving many details of the interplay between the cycles. ASR is completely 

photochromic meaning that the absorption of a photon by the AT state proceeds 100% of the 

time to the 13C stable state and that the reverse reaction also proceeds 100% of the time back to 
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the stable AT state.134 In other words, the values of x and y in Figure 1.1.8.2 are unity. As 

mentioned above, the dark adaptation accumulates AT and the time constant for this reaction is 

pH dependent, proceeding in approximately 2 hours at neutral pH,127 but is on the order of days 

at low pH, and seconds at high pH.132 ASR is part of the group called xenorhodopsins, and 

unsurprisingly, it is not the only member of this group which exhibits bistability. The 

photochemistry of the inward proton pump PoXeR (described in detail below, see 1.1.11) is 

similar to that of ASR. It has predominantly AT retinal in the dark, but the equilibrium is shifted 

strongly to other isomers, mostly 13C, upon illumination.20 The all-trans cycle is branched and 

returns to an all-trans dark state 43% of the time, and to the 13-cis-15-syn state (which dark 

adapts slowly to all-trans) 57% of the time.135  

 

Interestingly, some eukaryotic opsins are also bistable pigments. For example: 

Cephalochordate melanopsin, Jumping Spider rhodopsin-1, and even human melanopsin have 

stable states accommodating different retinal isomers which are photosensitive to different 

wavelengths of light.136–138 

 

1.1.9. Spectral tuning 

 

As mentioned above (see 1.1.6), free retinal has a multitude of different isomers but the 

steric interactions of amino acids (especially aromatics) restrict the degrees of freedom and 

significantly reduce the number of isomers which can be accommodated in microbial rhodopsins. 

It is well understood that the environment in the retinal binding pocket affects the absorption 

maximum of the protein. The absorption maximum of protonated and unprotonated all-trans 

retinal in methanol is 444 nm and 390 nm, respectively.139 However, the ground state absorption 

maxima of microbial rhodopsins is significantly red shifted, typically near 560 nm. Various 

protein-retinal interactions in the retinal binding pocket account for this large discrepancy by 

altering the energy of the ground and excited states, thereby changing the energy difference of 

the two states, equal to the energy of the absorbed photon. These include protein-retinal 

interactions caused by aromatic residues, electrostatic interactions with charged residues, 

hydrogen bonding with polar amino acids, and steric effects which can influence the bond angles 
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in the chromophore.11 One such well studied example of colour tuning by specific amino acids 

occurs in the two proteorhodopsins, optimized for the absorption of green and blue light.  

 

Despite having a sequence similarity of nearly 80%, the species denoted blue absorbing 

PR (B-PR) has λmax in the range between 488 nm and 493 nm while the green absorbing PR (G-

PR) has λmax between 518 nm and 526 nm.140,141 The B-PR and G-PR appear to be optimized for 

the light spectrum available in their individual environments. B-PRs were discovered in 

organisms found deep in the water column (75 m) where green light has already been attenuated, 

and G-PRs were found in organisms present in surface waters were green light is abundant.5 

Apparently, the absorption difference is primarily the result of a change of one amino acid at 

position 105, being expressed as a Gln in B-PR and Leu in G-PR (see Figure 1.1.9.1). Site-

directed mutagenesis studies found that Q105L (in the case of B-PR) and L105Q (in the case of 

G-PR) mutants resulted in a strong red and blue shift to the absorption maximum, 

respectively.140–142 It was suggested that the polar sidechain of Gln in B-PR lowers the dark state 

energy by stabilizing the Schiff base proton resulting in a larger energy level difference and blue 

shifted absorption compared to G-PR and Q105L B-PR.141 Further refinements to the absorption 

differences were accomplished through predictions by molecular dynamics simulations in 

combination with site-directed mutagenesis; amino acid positions 65 and 70 seem to be involved 

with helix-helix interactions leading to fine tuning of the absorption spectra.143  

 

The amino acid spectral switch of G-PR and B-PR at position 105 illustrates the 

importance of the physical properties of the residues in the vicinity of retinal, and the fine tuning 

from positions 65 and 70 demonstrate that long range interactions are not necessarily negligible. 

In fact, a 20 nm red shift in G-PR was observed in the A178R mutant even though this residue is 

located in the cytoplasmic E-F loop, separated from the 13th carbon of retinal by approximately 

25 Å.144 Structural elements in the E-F loop region: a kink in helix E on the cytoplasmic side, a 

small α-helix (E’), and a β-turn were identified shortly afterwards.115 Apparently, the A178R 

mutation causes far reaching structural changes which are observed in every helix, all residues 

involved in the structural elements near the E-F loop mentioned above, and many residues 

including Asp-97 and Asp-227 (Asp-85 and Asp-212 of BR of the complex counterion 

mentioned below), notorious for their role in spectral tuning in MRs (see Figure 1.1.9.2).145 
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Figure 1.1.9.1: X-ray structure of E. sibiricum rhodopsin (ESR, PDB ID: 4HYJ) adapted to 

show the residues in G-PR. The distance of nearest atoms of Leu-105 and the 13th methyl of 

retinal is 4.1 Å. Reprinted with permission from Ozaki, Y., Kawashima, T., Abe-Yoshizumi, 

R. & Kandori, H. A color-determining amino acid residue of proteorhodopsin. Biochemistry 

53, 6032–6040, (2014). Copyright (2014) American Chemical Society.  

 

Additional differences between retinal conformation in visual pigments and microbial 

rhodopsins result in spectral shift. The C6-C7 single bond which bridges the polyene chain and 

the ionone ring presents as a 6-s-cis and 6-s-trans in visual and microbial rhodopsins, 

respectively.11,32 As a consequence, steric effects in visual pigments preclude a planar 

arrangement between the ionone ring and the polyene chain, preventing the proper distribution of 

π-electron conjugation in the ring, and contributing to a blue shifted absorption when compared 

to microbial rhodopsins.11,32 While exemptions to this trend do exist, in general, most microbial 

rhodopsins absorb in the range 520 nm – 580 nm and most visual pigments absorb in the range 

480 nm – 525 nm.11 
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Figure 1.1.9.2: Structure depicting G-PR based on a homology model of BR with residue Arg-

178 shown in blue. The residues whose chemical shift changed after the Ala to Arg mutation 

are coloured and indicate the extent of perturbation which extends throughout most of the 

protein. Reprinted from Biophysical Journal, 105, Michaela Mehler, Frank Scholz, Sandra J. 

Ullrich, Jiafei Mao, Markus Braun, Lynda J. Brown, Richard C. D. Brown, Sarah A. Fiedler, 

Johanna Becker-Baldus, Josef Wachtveitl, and Clemens Glaubitz, The EF loop in green 

proteorhodopsin affects conformation and photocycle dynamics, 385-397, Copyright (2013), 

with permission from Elsevier.  

 

UV-sensitive visual pigments have a deprotonated retinal Schiff base in the dark.146 They 

are unusual as the vast majority of most microbial rhodopsins have a protonated SB in the dark.11 

Together with a superconserved arginine (Arg-82 in BR), these two positive charges must be 

electrostatically balanced by two negative charges.11 This pair of negative charges in the vicinity 

of retinal are part of a H-bonded network involving at least one water molecule (three in the case 

of BR) forming the structure known as the complex counterion.11 It stabilizes the protonated 

Schiff base and increases its pKa in the dark, resulting in a decrease of the ground state energy.11 

In the case of BR, Asp-85 and Asp-212 form a pentagonal cluster with water molecules (see 

Figure 1.1.9.3). Beyond spectral tuning, the protonation state of the counterion is intimately 

linked to kinetics of dark adaptation in the case of BR. In particular, the rate of thermal 
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relaxation of the AT chromophore to 13C is proportional to the fraction of the protonated state of 

Asp-85.147  While all outward directed proton pumping eubacterial and eukaryotic microbial 

rhodopsins (and many others) possess the aspartic acid in the proton acceptor position, profound 

functional changes occur when the traditional two counterion model is altered and this is evident 

in several microbial rhodopsins.41 For example, in the case of the chloride pumping 

halorhodopsins, Asp-85 of BR is replaced with threonine, representing a loss of a negative 

charge in the binding pocket. In Natronobacterium pharaonis halorhodopsin and Halobacterium 

salinarum halorhodopins, the Cl- ion is bound in complex with Thr-126/Ser-130 and Thr-

111/Ser-115, respectively.148,149 In this case, the chloride ion becomes part of the complex 

counterion and stabilizes the excess positive charge.11,32 More recently, other exemptions have 

come to light including sodium pumping KR2 which has an asparagine in the acceptor position, 

xenorhodopsins (ASR and inward proton pumps) which expresses a proline in the homologous 

position of Asp-212 of BR, and inward proton pumping rhodopsins (schizorhodopsins and 

AntRs) as well as anion channelrhodopsin (Gt161302) which express hydrophobic residues in 

the proton acceptor position.22,28,29,37,87,150 

 

 
 

Figure 1.1.9.3: X-ray structure of dark-adapted bacteriorhodopsin showing the pentagonal 

cluster involving the Schiff base (SB), Asp-85, Asp-212, Wat402, Wat401, and Wat406. 



 

26 
 

Reproduced with permission from: Nass Kovacs, G. et al. Nat. Commun. 10, 1–17 (2019). 

PDB ID: 6GA1. 

 

Undoubtedly, the largest contribution to spectral tuning in microbial rhodopsins comes 

from the protonation state of the SB. When the SB is deprotonated, the absorption becomes 

strongly blue shifted, and this spectral signal is commonly known as the M intermediate in 

MRs.11 In the case of bacteriorhodopsin, the absorption shifts from 560 nm to 410 nm when the 

SB becomes deprotonated.151 This blue shift is typical and in the author’s own work (including 

data contained herein), signals from deprotonated Schiff bases have ranged from 400 to 420 

nm.86  

 

Nowhere else in the field is spectral tuning more fundamental than in the technique of 

optogenetics (see 1.2.1). Channelrhodopsins and ion pumps with red shifted absorption are 

desirable for use in optogenetics in which red light is attenuated less and penetrates tissues more 

efficiently. It is also of benefit to have optogenetic tools which are excited by blue light, as to not 

interfere with green light absorbing rhodopsins which represent the vast majority of microbial 

rhodopsins used in optogenetics. Therefore, significant efforts to identify naturally occurring 

channelrhodopsins with blue and red shifted absorption maxima have been the focus of several 

recent studies, including: Chronos152, Chrimson152, VChR1153, and RubyACR154. Principles of 

spectral tuning are also being exploited to produce variants of naturally occurring 

channelrhodopsins and ion pumps to engineer MRs with shifted absorption maxima. For 

example: a mutant of ChR (ReaChR) and a double mutant of the sodium pump KR2 each have 

strongly red shifted absorption maxima.155,156 

 

1.1.10. Anion pumping microbial rhodopsins 

 

Archaeal anion pumps 

 

The initial discovery of Halobacterium salinarum halorhodopsin (HsHR) was described 

above (see 1.1.4). The next archaeal anion pumping microbial rhodopsin to be characterized was 

from Natronobacterium (Natronomonas) pharaonis (NpHR).157 Two retinal pigments were 
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identified, one with fast kinetics similar to HsHR (then called Pf, now called NpHR) and one 

with slow kinetics similar to sR (then called Ps, now called NpSRII). Due to the similarities of 

the halorhodopsins, both will be described in parallel and distinction between HsHR and NpHR 

will only be made to indicate a property which is not shared by both proteins.  

 

 In contrast to BR which generates a proton gradient for bioenergetic purposes, during cell 

growth HR supposedly transports chloride in order to maintain osmotic balance.158 Some 

research suggested that BR and HR were ultimately responsible for the production of ATP in the 

host,129 but this idea has been met with opposition; the cells expressing HsHR but lacking BR do 

not produce ATP in a sustained fashion due to the acidification of the cytoplasm.161 Therefore, 

HsHR is not responsible for the production of ATP in H. salinarum. The synthesis of ATP is 

observed in N. pharaonis and it was suggested that the coupling ion for ATP synthesis is 

chloride.159 Some researchers maintain that NpHR may function as alternative machinery for 

ATP production under anaerobic conditions,162 while others found that the protonophore CCCP 

eliminates ATP production but not chloride dependent alkalinization of the cell indicating that 

chloride is not the coupling ion and NpHR (just as HsHR) is not a critical aspect of the ATP 

synthesis pathway.160    

 

Despite the functional differences, HsHR and NpHR are similar to BR in their structure 

and overall architecture; they share a sequence similarity of about 25%, and a sequence 

similarity with one another of about 66%.163,164 In keeping with their structural similarity to BR, 

both HsHR and NpHR form trimers in lipids (and detergents in the case of NpHR).165–167 In 

general, the protein backbones are nearly identical, but significant differences are observed in the 

loops and tails.164 In particular, the extracellular side of NpHR contains a hydrophobic cap 

supplied by the B-C loop and N-terminus which is larger than that of HsHR.164 That being said, 

the B-C loop of both NpHR and HsHR are functionally relevant. The longer B-C loop of NpHR, 

contains several hydrophobic residues which form part of a cap, covering a large portion of the 

extracellular surface, preventing ion movements between the active centre and the extracellular 

medium.168 Apparently, the length of the B-C loop has implications for the anion specificity: a 

longer B-C loop provides more space for larger ions to enter from the extracellular space and 

results in stronger transport of other anions, nitrate for example.169,170 
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Some critical residues in BR are conserved in HR including: Asp-212 (Asp-238 in HsHR, 

Asp-252 in NpHR), and Arg-82 (Arg-108 in HsHR, Arg-123 in NpHR).163 Key differences to the 

structure also exist. In particular, the electrostatics of the residues near the SB are markedly 

different. As mentioned above, HRs possess the TSA helix C motif. The chloride ion bound on 

the extracellular side, close to retinal, is coordinated by several residues with an affinity of 10 

mM and 2.5 mM in the case of HsHR and NpHR, respectively.167 Early spectroscopic studies 

identified that two members of the motif (Thr-126 and Ser-130 in NpHR, Thr-111 and Ser-115 in 

HsHR) as well as a positively charged arginine (Arg-123 of NpHR and Arg-108 of HsHR) were 

responsible for chloride binding.148,149,171 The relative contribution of the arginine is greatest, 

followed by the serine and then threonine. X-ray crystallographic structures of HsHR and NpHR 

indicate that the chloride binding in the dark is more complex than previously presumed.166,168,172 

It is now clear that the SB, Thr-111 (Thr-126 of NpHR) and Ser-115 (Ser-130) are hydrogen-

bonded to Cl- directly, and Arg-108 (Arg-123), Asp-238 (Asp-252), Ser-76 (non homologous 

residue of Ser-78 in NpHR), and Trp-112 coordinate it through mediating water molecules (see 

Figure 1.1.10.1). Additional chloride binding sites were identified (two for NpHR and one for 

HsHR), however, they were not confirmed in titration experiments.164 Unsurprisingly, no 

strongly hydrogen-bonded water is observed in HRs, in contrast to outward directed proton 

pumps in which the strongly bound water is widely considered a prerequisite.11,173 Furthermore, 

while a single amino acid substitution (D85T/S) converts BR into a chloride pump, the chloride 

binding site is significantly different from HsHR, lacking participation from Water502, Arg-82 

(Arg-108 of HR), and other residues.93,174,175 Additionally, a pair of residues on the cytoplasmic 

side have been implicated in the chloride release to the cytoplasm in HsHR and NpHR. This pair 

consists of Thr-203 of HsHR (Thr-218 of NpHR) and Arg-200 (Lys-215 of NpHR).148,171,176  

 

The retinal composition of HsHR and NpHR are quite different: HsHR has 75% all-trans, 

16% 13-cis after white light adaptation and 45% all-trans, 55% 13-cis in the dark, while NpHR 

has 84% all-trans, 16% 13-cis after white light adaptation and 86% all-trans, 14% 13-cis in the 

dark.164 As a result of the high proportion of 13-cis in the HsHR photocycle, isolation of the all-

trans cycle is challenging. This property along with ease of expression of NpHR have 

contributed to the asymmetry of abundance of spectroscopic data between the HRs.  
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A 

 

B 

 
Figure 1.1.10.1: Chloride binding sites of HsHR and NpHR. (A) Chloride (bromide is bound 

for the X-ray crystal structure determination) binding site in the retinal binding pocket of 

HsHR. Retinal is coloured yellow, and red spheres are water molecules. Reprinted from 

Journal of Structural Biology, 190, Madeleine Schreiner, Ramona Schlesinger, Joachim 

Heberle, Hartmut H. Niemann, Structure of Halorhodopsin from Halobacterium salinarum in 

a new crystal form that imposes little restraint on the E-F loop, 373-378, Copyright (2015), 

with permission from Elsevier. PDB ID: 5ahz. (B) Chloride binding site in the retinal binding 

pocket of NpHR. Water molecules are coloured red and red numbers represent H-bonding 

distances in Angstroms. Reprinted from Journal of Molecular Biology, 396, Tsutomu 

Kouyama, Soun Kanada, Yuu Takeguchi, Akihiro Narusawa, Midori Murakami and Kunio 

Ihara, Crystal Structure of the Light-Driven Chloride Pump Halorhodopsin from 

Natronomonas pharaonis, 564-579, Copyright (2010), with permission from Elsevier. PDB 

ID: 3A7K.   
  

Briefly, the photocycle is initiated by the isomerization of retinal as usual, and the altered 

electrostatics in the binding pocket encourages the transfer of the chloride ion to the cytoplasmic 

side of retinal (see Figure 1.1.10.2). The SB in HR remains protonated during function meaning 

that no M intermediate is observed in the photocycle.11 Despite a lack of M intermediate, the 

alternating access model is still utilized by NpHR to prevent the backflow of chloride, and the 

L1/L2 states of NpHR are homologous to the M1/M2 states of BR.177 Large structural changes are 
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observed in the L1 to L2 transition in both NpHR and HsHR.164 The chloride ion is released to the 

cytoplasm in the L2 to O transition as water enters from the cytoplasmic side, and reuptake 

occurs in the O to HR’ transition.11,164,178,179 The HR’ intermediate is apparently not 

spectroscopically distinguishable from the dark state HR and its proportion increases at higher 

chloride concentrations.178 The HR’ intermediate was observed indirectly through kinetic 

analysis of the O intermediate decay in which an additional time-constant was needed for the 

fit.180 The photocycle turnover of NpHR is approximately 20 ms but reduced by an order of 

magnitude under continuous illumination because the photocycle can apparently be cut short by 

the absorption of a photon by HR’.164 It should be mentioned that HsHR doesn’t possess a 

spectroscopically detectable HR’ or O intermediate.164 For completeness, a more complex 

photocycle scheme has been proposed for NpHR involving three L states, two O states, and an N 

state.181  

 

 
Figure 1.1.10.2: Photocycle of NpHR. Identities of intermediates are as follows: P0 = NpHR, 

P1 = K, P2 = L1, P3 = L2, P4 = L2 ↔ O1, P5 = O2 ↔ N, P6 = NpHR’. Reprinted from 

Biophysical Journal, 81, Igor Chizhov and Martin Engelhard, Temperature and Halide 

Dependence of the Photocycle of Halorhodopsin from Natronobacterium pharaonis, 1600-

1612, Copyright (2001), with permission from Elsevier.  
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 It should be noted that proton movements were detected in NpHR and that it has been 

suggested that it functions as an H+/HCl antiporter rather than a chloride pump.168,182,183 

Additionally, proton transfer has been observed in HsHR under specific illumination 

conditions.183 The physiological role of the cytoplasmic proton cycling is still under debate. 

While HRs are robust chloride pumps, they also bind and transport (albeit with lower efficiency) 

other monovalent anions: Br-, I-, and NO3-.184–188  

 

Bacterial anion pumps 

 

Chloride pumping rhodopsins were previously believed to be confined to Archaea and 

the first example of a bacterial chloride pump was discovered in the marine flavobacteria, 

Nonlabens marinus.92 As mentioned above, the organism expresses a PR-like proton pump, a 

sodium pump (NDQ motif) and a chloride pump called NM-R3 with NTQ motif. The eubacterial 

Cl- pumping rhodopsins (ClR) is a group which includes (among others) NM-R3, Fulvimarina 

rhodopsin (FR, described below), Citromicrobium bathyomarinum rhodopsin (CbClR), 

Citromicrobium sp. JLT1363 (CsClR), and Sphingopyxis baekryungensis DSM 16222 

(SpClR).189   

 

Nonlabens marinus rhodopsin-3 (NM-R3)  

 

 The chloride pump NM-R3 has a sequence identity of 21%, 21%, and 20% with BR, 

HsHR, and NpHR respectively.190 The group is phylogenetically distinct and evolutionarily 

distant from the archaeal chloride pumps, being more similar to PR and XR. The theory of 

independent evolution of the archaeal halorhodopsins and bacterial ClR chloride pumps has 

received support.92,190 The main feature of NM-R3 and all ClRs is the replacement of the TSA 

motif of HR with NTQ (Asn-98, Thr-102, and Q-109).92 Transport of chloride and bromide were 

observed, and to lesser extent the transport of iodide, and nitrate.92 Larger pH changes were 

observed in higher chloride concentrations, as expected.92 

 

There are two x-ray structures of NM-R3 and they agree in most respects. However, there 

is debate with regards to the number of chloride binding sites, as a single binding site was 
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observed,190 and two binding sites were also observed.191 Additionally, detection of water 

molecules in the X-ray structure led to the identification of three internal cavities which were 

proposed to be functionally relevant (see Figure 1.1.10.4).191 The second binding site is on the A-

B loop, but may not be essential for pumping because the transport activity is retained when 

coordinating residues are substituted.191 Given that it appears to be dispensable, it is not 

surprising that its detection is challenging and was not accomplished by the other research 

group.190 The first binding site is the active site on the extracellular side of retinal, in a position 

which is nearly identical to that of HRs.190,191 The disagreement between the crystal structures is 

also present in their identification of chloride coordinating residues in the binding pocket. On the 

one hand, chloride binding was found to be achieved by the SB, Trp-99, Thr-102, Arg-95, Asp-

231, and one water molecule (Figure 1.1.10.3A).190 Additionally, the transport activity of Asn-98 

and Thr-102 mutants were similar to the WT.190 On the other hand, chloride binding was found 

to be achieved by the SB, Thr-102, Asn-98, and one water molecule with Arg-95, Asp-231, Trp-

99 and two additional water molecules forming a hydrogen-bond network nearby but not in 

direct contact with chloride (Figure 1.1.10.3B).191 Lastly, the mutants of Asn-98 and Thr-102 

both exhibited poor transport activity, indicating that they are important for chloride binding and 

transport (see Figure 1.1.10.3).191 The affinity of chloride binding is significantly different from 

NpHR, measured to be 24 mM, weaker by nearly an order of magnitude.192 The position of 

chloride binding is the same in both proteins but the affinity differences illustrate the differences 

in the hydrogen-bond network in the retinal binding pocket; namely that Asp-231 (Asp-252 of 

NpHR) and Arg-95 (Arg-108) do not participate in the coordination of the chloride ion.191 The 

Kd values for other ions are smaller than for chloride; the affinity for Br-, I-, and NO3- are 10 

mM, 2.5 mM, and 17 mM respectively.192  

 

The B-C loop is directed toward helices A and B in NM-R3, whereas the B-C loop in 

HRs is directed toward helices D and E.191 Apparently, this is a defining feature of the two main 

classes of MRs, the XR-like and BR-like proteins. The B-C loop of XR-like proteins such as 

NM-R3 extend in the direction of the helices A and B, while the B-C loop in BR-like rhodopsins 

point toward helices D and E in the middle of the helical bundle.193 The C-terminus of NM-R3 

contains an unusual α-helix which plays a stabilizing role; the thermostability decreases upon its 

removal.191  
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A 

 

B 

 
Figure 1.1.10.3: X-ray structures of NM-R3. (A) Chloride ion binding site in the retinal 

binding pocket of NM-R3. The red spheres represent water molecules and the black numbers 

show the H-bonding distances. Used with permission of American Soc for Biochemistry & 

Molecular Biology, from Structural Mechanism for Light-driven Transport by a New Type of 

Chloride Ion Pump, Nonlabens marinus Rhodopsin-3, Toshiaki Hosaka, Susumu Yoshizawa, 

Yu Nakajima, Noboru Ohsawa, Masakatsu Hato, Edward F. DeLong, Kazuhiro Kogure, 

Shigeyuki Yokoyama, Tomomi Kimura-Someya, Wataru Iwasaki, and Mikako Shirouzu, 291, 

2016; permission conveyed through Copyright Clearance Center, Inc. PDB ID: 5B2N. (B) 

Chloride ion binding site in the retinal binding pocket of NM-R3. The red spheres represent 

water molecules and retinal is coloured yellow. Reproduced with permission from: Kim, K. et 

al. Nat. Commun. 7, 1–10 (2016), PDB ID: 5G28. 

 

In contrast to HR, NM-R3 possesses predominantly all-trans retinal in the dark state 

(90%) and the light adapted state (92%).192 The photocycle of NM-R3 was investigated and is 

also quite different than in HRs. While K-like, L- or N-like (called L(N)), and O-like 

intermediates were identified, the dominant alternate accesses achieved in the L1 and L2 states of 

HR are not observed in NM-R3.192 Most importantly, two red-shifted O intermediates were 

detected at 620 nm and 600 nm, called O1 and O2, respectively. The authors speculate that a 

structural change may occur between the O1 and O2 states which would prevent chloride back-

flow to the extracellular side, reminiscent of the L1 and L2 states of HRs. Spectroscopic evidence 
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suggests that the chloride ion moves from the extracellular binding site near the SB, to the 

binding site on the cytoplasmic side of retinal in the K to L(N) transition and that it is released to 

the cytoplasm in the L(N) to O1 transition. The re-uptake is more complex and may proceed in 

one of two ways. The late, rate limiting photocycle intermediate NM-R3’ is observed, similar to 

HR.192 The NM-R3’ state has a very weak affinity for chloride (541 mM) and will exist in a 

chloride bound or chloride free form in the natural salt concentration of its environment (~600 

mM).192 Re-uptake of chloride takes place in the O2 to NM-R3’transition for the chloride bound 

form and during the NM-R3’ to NM-R3 transition in the chloride free form. 

 

 
Figure 1.1.10.4: The proposed chloride transport pathway of NM-R3 with the three detected 

internal cavities shown in blue. Chloride is coloured green and retinal is coloured yellow. 

Reproduced with permission from: Kim, K. et al. Nat. Commun. 7, 1–10 (2016). PDB ID: 

5G28.  
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Fulvimarina pelagi rhodopsin (FR)  

 

Another member of the NTQ ClRs group is expressed in the α-proteobacterium 

Fulvimarina pelagi (FR) and the motif forming residues are Asn-110, Thr-114, and Gln-121.194 

Of course, FR is also evolutionarily distant from HR, sharing 25% sequence similarity with 

HsHR and 23% with NpHR.194 

 

Light-dependent Cl-, Br-, I-, and NO3- transport was observed for FR. Interestingly, the 

chloride ion binding is much weaker than in other chloride pumps described above. The Kd 

values of chloride, bromide, iodide, and nitrate are 84 mM, 81 mM, 44 mM, and 129 mM, 

respectively. Apparently, the shift in absorption is dependent on the size of the halide, with larger 

ions inducing a larger red shift. This is the same behaviour which is observed for retinal in 

solution indicating that the bound halide is hydrogen bonded directly to the retinal SB, in line 

with NM-R3 but in contrast to HRs which have an intervening water molecule.   

 

The retinal composition of the dark state is 96% all-trans and 4% 13-cis while the 

composition of the light adapted state is 87% all-trans and 13% 13-cis.194 The increase in 13-cis 

species in the light adapted state is a result of the accumulation of 13-cis-15-syn, confirmed in an 

independent FTIR study.194,195 As expected, the functional photoreaction occurs from the all-

trans isomer and the first intermediate is K, resulting from the all-trans to 13-cis 

isomerization.194 The photocycle of FR contains the main features of that of HR. The K 

intermediate is followed by the K/L, L/O and O, and O/FR’ intermediates. Chloride uptake 

occurs in the L/O to O and/or O to FR’ transitions.194 It is important to mention that HR and FR 

both possess multiple L intermediates and both proteins lack the L intermediates in the absence 

of chloride. Additionally, both NpHR and FR have a similar L intermediate spectrum with a λmax 

~525 nm; however, the dark state absorption of NpHR is 576 nm and that of FR is strongly blue 

shifted to 518 nm.194 As a result of the large discrepancy in the dark state absorption, the L 

intermediate of FR is red shifted while it is blue shifted in NpHR. The differences in chloride 

affinity and absorption maximum are likely resulting from fewer O-H containing amino acids in 

the binding pocket of FR. 
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The strength of hydrogen bonding of the SB is weaker in FR than NpHR. The spectral 

shift upon deuteration (namely the C=N-H to C=N-D spectral shift) is an indirect measure of the 

hydrogen bonding strength of the SB and is Δν = 13 cm-1 in NpHR and Δν = 10 cm-1 in FR.195 

The lower H-bonding strength in anion pumping rhodopsins compared to outward proton 

pumping rhodopsins such as BR, suggest that the difference is mainly attributable to the Asp-85 

to Cl- replacement. 

 

While it is understood that FR forms pentamers in proteoliposomes, no X-ray structure 

exists.47 Therefore a clear understanding of the geometry and the residues involved in chloride 

binding is not complete. Based on the sequence and comparison to known X-ray structures, it is 

presumed that the chloride binding is similar to NM-R3 with coordinating members: SB, Asp-

243 (Asp-231 of NM-R3), Trp-111 (Trp-99), Arg-107 (Arg-95), Asn-110 (Asn-98), and Thr-114 

(Thr-102).190,191  

 

Rubricoccus marinus halorhodopsin (RmHR) 

 

The thermophilic bacterium Rubricoccus marinus SG-29T possesses genes encoding a 

halorhodopsin-like chloride pump with TSA helix C motif (RmHR)91 and an inward proton pump 

of xenorhodopsins family (RmXeR, see 1.1.11).196 Briefly, RmHR also actively transports Cl-, 

Br-, I-, and NO3-.91 The chloride binding is relatively strong in comparison to other chloride 

pumping MRs, with a Kd of approximately 8 mM.  

 

RmHR has almost exclusively all-trans retinal in the dark-adapted state (99.6%) whose 

concentration decreases slightly after light exposure (96.2%). The photocycle is very similar to 

NpHR, exhibiting the L1 and L2 intermediates, as well as the N, O, and RmHR’ intermediates. 

Chloride is transported from the extracellular to cytoplasmic sides of retinal in the L2 to N 

transition, is released to the cytoplasm in the N to O transition, and the re-uptake occurs in the O 

to RmHR’ and RmHR’ to RmHR transitions.91 
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Cyanobacterial anion pumps 

 

Mastigocladopsis repens rhodopsin (MastR) 

 

Finally, the newest group of anion transporting microbial rhodopsins was discovered in 

cyanobacteria.39 Characterization of the rhodopsin from the soil bound cyanobacteria, 

Mastigocladopsis repens rhodopsin (MrHR, also called MastR below) revealed significant 

differences compared to the archaeal and the NTQ type anion pumps. The authors named 

Mastigocladopsis repens rhodopsin, MrHR and the nomenclature suggests a strong similarity to 

HsHR and NpHR which is not substantiated by the data. The second study of Mastigocladopsis 

repens rhodopsin (described in this work) revealed differences from HR and a new name for the 

protein (MastR) was put forth to stress these differences.89 Therefore, the protein will be called 

MastR here. Beginning with the amino acid sequence, the identity is 22% with HR, and 12% 

with FR.39 The helix C motif of MastR is TSD; the proton donor position which is occupied by 

alanine in HR, is replaced with aspartic acid, characteristic of outward directed proton pumps. 

Additionally, the members of the proton release complex of BR are conserved in MastR, Glu-

194 and Glu-204. 

 

In contrast to other anion pumps, MastR transports bromide but not iodide or nitrate.39 

Red shifts upon anion binding were observed and the Kd values were similar to affinities in HR; 

these anions include chloride (Kd = 2 mM), bromide (0.3 mM), iodide (3 mM), and nitrate (171 

mM). Anion pumps typically have a chloride binding induced blue shift (HsHR being an 

exception), suggesting that the geometry and electrostatics of the retinal binding pocket are 

somewhat unusual in MastR which red shifts in the presence of chloride.39 Based on differences 

of the dissociation constants upon mutagenesis, the participants of chloride binding were 

hypothesized to be common with HR (Ser-78, Thr-74, and Arg-71); however, the contribution of 

Arg-71 is significantly diminished, possibly as a result of side chain geometry.197 In contrast to 

HR, Asp-200 (Asp-212 of BR) appears to have a reduced impact on chloride binding and Glu-

182 (Glu-194 of BR) appears to participate in chloride binding through a long-range 

interaction.197  
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The retinal isomer composition is predominantly all-trans in both the dark adapted and 

light adapted states, indicating that the all-trans cycle is functional in MastR.39 The photocycle 

itself was found to be slow, with a decay of the final intermediate (MastR’) occurring in 

approximately 6 s at 100 mM Cl-.39 It is important to note that the authors investigated the 

photocycle kinetics of detergent solubilized MastR samples rather than protein reconstituted in 

lipids or protein embedded in fractions of E. coli membrane (which more closely resemble the 

natural membrane environment of the host cell). Some proteins are not perturbed by the removal 

of lipids, but in some cases, the affinity of functional groups or the overall photocycle kinetics 

can be altered significantly. That is the case with MastR, where in the E. coli membranes, the 

turnover occurs in approximately 0.3 s at 100 mM Cl- (rather than 6 s at 100 mM Cl- in 

DDM).39,89 Therefore, the chloride dependence of the photocycle could not be discussed in the 

other publications, but a general discussion of the photocycle was presented. The main features 

of the photocycle that are different from HR are that the O intermediate precedes the N 

intermediate, and there is only one L intermediate. The scheme presented based on the 

spectroscopic data is as follows: MrHR537→K545↔L490→O560↔N490↔MrHR′535→ MrHR537. 

They suggest that the chloride ion is translocated to the CP side of retinal during the transition to 

the O/N equilibrium. 

 

Interestingly, when the threonine in the acceptor position is replaced with aspartic acid 

(creating a DSD motif, mimicking Asp-85 and the DTD motif of BR), externally directed, light-

driven proton transport was observed in the T74D mutant of MastR.39 This represents the first 

conversion of a chloride pump to a proton pump by a single mutation and because of this unusual 

result, the authors suggest that MastR evolved from a proton pump relatively recently and is not 

fully optimized for chloride transport. 
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Figure 1.1.10.5: Light-driven absorbance changes of wild-type MastR with 10 mM MOPS (pH 

6.5) and 0.1% DDM with 0.1 M and 4.0 M NaCl. The ionic strength is equivalent in (B) 

through the addition of Na2SO4. Reprinted from Biochimica et Biophysica Acta - 

Bioenergetics, 1860, Takatoshi Hasemi, Takashi Kikukawa, Yumi Watanabe, Tomoyasu 

Aizawa, Seiji Miyauchi, Naoki Kamo, Makoto Demura, Photochemical study of a 

cyanobacterial chloride-ion pumping rhodopsin, 136-146, Copyright (2019), with permission 

from Elsevier.  

 

A further study of MastR was published last year in which the authors continued to use 

DDM solubilized samples for the photocycle measurements.197 They justify this by forgoing 

investigation of the chloride release or uptake kinetics (because it was found that the chloride 

dependence of the E. coli membrane embedded samples is severely affected in the DDM 

solubilized samples as mentioned above). The authors perform an experiment in an attempt to 

illustrate that the ionic strength was the source of the discrepancy (see Figure 1.1.10.5), showing 

the difference in kinetics of the MastR photocycle in the presence of 4 M chloride and 0.1 M 

chloride, with and without Na2SO4 (such that the ionic strength remained fixed). In the work 

described herein (see 3.1), the chloride dependence study was performed in a range from 20 mM 
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to 2.5 M chloride. The issue with their experiment is that the difference in photocycle kinetics in 

E. coli membranes between high (2.5 M) and low (0.1 M) chloride concentrations was very high, 

approximately a factor of 10.89 Above, while the difference in kinetics between the high and low 

chloride is reduced for the 460 nm trace with Na2SO4, the kinetic difference is expected to be 

much larger without Na2SO4 (factor of 10 or greater), but that is not what is observed (see Figure 

1.1.10.5). There persists a chloride dependence on the dark state recovery signal even when the 

ionic strength is matched. Furthermore, the extremely long-lived MastR’ intermediate persists 

for approximately 10 s and is the case for both high and low chloride samples, with and without 

Na2SO4. This is in direct contradiction to the data obtained previously in which the population of 

MastR’ depends strongly on the chloride concentration.89 These considerations illustrate that the 

chloride dependence of the MastR photocycle is real, and is not the result of a mismatch of the 

ionic strength. This also indicates that the protein environment (liposomes, detergent micelles, or 

E. coli membranes) is critical for MastR and indeed many microbial rhodopsins.  

 

Lastly, the ecosystems of M. repens and other MastR harboring organisms are terrestrial, 

where water may be scarce at times. Therefore, the authors suggest that the biological role of 

MastR is related to the prevention of cell death due to loss of water in situations of drought.39 

 

Synechocystis rhodopsin (SyHR) 

 

 Expressed in the cyanobacterium Synechocystis sp. PCC 7509, SyHR is a member of the 

same group as MastR and also shares the TSD helix C motif.90 Unsurprisingly, SyHR shares a 

high sequence identity with MastR (68%). A blue shift from 542 nm to 536 nm was observed 

upon chloride binding and a red shift from 542 nm to 556 nm was observed upon sulfate binding. 

The dissociation constants for chloride and sulfate were uncharacteristically high, ~0.1 mM and 

5.8 mM, respectively, and it was found that chloride and sulfate share the same binding site. 

SyHR can transport chloride and bromide and to a lesser extent, iodide, but not NO3-. 

Surprisingly, SyHR also robustly transports sulfate, representing the first natural anion pump to 

do so under environmental conditions although the authors do state that it is possible that the 

monovalent HSO4- anion is being transported rather than SO42-. It was hypothesized that the 
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ability to transport sulfate is related to the presence of more positively charged amino acids in the 

CP channel compared to NpHR and MastR.  

 

 The retinal isomer composition is predominantly all-trans in the absence of salt (94%), 

and in the presence of chloride (98%) or sulfate (96%). This indicates that the spectral shifts are 

not caused by an anion binding induced change of the retinal isomer composition but rather are 

the result of anion binding near the SB itself. The usual photocycle intermediates were observed: 

J, K, L-like, N-like, O-like, and SyHR’ with chloride release occurring in the N to O transition 

and the uptake occurring in the O to SyHR’ transition. 

 

 The key properties of the discussed chloride pumping rhodopsins are summarized below 

(see Table 1.1.10.1). The information was drawn from research referenced in the text. The 

oligomeric structure of MastR was determined through CD spectroscopy presented below (see 

3.1.1). 

 

Table 1.1.10.1: Summary of the key properties of the described chloride pumping microbial 

rhodopsins.  

 
 

1.1.11. Inward proton pumping microbial rhodopsins 

 

Engineered inward proton pumps  

 

The first example of inward proton transport was found in variants of BR, affecting the 

proton acceptor or both the acceptor and donor (D85N, D85T, D85N/D96N).198 The pKa of the 

SB in these mutants is significantly reduced compared to the WT, from >13 to approximately 8.5 

pH units. Rather than an alternate access model proposed for WT BR, the mechanism was 
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presumed to be a two-photon excitation (the absorption of second photon during the reaction 

cycle rather than the simultaneous absorption of two photons). Direct measurement of stationary 

photocurrents with inverted sign after the exposure to yellow and blue light (yellow light induces 

proton release while blue light induces proton uptake by reorienting the already deprotonated 

SB) suggest that BR variants are active inward proton pumps with a two-photon absorption 

mechanism. It is important to note that a two-photon model is proposed later in this work for a 

variant of the AntR inward proton pump (see 3.2.5). Other outward directed proton pumps 

including green-absorbing proteorhodopsin (G-PR) and Gloeobacter rhodopsin (GR) have also 

been converted to inward proton pumps through a combination of site-directed mutagenesis, 

extreme pH, and/or high membrane potentials.199,200 

 

Beyond outward proton pumps, the eubacterial photosensor ASR was engineered to 

transport protons in the cytoplasmic direction by the absorption of a single photon.201 The 

authors are careful not to classify the protein as a proton pump (which implies the transport of 

protons against a proton gradient), rather describing the behaviour as inward proton transport. 

First, an unusual long range proton transfer in the cytoplasmic channel was observed by Dr. Shi, 

Prof. Brown, and colleagues.133 Apparently, the signalling mechanism is associated with the 

protonation of Asp-217 in the cytoplasmic half of ASR during the M intermediate formation. 

This behaviour was exploited in the D217E variant of ASR. When Asp-217 on the CP side is 

replaced with Glu, the pKa increases and the carboxylate protonation extent becomes 

approximately 10-fold larger based on the positive carbonyl stretch band in FTIR difference 

spectra (1730 cm-1, and 1713 cm-1 for the WT and D217E mutant, respectively).201 ASR has 

abnormal electrostatics in the binding pocket owing to the presence of a proline (Pro-206) in 

place of the common member of the counterion, Asp-212 of BR. The SB proton is transferred 15 

Å to Glu-217 rather than the 3.5 Å to Asp-75 in the proton acceptor position. It was proposed 

that the missing negative charge from Asp-212 causes the SB accessibility to face the CP side 

just prior to proton release, in contrast to the situation in BR. The proton release to the cytoplasm 

may be mediated by Glu-36 and Gln-93, as revealed by X-ray crystallography.202 

 

Another crucial element to this photosystem is that ASR lacks the hydrophobic 

asymmetry of BR where the EC side is hydrophilic with seven water molecules and the CP side 
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is hydrophobic, containing only two water molecules.13 It is the hydrophobicity of the CP side 

which prevents the backflow of protons in the CP direction in BR. In contrast, X-ray 

crystallographic data show that ASR contains five water molecules on either side of retinal.201 

Despite this, ASR lacks the strongly H-bonded water which has since been shown to be a 

prerequisite for outward directed proton pumps as mentioned above.173  

 

 Taken together, this study201 provided a framework to characterize inward proton 

transport by microbial rhodopsins several years before natural inward proton pumps were 

discovered. Interestingly, there are properties of the D217E mutant which are shared by the 

newly characterized inward proton pumps including a disruption to the counterion complex 

(Asp-85 and Asp-212 of BR), and highly hydrophilic CP channels.  

 

Natural inward proton pumps 

 

 The term xenorhodopsins was coined in 2011 to stress the taxonomic diversity of the 

distinct class of microbial rhodopsins with members from Archaea as well as Bacteria.87 Several 

ASR homologs identified from hypersaline environments are included in this group. 

 

Parvularcula oceani rhodopsin (PoXeR) 

 

The first characterized naturally occurring inward proton pumping microbial rhodopsin 

was found in the marine bacterium Parvularcula oceani.20 This inward pump was named PoXeR 

and is a member of a new class of rhodopsins called xenorhodopsins. Three microbial rhodopsin 

genes were discovered in the genome of P. oceani: PoXeR with DTL motif, PoNaR with NDQ 

motif, and PoClR with NTQ. As is the case with BR and ASR, PoXeR assembles in trimers in 

lipids as measured by Circular Dichroism spectroscopy and Atomic Force Microscopy.20,47 

Anabaena sensory rhodopsin shares sequence similarities with PoXeR. Most notably, part of the 

complex counter ion (Asp-212 of BR) is replaced with proline in ASR and PoXeR. Additionally, 

the proton acceptor of PoXeR is Asp-216. This residue is homologous to the unique aspartic acid 

on the cytoplasmic side of helix G in ASR (Asp-217) which becomes protonated in the M state 

in the WT and is the target of the D to E mutation resulting in inward proton transport discussed 
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above. The authors explain the change in directionality by pointing to the different electrostatics 

of the retinal binding pocket (lack of Asp-212 of BR) which causes reduced pKa of Asp-74 in 

the acceptor position and weaker electrostatic coupling between the SB and Asp-74. This results 

in the SB proton being transferred in the cytoplasmic direction to Asp-216, rather than the 

extracellular direction.20 This is nearly identical to the mechanism of the D217E mutant of ASR. 

Investigation of the M intermediate revealed moderately accelerated M-rise at higher pH and no 

pH dependence of M-decay, in contrast to most outward directed proton pumps which typically 

exhibit a pH-dependent M-decay.20 The lack of pH-dependent M-decay suggests the presence of 

an internal proton donor to the SB on the extracellular side of retinal, and while none have been 

identified at present, experiments on Arg-71 (Arg-82 of BR) mutants indicate that it may 

participate in this proton transfer.135 

 

Next, FTIR experiments shed light on hydrogen bond networks in PoXeR. The frequency 

change of the C=NH compared to C=ND stretching vibration is proportional to the strength of 

hydrogen bonding of the SB and is actually stronger (Δν = 18 cm-1) in PoXeR than in BR (Δν = 

13 cm-1).203 Additionally, Asp-108 interacts with Thr-79 in PoXeR (Asp-115 and Thr-90 of BR) 

and is suggested to either modulate the SB pKa, mediating the long-range proton transfer to Asp-

216 or participate directly in the proton transfer to the acceptor. ASR’s Glu-36 interaction with 

Gln-93 was implicated in the proton release to the cytoplasm in the D217E mutant. The 

homologous residue in PoXeR, Glu-35 is also presumed to participate in proton release to the 

cytoplasm.135  

 

As mentioned above (see 1.1.8), PoXeR accommodates the 13-cis-15-syn isomer of 

retinal in a thermally stable state. The branching of the PoXeR photocycle occurs after the M 

intermediate with branching ratios of 57% and 43% for the 13-cis-15-syn, and all-trans, 

respectively (see Figure 1.1.11.1).135 The proportion of all-trans retinal increases after dark 

adaptation from 50% to 92% and this reaction (PoXeR13C to PoXeRAT) proceeds with a time 

constant of 91 s at pH 8.20  
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Figure 1.1.11.1: Photocycle scheme of PoXeR showing the branching ratios between the all-

trans and 13-cis cycles. Reprinted with permission from Inoue, K. et al. Spectroscopic Study 

of Proton-Transfer Mechanism of Inward Proton-Pump Rhodopsin, Parvularcula oceani 

Xenorhodopsin. J. Phys. Chem. B 122, 6453–6461 (2018). Copyright (2018) American 

Chemical Society.  

 

Nanosalina xenorhodopsin (NsXeR) 

 

The next member of the xenorhodopsin family to be described is expressed in Archaea.88 

The nanoarchaeal rhodopsin (NsXeR) has a DSA helix C motif and, conforming to the 

xenorhodopsin archetype, lacks the Asp-212 counterion (BR numbering), instead expressing 

proline. An X-ray crystallography study revealed a trimeric oligomeric structure, in line with 

PoXeR and ASR.88 The inward transport of protons accomplished by NsXeR is pH dependent 

and improves in alkaline conditions. Despite this, the absorption maximum is not dependent on 

pH.  

 

Site-directed mutagenesis was employed to investigate suspected functionally important 

residues. The well conserved and functionally essential arginine (Arg-82) of BR and many other 

MRs is replaced with tryptophan in NsXeR. Trp-73 appears to be critical to the function of 

NsXeR (or plays an important structural role) as the W73R mutant did not fold properly. The 
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authors claim that Asp-76 (of the acceptor position) communicates with the SB through a 

mediating water molecule and that it is the proton donor based on the fact that mutants were not 

coloured which is less than conclusive. They also suggest that His-48 and Asp-220 is a proton 

acceptor pair (see Figure 1.1.11.2) as D220N showed no pumping activity and H48X mutants 

were not coloured. The release complex is thought to consist of the Glu-228 and His-94 pair. 

HPLC analysis demonstrated that only all-trans retinal was present in the dark-adapted state, and 

that very small proportions of 13-cis-15-anti, and 13-cis-15-syn were present in the light adapted 

state.  

 

 
Figure 1.1.11.2: Putative proton transfer pathway of NsXeR (helices F and G are not shown for 

clarity). Pink regions indicate cavities and arrows indicate the proposed pathway. The His-48 

and H-bonded Asp-220 (shown but not labelled) pair were the suggested to be the proton 

acceptor of the SB proton. From Shevchenko, V. et al. Inward H+ pump xenorhodopsin: 

Mechanism and alternative optogenetic approach. Sci. Adv. 3, 1–11 (2017). Reprinted with 

permission from AAAS. 
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Rubricoccus marinus xenorhodopsin (RmXeR) 

 

Next, the community was introduced to the biophysical properties of Rubricoccus 

marinus SG-29T rhodopsin (RmXeR).196 As a member of the xenorhodopsin clade, it is 

unsurprising that RmXeR has a DTS helix C motif and lacks the typical carboxylic counterion 

(Asp-212 of BR), rather expressing proline. 

 

The function was determined through ion transport assays of whole cell suspensions, in 

which light-driven, active inward proton transport was observed.196 Light adaptation induces a 

strong red shifting of the absorption maximum and HPLC was used to investigate the retinal 

composition, as different retinal isomers contribute differently to the wavelength of absorbance. 

At pH 7, dark adapted RmXeR contains predominantly the all-trans isomer (75%), with 13-cis 

also present (25%). The proportion of 13-cis increases to 55% in the light adapted sample with a 

large population of 13-cis-15-syn. Dark adaptation is reversible and slow, proceeding with a time 

constant of 100 mins at pH 7. The pH dependence of the absorption maximum is complicated, 

with a red shift from 550 nm at pH 7 to 554 nm at pH 6, and then a blue shift to 516 nm at pH 1. 

This indicates the presence of at least two ionizable residues within the protein. One residue has 

a very low proton affinity (pKa = 2.1, assumed to be Asp-75) and one has a higher affinity (pKa 

= 5.1), whose identity was not determined. The unbranched photocycle contains the expected 

intermediates including K, L, M, N, and O and terminates within 2 seconds at neutral pH. The 

retinal isomeric composition, the pH dependence of the absorption maximum, as well as the slow 

dark adaptation are reminiscent of AntR (see 3.2). 

 

Schizorhodopsin (SzR) 

 

Just this year, research led by our collaborators in Japan revealed a completely new and 

phylogenetically distinct group of inward proton pumping microbial rhodopsins.37 

Schizorhodopsins (SzRs) were discovered in Asgardarchaeota genomes and form a branch in the 

phylogenetic tree that is flanked by heliorhodopsins (with inverted topology) and traditional 

Type I rhodopsins (see Figure 1.1.11.3).37,204 It should be noted from the outset that SzRs were 

characterized in parallel and independently of AntRs described in this thesis, but 
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phylogenetically represent the same new group. Despite significantly different helix C motifs 

(further evidence that the helix C motif is not an infallible functional determinant) XeRs (DTL, 

DSA, and DTS) and SzRs (F-S-E/D/H) share the same function of inward proton transport. The 

authors suggest convergent evolution between XeRs and SzRs because they share several 

structural and functional characteristics including trimeric oligomeric organization and a 

disturbed counterion complex. While XeRs lack the negative charge from Asp-212 (BR 

numbering), SzRs lack the negative charge from Asp-85 (BR numbering) and conserve Asp-212. 

It was hypothesized that a negative charge symmetry across retinal is needed for inward proton 

pumps. XeRs have a negative charge from Asp-75 (PoXeR numbering) on the EC side and Asp-

216 (PoXeR numbering) on the CP side while SzRs have Asp-184 on the EC side and Glu-81 on 

the CP side. However, this must not be the case since transport was observed for the E81Q 

(mutation to the homologous residue of Glu-81 of SzRs) mutant of AntR in the present work (see 

3.2.5). 

 

 
Figure 1.1.11.3: Phylogenetic tree of selected microbial rhodopsins showing the flanking of 

the SzR group by typical microbial rhodopsins and heliorhodopsins. From Inoue, K. et al. 

Schizorhodopsins: A family of rhodopsins from Asgard archaea that function as light-driven 

inward H+ pumps. Sci. Adv. 6, 1–13 (2020). Reprinted with permission from AAAS. 

 



 

49 
 

Three SzRs were described (SzR1, SzR2, and SzR3) although only SzR1 will be 

discussed here for simplicity. SzR1 possesses primarily all-trans retinal in the dark (94%, with 

6% 11-cis) and light adaptation increases the proportion of both 13-cis (12%, including 13-cis-

15-syn), and 11-cis (15%). Despite the presence of the 13-cis-15-syn form, the photocycle 

branching was not suggested for SzRs, and the authors consider only the functional, all-trans 

cycle. The linear photocycle contains the usual intermediates including: K, L, and M (see Figure 

1.1.11.4). Through site-directed mutagenesis, Glu-81 was identified as either the proton acceptor 

or part of a release complex. No proton donor was identified though candidates were 

investigated, indicating that SzRs have no internal proton donor and that the SB is reprotonated 

directly from the EC medium.  

 

 
Figure 1.1.11.4: Photocycle scheme of SzR. From Inoue, K. et al. Schizorhodopsins: A family 

of rhodopsins from Asgard archaea that function as light-driven inward H+ pumps. Sci. Adv. 6, 

1–13 (2020). Reprinted with permission from AAAS. 

 

Below is a table of the selected naturally occurring proton pumping microbial rhodopsins 

described above. While there are similarities between the schizorhodopsins and xenorhodopsins 

(such as the electrostatics in the binding pocket, the lack of half of the cytoplasmic counterion) 

there is also significant variation in the biophysical properties. This suggests that there are likely 

many more examples of naturally occurring inward pumps with diverse mechanisms and 

photochemistries.  
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Table 1.1.11.1: Selected properties of natural inward proton pumps. Red indicates that the 

residue is hydrophobic, while blue indicates that the residue is hydrophilic, the numbers refer to 

the position in BR, and green refers to the homologous residue in BR.  

 
 

1.2. Current work 

 

1.2.1. Significance  

 

 Fundamental research 

 

Rhodopsins have been the focus of extensive research for several decades because they 

are critical to the lives of so many organisms, and as complex molecular machines they are 

interesting in their own right. As mentioned above, microbial rhodopsins are ubiquitous in 

nature. They are expressed in all three domains of life as well as viruses and are found in the vast 

majority of marine bacteria (see 1.1.3). Microbial rhodopsins are also model systems. They 

typically possess high thermal and chemical stability, vibrant colour for ease of tracking during 

expression and purification, and quick turnover of their cyclic photoreactions which, taken 

together, make them excellent subjects for the development of novel biophysical techniques.   

 

 Beyond the discovery-based research which has formed the foundation of the field, there 

is a significant need for the discovery of new rhodopsins to be used as tools in the emerging field 

of optogenetics.  

 

 Application-based research 

 

 Karl Deisseroth succinctly defines the technique in the 2011 Nature Methods report: 

“Optogenetics is the combination of genetic and optical methods to achieve gain or loss of 

function of well-defined events in specific cells of living tissue.”205 In other words, light is used 

to control the activity of cells (such as neurons) or organelles (such as mitochondria) in vivo or 
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in vitro. In recent years, this has been accomplished almost exclusively using ion transporting 

microbial rhodopsins, most commonly channelrhodopsins which provide a large, light-dependent 

flux of ions across the plasma membrane. 

 

 There is some debate as to the nature of the birth and development of optogenetics as a 

neuroscience technique, with regards to the researchers involved. It is necessary to establish this 

disclaimer since the origins of the technique may be of importance in the future. Optogenetics 

has the potential to revolutionize medicine and neuroscience in general and may bring 

prestigious accolades to its creators. They have already been recognized several times including 

in 2010 when optogenetics was named the Method of the year by Nature, by sharing The Brain 

Prize in 2013, and the Canada Gairdner International Award in 2018.206 

 

 In 2002, a research team led by Miesenböck was able to elicit light-induced action 

potentials in rat hippocampal neurons using a system of three proteins including Drosophila 

melanogaster ninaA rhodopsin.207,208 Distinct from the photosystem employed by Miesenböck 

and colleagues, photoactive membrane proteins were discovered in algal Chlamydomonas 

reinhardtii and were confirmed to be MRs in 2001 by the Hegemann group.209 Later, 

photocurrents from two of these proteins from C. reinhardtii were measured and they were 

identified as phototactic receptors channelrhodopsin-1 (a proton channel), and channelrhodopsin-

2 (a cation selective channel) that were also called CSRA/Chop1/Cop3/Acop-1, and 

CSRB/Chop2/Cop4/Acop-2 at that time.23,210,211 Bamberg, Hegemann, Nagel and colleagues 

were the first to use ChR2 to depolarize cells such as oocytes and Human Embryonic Kidney 

cells.211 This work caught the attention of neuroscientists in the United States, Deisseroth and 

Boyden. They obtained the clone from Nagel and were the first to elicit light-induced action 

potentials in mammalian neurons using ChR2.212 The term “optogenetics” was first coined in the 

literature in 2006.213 

 

Despite being just a teenager, optogenetics has evolved to become a powerful technique 

in neuroscience; it has made the transition from simple organisms to non-human primates for in 

vivo studies and has been used to investigate human neurons in vitro.205 As mentioned, central to 

the technique are the rhodopsin proteins which control the activation or suppression of neurons 
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by absorbing light and transporting ions across the cell membrane to polarize or depolarize 

neurons. Channelrhodopsins (activation and silencing) and ion pumps (such as outward proton 

pumps and inward chloride pumps which are used to silence neurons) are popular tools.13,214,215 

Optogenetics has been used to map the brain, and targets include but are not limited to: 

movement regulation, hunger, thirst, respiration, arousal, sleep, wakening, circadian rhythm, 

sensory processing, pain suppression, fear, anxiety, learning, and brain plasticity.216–218 Perhaps 

more importantly, emphasis has been placed on patient care; optogenetics has made 

contributions to our understanding of Alzheimer’s, Parkinson’s, stroke recovery, seizure 

propagation and termination as well as addiction, and psychiatric diseases.217 To open new 

avenues and increase versatility, optogeneticists seek rhodopsins with specific attributes, for 

example: altered absorption maxima, kinetics, increased conductance of ions, improved stability, 

and efficiency.100 Each newly discovered rhodopsin has the potential to fulfil these needs (or 

others not mentioned here) and become a new optogenetics tool. Delayed or accelerated channel 

closure would be useful because it would give optogeneticists more accurate control over 

neuronal activity and faster photocycles would translate into larger photocurrents in the case of 

ion pumps. Increased conductance of ions would result in larger signals, requiring less light 

stimulation (and less heat deposited in tissues) and fewer proteins in the cells. A red-shifted 

absorption maximum would be beneficial because red light is attenuated less and penetrates 

more deeply into tissues than shorter wavelength light. Blue-shifted absorption may also be 

desired to prevent spectral overlap with other proteins. The discovery of a rhodopsin with one or 

more of these attributes would help to further advance the capabilities of optogenetics which 

would benefit human health or improve our understanding of brain function. 

 

Some researchers take matters into their own hands to engineer rhodopsins with desired 

properties. Widely regarded as the most impactful molecular engineering project to optogenetics 

was the creation of an anion transporting channelrhodopsin from ChR2 by the two point 

mutations, E90K and T159C (C2-EK-TC) by Wietek and colleagues.219 Prior to this work, cation 

channels were available for activating neurons, but ion pumps were used to silence neurons. This 

work opened the door for researchers to silence neurons with larger inhibitory currents afforded 

by an anion channelrhodopsin. Further advances have been made in mutant microbial rhodopsins 

to achieve various properties which are sought in optogenetics, including: ion specificity (Na+ to 
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K+/Cs+ pump), absorption maximum alteration (red shifted absorption for deeper tissue 

penetration, ReaChR, P219T/S254A mutant of KR2), increased optical control (SwiChR++ is 

essentially an optical switch which can be opened and closed by the exposure to different 

wavelengths of light), efficiency, membrane localization, functional conversion (H+ pump to Cl- 

pump, H+ channel, G-protein activator, photosensor), and stability.100,156,220 While protein 

engineering by site-directed mutagenesis is powerful, it is difficult to predict the new 

functionalities or properties of newly discovered microbial rhodopsins and therefore this process 

of characterization of new groups of microbial rhodopsins must not cease. Even if newly 

discovered rhodopsins are not viable for optogenetics, their characterization increases our 

understanding of the diversity of microbial rhodopsins (both functionalities and mechanisms of 

action) and may lead to the development of new techniques for their investigation which can be 

applied to membrane proteins more generally. 

 

While there are many microbial rhodopsin chloride pumps which can be used for 

selectively silencing neurons, inward proton pumping microbial rhodopsins are relatively 

uncommon. The avenue by which inward proton pumps could provide the greatest utility in 

optogenetics is in the manipulation of mitochondrial proton motive force. The electron transport 

chain (ETC) increases the proton motive force (PMF) in the intermembrane space of the 

mitochondria and ATP synthase uses this PMF to generate ATP.221 The PMF is critical for 

proper metabolic function but also controls various other processes such as ion transport and the 

generation of reactive oxygen species.221 As mitochondrial dysfunction can lead to health 

complications including cancer, cardiovascular disease, and obesity, probing the mitochondria 

using optogenetics can lead to new therapeutics and a more complete understanding of metabolic 

processes in general.221,222 Typically, researchers use protonophores, pharmacological agents, or 

cation channelrhodopsins to diminish the PMF.221,222 Unfortunately, protonophores and 

pharmacological agents are non-selective and irreversible while common cation 

channelrhodopsins transport H+, Ca2+, K+, and Na+. Other processes are regulated by cations, 

especially Ca2+ and K+ and therefore, the use of cation channelrhodopsins can have unexpected 

effects, leading to misinterpretation of the data. Inward proton pumps may be useful in this 

context as they can diminish the PMF selectively and reversibly while only affecting the pH, not 

the concentration gradients of other cations.  
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1.2.2. Objectives 

 

 The objective of the present work is to characterize two unusual new groups of microbial 

rhodopsins. The first are cyanobacterial, inward chloride pumps with a representative member 

from Mastigocladopsis repens (MastR). The second are inward proton pumps that were found 

via metagenomic analysis of freshwater Antarctic lakes. Little is known about the organisms 

harbouring rhodopsin genes in Lake Fryxell; however, cyanobacteria and algae were discovered. 

 

 Characterization involved the identification of the function, and the description of a 

variety of biophysical properties. Most importantly, elements of the mechanism of action 

including a general picture of the reaction steps of the photocycle and residues involved in 

charge transfer as well as hydrogen bonding networks critical for function were explored. 
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2. MATERIALS AND METHODS 

 

2.1. Spectroscopic theory 

 

The only reference that is considered in this section (2.1) is the textbook, Symmetry and 

Spectroscopy by Harris and Bertolucci.223 Spectroscopy is the study of the interaction of 

electromagnetic radiation with matter. The energy scale of the electromagnetic (EM) spectrum 

spans twelve orders of magnitude, from high frequency gamma rays (ν ~ 3 x 1020 Hz) to low 

frequency radio waves (ν ~ 3 x 108 Hz). Here, the focus will be on the middle region of the EM 

spectrum, encompassing ultraviolet, visible, and infrared radiation.  

 

Electromagnetic radiation is composed of oscillating, orthogonal electric (ε) and 

magnetic (B) fields, propagating in the same direction. The propagation speed of an 

electromagnetic wave in a vacuum with wavelength λ (in meters), and frequency ν (in Hz) is:  

 

 𝑐𝑐 =  𝜆𝜆𝜆𝜆 = 2.9979 × 108 𝑚𝑚/𝑠𝑠 [1] 

 

The photon energy is given by:  

 

 𝐸𝐸 = ℎ𝜆𝜆 =  ℎ𝑐𝑐
𝜆𝜆

 = ℎ𝑐𝑐�̅�𝜆 [2] 

 

where h is Planck’s constant (6.6262 x 10-34 Js), and �̅�𝜆 is the wave number having units of cm-1 

(reciprocal centimeters or wave numbers). 

 

As light interacts with matter, it may be absorbed, scattered, or pass through unaffected. 

First, in light absorption spectroscopy, the intensity of probing light is monitored after passing 

through the sample and compared to the initial intensity of the beam (I0). Transmittance (T) is 

defined by:  

 𝑇𝑇 =  𝐼𝐼
𝐼𝐼0

 [3]  
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where, I is the intensity of the light beam after light absorption by the sample.  

 

 It is often more informative to discuss the absorbance (A) rather than the transmittance. 

The absorbance is given by:  

 

 𝐴𝐴 = 𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝐼𝐼0
𝐼𝐼
� = 𝑙𝑙𝑙𝑙𝑙𝑙10 �

1
𝑇𝑇
� [4]  

 

 In many applications (including the present work), the absorbance is referred to as the 

optical density (OD). The Beer-Lambert law relates the absorbance to the physical properties of 

the sample rather than the light being absorbed.  

 

 𝐴𝐴 = 𝜀𝜀𝜀𝜀𝑙𝑙 [5]            

 

where ε (M-1 cm-1) is the extinction coefficient which reports on the attenuation of light intensity 

by the sample at a particular wavelength, C is molar concentration (mol/L), and l (cm) is the 

pathlength.  

 

 Based on the quantum nature of electronic energy levels in molecules, only light of the 

appropriate energy will be absorbed. That is to say that light with energy equal to the energy 

difference between two electronic energy levels will be absorbed, and the electron will be 

promoted to a higher energy level. Visible light is typically of the energy needed for electronic 

transitions in biological molecules, while infrared light is of the energy needed for transitions 

between vibrational states of biological molecules. Infrared spectroscopy is often referred to as 

vibrational spectroscopy, and visible light spectroscopy is sometimes called electronic 

spectroscopy.  

 

2.2. Flash photolysis 

 

Flash photolysis is a pump-probe, time-resolved spectroscopic technique. The IUPAC 

description is: “a technique of transient spectroscopy and transient kinetic studies in which a 

light pulse is used to produce transient species. Commonly, an intense pulse of short duration is 
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used to produce a sufficient concentration of a transient species suitable for spectroscopic 

observation.”224  

 

The method was first developed by Porter in 1948 using wartime technology originally 

produced for low light photography.224,225 Now, short laser pulses are used to produce large 

populations of transient species and often (as is the case in the present work) continuous 

illumination with monochromatic light supplies the probing light. Short laser pulses are desired 

to avoid double-photon excitation and because the duration of the pumping light sets the limit of 

time resolution of the resultant spectrum. One cannot detect the change in absorbance of the 

probing light while the sample is being irradiated with the pumping light. 

 

 
Figure 2.2.1: Simplified schematic of the Flash Photolysis system used in this work. The 

monochromators are labelled ‘Mono’ and the sample compartment is coloured red. 

 

In this work, the electronic transitions are sampled by using excitation and probing light 

in the visible range (see schematic above, Figure 2.2.1). The kinetic traces that are collected 

represent a difference in visible light absorption between one or more intermediates and the 

ground state (i.e. photo-intermediate state – dark state). If the applied offset voltage (Voffset) 

represents the voltage when no light reaches the photomultiplier and V0 is equal to the voltage 
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when the monochromatic light impinges on the detector then V0 – Voffset is proportional to the 

light intensity at the selected wavelength without prior photoexcitation. Once the sample is 

excited, the voltage will change corresponding to ΔV(t) as the photocycle progresses through 

detectable transient photointermediates and it follows that V0 – Voffset + ΔV(t) will be 

proportional to the transient light intensity at time t. Therefore, derived from the present 

discussion and Equation [4], the detected voltage can be converted to transient absorption change 

via:  

 

 𝛥𝛥𝐴𝐴(𝑡𝑡) =  −log (𝑉𝑉0 − 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 𝛥𝛥𝑉𝑉(𝑡𝑡)

𝑉𝑉0− 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
) [6]  

 

as reported previously.226 In this way, positive voltage signal corresponds to the formation of an 

intermediate and negative signal represents disappearance of the dark state, which are 

recalculated into respective absorption changes (see illustrative example below, Figure 2.2.2).  

 

 
Figure 2.2.2: Generalized photocycle for proton pumping MRs and sample flash photolysis 

data with intermediates labelled. The colours in the photocycle diagram (left) indicate the 

colour which is absorbed by the state or intermediate and the wavelength is according to the 

illustrative example of the AntR photocycle (right). DS stands for dark state. The N and O 

intermediates are coloured black because they are not spectroscopically observable in this 

example. The photocycle diagram was reproduced with permission from: Ernst, O. P. et al. 

Chem. Rev. 114, 126–163 (2014).  
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2.3. Vibrational spectroscopy 

 

2.3.1. Infrared spectroscopy in general 

 

As described above, the principle of infrared (IR) spectroscopy is the interaction of the 

electric field of light with the vibrational energy levels of the target molecule.227 IR absorption 

typically occurs when the energy difference between the ground and excited vibrational states is 

equal to the photon energy, meaning that biological targets are sensitive to the mid-IR range.194 

This absorption is extracted by measuring the wavelength-dependent attenuation by the 

sample.193 The incident photon energy is not the only criterion for IR absorption, however. The 

dipole moment must also change during the vibrational transition for IR absorption to occur, 

shown below. 

 

The transition moment integral of the one-dimensional harmonic oscillator undergoing 

the ν → ν’ transition is given by:  

 

 𝑀𝑀𝜈𝜈𝜈𝜈′ =  ∫ 𝜓𝜓∗(𝜆𝜆′)𝜇𝜇𝜓𝜓(𝜆𝜆)𝑑𝑑𝜆𝜆∞
−∞  [7]  

 

where ψ(ν) is the wave function describing the mode of vibration and the dipole moment (μ) is 

equal to the product of the charge and separation.223 If the dipole moment remains constant 

during the transition, the moment integral can be simplified:  

 

 𝑀𝑀𝜈𝜈𝜈𝜈′ =  𝜇𝜇 ∫ 𝜓𝜓∗(𝜆𝜆′)𝜓𝜓(𝜆𝜆)𝑑𝑑𝜆𝜆∞
−∞  [8] 

 

and the integral is equal to zero because ψ*(ν’) and ψ(ν) are orthogonal. It follows that the dipole 

moment must change during the transition in order for the transition to be IR active.223 

 

 The frequency of bond vibration is dependent on the mass of the atoms involved and the 

bond type (single, double, triple), but is also perturbed by local environmental factors such as 
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inter and intramolecular interactions (H-bonding, dipole-dipole, electric fields), vibrational 

coupling to neighboring bonds, and electron withdrawal and donation.227,228 This is a significant 

advantage because of the richness of spectroscopic data but can also cause problems when one 

attempts to interpret a spectrum which usually involves the overlapping of bands from a variety 

of sources. In a protein with N atoms, there are 3N-6 normal modes of vibration; approximately 

103 – 104 vibrational modes in a given protein.227 Therefore, purified proteins are usually 

investigated to limit signals from IR active contaminants. The simplified spectra will also contain 

information from non-protein sources such as the cofactor(s), water, lipids and/or detergents, and 

buffers.227 Band identification can be achieved through parallel investigation using Raman 

scattering spectroscopy (see 2.3.3), through site-directed mutagenesis, isotopic labelling, and 

multidimensional vibrational techniques.227  

 

 
Figure 2.3.1.1: Illustrative example of difference FTIR spectroscopy. The static spectra of 

State 1 (e.g. light adapted state) and State 2 (e.g. dark state) appear to be identical. Divergence 

between the static spectra is barely noticeable around 1525 cm-1 (right). Difference spectra are 

beneficial as they reveal spectral information not observable in the absolute spectra (bottom). 
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All data was collected from proteoliposomes of AntR and the difference spectrum was 

reproduced from Figure 3.2.3.6B. 

 

The advantage of studying light-driven proteins is that difference spectroscopy can be 

applied whereby the spectrum of the initial state (dark state) is subtracted from that of the light 

adapted state. In this way, all elements crowding an IR spectrum which remain unchanged after 

light illumination become part of the background and are eliminated from the difference 

spectrum (see Figure 2.3.1.1).227 Since the position, intensity, and band width of a given peak is 

dependent on the local environment, traditionally, IR spectroscopy was used as a blunt tool for 

secondary structure determination.228 Now, with improved band assignment, and time-resolved 

capabilities,  molecular mechanisms and protein folding are routinely studied by IR 

spectroscopy.227,228  

 

2.3.2. Fourier transform infrared spectroscopy  

 

 Central to the technique of Fourier Transform Infrared (FTIR) Spectroscopy is the 

interferometer. FTIR owes its success to the invention of the Michelson-Morley interferometer 

which was originally developed to search for the Ether and is one of the most renowned negative 

results in the history of science. The broadband infrared beam is split and about half the light 

proceeds perpendicularly to the initial direction of propagation and is reflected from a fixed 

mirror while the other half proceeds through the beam splitter and is reflected off a moveable 

mirror. Superposition principle dictates that the light beams recombine at the detector either 

constructively or destructively, creating an interferogram [I(d)] which is a function of the mirror 

position ‘d’. In this way, the detector measures the I(d) which is itself a Fourier transform (FT) 

of the spectrum of the source. The absorption spectrum is extracted through a second Fourier 

transform performed by the computer. It is instructive to imagine a situation with a 

monochromatic light source of wavelength λ0, which would have an interferogram I(d) = 1 + 

cos(2πd/λ0), and the resultant single peak spectrum, S(λ) centered at λo (see Figure 2.3.2.1).228 
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Figure 2.3.2.1: Simplified schematic of the interferometer, central to every FTIR spectrometer. 

Reprinted from Biochimica et Biophysica Acta - Bioenergetics, 1767, Andreas Barth, Infrared 

spectroscopy of proteins, 1073-1101, Copyright (2007), with permission from Elsevier.  

 

The benefit of using the interferometer is that it allows one to broadly probe a wide range 

of wavelengths simultaneously. This contrasts with Flash Photolysis described above which 

measures the transient absorption changes of a single wavelength at a time. FTIR spectroscopy 

provides excellent signal to noise ratio (SNR), is sensitive (absorption changes of 10-5 – 10-6 OD 

are detectable), requires short measuring times and small sample volumes (10 – 100 μg), making 

it a powerful tool for molecular mechanism determination.227,228  

 

Time-resolved rapid scan 

 

Central to the technique of rapid scan FTIR is the moveable mirror; the scanning speed of 

the mirror determines the length of time needed to complete one scan, and therefore is 

responsible in part for dictating the limit of the time-resolution of a given experiment.227,229 The 

scanning speed of the mirror is presented in units of kHz, related to the modulation of the He-Ne 

laser which is used as a reference to measure the optical path difference. A scanning speed of 

320 kHz is approximately equal to 10 cm/s and would result in a series of spectra with temporal 

and spectral resolution of about 10 ms, and 4 cm-1, respectively.227,229  
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An experiment begins with the collection of a reference interferogram [It0(x)], collecting 

information about the unphotolyzed sample. The reaction is initiated by a short laser pulse 

centered about the visible absorption band of the protein in the case of MRs, and the laser is 

coupled to a delay generator which applies a delay after the Q-switch before the collection of 

time-resolved interferograms [Iti(x)] is initiated.229 This prevents the prevalence of laser artifacts 

in the resultant spectra. The computer applies the FT to the interferograms, resulting in the 

reference [St0(ν)] and time-resolved single-channel spectra [Sti(ν)]. The difference spectra (the 

changes in absorption) are calculated by using Equation [4]: 

 

 𝛥𝛥𝐴𝐴(𝜆𝜆) =  −𝑙𝑙𝑙𝑙𝑙𝑙10(S𝑜𝑜𝑡𝑡(ν)
𝑆𝑆𝑜𝑜0(ν)) [9] 

 

In theory, a single shot experiment could measure from ~3950 cm-1 to ~800 cm-1 with a 

time resolution of about 10 ms; however, in many applications (including those contained 

herein), tens to thousands of averages are required for adequate SNR.227 Consecutive averaging 

is needed for quality data but actively increases the collection time. Other considerations are 

important to improve the collection time. The dead time is the time where the instrument is idle 

between the signal to start a scan and the actual beginning of collection.227 This arises when the 

mirror is not in the correct position at the desired start of the measurement and can be improved 

using synchronization between the laser excitation and mirror movement.227 Time can be lost to 

the duty cycle as well which refers to the time needed for the mirror to return to the initial 

position before a new scan can be recorded. Innovative solutions have improved the duty cycle 

duration including the measurement of interferograms in both the forward and backward 

directions thereby eliminating the time needed for the mirror to return to its initial position, 

although data processing becomes more difficult.227 

 

The spectral resolution also has an impact on the limit of the temporal resolution. The 

optical retardation refers to the path length difference between the split IR beam.227 The inverse 

of the maximum optical retardation is equal to the spectral resolution. In other words, the 

separation of points in the interferogram (spectral resolution) is inversely proportional to the 

spectral range. As spectral resolution improves, the time needed for each scan increases because 
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the mirror displacement is larger, leading to decreased time-resolution. Response times of the 

mercury, cadmium, telluride (MCT) detector and analogue-to-digital converter (ADC) must also 

be fast enough to capture the changing interferograms.227  

 

2.3.3. Raman scattering spectroscopy 

 

Equations and derivations found in this section were referenced from the textbook, 

Symmetry and Spectroscopy by Harris and Bertolucci.223 If a photon is not absorbed by the 

sample, it may pass through the sample unaffected, or it may be scattered; the incidence of each 

event depends on properties of the light such as wavelength and the properties of the matter such 

as physical size of the sample, concentration, scattering cross section, and extinction coefficient. 

Approximately 1 in 1000 photons impinging on a Raman sample will be scattered, and the vast 

majority of scattered photons are characterized as elastic scattering (Rayleigh scattering), 

meaning that the energy of the photon remains unchanged.230 About 1 in 106 – 107 photons are 

scattered inelastically (Raman scattering), meaning that they gain (anti-Stokes scattering) or lose 

(Stokes scattering) energy from/to the molecule from which they scattered.230 The energy 

difference is usually equal to the difference between the ground and first excited vibrational 

energy levels of the bond from which the photon scattered.230 Therefore, the resulting spectrum 

is a vibrational fingerprint of the sample.  

 

On a historical note, the theoretical prediction of inelastic scattering was put forth by A. 

Smekal and predated the experimental confirmation by C.V. Raman and K.S. Krishnan by five 

years.223,231 Building on Equation [2], conservation of energy governs Stokes scattering: 

 

 ℎ𝑐𝑐�̅�𝜆 = ℎ𝑐𝑐(�̅�𝜆 −  �̅�𝜆𝑚𝑚) + ℎ𝑐𝑐�̅�𝜆𝑚𝑚 [10] 

 

and anti-Stokes scattering:  

 

 ℎ𝑐𝑐�̅�𝜆 + ℎ𝑐𝑐�̅�𝜆𝑚𝑚 = ℎ𝑐𝑐(�̅�𝜆 +  �̅�𝜆𝑚𝑚) [11]  
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where �̅�𝜆𝑚𝑚 is the wavenumber proportional (usually) to the energy difference between the ground 

and first excited vibrational state of the bond from which the incident photon is scattered.230 The 

Stokes scattering is more probable and tends to dominate a Raman spectrum.  

 

 
Figure 2.3.3.1: Pictorial representation of Stokes and Anti-Stokes radiation. Reprinted from 

Coordination Chemistry Reviews, 251, Wesley R. Browne and John J. McGarvey, The Raman 

effect and its application to electronic spectroscopies in metal-centered species: Techniques 

and investigations in ground and excited states, 454-473, Copyright (2007), with permission 

from Elsevier.  

 

The Raman selection rules or the principle which governs whether a molecule is Raman 

active is related to its polarisability (α).   

 

 𝜇𝜇 =  𝛼𝛼𝜀𝜀 [12] 

 

 The molecular polarisability is a property of the molecule which governs how an electric 

field (ε) perturbs the electron cloud, manifesting as an induced dipole moment (μ). The electric 

field of incident light with wave number �̅�𝜆, and maximal amplitude 𝜀𝜀𝑜𝑜 can be represented by:  

 

 𝜀𝜀 =  𝜀𝜀𝑜𝑜cos (2𝜋𝜋�̅�𝜆𝑐𝑐𝑡𝑡) [13] 

 

 The induced dipole moment of the target molecule interacting with the field is given by: 
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 𝜇𝜇 =  𝛼𝛼𝜀𝜀𝑜𝑜cos (2𝜋𝜋�̅�𝜆𝑐𝑐𝑡𝑡) [14]  

 

 The situation is complicated by the fact that the molecular polarisability of a molecule is 

not a constant but rather depends also on the applied electric field.223,230 As the bond length of a 

molecule changes, so too does the polarisability according to: 

 

 𝛼𝛼 =  𝛼𝛼𝑜𝑜 + 𝛥𝛥𝛼𝛼cos (2𝜋𝜋�̅�𝜆𝑚𝑚𝑐𝑐𝑡𝑡) [15] 

 

where 𝛼𝛼𝑜𝑜 is the polarisability of the unperturbed molecule and 𝛥𝛥𝛼𝛼 is the maximum variation of 

the polarisability. The induced dipole moment in this case is described by: 

 

 𝜇𝜇𝑖𝑖𝑖𝑖𝑖𝑖 = [𝛼𝛼𝑜𝑜 + 𝛥𝛥𝛼𝛼 cos(2𝜋𝜋�̅�𝜆𝑚𝑚𝑐𝑐𝑡𝑡)]𝜀𝜀𝑜𝑜cos (2𝜋𝜋�̅�𝜆𝑐𝑐𝑡𝑡) [16] 

 

 It follows that: 

 

 𝜇𝜇𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛼𝛼𝑜𝑜𝜀𝜀𝑜𝑜 cos(2𝜋𝜋�̅�𝜆𝑐𝑐𝑡𝑡) + 1
2
𝛥𝛥𝛼𝛼𝜀𝜀𝑜𝑜[cos(2𝜋𝜋[�̅�𝜆 + �̅�𝜆𝑚𝑚]𝑐𝑐𝑡𝑡) + cos(2𝜋𝜋[�̅�𝜆 − �̅�𝜆𝑚𝑚]𝑐𝑐𝑡𝑡)] [17] 

 

with the first term representing Rayleigh, the second term representing anti-Stokes and the third 

term representing Stokes scattering. This relation indicates that the polarisability must change 

(Δα ≠ 0) during the vibration for it to be Raman active.223,230 

 

 Resonance Raman scattering spectroscopy 

 

 Given that the probability of Raman scattering is low, for the technique to be viable, high 

quality samples and long collection times are needed to collect spectra of adequate SNR. 

Fortunately, one can exploit resonance to increase the Raman scattering cross section and 

improve the SNR by orders of magnitude by selecting an excitation wavelength that is close (in 

resonance) with the wavelength of absorption needed to induce an electronic transition in the 

sample.230 Since retinal is a photoactive molecule, Raman spectroscopy of rhodopsins mainly 

provides structural details of retinal and the surrounding environment; these features dominate 

the spectra due to their strong resonance enhancement.232 Therefore, the resonance Raman effect 
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affords a significant advantage in the study of photoactive molecules and allows for extremely 

small sample sizes and reduces collection times. 

 

2.4. High-performance liquid chromatography  

 

Chromatography in general is a method for the reliable and selective separation of solutes 

in complex solutions and aerosolised species in gaseous mixtures.233 Liquid chromatography is 

based on adsorption of solutes to the solid adsorbent as the solution is flowed through the 

chromatography column.233,234  

 

High-performance liquid chromatography (HPLC) is a commonly used, routine 

measurement technique for the qualitative and quantitative investigation of the isomer 

composition of carotenoid compounds, such as retinal.234–236 The solution is introduced to the 

column of the HPLC set up and the relative abundance (from absorption of a fixed wavelength, 

UV light) is plotted against the retention time.233,237 The retention time refers to the time from 

injection to the mean time of the appearance of a given species in the resultant chromatogram.233 

This depends on several factors including those which can be controlled for experimentally: 

injected volume, flow rate, and temperature.233 It is therefore often necessary to repeat the 

measurement multiple times and calculate the average to address retention time drift.238 UV 

detection is used in HPLC experiments of retinal extracts because retinoid absorption occurs in 

the UV-range, and because this approach is fast, sensitive, and can be applied to a variety of 

isomers with different physical properties.236,239 The retention time of known retinal isomers 

have been determined experimentally, and can be used to assign bands in HPLC 

chromatograms.237  

 

2.5. BN-PAGE 

 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) is a powerful technique to 

determine the molecular weight of proteins or protein complexes and can also be applied with 

other methods to elucidate the oligomeric state.240,241 The method is sensitive and robust, being 

able to discern a wide range of molecular weights, from 10 to 10,000 kDa.240,241 In contrast to 
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SDS-PAGE which requires that the protein be denatured by the strong surfactant sodium dodecyl 

sulfate (SDS), BN-PAGE is applied to the natively folded and enzymatically active protein or 

complex.240,241 The sample must be solubilized and typically mild detergents such as n-Dodecyl 

β-D-maltoside (DDM), as well as neutral pH, low ionic strengths, and low (4 °C) temperatures 

are used.241  

 

 The polyacrylamide gel is set up in a gradient with higher concentration at the bottom, 

near the anode.240 Coomassie Brilliant Blue G-250 anionic dye binds to the protein surface 

providing charge and also allowing for ease of interpretation of the results.240,241 An applied 

electric field imposes an electromotive force and the protein migrates through the gel with a 

velocity proportional to its charge, the field strength, and inversely proportional to the size and 

mass of the protein, and the viscosity of the gel medium.240,241 The protein moves through 

smaller and smaller pores as the concentration of polyacrylamide increases. When the protein or 

complex reaches the pore size limit, the velocity gradually decreases to zero and the collection of 

species leaves a detectable band, the vertical position of which reports on molecular weight. 

 

2.6. Circular dichroism 

 

Circular dichroism is a spectroscopic technique which relies on measuring the difference 

between the absorption of left and right circularly polarized light.242–244 As mentioned above, 

light can be considered as time-dependent electric and magnetic fields. A quarter wave plate has 

two indices of refraction which vary along two perpendicular axes and introduce a phase 

difference to linearly polarized light passing through it:  

 

 𝛿𝛿 = 2𝜋𝜋𝑖𝑖(𝑖𝑖1−𝑖𝑖2)
𝜆𝜆

= 𝜋𝜋
2
 [18] 

 

where d is the thickness of the plate, λ is the wavelength, and n1 and n2 are the indices of 

refraction.244 This 90° phase difference applies to the x and y components of the electric field 

vector of the linearly polarized light (𝐸𝐸𝑥𝑥����⃗ ,𝐸𝐸𝑦𝑦����⃗ ) which have the same magnitude. The electric field 

vector will rotate at a constate rate in the plane orthogonal (xy) to the direction of propagation (z) 

and would appear to rotate in a circle to an observer standing on the z-axis. Counter-clockwise 
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rotation of the electric field vector is defined as right circularly polarized light (ER) and 

clockwise rotation is left circularly polarized light (EL).242–244  

 

In practice, when circularly polarized light impinges on a photoactive sample, electronic 

transitions will be induced if the light energy matches the energy difference of the electronic 

states involved in the transition. Either EL or ER will be absorbed to a greater extent, resulting in 

elliptically polarized light reaching the detector.244 Investigations in the far UV range (180 – 250 

nm) are governed by the excitation of amide group electronic transitions and are sensitive to 

secondary structures (α-helix, β-pleated sheets), disordered elements, turns, H-bonding, dihedral 

angles, and the relative alignment of bound chromophores.242,243 Therefore, characteristic 

spectral features occur for different structural elements. Disordered proteins have low ellipticity 

>210 nm and a band at approximately 195 nm (-), antiparallel β-sheets have bands at 218 nm (-) 

and 195 nm (+), and α-helical proteins have bands at 222nm (-), 208 nm (-), 193 nm (+).243 

While the technique is not crucial for MRs in which the generalized hepta-helical structure can 

be predicted accurately, it is also possible to calculate the relative proportion of α-helical and β-

sheet segments from the CD spectrum.245 

 

 
Figure 2.6.1: Sample CD spectra in the UV-range showing how the technique can be used for 

secondary structure determination. Reprinted by permission from Springer Nature Customer 



 

70 
 

Service Centre GmbH: Springer Nature, National Institute of Health Public Access, Using 

circular dichroism spectra to estimate protein secondary structure, Norma J. Greenfield, 

Copyright (2006). 

 

It is common also to investigate the oligomerization of rhodopsins using CD 

spectroscopy. In this case, the probing light is in the visible range and the so-called exciton 

coupling between retinal chromophores occurs in oligomeric assemblies and is sensitive to the 

relative orientation of the chromophores in the membrane (head to head, head to tail, etc.); this 

allows for the detection of various oligomers based on the characteristic spectra.47,246  For 

example, in monomers, no exciton coupling occurs and the spectrum is a single peak centered on 

the absorption maximum of the protein.47 In trimers, the CD couplet is detected; it presents as a 

bilobed-shaped spectrum with a positive peak at short wavelengths and a negative peak at long 

wavelengths with respect to the absorption maximum.47 In pentamers however, the retinal 

orientation is reversed compared to trimers (see Figure 2.6.2). This is reflected in the reverse 

bilobed shape of the spectrum, which has a negative and a positive peak on the short 

wavelengths and long wavelengths with respect to the absorption maximum, respectively (see 

Figure 2.6.3). 

 

 
Figure 2.6.2: Relative orientation of retinal chromophores in the oligomeric structures of BR 

and KR2. Reproduced with permission from: Shibata, M. et al. Sci. Rep. 8, 1–11 (2018). 
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A 

 

B 

 
Figure 2.6.3: Atomic Force Microscopy images and CD spectra of PoXeR and Quadrisphaera 

actinorhodopsin (QsActR) showing the trimeric and pentameric structure and corresponding 

bilobed CD spectra. Reproduced with permission from: Shibata, M. et al. Sci. Rep. 8, 1–11 

(2018).  

 

While sophisticated structural techniques such as X-ray crystallography and NMR 

provide more detailed structural information, CD spectroscopy experiments are quicker, and 

simpler to setup and analyse.242 

 

2.7. MastR project 

 

Thank you to Alexandra Hughes-Visentin who was involved in the protein expression 

and purification. 
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2.7.1. Protein expression 

 

Genes encoding the wild-type (Genbank accession: WP_017314391) and mutant MastR 

were cloned into pET21a(+) vector (EMD Millipore, Billerica, MA) by GenScript (Piscataway, 

NJ) using NdeI–XhoI restriction sites, which added C-terminal 6× His-tag after the LE insert. 

Escherichia coli C41(DE3) OverExpress Chemically Competent Cells (Lucigen, Middleton, WI) 

were transformed with the plasmids using Lucigen's heat-shock transformation protocol. After 

thawing the E. coli C41 cells on ice for 10-15 min, 50 ng of DNA was added to 50 μL of cells 

and incubated on ice for 30 min. The cells were heat shocked in a 42 °C water bath for 45 s, and 

then incubated on ice for 2 min. The cells were added to 950 μL of 2×YT media (1% yeast 

extract, 1.6% tryptone, 1% NaCl) and incubated at 37 °C and 250 rpm shaking for 1 h. 100 μL of 

cell culture was spread onto 2×YT media agar plates (2×YT media with 1.5% agar and 0.1 

mg/mL ampicillin at pH 7.0) and incubated overnight at 37 °C. During cell growth stages, 0.1 

mg/mL ampicillin was always added to the 2×YT media. For the small-scale colony screening, 

six isolated bacterial colonies were selected to inoculate 2 mL of 2×YT media for incubation at 

37 °C and 240 rpm overnight and transferred to 25 mL 2×YT media. When the 25 mL culture 

reached an optical density at 600 nm (OD600, measured by Cary50, Varian) of ~0.4, it was 

induced by 1 mM isopropyl-β-D-thiogalactoside (IPTG) and 7.5 μM all-trans retinal. The 

induced cell culture was incubated for 3 h at 37 °C with shaking at 240 rpm. The cells were 

collected through low-speed centrifugation at 4680 ×g and 4 °C. The intensity of colour between 

the cell pellets was compared, and the colony with the most intense pink colour and largest pellet 

was selected as the best protein expressing colony. The best protein expressing colony was 

grown in 1 L of 2×YT media using shake flask cultures. The colony material was used to 

inoculate 2 mL media and was incubated overnight at 37 °C and 240 rpm. The 2 mL cell culture 

was used to inoculate 25 mL of media which was then incubated overnight at 37 °C and 240 

rpm. The 25 mL cell culture was used to inoculate 1 L of media and was incubated at 37 °C and 

240 rpm. Once an OD600 of ~0.4 was reached, the 1 L cell culture was induced with a total 

concentration of 1 mM IPTG and 7.5 μM all-trans retinal and was incubated for 3 h at 37 °C and 

275 rpm. The cells were collected with low-speed centrifugation at 4680 ×g and 4 °C for 10 min. 

The cell pellet was resuspended in 150 mM NaCl and was centrifuged again at 4680 ×g and 4 °C 

for 10 min. The cell pellet was re-suspended in 40 mL of lysis buffer (150 mM NaCl, 0.05 M 
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Tris base, 1 mM MgCl2, 2 μg/mL DNase I, 0.2 mg/mL lysozyme, pH = 7.2). The suspended cells 

were left to shake (IKA VIBRAX) at 400 rpm at room temperature for 3 h and frozen for future 

use. The functionality of E. coli expressed MastR was confirmed by the whole cell ion transport 

assays. 

 

2.7.2. Sample preparation for ion transport assays 

 

Ion transport assays for MastR in the whole E. coli cells were performed according to the 

published protocol.247 The cells from 1 L culture grown as described above were collected at 

4680 ×g and 4 °C for 10 min. Half of the cells were washed three times with unbuffered solution 

(50 mM NaCl, 10 mM MgSO4·7H2O, 100 μM CaCl2), and then re-suspended for ion transport 

measurements. The other half were washed and resuspended similarly with chloride-free 

unbuffered solution (50 mM Na2SO4, 10 mM MgSO4·7H2O, 100 μM CaCl2). A glass electrode 

(Accumet Microprobe Extra Long Calomel Combo Electrode) was used to monitor pH changes 

of the cells suspended in unbuffered solution with gentle stirring. A digital oscilloscope (Agilent 

Technologies DSO 1052B Digital Storage Oscilloscope) was used for recording the pH. The 

sample was illuminated (Cole Parmer 9741-50 illuminator) with yellow light (570–590 nm) 

using a glass filter. 

 

2.7.3. Sample preparation for spectroscopy in the visible range 

 

The thawed cells were subjected to sonication (Fisher Sonic Dismembrator Model 500) to 

produce fragments of inner membranes suitable for spectroscopy in the visible range. The 

sonication regime was optimized to produce fragments of membranes small enough to minimize 

light scattering (see 7.1.1 and 8.1 for more information regarding this protocol), which required 

longer and stronger sonication compared to the one used previously.86 We compared the 

photocycles of MastR in the membranes obtained using the modified sonication protocol with 

the earlier one to make sure the protein was not damaged as a result of more intense sonication. 

The sonicated sample was spun down at 4680 ×g and 4 °C for 10 min to get rid of unbroken cells 

and the supernatant was collected. The membrane fragments were then sedimented with the 

ultracentrifuge at 150,000 ×g and 4 °C for 1 h, and a soft upper part of the pellet containing 
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smaller membrane fragments was collected. This membrane fraction suspension was then 

centrifuged at 32,600 ×g for 10 min to remove larger membrane fragments.  

 

Flash photolysis experiments were run on the membranes encased within polyacrylamide 

gels.248 The gels were prepared using 700 μL of the membrane suspension, 300 μL of 33% 

acrylamide and 1% bisacrylamide solutions mixture, 2.4 μL of 10% ammonium persulfate, and 3 

μL of N, N, N′, N′-tetramethylethylenediamine. After solidification, the gels were washed with 

100 mM NaCl for at least 4 h at room temperature and stored at 4 °C in pH 6 buffer (the 

following buffer was used unless indicated otherwise: 50 mM KH2PO4, 50 mM MES, 100 mM 

NaCl, pH 6). If different pH and/or salt conditions were required, the storage buffer was replaced 

by soaking the gel in an appropriate buffer (100 ml or more) for at least 90 minutes prior to the 

measurement. Flash-photolysis spectroscopy was performed using a custom-built single-

wavelength spectrometer described elsewhere.111 In brief, the photocycle was initiated with 7 ns 

pulses of the second harmonic of an Nd-YAG laser at 532nm (Continuum Minilite II). 

Absorption changes of the monochromatic light (provided by an Oriel QTH source and two 

monochromators) were followed using an Oriel photomultiplier, an amplifier with a 350 MHz 

bandwidth, and a Gage AD converter (CompuScope 12100-64M). Kinetic traces were averaged 

(normally, 200-1000 traces) and converted into a quasi-logarithmic time scale using in-house 

software. Global multi-exponential analysis was performed by FITEXP.249  

 

For the FTIR samples, the flash-photolysis spectroscopy in the visible range was 

performed using a commercial setup (LKS80, Applied Photophysics) as described earlier.250 

Briefly, the sample was excited with 10 ns pulses at 532 nm by the emission of an OPO (optical 

parametric oscillator) driven by the third harmonics of an Nd-YAG laser (Quanta Ray Lab 150, 

Spectra Physics). The energy density at the sample was adjusted to 3 mJ/cm2. 

 

For Circular Dichroism spectroscopy, spectra were recorded as described previously.251 

In brief, the spectra were collected at 20 °C with a 10 mm path-length quartz microcell on a 

model No. J-810 spectropolarimeter (JASCO, Easton, MD). A spectral range of 700 – 400 nm 

with a scanning speed of 50 nm/min were used. Four independent accumulations were averaged. 
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2.7.4. Sample preparation for vibrational spectroscopy 
 

Vibrational spectroscopy was performed on His-tag-affinity purified lipid-reconstituted 

samples. The membrane pellet was re-suspended in solubilization buffer (50 mM NaCl, 5 mM 

Tris base, 1% DDM, pH = 7.5) and was left to stir overnight at 4 °C in the dark. The insoluble 

membrane debris was removed with the ultracentrifuge at 150,000 ×g and 4 °C for 1 h. The 

supernatant was collected, and the protein yield was estimated spectrophotometrically (Cary50) 

using the extinction coefficient of ASR,131 to determine the amount of nickel-nitrilotriacetic acid 

(Ni2+-NTA) resin (Qiagen) to be added. The resin was washed with ~200 mL of 150 mM NaCl 

on a membrane filter (Thermo Scientific Nalgene MF75 filter, 0.8 μm pore size), re-suspended in 

10× binding buffer (3 M NaCl, 0.5 M Tris base, 0.05% DDM, pH = 8), and added to the 

solubilized protein sample to stir overnight in the 4 °C cold room. The membrane filter was used 

to wash the protein bound to the resin approximately eight times with 25 mL of washing buffer 

(0.3 M NaCl, 0.05 M TRIS, 40 mM, 0.05% DDM, pH = 8) to remove any contaminating 

proteins. The washed protein-resin sample was collected by low-speed centrifugation at 1404 ×g 

and 4 °C for 5 min. The supernatant was discarded and 5–10 mL of elution buffer (0.3 M NaCl, 

0.05 M TRIS, 0.5 M imidazole, 0.05% DDM, pH = 8) was added and stirred on ice for 10 min. 

Typically a total of 50 mL of eluted protein in elution buffer was collected, and this sample was 

syringe filtered (0.22 μm pore size) to remove any large debris or accidentally collected resin. An 

Amicon Ultra 15 mL centrifugal filter tube was used to concentrate the sample down to a small 

volume, through repeated centrifugation at 4000 ×g and 4 °C for 20 min. The buffer was 

exchanged to reconstitution buffer (50 mM NaCl, 10 mM TRIS, 0.05% DDM, pH = 8) through 

washing it with a total volume of approximately 50 mL by repeated centrifugation in a filter 

tube. For Raman and FTIR spectroscopy, the liposomes used for reconstitution were made of 

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

phosphate (DMPA) in a 9 to 1 w/w ratio. The lipids were dissolved in chloroform, stirred for 90 

min, and the chloroform was removed under vacuum inside a desiccator for at least 4 h. The lipid 

film was rehydrated with 1 mL of reconstitution buffer (without DDM) to form an 11.1 mg/mL 

suspension. The solubilized, concentrated pure protein was combined with the lipid suspension at 

a 0.73:1 protein to lipid ratio, and Triton X-100 stock (0.2 mg/μL) was added to the sample to 
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the final concentration of 0.8 mg/ml, at which point a noticeable decrease in turbidity was 

observed. After 6 h of stirring at 4 °C, 0.6 g/mL of BioBeads SM-2 (Bio-Rad) was added to the 

sample to absorb the detergent, and the sample was mixed on the Orbitron Rotator for 24 h. A 27 

G needle (BD) was used to remove the reconstituted protein and the BioBeads were washed with 

reconstitution buffer to collect all reconstituted protein. The sample was centrifuged at 150,000 

×g and 4 °C for 1 h to collect proteoliposomes. 

 

Raman spectra were collected using 5 µl of a wet paste of the proteoliposomes hydrated 

with desired buffer using FRA106/s accessory to the Bruker IFS66vs spectrometer, with Nd-

YAG laser excitation at 1064 nm, at a 2 cm-1 resolution, with the OPUS software. 

 

FTIR transmission difference spectroscopy was performed at 22 °C using the Bruker 

Vertex80v spectrometer,252 in three different regimes (steady-state, rapid scan, and step-scan). 

Broadband time-resolved FTIR experiments with µs time resolution were performed by applying 

the step-scan technique as described previously.253 The step-scan data have been treated with 

SVD analysis and reconstructed with the first 5 components. For ns time resolution, a home-built 

IR spectrometer based on tunable quantum cascade lasers (QCL) was employed.254 5 µl of 

MastR suspension (in 3 mM KCl and 3 mM MES, pH 6) was dried on a BaF2 window to produce 

absorption of the amide I band of ~1 and rehydrated by 30 min equilibration with 4 µl drop of 

20% glycerol. The final buffer and salt concentrations are approximate due to the film drying 

effects (the Cl concentration is approximately 3 M). The replacement of NaCl by KCl was 

verified not to have any effects on the kinetics in E. coli membranes (see below). 

 

2.8. AntR project  

 

The protein expression (2.8.1), sample preparation for spectroscopy in the visible range 

(2.8.3), and protein purification for vibrational spectroscopy (2.8.4) steps in the AntR project 

were very similar to those used for the MastR project. Therefore, to avoid unnecessary repetition, 

only the significant differences are discussed below. Please refer to MastR methods (2.7.1, 2.7.3, 

and 2.7.4) for more detailed protocols. 
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 Thank you to Ethan Watt who was involved in the protein expression and purification. 

 

2.8.1. Protein expression 

 

Gene encoding the wild-type AntR (Ga0105045_102227662) was found in the public 

database hosted by the Department of Energy, Joint Genome Institute, Integrated Microbial 

Genomes & Microbiomes.255 The incubation time post induction was 4 hours rather than 3 hours. 

 

2.8.2. Sample preparation for ion transport assays 

 

Ion transport assays were performed on AntR in whole E. coli cells grown in 1 L culture 

as described above, and collected at 4680 ×g and 4 °C for 10 min. All the cells were washed 

three times in the desired unbuffered solution, 10 mM KCl, 10 mM MgSO4, and 100 µM CaCl2 

for the CCCP experiment and 50 mM NaCl, 10 mM KCl, 100 µM CaCl2 for the Valinomycin 

and pH dependence experiments. One third of the cell culture was resuspended in 25 mL of 

unbuffered solution. Gently stirred cell suspensions in unbuffered solution were illuminated 

(Cole Parmer 9741-50 illuminator) with yellow light (>460 nm) using a glass filter and the pH 

changes were monitored using a glass electrode (Accumet Microprobe Extra Long Calomel 

Combo Electrode) and recorded using a digital oscilloscope (Agilent Technologies DSO 1052B 

Digital Storage Oscilloscope). 10 μM CCCP (from ethanol stock) and 5 µM valinomycin (from 

DMSO stock) were added in control experiments. For the pH dependence experiments, the pH 

was adjusted prior to illumination using weak HCl or NaOH solutions. A calibration was 

performed at each individual pH by introducing 10 μL of 0.1 M HCl to account for the pH 

dependent buffering capacity of the cells. Using the pH calibration and the rate of change of the 

voltage before and after exposure to light, the calculation of the transport rate was performed. 

 

 Ion transport assays for the E81Q, R84A, S74A, and D167N mutants were performed 

using a nearly identical protocol, however, the cell cultures used were 0.5 L rather than 1 L and 

the cells were washed three times with the unbuffered solution of 50 mM NaCl, 10 mM KCl, 100 

µM CaCl2. All measurements were performed from an initial pH of 7.50 ± 0.03 and to control 
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for different buffering capacity of the cells, the change of pH was observed after the introduction 

of 3 μL of 0.2 M NaOH from an initial pH of 7.5 ± 0.1. 

 

2.8.3. Sample preparation for spectroscopy in the visible range 

 

After sonication, the membrane fragments were sedimented using ultracentrifugation at 

150,000 ×g and 4 °C for 50 min, and a soft upper part of the pellet containing smaller membrane 

fragments (SMF) was collected (see 7.1.1 and 8.1 for more information regarding the SMF 

protocol). This membrane fraction suspension was then centrifuged at 30,000 ×g for 10 min to 

remove larger membrane fragments.  

 

After preparing the polyacrylamide gels containing AntR SMF, they were washed with 1 

L of distilled water for at least 4 hours. Gels were stored in distilled water until they were needed 

for spectroscopy. 

 

2.8.4. Sample preparation for vibrational spectroscopy 

 

To solubilize the membranes, the pellet was re-suspended in solubilization buffer (5 mM 

Tris base, 1% DDM, pH = 7.5) and was left to stir overnight at 4°C in the dark.  

 

To remove the detergent at reconstitution stage, 0.8 g/mL of BioBeads SM-2 (Bio-Rad) 

was added to the sample to absorb the detergent, and the sample was mixed on the Orbitron 

Rotator for at least 24 h.  

 

Raman spectra were collected on 5 µl of a wet paste of the proteoliposomes hydrated 

with desired buffer using FRA106/s accessory to the Bruker IFS66vs spectrometer, with Nd-

YAG laser excitation at 1064 nm, at a 2 cm-1 resolution, with the OPUS software. At least 1000 

scans averaged per sample.  

 

The room temperature red and blue light-adaptation FTIR measurements (Vertex 80V, 

MCT detector, Bruker) were conducted by aliquoting 100 μL of proteoliposomes suspended in 
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distilled water to an optical density of 5.6 onto a CaF2 window, pre-washed with 100 μL of 10% 

Octyl-beta-Glucoside (OG) which was removed using a paper tissue. 100 μL of protein 

solution was dried using a gentle stream of air to an amplitude of 0.5-0.7 OD. The film was then 

rehydrated using 1 μL of 2 mM TRIS pH 7 buffer, pressed firmly using a second CaF2 window 

separated from the first using a 6 μm spacer, mounted into the Harrick sample holder, and 

incubated in the dark for at least 1 hour prior to measurements. The sample was irradiated using 

the Cole Parmer 9741-50 illuminator (intensity at the sample 60 mW) for 1 min through colour 

filters (either >560 nm or <480 nm). Seven individual spectra, recorded with a resolution of 4 

cm-1, were averaged for each illumination condition. 

 

Low-temperature FTIR spectroscopy measurements were conducted using a Cary670 

FTIR spectrometer and MCT detector. Samples were prepared by suspending the 

proteoliposomes in the appropriate low ionic strength (2 mM CHES at pH 9 and 2 mM trisodium 

citrate dihydrate at pH 3) buffer. 60 μL of protein suspension were dried on a BaF2 window and 

allowed to dry for at least 48 hours at 4 °C. The film was dried further through desiccation for at 

least 10 minutes and then rehydrated just prior to measurement using 2 μL of 70% H2O, 30% 

glycerol solution in 3 drops around the film. A spacer separated the second BaF2 window from 

the first and a black plastic aperture was used to exclude stray light. Samples were dark-adapted 

according to the control UV-Vis measurements (150 minutes for pH 9, 455 minutes for pH 3). At 

pH 3, before cooling, the sample was irradiated with 576 nm light for 1 min to produce more of 

the 13-cis state. The samples were each cooled to 130 K. To accumulate the K intermediate, the 

samples were irradiated with 480 nm light for 2 mins and returned to the original state by 

irradiating with >600 nm light for 1 min. 10 difference spectra were averaged for each spectrum, 

with a resolution of 2 cm-1. 

 

Steady-state FTIR difference spectroscopy under LED illumination and FTIR rapid scan 

spectroscopy were performed using a Bruker Vertex 80V FTIR spectrometer with MCT detector, 

at 4 cm-1 resolution. The samples were prepared by suspending the proteoliposomes in the 

appropriate low ionic strength (2 mM HEPES, pH 7 for C75A and 2 mM CHES, pH 9 for WT 

and other mutants) buffer and depositing on a BaF2 window. The sample was dried under a 

gentle flow of air and rehydrated over the vapor phase by placing 4 µL of 80% H2O, 20% 
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glycerol next to the sample. The second BaF2 window was separated from the first using a 500 

µm spacer. For the LED experiment, a target OD of approximately 1.7 (at the Amide I band 

frequency) in the hydrated state was achieved and the sample was irradiated using an LED 

source at 525 nm. For rapid scan, a target OD of approximately 1 (at the Amide I band 

frequency) in the hydrated state was achieved and a mirror scanning velocity of 320 kHz was 

used. A flashing rate of the Minilite laser excitation source (centered at 532 nm) of 0.1 Hz (for 

E81Q), 0.017 Hz (for C75A), 0.01 Hz (for D2O and other mutant measurements), and 0.0083 Hz 

(for H2O, WT) with a power density of 3 mJ/cm2 were used.  
 

2.8.5. Sample preparation for High-performance liquid chromatography  

 

The AntR proteoliposomes were washed three times in the desired buffer (2 mM CHES 

at pH 9, 2 mM MES at pH 6, and 2 mM trisodium citrate dihydrate at pH 3) and resuspended. A 

buffer was prepared for each pH which also included 2 M hydroxylamine (2 M hydroxylamine, 2 

mM CHES at pH 9, 2 M hydroxylamine, 2 mM MES at pH 6, and 2 M hydroxylamine, 2 mM 

trisodium citrate dihydrate at pH 3). In the HPLC laboratory, only dim red light was used to 

avoid the unwanted isomerization of the chromophore. 100 μL of sample was aliquoted into a 

tube, 50 μL of hydroxylamine buffer was added, the tube was shaken gently and then left on ice 

for 2 minutes. 300 μL of methanol was added to denature the protein, shaken gently and left on 

ice for another 2 min. Finally, the retinal was extracted using 600 μL of hexane and by shaking 

the tube vigorously for 1 min. Hexane was separated using low speed centrifugation and 100 μL 

was aliquoted from the supernatant and injected into the HPLC (JASCO) silica column (6.0 x 

150 mm; YMC-Pack SIL). The flow rate was 1.0 mL/min of 12% (v/v) ethyl acetate and 0.12% 

(v/v) ethanol in hexane solvent. Extraction at each pH was repeated 3 times and the results were 

averaged. 

 

2.8.6. Sample preparation for BN-PAGE 

 

The BN-PAGE experiment was conducted as described previously.256,257 Briefly, precast 

acrylamide gels (Mini-PROTEAN TGX-gels, Bio-Rad) with a gradient of 4-20% were used. 



 

81 
 

Eluted AntR protein at a final detergent to protein ratio of 0.5 was prepared then 5 μL of 50% 

(v/v) glycerol and Coomassie Blue G-250 (to a final detergent to dye ratio of 8:1) were added. 

 

The BioRad MiniPROTEAN Tetra cell system was used for the measurement. The inner 

chamber of the gel running chamber was primed with Cathode buffer B (50 mM Tricine, 7.5 mM 

imidazole, 0.02% Coomassie blue G250, pH 7) while the outer chamber was primed with anode 

buffer (25 mM imidazole, pH 7). 50 μg of AntR was introduced to the gel with a current of 8 mA 

at 4 °C. Cathode buffer B was exchanged with cathode buffer B/10 (50 mM Tricine, 7.5 mM 

imidazole, 0.002% Coomassie blue G250, pH 7) once the sample passed through approximately 

one third of the gel. Once the dye reached the bottom of the chamber the experiment concluded, 

and the gel was washed twice with water preceding photography.  
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3. RESULTS AND DISCUSSION 

 

3.1. MastR project 

 

With regards to the MastR project, I declare that all the samples were prepared primarily 

by myself and in part by Alexandra Hughes-Visentin. Additionally, I performed all the 

experimental work with the exception of the following:  

 

The phylogenetic tree of MRs (Figure 3.1.1.1) and the partial sequence alignment (Figure 

7.1.2.1) were prepared by Leonid S. Brown. Flash photolysis of lipid-reconstituted MastR in 

proteoliposomes (Figure 3.1.3.2), Rapid-scan FTIR spectroscopy (Figure 3.1.3.3), Light-minus-

dark difference FTIR spectroscopy (Figure 3.1.3.4, Figure 3.1.3.5), Step-scan FTIR and QCL 

spectroscopy (Figure 3.1.3.6, Figure 3.1.3.7, Figure 3.1.3.8, and Figure 3.1.3.9) were performed 

by the Heberle group. Structural modeling (Figure 3.1.4.1) was performed by the Bondar group. 

 

The work contained in this chapter is reproduced mainly from Ref. Harris, A., Saita, M., 

Resler, T., Hughes-Visentin, A., Maia, R., Sellnau, F., Bondar, A-N., Heberle, J., and Brown, L. 

S., Molecular details of the unique mechanism of chloride transport by a cyanobacterial 

rhodopsin. Phys. Chem. Chem. Phys. 20, 3184–3199 (2018) with permission from the PCCP 

Owner Societies.  

 

The CD spectrum is reproduced from J. E. Besaw, W-L. Ou, T. Morizumi, J. D. S. 

Vasquez, J. H. Y. Chu, A. Harris, L. S. Brown, R. J. D. Miller, and O. P. Ernst, J. Biol. Chem., 

2020, Crystal structures of the chloride pump from Mastigocladopsis repens and its proton-

pumping T74D Mutant. doi:10.1074/jbc.RA120.014118.  

 

3.1.1. Background and preliminary experimentation 

 

The most recent addition to the ranks of anion transporting microbial rhodopsins is a 

distinct group of cyanobacterial light-driven anion pumps with the TSD motif.39,90 It should be 

noted that the motif-forming Asp is not strictly conserved and can be present as Val, Leu, or Ile 
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in some members of the group (see Figure 7.1.2.1). Phylogenetic analysis and sequence 

comparison (Figure 3.1.1.1 and Figure 7.1.2.1) suggest that this group is distinct both from TSA 

HRs and NTQ ClRs, even though it clearly belongs to the archaeal-like half of the phylogenetic 

tree. The first characterized member of the TSD/V/L/I group is from Mastigocladopsis repens 

(named MrHR)39 and labelled as the star in (Figure 3.1.1.1). Interestingly, in contrast to HR, this 

chloride pump could be converted to a proton pump by a single mutation of the first member of 

the TSD motif into Asp.39 The second characterized member of the group from Synechocystis sp. 

PCC 7509 (SyHR) showed broader anion specificity, being able to transport not only halides but 

sulfate ions as well.90 Here, we report on unique aspects of the photocycle and the mechanism of 

ion transport by the cyanobacterial anion pump from Mastigocladopsis repens, which we prefer 

to call MastR rather than MrHR, to stress its differences from the haloarchaeal chloride pumps. 

Using time-resolved spectroscopy in the infrared and visible ranges and site-directed 

mutagenesis we found that light-driven chloride ion transfers by MastR are coupled to 

translocation of protons and water molecules as well as perturbation of several polar sidechains. 

Perhaps most interestingly, we detected transient deprotonation of the third member of the TSD 

motif (Asp-85) which may serve as a regulatory mechanism.  

 

Ion transport assays of whole E. coli cells expressing MastR confirmed the robust, light-

activated inward transport of chloride ions (Figure 3.1.1.2). The signal was enhanced in the 

presence of the protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) which causes 

the membrane to be more permeable to protons, indicating that the proton transport is passive in 

response to the electrochemical gradient generated by the inward chloride transport. 

Additionally, no transport is observed when chloride is replaced with sulfate confirming that 

chloride is indeed the transported ion (Figure 3.1.1.2). 
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Figure 3.1.1.1: Relationship of the new cyanobacterial group of anion transporters (labeled 

red) to other cyanobacterial, haloarchaeal and chloride-transporting rhodopsins. CLUSTAL 

Omega258 phylogenetic tree of selected functional groups of microbial rhodopsins with the 

Helix C motifs indicated, rendered by TreeView.259 MastR is shown by the red asterisk. The 

red bar in the center of the tree separates archaeal-like rhodopsins (BR-like) and bacterial-like 

(proteorhodopsin- and xanthorhodopsin-like) clusters. Cyanobacterial rhodopsins are labeled 

in bold, anion pumps have green arcs, proton pumps – purple arcs, sodium pumps – yellow 

arc, and photosensors – tan arc.  

 

 
Figure 3.1.1.2: Chloride transport assays using whole E. coli cells expressing MastR 

suspended either in unbuffered 50 mM NaCl (left) or Na2SO4 (right), with and without 10 μM 
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CCCP (proton uncoupler). The Y-axis represents the pH changes which were measured with a 

glass electrode and the arrows show the time of turning yellow (570‐590 nm) illumination on 

and off. 

 

Considering that MastR is BR-like, we expected the protein to organize as a trimer, just 

as BR, HR, and ASR. Indeed, circular dichroism spectroscopy of eluted MastR in DDM micelles 

indicate that the proteins organize as trimers in the DDM-micelles. This is evident from the 

bilobed shape of the spectrum with a positive peak around 500 nm and a negative peak around 

560 nm (see Figure 3.1.1.3), which are blue and red shifted, respectively, compared to the 

absorption maximum (see 2.6). 

 

 
Figure 3.1.1.3: Circular Dichroism spectra collected on purified MastR in 0.05% DDM, 50 

mM KH2PO4, 50 mM MES, and 20 mM NaCl at pH 6. The red line represents the adjacent 

averaging of 50 points of the raw data. Used with permission of American Soc for 

Biochemistry & Molecular Biology, from [Crystal structures of the chloride pump from 

Mastigocladopsis repens and its proton-pumping T74D Mutant, J. E. Besaw, W-L. Ou, T. 

Morizumi, J. D. S. Vasquez, J. H. Y. Chu, A. Harris, L. S. Brown, R. J. D. Miller, and O. P. 
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Ernst, 2020, doi:10.1074/jbc.RA120.014118]; permission conveyed through Copyright 

Clearance Center, Inc. 

 

3.1.2. Photocycle characterization by visible light time-resolved spectroscopy 

 

Previously, the photocycle of MastR (called MrHR) was characterized in a purified 

detergent-solubilized form in the presence of 100 mM NaCl.39 Similar to NpHR, the 

intermediates resembling L/N (measured at 460 nm), O (at 620 nm), and a ground state-like 

MrHR’ (at 540 nm) were detected, but no M-like intermediate with deprotonated Schiff base was 

found. Surprisingly, the photocycle turnover was very slow (~6 sec lifetime), from which it was 

argued that MrHR is not an efficient chloride pump.39 

 

 
Figure 3.1.2.1: Chloride dependence of the MastR photocycle in E. coli membranes encased in 

polyacrylamide gel, measured at pH 6, buffered by 0.05 M KH2PO4 and 0.05 M MES, at 

22°C, over the range of 0.02 M – 2.5 M NaCl concentrations. Flash photolysis theory and the 

process of collection of photocycle data are described above (see 2.2, 2.7.3). All traces are 

normalized based on 540 nm difference absorption amplitude at 0.7 ms time point.  
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While detergent-solubilized rhodopsins provide optically superior samples because of 

low scattering, removal of lipids often changes the photocycle kinetics and ion affinities of some 

functional groups. For this reason, we opted for characterizing the photocycle of MastR and its 

chloride dependence in a presumably more native system, E. coli membrane fragments. Even 

though this system does not allow for the detection of the early steps of the photocycle (faster 

than 0.1 ms) due to relatively high scattering, it permits the study of the late steps relevant for 

chloride transport events in the lipid environment. Figure 3.1.2.1 shows that the photocycle of 

MastR in lipid bilayers has much faster turnover than that reported in detergent (lifetime of about 

0.3 s in membranes compared to 6 s in detergent at 100 mM NaCl). This suggests that ion 

pumping efficiency of MastR may be higher than previously thought, even though it is still 

significantly lower than those of other chloride-pumping microbial rhodopsins (as photocycles of 

HRs and ClRs have typical lifetimes of 0.02-0.03 s).181,192,194,260,261 Flash photolysis kinetic traces 

of MastR-containing E. coli membranes exhibit a clearly chloride-dependent photocycle (Figure 

3.1.2.1, and Figure 3.1.2.3), characteristic of chloride pumping rhodopsins. It should be noted 

that we explored chloride-dependence of the late photocycle steps at the anion concentrations 

well above the chloride affinity in the dark, to avoid contamination by the non-transporting 

(chloride-free) photocycle. Chloride affinity of the dark state in detergent was reported to be 

around 2 mM39 and we verified this value for membrane-embedded MastR by titrating the 

amplitude of the L/N intermediates, which are observed at 460 nm only in the presence of 

chloride ions (Figure 3.1.2.2). The titration gave us the chloride affinity of the dark state of 

MastR of ~2 mM, ensuring that the lowest concentration of chloride used in the study of the 

chloride-dependent photocycle kinetics (20 mM) is well above the saturation. 
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Figure 3.1.2.2: Photocycle behaviour in low chloride conditions. (A) Comparison of chloride-

transporting and chloride-free photocycles of MastR in E. coli membranes encased in 

polyacrylamide gels, measured at pH 6, buffered by 0.05 M KH2PO4 and 0.05 M MES, at 

22°C, with either 0.1 M NaCl or 0.1 M Na2SO4. (B) Verification of the chloride binding 

affinity of the dark state of MastR by chloride titration of the amplitude of the 460 nm signal 

(the L/N intermediates) of the MastR photocycle. The specified sodium chloride 

concentrations (from 4 M stock) were added on top of 0.1 M Na2SO4, other conditions are as 

in (A).  

 

Similar to what was observed for MastR in detergent,39 we measured the L and N 

intermediates signal at 460 nm, the O intermediate at 620 nm, and another ground state-like 

intermediate, MastR’ (detected as a disappearance of the dark state) at 540 nm (Figure 3.1.2.1 

and Figure 3.1.2.3). The presence of these intermediates is typical for most chloride pumping 

rhodopsins; however, it appears that the order of molecular events may be distinct from that in 

haloarchaeal chloride pumps such as NpHR. In contrast to NpHR,260,262,263 the O intermediate 

accumulates at high concentrations of chloride but not at the low ones, where it is replaced by the 

N intermediate, observed as additional bleaching of the dark state and persisting positive signal 

at 460 nm (Figure 3.1.2.1). Thus, at low chloride concentrations, the late part of the photocycle is 

dominated by the N intermediate (positive signal at 460 nm and growth of the negative signal at 

540 nm), while at high chloride concentrations, we observe more O intermediate (at 620 nm), 

followed by the MastR’ intermediate (no positive signal at 460 nm in the presence of negative 

signal at 540 nm).  
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Figure 3.1.2.3: Global photocycle characteristics in high and low chloride conditions. 

Wavelength scans (the 400 nm, 640 nm, 660 nm, and 680 nm traces were omitted for clarity) 

of the MastR photocycle in E. coli membranes encased in polyacrylamide gels at pH 6 in 0.02 

M NaCl (A) and 2.5 M NaCl (C), with other conditions as in Figure 3.1.2.1. Spectra of the 

kinetic components of the MastR photocycle extracted by global multi-exponential analysis 

(see 2.7.3) for 0.02 M NaCl (B) and 2.5 M NaCl (D). The spectrum labelled “Initial” 

represents a light-minus-dark difference spectrum at the beginning of the fit (~300 μs). 

Characteristic times of the spectral components are shown in the legend and discussed in the 

text. In the decay-associated spectra, the negative absorption means formation of 

intermediates, whereas the positive absorption corresponds to their disappearance.  

 

This sequence of events is supported by the global multi-exponential analysis of the full 

wavelength scans (taken every 20 nm between 400 and 680 nm) that were performed at 0.02 M 

and 2.5 M NaCl (Figure 3.1.2.3). Figure 3.1.2.3B & D show the initial light-induced difference 

spectra which represent a “snapshot” at ~300 μs along with the ensuing decay-associated spectra 
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gleaned from three-exponential fits of the data in Figure 3.1.2.3A and C. The “Initial” difference 

spectra at both chloride concentrations show formation of the L intermediate with the typical 

maximum of about 470 nm and the minimum of about 540 nm, which is close to the absorption 

maximum of the dark state. The later decay-associated spectra are difference spectra 

corresponding to the specified kinetic components, where positive peaks correspond to 

disappearance and negative peaks correspond to formation of intermediate(s) and/or their 

mixtures. Beginning with 0.02 M NaCl (Figure 3.1.2.3B), the 3.1 ms component shows what can 

be interpreted as the L to N state transition without significant accumulation of the O 

intermediate. The next two kinetic components, with characteristic times of 55 ms and 375 ms, 

have similar spectra showing the N intermediate decay. Non mono-exponential decay of the N 

intermediate suggests that it occurs through another intermediate, possibly MastR’, which can be 

clearly observed at higher chloride concentrations only. For the 2.5 M NaCl data (Figure 

3.1.2.3D), starting from the similar initial spectrum showing formation of the L state, one can 

observe clear formation of the O intermediate (negative peak at 580 nm, likely mixed with N) 

with the characteristic time of 2.7 ms. The component with 24 ms lifetime shows that the N/O 

intermediate mixture decays into the dark state-like MastR’ intermediate. Finally, the last minor 

component with 271 ms lifetime shows the decay of the MastR’ intermediate back to the dark 

state. One of the simplest ways to explain the observed chloride dependence is to assume that, 

similar to NpHR,180,181 the L intermediate decay (in about 3 ms) produces an equilibrium mixture 

of the N and O states and that this equilibrium is chloride-dependent. This chloride-dependence 

suggests that the chloride uptake occurs during O intermediate formation, rather than during its 

decay, contrary to what happens in NpHR.260 Thus, at low chloride concentrations, chloride 

uptake becomes rate limiting in the equilibrium between N and O and shifts the equilibrium back 

towards N, so that a long-lived N intermediate is observed and no O (or MastR’) intermediate 

accumulates. At high chloride concentrations, chloride uptake is no longer rate limiting and the 

equilibrium is shifted toward the O intermediate. As a result, the N intermediate decays quickly 

without significant accumulation, but the O intermediate is accumulated. Under these conditions, 

its rise reports on the L → N transition, and its relatively fast decay allows the MastR’ 

intermediate to be observed. This situation can be visualized by the following preliminary 

scheme (Figure 3.1.2.4) of the late part of the photocycle based on the flash-photolysis data in E. 

coli membranes (the characteristic apparent time constants are given), which will be refined 
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further based on the flash-photolysis data in synthetic lipids, infrared spectroscopy, and 

mutagenesis data presented below. 

 

To get further insights into the molecular mechanism of anion transport by MastR using 

vibrational spectroscopy, we had to purify the protein and reconstitute it into synthetic lipids at 

high protein/lipid ratio (see 2.7.4). Prior to performing FTIR and Raman spectroscopies, a 

control flash photolysis experiment was conducted on the MastR proteoliposome films at high 

chloride concentration (~3 M, Figure 3.1.3.2) to ensure that the kinetic behaviour of this lipid- 

reconstituted sample was comparable to that of the native-like in-membrane sample shown above 

(Figure 3.1.2.1). Overall, the kinetics of the late photocycle intermediates (the L, N, O, and 

MastR’ states) were found to be comparable to those in E. coli membranes. In proteoliposomes, 

the MastR’ intermediate is observed more clearly after the L, N, and O intermediates have 

decayed completely. With the improved protein density and optical properties of the purified 

sample, the temporal resolution was enhanced so that the tail of the K intermediate decay could 

be observed in the microsecond range (at 620 nm). Additionally, a multi-exponential character of 

the L intermediate rise (at 460 nm) could be detected, arguing for the existence of at least two L 

intermediates, similar to NpHR,178,181,263 with the L1 state forming in a few microseconds and the 

L2 state in ~60 µs. 

 

 
Figure 3.1.2.4: Preliminary scheme of the late part of the photocycle based on the flash-

photolysis data in E. coli membranes, at high and low ionic strength.  
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3.1.3. Photocycle characterization by vibrational spectroscopy 

 

Prior to the time-resolved FTIR measurements, the retinal conformation and hydrogen-

bonding in the dark state of MastR were investigated using Raman spectroscopy (Figure 3.1.3.1). 

In general, the overall spectral characteristics are very similar to those reported for the close 

homolog of MastR, SyHR.90 The position of the main ethylenic C=C stretch band (1534 cm-1) is 

consistent with the colour of E. coli expressed MastR,264 whose absorption maximum in lipid-

reconstituted samples is 534 nm (data not shown). The main fingerprint C–C stretching 

vibrations at 1200 and 1165 cm-1 and the virtual absence of the 1184 cm-1 band indicate that 

retinal is predominantly in the all-trans configuration,232 without any appreciable dark- or light-

adaptation (not shown), consistent with the earlier retinal extraction data.39 This ensures that we 

will be probing only the photocycle of the all-trans-MastR. 

 

To probe hydrogen-bonding strength of the retinal Schiff base we followed the isotopic 

shift of the C=N stretching band,265 which occurs at 1639 cm-1 in H2O and at 1623 cm-1 in D2O 

(with corresponding N-D wags coming up at 977 cm-1). In similarity to the homologous SyHR,90 

the magnitude of this isotopic shift is the same as in BR (~16 cm-1),266 but somewhat larger than 

what was observed in other chloride pumps, HRs and ClRs, as well as the chloride-transporting 

BR mutant D85T (up to 12 cm-1).195,267–269 This result confirms somewhat stronger hydrogen 

bonding of the Schiff base in cyanobacterial anion pumps compared to other chloride pumps,90 

which may be consistent with the more BR-like environment of the Schiff base in this group. We 

observed a similar shift of the Schiff base C=N vibrations (from 1641 cm-1 in H2O to 1624 cm-1 

in D2O) in the FTIR data (Figure 3.1.3.4). No significant shifts of the C=C or C=N stretching 

vibrations of the retinal SB were observed upon the replacement of chloride with bromide 

(Figure 7.1.2.4). For the dark state of MastR, the magnitude of the induced chloride to bromide 

shifts were small (≤1 cm-1), similar to NpHR.267 
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Figure 3.1.3.1: Raman spectra of dark-adapted lipid-reconstituted MastR in 0.5 M NaCl, 50 

mM MES and 50 mM KH2PO4 at pH 6 (shown in red), and in the same D2O-based buffer at 

pD 6 (shown in black). The spectra are normalized by the ethylenic stretch amplitude.  

 

 
Figure 3.1.3.2: The photocycle of lipid-reconstituted MastR in proteoliposome film (DMPC/ 

DMPA 9/1) measured at 22°C, pH 6 (buffered by MES) and ~3 M KCl, used for the time-
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resolved infrared spectroscopy experiments. The buffer and salt concentrations are 

approximate due to the film drying effects.  

 

The photocycle kinetics of MastR in synthetic lipids (Figure 3.1.3.2) show very clear 

separation of the last photocycle intermediate (MastR’) from the rest of the late intermediates in 

the 30 ms – 1 s time range. This allowed us to probe molecular details of MastR’ with steady-

state difference FTIR spectroscopy, where it accumulates under quasi-continuous (2 s on / 2 s 

off) 530 nm LED illumination (Figure 3.1.3.4). It should be noted that some late intermediates in 

the photocycles of microbial rhodopsins show pronounced secondary photochemistry,270–272 

which may make any conclusions based on the studies of photostationary mixtures somewhat 

tentative. To avoid this problem, we verified our steady-state results by time-resolved rapid-scan 

FTIR difference spectroscopy with ~30 ms time resolution (Figure 3.1.3.3), which showed the 

spectra very similar to those obtained under continuous illumination. It is also important to note 

that the photocycle kinetics in the films are similar to those in the E. coli membrane embedded 

samples, which provides confidence in the conclusions drawn from the time-resolved IR data and 

ensures that conclusions drawn from FTIR experiments can be safely compared to the flash 

photolysis in the visible range (Figure 7.1.2.2). 

 

 
Figure 3.1.3.3: Rapid-scan (29 ms time resolution) light-minus-dark difference FTIR spectra 

of MastR proteoliposomes (sample conditions as in Figure 3.1.3.2). Spectral resolution is 2 
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cm-1, average of 6000 individual spectra. The black spectrum with the largest amplitude 

corresponds to 29 ms after the photoexcitation, and the other spectra represent relaxation of 

that state recorded every ~74 ms.  

 

The MastR’-minus-MastR difference spectra (Figure 3.1.3.3 & Figure 3.1.3.4) yield a 

number of interesting insights into molecular properties of the last photocycle intermediate as 

well as of the dark state. First, the C-C stretching fingerprint region shows strong negative bands 

at 1243, 1201, and 1165 cm-1, along with the positive band at 1182 cm-1, with the 1243 and 1165 

cm-1 bands being partially shifted in D2O. This fingerprint pattern is much more similar to those 

observed in the photointermediates of BR with 13-cis- protonated Schiff base (L and N) than in 

the respective intermediates of HsHR and NpHR, where a strong negative band is observed 

around 1210 cm-1 and BR’s prominent 1254 cm-1 band (a counterpart of the 1243 cm-1 in MastR 

and several other microbial rhodopsins) is strongly reduced.177,262,263,273 This once again suggests 

more BR-like (rather than HR-like) character of the retinal-binding pocket of MastR, which is  

consistent with the conservation pattern highlighted in Figure 7.1.2.1 and the recently published 

structure (Besaw et al.).274  A number of residues in the vicinity of retinal (or known to affect it 

via long-range interactions in the hydrogen-bonded networks) are common between MastR and 

BR, but not HR, including BR’s A53, Y79, E204, V217, and G220. Among these, Ala-53 

mutations are known to have a strong effect on retinal Schiff base pKa and water binding.275 

 

Another surprising fact which can be deduced from the fingerprints pattern is that the 

MastR’ intermediate contains 13-cis-retinal, suggesting that its thermal reisomerization occurs in 

the last step of the photocycle. This is not what would be expected for an intermediate which 

follows the O state, known to contain all-trans-retinal in NpHR and BR,263,276 even though red-

shifted O-like states with 13-cis-retinal have been observed in some microbial rhodopsins.114,277 
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Figure 3.1.3.4: Light-minus-dark difference FTIR spectra of MastR proteoliposomes (sample 

conditions as in Figure 3.1.3.2), in H2O (blue) and D2O (red) based buffer, under steady-state 

green (530 nm) illumination (2 s on minus 2 s off, 50 cycles average). Spectral resolution is 4 

cm-1.  

 

In addition to the BR-like 13-cis-retinal fingerprint pattern discussed above, the Schiff 

base vibrations at 1641 cm-1 and possible amide I perturbation at 1668 cm-1 (similar to that of the 

N intermediate of BR)278 in the difference spectrum of MastR’ suggest a significant 

conformational change of this state compared to the dark state. This idea is confirmed by the 

appearance of several unusual bands showing perturbation of polar sidechains, including 

cysteine, carboxylic acids, and possibly arginine and asparagine. The cysteine perturbation is 

observed at 2555(-)/2571(+) cm-1, and a cysteine residue responsible for this feature was found 

to be not H/D exchangeable judging from the absence of typical S-D vibrations around 1860 cm-

1 (not shown). A similar non-exchangeable buried Cys residue was observed in the late 

intermediates of the Neurospora rhodopsin photocycle,279 and it is tempting to assign this 

vibration in both proteins to the cysteine located near the β-ionone ring of retinal (position 142 

using BR numbering) as this residue is present in MastR as well (Cys-130). On the other hand, it 

should be noted that the MastR sequence contains two more plausible candidates for this band, 
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Cys-43, which is expected to be located in the chloride release channel, and Cys-77, which is 

close to the chloride-coordinating motif-forming Thr-74 and Ser-78 (see Figure 7.1.2.1). 

 

A pair of bands which could originate from perturbation of sidechains of Arg/Asn 

residues is prominent at 1699(-)/1689(+) cm-1, with the positive band being D2O-dependent, and 

an additional weak positive band at 1706 cm-1. Similar major bands were observed in HsHR and 

NpHR, and tentatively assigned to the superconserved homolog of BR’s Arg-82,280–282 which is 

present in MastR as well (Arg-71). Additionally, MastR has two Asn residues expected to be in 

the conformational hotspots, which could contribute to this spectral region. First, Asn-39 is 

expected to be in the chloride release channel (as a homolog of BR’s Thr-46). Second, Asn-104 

is a homolog of Asp-115 of BR, the residue known to be involved in strong interhelical 

hydrogen-bonding, which has prominent spectral signatures both for BR and HRs.177,282,283  

 

Finally, likely the most interesting feature of the MastR’ difference spectrum is a strong 

putative deprotonation band of a carboxylic acid located at 1755 cm-1 (with its positive 

counterpart likely to be at 1393 cm-1) (Figure 3.1.3.3 & Figure 3.1.3.4). Before we discuss the 

origin and implications of this band, we should note the presence of a pair of weak bands at 

1722(-)/1742(+) cm-1. The former band was observed in NpHR at 1721 cm-1 and assigned to 

transient deprotonation of Glu-234 (homolog of BR’s Glu-194 present in MastR).282 Returning to 

the putative Asp deprotonation band at 1755 cm-1, we should note that there are only two internal 

carboxylic acids in MastR, Asp-200 (homolog of BR’s Asp-212) and the motif-forming Asp-85 

(homolog of BR’s Asp-96). As Asp-200 is expected to be part of the Schiff base counterion, it is 

unlikely to be protonated in the dark state, leaving Asp-85 as the most likely candidate. It is 

reasonable to assume that Asp-85 is protonated in the dark just like its homolog Asp-96 of BR, 

as most of its hydrophobic environment in the cytoplasmic ends of helices B, C, F, and G is 

conserved (see Figure 7.1.2.1). A confounding issue precluding this rather straightforward 

assignment is untypically small deuterium-induced shift of this band, which amounts to only 2 

cm-1 (Figure 3.1.3.4). Such small isotopic shifts were observed in some cases and interpreted as 

strong hydrogen-bonding of the OH group of the respective aspartic acid.283–285 To make a 

reliable assignment, we repeated steady-state FTIR measurements of MastR’ spectra with the 

D85I mutant of MastR (Figure 3.1.3.5). Indeed, the 1755 cm-1 band of a protonated carboxylic 
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acid has disappeared as expected while the corresponding carboxylate band at 1393 cm-1 got 

dramatically reduced. This allows us to assign the 1755 cm-1 band to the protonated carboxylic 

stretch of Asp-85 in the dark state of MastR and to claim that its hydroxyl group is strongly 

hydrogen-bonded and gets transiently deprotonated during the photocycle. The small downshift 

observed upon the H/D exchange of Asp-85 is in contrast to the much larger shift observed for 

its homolog Asp-96 in BR (2 vs. 9 cm-1),283 suggesting much stronger hydrogen-bonding in 

MastR. This can be tentatively explained by a different pattern of interhelical hydrogen-bonding 

between the two proteins. In BR, Asp-96 interacts with Thr-46, while in MastR Asp-85 may 

interact with homologous Asn-39, which can provide stronger hydrogen-bonding compared to 

the threonine. Indeed, the 1755 cm-1 band downshifts in the N39A mutant to 1750 cm-1 (not 

shown), confirming our hypothesis of Asp-85/Asn-39 interaction. This hydrogen-bonding 

interaction was later observed in the crystal structure.274 Interestingly, the position of BR’s Asp-

96 vibration in the T46V background is virtually the same as that of MastR’s Asp-85 in the 

N39A background,286 suggesting that in the absence of the interhelical hydrogen-bonding the 

environment of Asp-85 is very close to that of its homolog in BR. 

 

 
Figure 3.1.3.5: Light-minus-dark difference FTIR spectra of MastR proteoliposomes (sample 

conditions as in Figure 3.1.3.2), for the wild-type (blue) and D85I mutant (red), under steady-
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state green (530 nm) illumination (2 s on minus 2 s off, 50 cycles average). Spectral resolution 

is 4 cm-1. The wild-type spectrum is taken from Figure 3.1.3.4 for comparison, with the 

multiplication factor of 1.5.  

 

To get further insights into the molecular events in the photocycle of MastR and to reveal 

kinetics of formation of the bands detected in the MastR’ intermediate, the earlier intermediates 

were explored by step-scan FTIR spectroscopy with 6.25 µs time resolution. Figure 3.1.3.6 

shows three characteristic time slices of this dataset, which are expected to represent the L1 (at 

6.25 µs), L2 (at 203 µs), and N/O (at 4.47 ms) intermediates, based on the flash-photolysis data 

(Figure 3.1.3.2). The earliest spectrum (L1) shows L-like fingerprint vibrations with the positive 

band at 1189 cm-1, which shifts to lower (N-like) positions in the later intermediates (L2 and 

N/O), similar to the situation in BR.278,287,288 It also shows a prominent band at 1154 cm-1 known 

for the cryotrapped L intermediate of BR.288 Perturbation of the Schiff base is obvious from the 

1639 cm-1 C=N stretching band (shifts to 1623 cm-1 accompanied by the ND vibrations at 970 

cm-1 in D2O, not shown). It should be noted that, consistent with the expectations from the 13-

cis-retinal configuration of MastR’, the spectra taken at the time of the maximal O accumulation 

do not show any typical features of the O intermediate of BR, such as positive all-trans-retinal 

fingerprints at 1168 cm-1.289 Even though the 13-cis-retinal configuration in the intermediates 

preceding MastR’ is logical, one should be mindful of the fact that the O intermediate 

accumulation appears to be low, as judged from the visible spectroscopy data, so that its spectral 

signatures could be obscured by those of other intermediates. Another N-like signature,278 which 

develops on the time scale of transition from L2 to N/O and reports on the backbone 

conformational changes, possibly associated with chloride release, is the negative amide I band 

at ~1670 cm-1 (Figure 3.1.3.6 & Figure 3.1.3.7, also see the time evolution of this band in the 

lower noise D2O data in Figure 3.1.3.8). 

 



 

100 
 

 
Figure 3.1.3.6: Time slices of the SVD-filtered step-scan light-minus-dark difference FTIR 

spectra of MastR proteoliposomes (sample conditions as in Figure 3.1.3.2) in the 1800-1000 

cm-1 range, expected to represent the L1 (at 6 µs), L2 (at 203 µs), and N/O (at 4.47 ms) 

intermediates. Time resolution is 6.25 µs, spectral resolution is 4 cm-1. Each spectrum is 

vertically offset by 0.002 OD from the preceding one for clarity. Minor ticks on the vertical 

scale correspond to 0.001 OD.  

 

In the Arg/Asn region, several bands show interesting dynamics (Figure 3.1.3.6). In the 

L1 intermediate only a weak negative band at 1699 cm-1 is present, while the strong doublet at 

1699(-)/1689(+) cm-1 observed in MastR’ (see Figure 3.1.3.4 above) forms in L2 and persists 

until the end of the photocycle. On the other hand, the strong 1706 cm-1 band is seen only in the 

L2 intermediate, being absent in the L1 and N/O states. We tend to assign the 1699(-)/1689(+) 

cm-1 doublet to Arg-71, based on its similarity to the bands observed in HR both at 170 and 250 

K (early and late L states).177,282 It is likely that the 1706 cm-1 vibration originates from Asn-104 

(homolog of Asp-115 of BR and Asp-134 of HsHR). Perturbation of this residue is observed in 

HsHR at 250 K, but not at 170 K, indicating a conformational change later in the photocycle, and 

a similar situation may exist in MastR, manifesting itself in the transient perturbation of the 

homologous Asn involved in interhelical hydrogen-bonding. 
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Figure 3.1.3.7: Kinetics of light-induced absorption changes at selected wavenumbers, 

reporting on infrared signatures of protonated carboxylic acids (and/or lipid esters) (A) and 

protein backbone (amide I) (B). The kinetics at 1742 and 1755 cm-1 in A) were measured 

using the QCL set-up, while the kinetics at 1670 cm-1 (black) in B) were extracted from the 

step-scan (Figure 3.1.3.6) and the rapid-scan (Figure 3.1.3.3) data, and compared to the flash-

photolysis data at 620 nm (red) from Figure 3.1.3.2. 

 

 
Figure 3.1.3.8: Kinetics of the amide I vibration at 1670 cm-1 measured with step-scan FTIR. 

The evolution of the conformational changes of the sample in H2O (data from Figure 3.1.3.7, 
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black) compared to that in D2O (red). The better signal-to-noise ratio in the late ms time range 

of the D2O data is due to the lower absorption of the D2O sample in this range.  

 

The protonated carboxylic acid region in the spectra of the earlier intermediates reports 

on the timing of deprotonation of Asp-85, which occurs between the L1 and L2 states on the tens 

of microseconds time scale, as judged by the appearance of the negative 1755 cm-1 band (Figure 

3.1.3.6 & Figure 3.1.3.7). It should be noted that perturbation of the homologous Asp-96 in the L 

intermediate of BR produced a negative band which was originally interpreted as its 

deprotonation.283,287,290 The appearance of the clear deprotonated carboxylate vibrations 

counterpart at around 1393 cm-1 (as seen in MastR’ upon comparison of the wild-type and the 

D85I mutant, Figure 3.1.3.5) is an additional indicator which can confirm the deprotonation, 

even though it may be complicated by strong contribution from retinal vibrations.283,290 

Accordingly, we observe growth of a positive band at around 1393 cm-1 (sitting on top of larger 

retinal vibrations) on the time scale of the L1 → L2 transition, matching the development of the 

1755 cm-1 band. Our data show that there is an additional negative band at 1742 cm-1, which is 

dominant in the 6 µs spectrum (L1), seen as a strong shoulder of the 1755 cm-1 band in the 203 

µs spectrum, and disappears in the later spectra (Figure 3.1.3.6 & Figure 3.1.3.7). Based on its 

insensitivity to the H/D exchange (data not shown), one may assign the 1742 cm-1 band to 

vibrations of lipid esters, known to contribute to the signal in this area for other retinal 

proteins.133,291 Another band which may reflect lipid perturbation and is seen on the same time 

scale is located at 1471 cm-1 and can be assigned to fatty acid tails of lipids. Alternatively, this 

band may originate from an unknown protonated carboxylic acid, such as one of the members of 

the extracellular Glu pair (Glu-182/Glu-192, homologs of Glu-194/Glu-204 of BR). 

 

Finally, exploration of the time course of appearance of a cysteine perturbation (seen in 

MastR’ spectra at 2555(- )/2571(+) cm-1, Figure 3.1.3.4) yielded an unexpected result. Figure 

3.1.3.9 shows the spectral region of interest, from which it is obvious that Cys perturbation is 

already present in the L1 state and becomes stronger in the later intermediates. It also shows a 

much stronger broad (“continuum”) positive band centered at 2678 cm-1, which upshifts during 

the transition from L1 to L2 and disappears upon the L2 decay. This band is not observed in D2O 

(not shown) and is clearly distinct from the transient water heating signals observed earlier.292 Its 
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position and line width are reminiscent of the spectral signatures of strongly hydrogen-bonded 

water clusters, including those of the Eigen cation.293–295 This implies that MastR experiences 

rearrangement of water molecules (transient clustering) in its L1 and L2 intermediates, similar to 

formation of the water clusters observed in the X-ray structure of the N intermediate of NpHR in 

its cytoplasmic side, which may be important for chloride ion translocation.296 

 

 
Figure 3.1.3.9: Time slices of the SVD-filtered step-scan light-minus-dark difference FTIR 

spectra of MastR proteoliposomes (sample conditions as in Figure 3.1.3.2) in the 2800-2500 

cm-1 range, expected to represent the L1 (at 6 µs), L2 (at 206 µs), and N/O (at 4.47 ms) 

intermediates. Time resolution is 6.25 µs, spectral resolution is 8 cm-1. The steady-state 

spectrum is reproduced from Figure 3.1.3.4 for comparison.  

 

3.1.4. Probing the MastR photocycle by site-directed mutagenesis and modelling 

 

To further investigate molecular details of ion translocation by MastR we expressed 

several mutants and studied their photocycles. The mutation sites (see Figure 7.1.2.1) were 

selected based on the amino acid conservation patterns in the new group of cyanobacterial anion 

pumps and on their comparison with those in other chloride transporters (HRs and ClRs) and in 

BR. Specifically, we targeted conserved intramembrane polar residues which were expected to 
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be close to the putative ion-conducting pathways as predicted from the MastR structural 

homology model (see 7.1.1 and Figure 3.1.4.1). The structure of MastR obtained via homology 

modelling and subsequent optimization was used to inspect interactions of polar and charged 

groups that could be important for protein conformational dynamics and ion transport. 

 

          A 

 

          B 

 
Figure 3.1.4.1: Structural model of MastR with putative location of selected protein groups of 

MastR based on the geometry-optimized homology model. (A) A view focusing on helices C, 

D, and G; (B) a view focusing on helices F and G. Selected protein segments are shown as 

pink ribbons, and retinal and selected protein sidechains are shown as sticks. The chloride ion 

is colored yellow, carbon atoms – cyan, oxygen – red, and nitrogen - blue. The figure was 

prepared using the VMD software.297 
 

First, Asp-85 and Ser-211 could engage in an inter-helical hydrogen bond that resembles 

the Asp-96/Thr-46 pair in BR and inter-helical carboxylate/hydroxyl pairs identified in other 

membrane transporters;298 in MastR, however, the dynamics at the Asp-85 site is likely more 

complex than in BR, because Asn-39 could participate in inter-helical hydrogen bonding, as also 

suggested by the FTIR data presented above. The Asn-39/Asp-85/Ser-211 cluster of MastR 

(Figure 3.1.4.1) is reminiscent of the central Glu-Asn-Thr cluster of the SecY protein translocon, 

whose complex dynamics with breaking and forming of hydrogen bonds has been documented 

by computer simulations.299,300 In the case of MastR, breaking and forming of inter-helical 

hydrogen bonds would associate with changes in the protonation state of Asp-85. 
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Next, inspection of the MastR structural model indicates that some of the transmembrane 

segments include Ser/Thr groups that could have important roles in shaping the local structure 

and dynamics of the protein. We think that two clusters of Ser/Thr groups could be particularly 

important for the conformational dynamics of MastR. The first Ser/Thr cluster is located at the 

heart of the protein, where helix C contains three Ser/Thr and a Cys group (Figure 3.1.4.1A); 

because Ser/Thr hydroxyl groups compete with backbone carbonyl groups for hydrogen 

bonding,301,302 their presence can lead to enhanced local dynamics of the helix.303 Local plasticity 

of helix C could facilitate chloride transport. The second cluster of Ser/Thr groups is at the 

cytoplasmic side of helices C and D, and it includes Thr-87, Thr-92, Ser-93, Thr-97, and Ser-99 

(Figure 3.1.4.1). The sequence alignments of the cyanobacterial anion pumps (see Figure 7.1.2.1) 

indicate significant conservation as Ser/Thr for Ser-93, Thr-97, and Ser-99, whereas Thr-87 is 

present as Ser/Thr in almost all sequences analyzed here. These Ser/Thr hydroxyl groups can 

help couple the dynamics of helices C and D and provide a binding spot for the chloride ion. 

Since Asp-85 and Thr-87 are located within one helical turn of each other, protonation-coupled 

changes at the Asp-85 cluster could couple to the dynamics of chloride binding at the Thr-87 

cluster. At the same time, it should be mentioned that sidechains of some of the above mentioned 

residues are predicted to be located away from the main ion-conducting path, likely to be formed 

by helices B, C, F, and G as in other ion-pumping microbial rhodopsins, so that their exact role is 

hard to predict. 

 

Finally, according to the homology model, His-166 on helix F could make π-stacking 

interactions with Trp-170, which is close to the C13 methyl group of the retinal polyene chain 

(Figure 3.1.4.1B). These contacts could provide an elegant mechanism to couple the dynamics of 

His-166 to the dynamics and isomeric state of the retinal chromophore. 

 

We began by substituting the TSD motif-forming Thr-74 and Ser-78, whose homologs in 

HR are involved in chloride binding in the dark.148,149,166,168 Similar to the situation observed for 

NpHR, Ser-78 seems to be more important for chloride binding and protein stability than Thr-

74.149,171,304 The S78A MastR mutant displays a very significant decrease in the Schiff base pKa 

and stability, and bleaches even in the presence of chloride (not shown), similar to some of the 

Ser-130 mutants of NpHR.304 When the Schiff base was stabilized by low pH (pH 4), DDM- 
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solubilized S78A MastR showed a large red shift of its absorption spectrum maximum (from 

~535 nm for the wild-type to ~559 nm for the mutant, not shown), once again paralleling the 

behaviour of the S130A mutant of NpHR.304 As the S78A protein was not stable under the 

neutral pH conditions, we have not studied its photocycle further. The T74A mutant also showed 

a red shift in the chloride-free DDM-solubilized form (from ~535 nm for the wild-type to ~548 

nm for the mutant, not shown), similar to the behaviour of the homologous T111V mutant of 

HsHR, but opposite to the T126V mutant of NpHR.148,149 Similar to both HRs, it showed 

dramatically reduced chloride affinity in the DDM-solubilized state39 (Kd of ~85 mM as opposed 

to the reported 2 mM for the wild-type, Figure 3.1.4.2). At the same time, the absorption 

maximum and the photocycle of the chloride-bound form of the T74A mutant were not 

dramatically different from the wild-type, with an exception of the lack of observable 

accumulation of the O intermediate in the mutant (see Figure 3.1.4.3 and Figure 3.1.4.4A). 

Considering much lower chloride affinity of the dark state of the T74A mutant, this result may 

reflect a chloride ion location which differs from that in the wild-type O intermediate. On the 

other hand, as the photocycle kinetics are not affected otherwise and do not resemble the wild-

type kinetics at low chloride concentrations, one could argue that the chloride uptake is either 

unaffected or is not rate-limiting (Figure 3.1.4.3).  

 

Furthermore, the photocycle of the T74A mutant in a chloride-free environment is not 

markedly different from the photocycle in the presence of chloride, contrary to the behaviour of 

the wild-type (Figure 3.1.4.3B & Figure 3.1.2.2). The 460 nm trace is still observed in the 

presence of sulfate and absence of chloride. It is presumed that the chloride ion binding cavity of 

the protein is larger when Thr-74 is replaced with the smaller amino acid, alanine, although there 

remains the unlikely possibility that the 460 nm trace does not actually correspond to anion 

binding. No sulfate transport was observed in an ion transport assay (not shown) of the T74A 

mutant. It is possible that the lack of signal was an experimental or procedural failure. Further 

experimentation is warranted to understand the possible sulfate binding in the T74A mutant of 

MastR.  
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A

 

B

 
Figure 3.1.4.2: T74A MastR chloride titration by visible spectroscopy. (A) Difference spectra 

relative to the absence of chloride are shown. The proteins are solubilized and kept at pH 6, 

buffered by 50 mM Na2SO4, 10 mM MES, 0.05% DDM, pH 6. The concentration of NaCl was 

adjusted using 2M NaCl and corrected for dilution. (B) Sigmoidal fit of the maximal amplitude 

of the difference spectrum. The chloride affinity constant is approximately 85 mM. 

 

A 

 

B 

 
Figure 3.1.4.3: Flash Photolysis of T74A E. coli membranes encased in polyacrylamide gels 

(A) WT-like chloride dependence; buffered by 50 mM MES, 50 mM KH2PO4, and various 

concentrations of NaCl at pH 6. (B) Photocycle of the chloride bound and chloride free forms. 

Buffered by 50 mM MES, 50 mM KH2PO4, and 100 mM Na2SO4 or NaCl at pH 6.  
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Figure 3.1.4.4: Comparison of the photocycles of the wild-type MastR (dotted lines) and 

selected mutants in the extracellular half of the protein (solid lines). The proteins are in E. coli 

membranes encased in polyacrylamide gels, measured at pH 6, buffered by 50 mM KH2PO4, 

50 mM MES, 100 mM NaCl, at 22°C. All traces are normalized based on 540 nm difference 

absorption amplitude at 0.7 ms time point. (A) T74A; (B) E192A; (C) T193A; (D) T197A.  

 

Next, we explored three conserved polar residues on the extracellular side of MastR, 

which could be conceivably involved in regulation of chloride transport, Glu-192, Thr-193, and 

Thr-197 (Figure 7.1.2.1). Thr-193 and Thr-197 are located on the same helical face (helix G, 

Figure 3.1.4.1), and are conserved in HRs, suggesting their possible involvement in the chloride 

uptake pathway. Nevertheless, T193A and T197A mutants displayed virtually wild-type-like 

photocycles (see Figure 3.1.4.4) suggesting that these threonines do not play any major role in 

chloride conductance, even though one should keep in mind that chloride ions tend to form 

multiple hydrogen bonds so that single mutations do not always have strong effects on their 

coordination. Glu-192 is not conserved in HRs, but is a homolog of Glu-204 of BR, whose 

protonation state was shown to greatly affect chloride transport in the D85T mutant of BR via an 
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electrostatic coupling.174 Replacement of Glu-204 in the chloride-transporting BR mutant 

(D85T/E204Q) resulted in dramatic acceleration of the O intermediate decay at neutral pH, 

which was interpreted as a coupling of reprotonation of Glu-204 with chloride uptake on the 

extracellular side. The E192A mutant of MastR does not show the same behaviour, displaying a 

shift of the N/O equilibrium towards N and an accompanying delay of the photocycle turnover 

(Figure 3.1.4.4B). This could be interpreted as a lack of transient deprotonation of Glu-192 in the 

photocycle of MastR along with participation of the protonated Glu-192 sidechain in chloride 

coordination during its uptake.  

 

Lastly, we investigated the roles of a number of polar residues on the cytoplasmic side of 

MastR: the motif-forming Asp-85, its putative hydrogen-bonding partner Asn-39 (see the FTIR 

evidence above), as well as conserved His-166, Ser-211, and Thr-214 (Figure 7.1.2.1). Ser-211 

and Thr-214 are located on the cytoplasmic end of helix G (Figure 3.1.4.1), with Ser-211 being 

uniquely conserved in cyanobacterial anion pumps (non-polar in BR and HRs), while Thr-214 is 

shared with BR (homologous to its Ser-226). One could expect that these residues may form a 

part of the chloride release pathway, especially considering the known effect of Ser-226 on the 

cytoplasmic proton conduction in BR.286,305 The photocycles of S211A and T214A (Figure 

3.1.4.5) are very similar to each other and differ from the photocycle of the wild-type by a 

greater apparent accumulation of the O state and slightly faster photocycle turnover, but are not 

dramatically different otherwise. This suggests that neither Ser-211 nor Thr-214 are crucially 

important for chloride transport. The opposite can be stated for His-166, the homolog of Thr-203 

of HsHR (Thr-218 of NpHR), which was strongly implicated (along with Arg-200 in HsHR and 

Lys-215 of NpHR) in the chloride release mechanism.148,171,176 Arg-200 of HsHR is not 

conserved in cyanobacterial anion pumps, while Thr-203 is present as histidine (His-166 in 

MastR) and is expected to have an effect on chloride release. Indeed, the photocycle of the 

H166A MastR mutant is highly perturbed (Figure 3.1.4.5B), showing a very slow decay of the 

L2 and N intermediates, which prolongs the photocycle turnover into the seconds time range (by 

about 2 orders of magnitude, τ~3.8 s). This implies a strong involvement of His-166 in the 

internal chloride translocation and chloride release to the cytoplasmic bulk, consistent with the 

expectations from the roles of the homologous threonines in HRs. On the other hand, the role of 

His-166 could be also a structural one, as it is located one helical turn from the mechanistically 
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important tryptophan in helix F (homolog of Trp-182 of BR),306,307 as suggested by modelling 

(Figure 3.1.4.1). It is not clear why cyanobacterial anion pumps employ a single histidine in 

place of the Arg/Lys-Thr pair of HRs, but it points to the uniqueness of this microbial rhodopsin 

group and confirms its likely evolutionary independence from HRs. Replacement of another 

conserved residue in the cytoplasmic channel, Asn-39, which is the likely hydrogen-bonding 

partner of Asp-85 (see above), shows an interesting phenotype (Figure 3.1.4.5A). From the 

earlier (compared to the wild-type) accumulation of the O state, one could argue that the L → 

N/O transition in the N39A mutant occurs faster, either due to the changed hydrogen-bonding 

pattern affecting chloride translocation or due to the weaker interhelical hydrogen bonding, 

which allows for a faster conformational change. On the other hand, the subsequent decay of 

MastR’ is delayed, which parallels the situation in the homologous mutant of BR, T46V, in 

which the M state decay is accelerated but the N intermediate decay is dramatically 

retarded.286,308 
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Figure 3.1.4.5: Comparison of the photocycles of the wild-type MastR (dotted lines) and 

selected mutants in the cytoplasmic half of the protein (solid lines). The proteins are in E. coli 

membranes encased in polyacrylamide gels, measured at pH 6, buffered by 50 mM KH2PO4, 

50 mM MES, 100 mM NaCl, at 22°C. All traces are normalized based on 540 nm difference 

absorption amplitude at 0.7 ms time point. (A) N39A; (B) H166A, note the different time 

scale; (C) S211A; (D) T214A.  

 

Finally, the most intriguing question which could be addressed by site-directed 

mutagenesis is the role of the motif-forming Asp-85, which was shown to transiently deprotonate 

in the photocycle of MastR (see above, Figure 3.1.3.5). It is not obvious what to expect, as, on 

the one hand, according to our FTIR data, Asp-85 showed a robust deprotonation lasting from 

the L2 intermediate until the end of the photocycle, however, on the other hand, this residue is 

not conserved in the cyanobacterial anion pumps group (also present as Val, Ile, Leu) and its 

replacement does not impair the chloride transport.39 Indeed, the photocycle of the D85I mutant 

(as well as the D85N mutant, see Figure 7.1.2.5) of MastR (Figure 3.1.4.6) is not highly 

perturbed (isoleucine was chosen to replace aspartate to mimic the replacement observed in the 

group, Figure 7.1.2.1). We observed some shift in the N/O equilibrium resulting in a larger 

accumulation of the N state and the accompanying modest delay in the photocycle turnover, but 

the photocycle is not strongly changed otherwise (Figure 3.1.4.6A). Likewise, the chloride-

dependence of the photocycle kinetics of the D85I mutant are very similar to that of the wild-

type MastR (Figure 3.1.4.6B). In view of this, we tried to find conditions under which an effect 

of the negative charge of transiently deprotonated Asp-85 would become obvious. The presence 

of negative charge in the homologous position of BR (Asp-96) was shown to stabilize 13-cis 

states with protonated Schiff base (the N-like states),286,309 and the 13-cis conformation of retinal 

detected in the MastR’ state (Figure 3.1.3.4) suggests that this is the case for MastR as well. 
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Figure 3.1.4.6: Comparison of the photocycles of the wild-type MastR and its D85I mutant. 

The proteins are in E. coli membranes encased in polyacrylamide gels, measured at 22°C. All 

traces are normalized based on 540 nm difference absorption amplitude at 0.7 ms time point. 

(A) The photocycles of the wild-type (dotted lines) and the D85I mutant (solid lines) at pH 6, 

buffered by 50 mM KH2PO4, 50 mM MES, 100 mM NaCl; (B) Chloride-dependence of the 

D85I photocycle at pH 6, NaCl concentrations as indicated, other conditions as in A); (C) pH-

dependence of the wild-type photocycle, measured in 2.5 M NaCl, 50 mM MES, 50 mM 

KH2PO4, 50 mM CHES; (D) pH-dependence of the D85I photocycle, conditions as in C).  

 

Thus, we hypothesized that under conditions where the reprotonation of Asp-85 becomes 

rate-limiting, the photocycle turnover should be greatly delayed. This is exactly what we 

observed at pH 9 in the wild-type photocycle (Figure 3.1.4.6C), which shows large delay of the 

MastR’ decay (more than one order of magnitude) without any effect on the other photocycle 

steps. Strikingly, this effect is completely eliminated in the D85I mutant (Figure 3.1.4.6D), 

which confirms that the reprotonation of Asp-85 is required for the completion of the photocycle. 

But what could be the possible significance of the transient deprotonation of Asp-85 in the 



 

113 
 

photocycle of MastR? While coordination of chloride and proton movements is known for HRs 

and chloride-transporting mutants of BR,174,182,183,296 the deprotonation of Asp-85 is clearly not 

required for the chloride transport, as obvious from the D85I mutant behavior (and earlier 

chloride transport experiments with D85N).39 There is an alternative explanation on the utility of 

conserving an aspartate in this position, which seems to be ancestral judging from a large number 

of the group members preserving it (Figure 7.1.2.1). We speculate that unlike haloarchaeal HRs, 

cyanobacterial anion pumps are likely to transport chloride against a very significant 

electrochemical gradient, and in this process, the anionic aspartate may prevent the backflow of 

chloride ions in the transiently cytoplasmically open conformation. 

 

By combining the data from flash-photolysis, vibrational spectroscopy, and site-directed 

mutagenesis, we came up with the following tentative model of the photocycle, with molecular 

events in each step summarized in Figure 3.1.4.7.  

 

 
Figure 3.1.4.7: Tentative model of the photocycle, with molecular events in each step 

summarized. 

 

The L1 intermediate likely reflects an initial translocation of chloride ion from the 

T74/S78/Schiff base binding site towards the cytoplasmic side. We observe the 13-cis 

conformation of retinal and perturbation of the Schiff base, accompanied by the protein 

conformational change as can be deduced from the changes in vibrations of cysteines, lipid 

molecules, and water clusters. The conformational changes propagate further in the L2 state, as 

reported by changed vibrations of Asn and Arg residues along with further enhancement of Cys 

bands, causing deprotonation of Asp-85 which creates negative charge in the cytoplasmic 

channel. We believe that the appearance of this negative charge promotes a chloride ion release 

to the cytoplasmic bulk in the next step (transition from the L2 state to the N/O mixture), and we 
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see reversal of some of the earlier conformational changes (relaxation of the lipid signals, as well 

as the signals of Asn, and water clusters) along with perturbation of the backbone amide 

reflecting this event. Alternatively, chloride ion release could occur in the same step as the 

proton release, concurrently with Asp-85 deprotonation. The N to O transition is probably 

accompanied by chloride uptake on the extracellular side, as follows from the chloride-

dependence of the N/O equilibrium. The final relaxation of protein conformation occurs in the 

MastR’ to MastR transition, in which Asp-85 gets reprotonated, retinal re-isomerizes back to all-

trans, and cysteine and arginine perturbations disappear. Importantly, we showed that the 

reprotonation of Asp-85 is a prerequisite for the photocycle completion. We believe that the 

transient deprotonation of Asp-85 may be an important regulatory mechanism which makes 

chloride transport against large electrochemical gradients more favourable energetically. 

 

3.2. AntR project 

 

With regards to the AntR project, I declare that all samples were prepared primarily by 

myself and in part by Ethan Watt. Additionally, I performed all the experimental work with the 

exception of the following:  

 

The phylogenetic trees of MRs (Figure 3.2.1.1 and Figure 7.3.2.1) and partial sequence 

alignment (Figure 7.3.2.2) were prepared by Leonid S. Brown. I collected the data of the low 

temperature FTIR, however, Yuji Furutani prepared Figure 3.2.4.2B. Difference light-minus-

dark FTIR spectroscopy (Figure 3.2.5.1B) was performed by the Heberle group. BN-PAGE 

(Figure 7.3.2.5) was performed by Rachel Munro. All molecular graphics and molecular 

dynamics simulations (Figure 3.2.1.1, Figure 7.3.2.3, Figure 7.3.2.4, Figure 7.3.1.1, Figure 

7.3.1.2, Figure 7.3.2.9, Figure 7.3.2.10, Figure 7.3.2.11, Figure 7.3.2.12, Figure 7.3.2.13, Figure 

7.3.2.14, Figure 7.3.2.15, Figure 7.3.2.16, Figure 7.3.2.17, and Figure 7.3.2.18) were performed 

by the Bondar group. 

 

The work contained in this chapter is reprinted (adapted) with permission from (Harris, 

A. Lazaratos, M., Siemers, M., Watt, E., Hoang, A., Tomida, S., Schubert, L., Saita, M., Heberle, 

J., Furutani, Y., Kandori, H., Bondar, A-N., and Brown, L. S., Mechanism of Inward Proton 
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Transport in an Antarctic Microbial Rhodopsin. J. Phys. Chem. B 124, 4851–4872 (2020)). 

Copyright (2020) American Chemical Society.  

 

3.2.1. Bioinformatic identification of the new group of Antarctic microbial rhodopsins 

 

A new group of inward-directed proton-pumping rhodopsins, which were found in 

Antarctic freshwater lakes through metagenomic analysis (AntRs) are characterized in this 

chapter. We focus on a representative member of this new group (referred to as AntR) from Lake 

Fryxell. It should be noted that a second member of the group (Ga0105045_101545432) was also 

expressed but its characterization was eventually abandoned due to the far superior level of 

expression of AntR. Lake Fryxell is permanently covered with several meters of ice but contains 

various light-harvesting microorganisms such as cyanobacteria and algae, forming mats.310,311 At 

depths between 5–15 m, the pH of the lake is slightly basic, between 7.3 and 8.3, comparable to 

marine pH.312 AntRs form a new microbial rhodopsin subgroup, clustering with the recently 

found archaeal schizorhodopsins (SzRs), named according to their intermediate position between 

heliorhodopsins and other microbial rhodopsins (see 1.1.11).204 AntRs and SzRs are closely 

related and share a similar sequence, including the helix C motif which is F-S-E/D/H for SzRs 

and F/L/M-S-E/Q for AntRs.204 Key residues (AntR numbering) are also conserved such as Glu-

81, Cys-75, and Asp-185 (see Figure 7.3.2.2). 

 

AntRs are phylogenetically distinct from XeRs (Figure 3.2.1.1). Unlike XeRs, which 

have only one counterion carboxylate on helix C, AntRs –and archaeal SzRs– have a mirror-

image location of the counterion carboxylate, on helix G. In place of the missing counterion 

carboxylate of helix C, AntRs have hydrophobic groups. Indeed, AntRs are the first group of 

proton-pumping microbial rhodopsins with a hydrophobic residue occupying the helix C proton 

acceptor position. The strong asymmetry in the electrostatic environment of the SB either at the 

helix C or the helix G side is likely to govern the path followed by the retinal Schiff base during 

deprotonation. 

 

 The new group of Antarctic microbial rhodopsins was identified by surveying genes 

annotated as rhodopsins in the Antarctic lakes metagenomes publicly available in the IMG/M 



 

116 
 

database of DOE JGI.255 One of the metagenomic datasets came from Lake Fryxell (Project ID 

Ga0105045, Freshwater microbial communities from Lake Fryxell liftoff mats and glacier 

meltwater in Antarctica) and contained a large variety of microbial rhodopsin genes. It has depth 

gradients of pH, nutrients, and salinity, with pH near the ice surface of around 8.3.312  

 

A cursory look at the phylogenetic tree of rhodopsin genes present in this metagenome (see 

Figure 7.3.2.1) and their amino acid sequences, indicated that it contains many known groups of 

proton and sodium pumping rhodopsins from Cyanobacteria, Proteobacteria, Actinobacteria, 

Bacteroidetes, and others (including homologs of GPR, Xanthorhodopsin (XR), 

Exiguobacterium rhodopsin (ESR), Gloeobacter rhodopsin (GR), NDQ rhodopsins, and XeRs). 

We noticed a new group of rhodopsins, which we called AntRs, that was clearly distinct from all 

microbial rhodopsin subgroups known in the literature at that time, with unique primary structure 

containing unusual polar residues in the transmembrane region, lacking the carboxylic proton 

acceptor in helix C, and featuring a conserved helix C Cys residue typical for channelrhodopsins 

(part of the so-called DC gate)33,313 (see Figure 7.3.2.2).  

 

We expanded the search for homologs of the Lake Fryxell AntRs to other metagenomes 

from Antarctic lakes (Fryxell, Bonney, Vanda, Deep, Ace, and Rauer Islands) of various salinity 

and pH, and found a large number of additional AntR sequences of varying completeness, many 

encoding full-length proteins. There is no consistent genomic context allowing taxonomic 

identification of AntRs hosts, which, along with significant sequence variability, suggest 

multiple hosts, possibly as a result of extensive lateral gene transfer. The gene encoding the 

representative member of this new group (simply called AntR for the sake of brevity), which is 

experimentally and computationally characterized in this work, was found in Lake Fryxell 

(Ga0105045_102227662). 
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A 

 

 
Figure 3.2.1.1: Phylogeny and structure of AntR. (A) Unrooted phylogenetic tree of selected 

microbial rhodopsin sequences showing the position of AntRs found in the Antarctic lakes 

metagenomes available in the IMG/M database of DOE JGI255 relative to other major groups. 

AntRs are highlighted by yellow circles, with the AntR studied in this paper marked with a red 

arrow. The sequences were aligned using CLUSTALO258 and the phylogenetic tree was 

visualized by Dendroscope.314 (B-C) Schematic representation of groups essential for the 

outward proton pump BR and the corresponding groups in AntR. (B) Molecular graphics of 

BR based on crystal structure PDB ID: 1C3W.315 The retinal SB is within short distance from 

two negatively charged carboxylate groups, D85 and D212, denoted as the counterions. D85, 
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T89, and D96 of helix C are part of the DTD motif. Hydroxyl-carboxylate inter-helical H-

bonds as those between T46 and D96, and between T90 and D115, are often observed in 

membrane transporters and signalling receptors.298,316,317 (C) Corresponding amino acid 

residues of AntR based on a homology model (see text). Unless specified otherwise, all 

molecular graphics were prepared with Visual Molecular Dynamics, VMD.297  

 

 Taking sequences of all full-length AntR homologs found this way and aligning them 

with sequences of TM domains of representatives of all major groups of microbial rhodopsins 

creates the phylogenetic tree (Figure 3.2.1.1), which clearly shows that AntRs cluster together 

with recently discovered archaeal SzRs,204 but form distinct branches.  

 

This new group of rhodopsins has siginificant polar stretches featuring unique conserved 

residues in the predicted transmembrane regions on both sides of retinal, especially near the 

membrane surface (Figure 7.3.2.2). Important examples include replacement of BR’s residue 

Ala-44 by Asn in AntR, Ala-53 by Thr, Met-56 by Ser, Leu-62 by Glu or Gln, Ala-81 by Thr or 

Ser, Leu-95 by Tyr, Leu-99 by Arg, Lys, or Asn, Val1-77 by Tyr, Phe-208 by Tyr, and Gly-220 

by Tyr.  

 

As Asp-85 of BR is replaced by a hydrophobic group in AntR, only the helix G half of 

the complex carboxylic counterion is present (Asp-185 in AntR). A truncated counterion is also 

observed in XeRs, but there it is the helix G half of the counterion that is missing. Further 

important differences between sequences of AntR and those of other microbial pump rhodopsins 

is that the helix G counterion of AntR lacks a hydrogen-bonding partner on helix F (Tyr-185 in 

BR) and, unlike BR but similar to SzRs,204 a Trp group that flanks retinal in BR (Trp-86) is 

present as Tyr in AntR.  

 

Cys-75 on helix C of AntR is homologous to a cysteine conserved in channelrhodopsins 

where it is thought to be important for the function, forming an interhelical DC (Asp-Cys) 

gate.33,313 The proton acceptor partner position is occupied exclusively by serine (Ser-74 in 

AntR) and the donor position is occupied mostly by glutamic acid (Glu-81 in AntR), with 

occasional Asp and Gln. The gating arginine (Arg-82 in BR, which is crucial for the proton 
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release)318 is conserved in all AntRs (Arg-67 in AntR). Only one of the members of the 

extracellular proton-releasing complex of BR319,320 (homolog of Glu-194) is conserved as a 

carboxylic acid (Asp-167 in AntR). 

 

Taken together, our analyses of sequences of AntR and other microbial rhodopsins reveal 

major differences in the amino acid composition, with an overall larger number of charged and 

polar groups in AntR as compared to BR, and with amino acid substitutions that alter the ability 

of sidechains at key positions to engage in hydrogen bonding or participate in proton transfer.  

 

3.2.2. Active inward proton transport by AntR 

 

 
Figure 3.2.2.1: Ion transport assays of whole E. coli cells expressing AntR in unbuffered 

suspension containing: 10 mM KCl, 10 mM MgSO4, and 100 µM CaCl2 with and without 10 

μM CCCP (left) and 50 mM NaCl, 10 mM KCl, 100 µM CaCl2, with and without 5 µM 

valinomycin (middle), and 50 mM NaCl, 10 mM KCl, 100 µM CaCl2 (right). The arrows 

indicate when the sample was exposed to yellow (>460 nm) light. To account for the buffering 

capacity of the individual cell suspensions, the change in voltage in response to 10 μL 0.1 M 

HCl was used to produce calibrations shown as bars in the figure at right.  

 

In order to test the function of the AntRs group, ion transport assays were performed on 

whole E. coli cells expressing AntR by observing pH changes upon illumination of the 

unbuffered cell suspension. Under the yellow light, robust reversible alkalinisation of the media 

was observed, suggesting inward transport of protons (Figure 3.2.2.1). Consistent with the idea 

of a primary transport of protons, it was also found that the transport rate is invariant to the 

presence of magnesium, potassium, sulfate, chloride, and sodium ions (data not shown). The 
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abolishment of the light-induced pH increase by the protonophore CCCP (Figure 3.2.2.1A) 

indicates that the proton transport in the cytoplasmic direction is active, rather than passive. A 

similar experiment was performed with valinomycin, a neutral ionophore which destroys the 

membrane potential gradient. The signal is not affected by valinomycin (Figure 3.2.2.1B), which 

suggests that AntR is not a channel (despite the presence of helix C Cys-75 conserved in 

channelrhodopsins), but rather a pump which is capable of transporting protons against a 

membrane gradient (or in the absence of a membrane gradient). In contrast to SzR,37 the 

transport rate is pH dependent, and efficiency (corrected for buffer capacity changes and the 

baseline drift) improves at higher pH. At pH 6, a transport rate of 0.10 H+/protein/s was detected, 

compared to 0.23 H+/protein/s at pH 7, and 0.36 H+/protein/s at pH 8. This result suggests that 

only alkaline species of AntR are active in proton transport, which makes sense in view of the 

alkaline pH of its host’s habitat. 

 

3.2.3. Basic properties of AntR 

 

To understand the mechanism of observed inward proton transport, we explored 

photochemical properties of E. coli-expressed wild-type AntR and its mutants, in combination 

with the extensive MD simulations and advanced analyses of H-bonded networks based on 

graphs and centrality measures.  

 

In the first step, we studied basic spectroscopic characteristics of wild-type AntR in E. 

coli membrane fragments. We find AntR has a typical, broad rhodopsin absorption spectrum, 

with dark-adapted λmax at ~556 nm at the environmental pH of ~8 (Figure 3.2.3.1A). A surprising 

observation from these measurements is that when the pH is lowered from 9 to 3, AntR 

undergoes a blue shift from 558 nm to 538 nm, showing a titration curve with the mid-point at 

pH ~6 (Figure 3.2.3.1B). By contrast, the typical behaviour of outward proton pumps is a red 

shift originating from the Schiff base counterion protonation320 when the pH is reduced. Even in 

SzRs, in which retinal binding pocket electrostatics are similar, the typical red shift was 

observed.37 This suggest that the cause of the blue shift in AntR has different origins, which will 

become clear below. 
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Figure 3.2.3.1: AntR pH titration. Visible light absorption spectra of dark-adapted AntR E. coli 

membranes in the presence of 50 mM potassium acetate, KH2PO4, MES, CHES, TRIS, NaCl at 

various pH values. Absorption spectra normalized at the maxima (A), sigmoidal fit of the 

titration of absorption maximum position (B).  
 

HPLC analysis of retinal extracts obtained at different pH values (Figure 3.2.3.2) together 

with FT-Raman spectroscopy results (Figure 3.2.3.3) indicate that this pH-induced spectral shift 

is associated with dramatic changes in the isomeric composition of the dark state of AntR. The 

isomeric composition changes from being all-trans-retinal dominant at alkaline pH to 

predominantly 13-cis-retinal at acidic pH, both in the dark-adapted and light-adapted states 

(Figure 3.2.3.2). Such a change in the retinal isomeric composition could explain the unusual 

blue shift of the absorption maximum at low pH, as 13-cis-retinal species of microbial 

rhodopsins normally absorb at shorter wavelength than their all-trans-retinal counterparts.  

 

FT-Raman spectroscopy performed on AntR proteoliposomes hydrated with either H2O 

or D2O confirms the HPLC results (Figure 3.2.3.3), as can be judged from the fingerprint C-C 

stretching vibrations region (typical all-trans-retinal bands at 1213, 1199, and 1164 cm-1 at 

higher pH, with strong 1179 cm-1 peak typical for 13-cis species appearing at lower pH).232 The 

acidic 13-cis species have 13-cis-15-syn retinal, as can be inferred from the characteristic pattern 

of H/D band shifts,309,321 from 1164 to 1212 cm-1 and from 801 to 813 cm-1. Taken together with 

the dark-adapted isomeric content titration, the FT-Raman spectroscopy data suggest that all-
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trans-AntR could be the species responsible for the observed inward proton transport, which is 

weakened at acidic pH due to accumulation of inactive 13-cis-15-syn-species. 

 

 
Figure 3.2.3.2: HPLC of retinal extracted from dark-adapted (black) and light-adapted (red) 

AntR proteoliposomes at pH 9: 2 mM CHES, pH 6: 2 mM MES, pH 3: 2 mM trisodium citrate 

dihydrate. 

  

A 

 

B 

 
Figure 3.2.3.3: Raman spectra of AntR in proteoliposomes: (A) pH 4, pD 4: hydrated with 5 

mM NaCl, 10 mM potassium acetate; (B) pH 8, pD 8: hydrated with 5 mM NaCl, 10 mM 

TRIS. 

 

Raman spectroscopy also provides a glimpse into the SB environment (Figure 3.2.3.3). 

The C=N stretching vibration of the SB is at 1641 cm-1, similar to that in BR.232 The frequency 

shift of this band between H2O and D2O has been well described as a measure of the hydrogen 

bonding strength of the SB.264,265,322 In AntR, the C=N stretch shifts from 1641 cm-1 to 1615 cm-1 
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in D2O (Δν = 26 cm-1, as compared to Δν = 14 cm-1 in BR). This suggests hydrogen bonding of 

the SB is quite strong, similar to that of another inward proton pump, PoXeR (Δν = 20 cm-1).203 

We suggest that the SB might H-bond directly to Asp-185. 

 

Titration of Asp-185 could be responsible for the shift in color and the isomeric 

composition at low pH, similar to the effects of protonation of Asp-85 in BR.309,320 To verify this 

idea, we mutated Asp-185 to Asn and Glu, but only the D185E mutant could be expressed. The 

D185E mutant showed a very distinct phenotype (Figure 3.2.3.4). The absorption spectrum of 

dark-adapted D185E at alkaline pH is dramatically red-shifted by 41 nm relative to the wild-

type. The strong red shift can be observed in the difference spectrum (Figure 3.2.3.4B) where the 

negative peak at pH 9 is centered near 600 nm. The absolute spectrum of the dark adapted 

D185E mutant experiences a 17 nm blue shift upon acidification (from 599 to 582 nm), similar 

to wild-type AntR, but with a lower pKa (~4.3 vs. ~6), suggesting that Asp-185 titration may 

indeed be responsible for the pH-dependent color and isomeric content change. The alkaline 

species of D185E accumulate extremely long-living M-like products upon illumination, 

consistent with the decreased pKa of the Schiff base. The latter is confirmed by the apparent 

titration of the Schiff base in the dark (with pKa of ~10.4), as indicated by accumulation of 

species absorbing at ~410 nm. 

 

 
Figure 3.2.3.4: pH titration and photochemistry of the D185E mutant of AntR. (A) Visible 

absorption spectra of the D185E mutant at various pH values, normalized to the absorbance at 

the maximum in the 550-610 nm range; (B) Accumulation of the slowly decaying M 

intermediate after 1 min irradiation with white light. Buffers used were 50 mM NaCl, 
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potassium acetate, potassium phosphate, MES, TRIS, CHES for the pH range of 2-10 and 50 

mM NaCl, potassium acetate, potassium phosphate, MES, TRIS, CHES, CAPS for pH 11. The 

light adapted spectra were collected within 45 s after illumination.  

 

A 

 

B

 

C

 

D

 
Figure 3.2.3.5: Light- and dark- adaptation of AntR. (A-C) Spectra of light-adapted and dark-

adapted AntR in E. coli membranes encased in polyacrylamide gels in 50 mM NaCl, 25 mM 

MES, CHES, KH2PO4 at pH 3 (A), 50 mM NaCl, 25 mM sodium citrate dihydrate, MES, 

CHES at pH 6 (B) and pH 9 (C). The light-adapted samples were illuminated for 1 minute 

using white light. (D) Kinetics of the dark adaptation presented as the normalized absorbance 

changes of AntR in E. coli membranes in 50 mM NaCl, MES, TRIS, CHES buffer measured at 

560 nm after illumination with yellow (>460 nm) light. The time constants for the absorption 

change decay are from single exponential approximations.  
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While the isomeric composition of AntR seems to be largely uniform and not strongly 

affected by light-adaptation at the pH extremes (Figure 3.2.3.2), the situation is completely 

different at neutral pH. In agreement with the visible spectrum titration curve (Figure 3.2.3.1), at 

pH 6-7, dark-adapted AntR exists as a mixture of states with all-trans and 13-cis-15-syn-retinal, 

which shifts towards a larger fraction of 13-cis-15-syn-state upon light-adaptation (Figure 

3.2.3.2). This is reflected in the characteristic illumination-induced blue shift of the visible 

absorption spectrum, which is pronounced at pH 6, but not at pH 3 and 9 (Figure 3.2.3.5A-C).  

 

The dark-adaptation of AntR results in accumulation of the all-trans- species and its rate is 

markedly pH-dependent (Figure 3.2.3.5D). The dark-adaptation is fast at alkaline pH and 

becomes very slow at lower pH values, with characteristic times ranging from 38 s at pH 9 to 

129 min at pH 6. This trend is opposite to what is observed for BR, in which much faster dark 

adaptation at low pH was ascribed to titration of the proton acceptor Asp-85.147 The unusual 

directions of the light- and dark-adaptation of AntR, opposite to those in BR, are reminiscent of 

the behaviour of ASR, which also shows accumulation of 13-cis-retinal species upon light-

adaptation and all-trans-retinal species upon dark-adaptation, the latter with markedly pH-

dependent kinetics accelerated at alkaline pH values.127,132,134 But, unlike ASR,132 AntR has pH-

dependent isomeric content of the dark-adapted state. 

 

The similarity between the light- and dark-adaptation of AntR and ASR at neutral pH 

poses the questions whether AntR should be also photochromically bistable, and whether its 

isomeric content could be regulated by the wavelength of applied illumination.  

 

We find this is indeed the case at near neutral pH (but not at strongly acidic and alkaline 

pH, in contrast to ASR), as can be demonstrated by the visible range and difference FTIR 

spectroscopies (Figure 3.2.3.6). The difference FTIR spectra between AntR samples after red 

(>560 nm) and blue (<480 nm) illumination clearly show the expected retinal isomerization 

(Figure 3.2.3.6B), and are similar to those observed for the light-adaptation of ASR and the dark-

adaptation of BR.323,324 Peaks corresponding to the all-trans-retinal are negative (1248, 1198, 

1163 cm-1), and the fingerprint peak corresponding to 13-cis-retinal is positive (1178 cm-1). The 

positive peak at 1333 cm-1 has been previously assigned to 13-cis-15-syn-retinal.  
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Taken together, the observations summarized above indicate that at neutral pH, more of 

all-trans-retinal is accumulated under illumination with blue light, and more of 13-cis-15-syn-

retinal is accumulated when illuminated with red light, which confirms bistability of AntR. The 

SB perturbation at 1639 cm-1, a strong unassigned negative peak at 1444 cm-1 (also observed in 

SzR)37 which disappears in D2O (Figure 7.3.2.6, Figure 7.3.2.19), as well as a negative peak at 

1741 cm-1, are other noteworthy features of the trans-to-cis photoconversion. The latter negative 

peak could be a carboxylic acid deprotonation; however, because it remains unaltered in D2O 

(Figure 7.3.2.6), this peak more likely arises from lipid ester perturbations.  

 

We verified that transitions between the metastable all-trans- and 13-cis-15-syn- states of 

AntR are not accompanied by the net proton release or uptake by performing yellow light 

illumination in unbuffered solution with 5 mM NaCl, and 100 μM pH indicator pyranine, which 

showed no spectral changes associated with acidification or alkalization of the medium (Figure 

7.3.2.7). 

 

 
Figure 3.2.3.6: AntR bistability observed through visible and infrared spectroscopy. (A) 

Bistability of AntR in E. coli membranes in the presence of 50 mM NaCl, potassium acetate, 

KH2PO4, MES, TRIS, CHES at pH 6 measured by visible range spectroscopy. 542 nm and 547 

nm indicate λmax of the red and blue light adapted samples, respectively. (B) AntR 

proteoliposomes at pH 7 measured by difference FTIR spectroscopy. The difference spectrum 

is the result of subtracting the averaged spectra of blue light (<480 nm) adapted samples from 

those of the red light (>560 nm) adapted samples.  
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The pH-dependence of AntR bistability we observe may originate from a combination of 

pH-dependence of the dark-adaptation rate with pH-dependent branching of the photochemical 

cycles of all-trans- and/or 13-cis-AntR, in which a fraction of the photointermediates returns to 

its original parent state, while the complementary fraction is converted to the other stable isomer. 

In ASR, the latter fraction was found to be close to 100% for both cycles, resulting in full 

photochromicity, while in another xenorhodopsin, PoXer, it is closer to 50% in the all-trans-

cycle, and is close to 0% in many other rhodopsins.134,135 It is possible that AntR displays a 

variable pH-dependent ratio of branching in the photocycle of one or both of its isomers, as will 

be further discussed below. 

 

In order to understand the oligomeric structure of AntR, a BN-PAGE experiment was 

conducted. Results suggest that AntR organizes in higher order oligomers, possibly pentamers or 

hexamers (see Figure 7.3.2.5). Collaborators from the University of Toronto were sent the AntR 

plasmid and were successful in growing AntR crystals (the X-ray structure is forthcoming). 

Interestingly, they reported that the micellar size is pH dependent and so is the oligomeric state; 

at low pH they observed trimers and at high pH they observed hexamers (personal 

communication with J. Besaw, S. Peng,  and O. Ernst), consistent with our BN-PAGE results.  

 

3.2.4. Photochemical cycles of AntR isomers 

 

Low-temperature difference FTIR and visible spectroscopies performed at the alkaline 

and acidic pH values further confirm the distinct nature of the all-trans- and 13-cis-15-syn-AntR 

species accumulated under these respective conditions (Figure 3.2.4.1). Their early photocycle 

bathointermediates (K-like states) stabilized at 130 K have red-shifted absorption maxima 

compared to the dark state (Figure 3.2.4.1A). The expected corresponding downshift in the 

ethylenic stretch band in FTIR spectra was observed in the pH 3 spectrum but not at pH 9 

(Figure 3.2.4.1B), similar to ASR and PoXeR.125,203 

 

In the fingerprint region of the pH 9 sample spectrum, the presence of negative peaks at 

1249, 1200, and 1165 cm-1 corresponds to the disappearance of the all-trans dark state and 
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positive peaks at 1193 and 1185 cm-1 correspond to the appearance of the respective early 

intermediate(s) (with 13-cis-retinal); also similar to all-trans-ASR.325 The presence of the 1193 

and 1185 cm-1 doublet along with the strong positive peak at 1157 cm-1 may suggest that the 

accumulated intermediate has some features of the later L-like state (preceding the SB 

deprotonation) and should be called KL rather than K.86,288  

 

In the spectra of the pH 3 samples, the negative peak at 1181 cm-1 is a marker of the 13-

cis stable dark state and the positive peaks at 1174, 1200, and 1273 cm-1 are characteristic of the 

respective K intermediate with the all-trans chromophore.125 Many strong hydrogen-out-of-plane 

(HOOP) positive vibration bands can be seen at pH 3 (but not at pH 9) in the 940-1010 cm-1 

range, suggesting that the photoisomerized chromophore is strongly twisted in the 

bathointermediate of the 13-cis-cycle only, similar to ASR.125 The sharp unassigned negative 

peak at 1446 cm-1 that is present in the pH 9 spectrum is not present at pH 3, indicating that it 

originates from the all-trans-cycle (consistent with its observation of the same negative signal in 

the bistability experiments, Figure 3.2.3.6). This unassigned peak was also observed in SzR, 

though the source remains unknown.37 

 

As the negative peak is absent from the D2O (pD 9) spectrum (Figure 3.2.4.2A), it must 

be either a unique signature from retinal atoms close to the Schiff base or, more likely, from an 

H/D exchangeable residue sidechain located close to retinal (e.g., Trp is a possible candidate 

based on the frequency228 and proximity to retinal).  

 

The O-D stretching region of all-trans-AntR (Figure 3.2.4.2B) shows no presence of very 

strongly hydrogen-bonded water molecules near the SB (showing downshift in D218O at <2300 

cm-1), which are typical for outward proton pumps; however, we cannot exclude the presence of 

less strongly bound water at >2400 cm-1. Similarly, no very strongly bound water near the SB 

was observed in schizorhodopsins either, indicating that while it is a prerequisite for outward 

proton transport, it is not a prerequisite for proton transport by MRs, in general. We could also 

tentatively identify N-D stretching vibrations of the protonated Schiff base at 2249 (dark state) 

and 2008 cm-1 (K intermediate). The N-D stretching vibration at 2008 cm−1 suggests that the 

protonated SB hydrogen bonds strongly in the K intermediate of AntR, while the dark state band 
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at 2249 cm−1 suggests that in AntR, the SB forms a weaker hydrogen bond than in BR (at 2171 

cm−1), which may be inconsistent with the interpretation of the hydrogen bond strength inferred 

from the C=N stretching vibrations (see above). 

 

 
Figure 3.2.4.1: Bathointermediates of the all-trans- and 13-cis-15-syn-AntR recorded in AntR 

proteoliposome films: (A) difference light-minus-dark spectra in the visible range at 130K; 

films dried from 2 mM boric acid at pH 9 and 2 mM trisodium citrate dihydrate at pH 3; (B) 

difference light-minus-dark FTIR spectra at 130K; films dried from 2 mM CHES at pH 9 and 

2 mM trisodium citrate dihydrate at pH 3.  

 

A

 

B 
 

 

Figure 3.2.4.2: Low-temperature FTIR of the K intermediate of all-trans AntR. (A) AntR dried 

from 2 mM CHES at pH 9, and rehydrated with 2 μL of 30% glycerol/H2O (v/v) (black line), 

and 30% glycerol/D2O (v/v) (red line), in the protein/retinal vibrations range; (B) the same 
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spectrum taken in D2O and D218O where the films were rehydrated with 2 μL of 30% 

glycerol/D2O (v/v) (red line), and 30% glycerol/D218O (v/v) (blue line), in the water/Schiff 

base vibrations range, putative Schiff base vibrations are labeled.  
 

To further characterize the photocycle of all-trans-AntR we used flash photolysis at pH 9 

(Figure 3.2.4.3A), which is close to physiological conditions. At this pH, AntR is present in 

almost pure all-trans-form (Figure 3.2.3.1 & Figure 3.2.3.2).  

 

We found no variation in the photocycle rates or photointermediate populations 

depending on the presence of chloride, sulfate, sodium, potassium, calcium, or magnesium ions 

(Figure 7.3.2.8), similar to the observations in the transport experiments. Three distinct 

photocycle intermediates could be identified from a full wavelength scan (Figure 3.2.4.4A): the 

red-shifted early K-like intermediate (measured at 620 nm), as well as the L-like (at 460 nm, 

preceding the SB deprotonation), and M-like (at 400 nm, reflecting the SB deprotonation) 

intermediates. Deprotonation of the SB is relatively slow, occurring on the millisecond time 

scale (Figure 3.2.4.3A), similar to ASR and in contrast to outward-directed proton pumps.127,133 

The reprotonation of the Schiff base (M decay) appears to be largely completed in ~200 ms, but 

it is followed by a slow absorption change of low amplitude apparent at 560 nm, causing a long-

lived tail lasting a few seconds. This minor slow change in absorbance must be associated with 

the residual bistability observed at pH 9, where light adaptation produces only a small amount of 

13-cis-15-syn-state, as shown above. Consistent with this idea and reflecting a more pronounced 

accumulation of 13-cis-15-syn-AntR under illumination at lower pH, the photocycle kinetics 

measured at pH 8 (Figure 3.2.4.4B) showed much larger contribution from these slow 

components, as well as the decrease in the M intermediate amplitude and the increase in the 

amplitude of a slowly decaying red-shifted intermediate characteristic for 13-cis-15-syn-

rhodopsin cycles.133,151 

 

 Accordingly, the photocycle of almost pure 13-cis-15-syn-AntR measured at low pH is 

markedly different from the all-trans-cycle (Figure 3.2.4.3B). The photocycle turnover is 

considerably longer and there is no M intermediate present at pH 3. As the dark state absorbance 

maximum is blue shifted (see Figure 3.2.3.1), one does not see the negative signal at 560 nm, 
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which is replaced by the positive signal of a slowly decaying red shifted intermediate (maximally 

observable at 620 nm), reminiscent of the C intermediate found in ASR and BR.133,151 

 

A

 

B 

 
Figure 3.2.4.3: Photocycle kinetics in alkaline and acidic conditions. (A) AntR in E. coli 

membranes in the presence of 50 mM NaCl and 25 mM CHES at pH 9, and (B) 50 mM NaCl, 

potassium acetate, KH2PO4, MES, TRIS, CHES at pH 3. Notice the different X-axis and Y-

axis scales.  
 

A 

 

B

 
Figure 3.2.4.4: Full wavelength scan and pH dependence of AntR photocycle kinetics. (A) 

AntR photocycle measured at multiple wavelengths at pH 9 in 50 mM NaCl and 25 mM 

CHES; (B) Comparison of the photocycle kinetics of AntR measured at characteristic 

wavelengths at pH 8 in 50 mM NaCl, 25 mM TRIS and pH 9, normalized at 560 nm.  
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Interestingly, the C intermediate was also observed in the time-resolved FTIR rapid scan 

experiments performed on the proteoliposome films (see Figure 3.2.4.5). In general, the 

photocycle turnover rate under these conditions is slow, as the signal persists 2 s after the laser 

flash. The negative band at 1741 cm-1 in the static difference FTIR spectra (see Figure 3.2.3.6) is 

not present in the rapid scan spectra. It is also apparent that the spectra represent a mixture of 

states, rather than photointermediates of the pure 13-cis-15-syn- or all-trans-cycles. The film was 

dried from pH 9, however the film was rehydrated by water vapour supplied by a glycerol/H2O 

mixture (rather than direct contact hydration) which occasionally results in difficulties 

controlling the pH. After comparing to other spectroscopic data, the apparent pH is lower, 

probably closer to 7-8. Marker bands for the C-C stretching vibrations were observed; 

characteristic of the all-trans cycle at 1186 cm-1 and characteristic of the 13-cis cycle at 1175 cm-

1.133,253,326 The strongly downshifted ethylenic stretch band (1518 cm-1) is also characteristic of 

the C intermediate and was observed in ASR as well (1523 cm-1).133  

 

 
Figure 3.2.4.5: Rapid Scan of AntR proteoliposomes, dried from 2 mM CHES at pH 9. 

Flashing rate of 0.0083 Hz was used, corresponding to a period of 120 s between laser flashes.  
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Taken together, the results of static and kinetic spectroscopies and ion transport assays 

conducted at different pH values have led to the following putative model of the photocycles of 

AntR isomers (Figure 3.2.4.6). AntR has ASR-like branched photocycles134 resulting in pH-

dependent bistability. The pH-dependent branching is clearly present in the 13-cis cycle, and its 

disappearance at acidic pH results in AntR being locked in the 13-cis-state and corresponding 

dominance of the 13-cis-cycle (slow and lacking proton transport) at low pH. On the contrary, 

fast dark adaptation (from 13-cis-15-syn to all-trans-state), possibly together with the pH-

dependent branching in the trans-cycle, results in the dominance of the all-trans-cycle (faster, 

and active in the inward proton transport) at high pH. Similar to the branched photocycle model 

of ASR, we propose that the branching in the all-trans cycle must occur after the M intermediate, 

which is further supported by the C75A mutant phenotype, which shows strong accumulation of 

the slowly decaying M intermediate (see below).  

 

 
Figure 3.2.4.6: Diagram showing putative photocycles of the all-trans- and 13-cis-15-syn-

AntR. Here, the branching is shown using the dotted lines from the M intermediate to the 13-

cis-15-syn- and from the C intermediate to the all-trans-cycle.  

 

3.2.5. Site-directed mutagenesis of AntR to probe proton transfer pathways 

 

Following the results of sequence comparison, structure homology modelling, and 

analyses of the hydrogen-bonded networks, we produced several key site-directed mutants and 

compared their photochemical properties with those of the wild-type AntR. As summarized 
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below, the site-directed mutagenesis experiments allowed us to identify several amino acid 

residues essential for the inward proton-pumping activity of AntR. 

 

The C75A mutant might use a double-photon transport mechanism, and Cys-75 of wild-

type AntR could be directly involved in proton transfer 
 

 While Cys-75 has not been implicated in participation in the stable hydrogen-bonded 

networks, the presence and conservation of this residue (Figure 7.3.2.2) is typical for 

channelrhodopsins (ChRs). In ChR2, experiments suggested that interactions between Cys-128 

and Asp-156 form the DC gate that bridges helices C and D in the dark state, and prohibits 

conductivity.313,327 It is possible to prolong the conductive state of ChRs by replacing the DC 

gate Cys with another amino acid residue, e.g., the lifetime of the conductive state is prolonged 

by 4x103 for the C128A mutant of ChR2.327 

 

We find that the replacement of the homologous cysteine in AntR (in the C75A mutant) 

results in a similar delay in the decay of the M intermediate (Figure 3.2.5.1A), despite the 

absence of its aspartic partner on helix D. At pH 9, the characteristic time of the M intermediate 

decay was approximated to be ~560 s, compared to the approximate time constant of ~20 ms of 

the WT (Figure 3.2.4.3A), making it observable in static UV-Vis spectroscopy. The M 

intermediate decay becomes faster at lower pH (e.g., τ ~190 s at pH 8) resulting in its lower 

accumulation (Figure 3.2.5.2A).  

 

Despite the slow decay of the M intermediate, C75A is still functional as an inward 

proton pump when irradiated with white light, but its transport efficiency is somewhat decreased 

relative to wild-type AntR (Figure 3.2.5.2B). Unlike wild-type AntR, whose transport efficiency 

is largely independent of the wavelength used, when cells with C75A AntR mutant are 

illuminated with yellow light, proton transport is abolished.  
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Figure 3.2.5.1: Light-induced changes to the C75A mutant of AntR. (A) The slow light-

induced spectral changes of WT AntR and C75A in E. coli membranes in 50 mM NaCl, 50 

mM CHES at pH 8. The spectra are shown in a dark adapted state and immediately following 

illumination with yellow (>460 nm) light. (B) Change of Cys-75 vibration upon illumination 

of the wild-type AntR. Difference light-minus-dark FTIR spectra of WT AntR 

proteoliposomes at pH 9 (dried from 2 mM CHES, rehydrated with 4 μL of 20% glycerol/H2O 

(v/v)) under static green (λ = 525 nm) illumination.  
 

A double-photon transport mechanism could explain transport in C75A. A double 

photon, sometimes called two-photon mechanism, refers to a specific intermediate of the reaction 

cycle of a retinal protein absorbing a second photon, such that later intermediates of the reaction 

cycle are bypassed, resulting in proton transport, as observed in other microbial 

rhodopsins.272,328,329 For C75A AntR, we suggest that the primary, yellow photon, initiates the 

photocycle; the long-lived M intermediate absorbs a second, blue photon, by-passing the rate-

limiting photocycle intermediates later in the reaction cycle.  

 

Considering the very strong phenotype of C75A, we explored the region typical for 

cysteine vibrations228 in the FTIR difference spectra of the wild-type AntR at pH 9 (Figure 

3.2.5.1B). Using LED-induced steady-state difference spectroscopy we detected a negative peak 

at 2577 cm-1 that lacks corresponding positive peaks; we assigned this band to Cys-75, as it is the 

only cysteine of AntR.  
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Surprisingly, the peak position matches that observed in the C1C2 channelrhodopsin 

chimera for the homologous cysteine residue.330 It was argued that such a high frequency is 

indicative of the absence of hydrogen bonding, consistent with the broken DC gate of the 

chimera. This may match the situation in AntR, where the homologous helix D Asp is not 

present, and Cys-75 has not been implicated in any stable hydrogen-bonding. The negative peak 

may represent light-induced deprotonation of Cys-75, which is not typical for microbial 

rhodopsins, possibly resulting from its exposure to the alkaline pH of the bulk upon the light-

driven conformational changes. While this cysteine seems to be in an unlikely position to be the 

Schiff base proton donor, being on the cytoplasmic side of retinal, the extremely slow decay of 

the M intermediate in the C75A mutant is very suggestive for its proton-donating role. 

 

A 

 

B 

 
Figure 3.2.5.2: M intermediate and ion transport of the C75A mutant of AntR. (A) C75A light 

adaptation and accumulation of the long-living M intermediate at various pH values in 50 mM 

NaCl, MES, TRIS, CHES. Samples were irradiated with yellow (>460 nm) light for 1 min; (B) 

Proton transport by the wild-type AntR (black) and the C75A mutant (red) expressed in E. coli 

cells measured in unbuffered solution of 50 mM NaCl, 10 mM KCl, 100 µM CaCl2.  
 

Mutations of polar residues identifies groups involved in hydrogen-bonded networks  
 

We relied on the bioinformatics sequence comparison (Figure 7.3.2.2) and on the 

analyses of the graphs of H-bond networks (Figure 7.3.2.4) to select amino acid residues for 

further investigation with site-directed mutagenesis. All mutagenesis experiments used E. coli 
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membranes encased in polyacrylamide gels at alkaline pH (pH 9), where the all-trans-cycle 

should dominate (Figure 3.2.5.3).  

 

Some of the mutants we studied have slower dark adaptation and/or a different isomeric 

composition than wild-type AntR. It is thus possible that some traces represent mixtures of 

intermediates from the two different cycles (13-cis-15-syn- and all-trans-) resulting in complex 

kinetics. As in the case of wild-type AntR (Figure 3.2.4.3A and dotted lines in Figure 3.2.5.3), 

we followed the disappearance of the dark state at 560 nm, the M intermediate at 400 nm, an L-

like intermediate at 460 nm, and K-like intermediates at 620 nm, respectively. 

 

Starting with the extracellular side of the protein, we explored several residues involved 

in the extensive hydrogen-bonded cluster connecting the Schiff base and its Asp-185 counterion 

to the outer surface of the membrane (Figure 7.3.2.3, Figure 7.3.2.13, and Figure 7.3.2.14).  

 

Tyr-181 is located just one helical turn from the SB counterion; nevertheless, the 

photocycle of Y181F is similar to that of wild-type AntR (Figure 3.2.5.3J); this observation is 

consistent with Tyr181 being on the periphery of the H-bond cluster and having low centrality 

(Figure 7.3.2.17 and Figure 7.3.2.18). In contrast, the D167N mutant has a strong phenotype 

(Figure 3.2.5.3I), consistent both with its higher centrality (Figure 7.3.2.4) and known structural 

and electrostatic effects of the homologous mutation in BR.331–333 
 

The photocycle of D167N accumulates more of the red-shifted intermediate of 13-cis-

retinal, and less M, which has somewhat slower rise and decay than in the wild-type. The 

kinetics observed for the M intermediate of D167N could be interpreted to suggest that Asp-167 

is part of a complex involved in proton recruitment; but, since the kinetics of SB reprotonation 

are not dramatically altered in the D167N mutant compared to the wild-type AntR, different 

proton pathways might be sampled in this region (Figure 7.3.2.15). Consistent with the slower 

photocycle and higher concentration of the inactive 13-cis-15-syn-species, proton transport by 

D167N is weak, but detectable (Figure 3.2.5.4A). 
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The proximal part of the hydrogen-bonded cluster located on the extracellular side of the 

retinal and converging towards the centrally located Ser-74 (Figure 7.3.2.3B and Figure 

7.3.2.17D) has several polar residues which we selected for site-directed mutagenesis. The 

homolog of the highly conserved Arg-67 is part of the complex counterion involved in 

communication between the Schiff base proton acceptor and the proton-releasing extracellular 

complex in BR.306,318,319 Arg-67 shows a high degree of centrality (Figure 7.3.2.4), connecting 

the Schiff base vicinity to the extracellular surface residues. Accordingly, its replacement by Ala 

results in a dramatic perturbation of the photocycle. More of the red-shifted intermediate of the 

13-cis-cycle accumulates, reprotonation of the SB is severely impaired, and the M intermediate 

decays very slowly, within several seconds (Figure 3.2.5.3D).  
 

The severe effects that the R67A mutation has on the reaction cycle could be either 

electrostatic, resulting in altered pKa of the SB, or related to a direct involvement of Arg-67 in 

the proton uptake pathway of wild-type AntR.  

 

A 

 

B 

 

C

 
D
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Figure 3.2.5.3: Flash photolysis experiments showing the comparison of photocycle 

intermediates of mutants of AntR (solid lines) to the wild-type (dotted lines), normalized at 

560 nm. All measurements were performed on membrane fragments of E. coli in pH 9 buffer 

(50 mM NaCl, 25 mM CHES). (A) T41A, (B) S44A, (C) Y45F, (D) R67A, (E) Y71F, (F) 

S74A, (G) E81Q, (H) R84A, (I) D167N, (J) Y181F, (K) D185E (note the different time scale), 

(L) T188A, (M) Y193F (note the different time scale), (N) D195N.  

 

Tyr-71 is a homolog of BR’s Trp-86, known to be strongly coupled to retinal.334,335 In 

AntR, replacement of Tyr-71 by Phe led to slightly faster deprotonation of the SB (Figure 

3.2.5.3E). Consistent with its expected interaction with retinal, the absorption maximum is blue 

shifted by 16 nm in Y71F (data not shown), causing a larger negative signal at 460 nm due to the 

greater spectral overlap with the dark state. We conclude that Tyr-71 is unlikely to participate in 

the proton uptake pathway directly. 
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 Tyr-45 is a homolog of another widely conserved residue, Tyr-57 of BR, which is known 

to interact both with the Schiff base counterion and Arg-82, affecting the proton release.315,336 

The phenotype of the Y45F mutant has slightly higher accumulation of the red-shifted 

intermediate of the 13-cis-cycle, and mildly delayed M rise and decay relative to the wild-type 

(Figure 3.2.5.3C). This suggests that Tyr-45 is not indispensable for the proton uptake in AntR.  

 

A 

 

B

 
Figure 3.2.5.4: Ion transport assays of whole E. coli cells expressing the wild-type AntR and 

several mutants, washed three times in 50 mM NaCl, 10 mM KCl, 100 μM CaCl2. The pH of 

the cell suspension was adjusted to 7.50 ± 0.03 before being illuminated with yellow (>460 

nm) light. To account for the buffering capacity of the individual cell suspensions, the change 

in voltage in response to 3 μL 0.2 M NaOH was used to produce calibrations shown as bars. 

 

Ser-44 is a unique amino acid residue conserved in the AntRs subgroup. Analyses of the 

graphs of dynamic H-bond networks indicate Ser-44 may be communicating with Arg-67 and 

Asp-185 (Figure 7.3.2.17 and Figure 7.3.2.18), two groups whose mutation results in very strong 

phenotypes. S44A AntR displays several-fold delay in SB deprotonation, and even stronger 

delay in SB reprotonation (Figure 3.2.5.3B). We suggest that Ser-44 is important to maintain 

proper water-mediated H-bonded networks, but a direct role in proton conductance remains 

unclear. A very similar phenotype is observed for T41A (Figure 3.2.5.3A), suggesting similar 

roles for Ser-44 and Thr-41. Thr-41 is predicted to belong to the same cluster of hydrogen-

bonded residues as Ser-44 (Figure 7.3.2.17 and Figure 7.3.2.18) and is a homolog of BR’s Ala-



 

141 
 

53 (Figure 7.3.2.2). Mutations of Ala-53 in BR have been shown to modulate the ΔpKa between 

the SB and Asp-85, resulting in equilibrium shifts between the M and L intermediates,275 which 

is also observed for the T41A mutant of AntR. 
 

Ser-74 is homologous to Thr-89 of BR, where it is implicated in optimization of proton 

conductance,337,338 and can directly participate in deprotonation of the retinal SB.62,339–341 In the 

chloride pump homologues, the hydroxyl group at this position participates in chloride 

binding.89,304 Graph analyses of the H-bond networks suggest a key role for Ser-74 in AntR, as it 

has a high degree of centrality and serves as a junction point between the cytoplasmic and the 

extracellular H-bonded clusters that rearrange upon retinal photoisomerization (Figure 7.3.2.14 

and Figure 7.3.2.4). Consistent with these expectations, S74A AntR shows a dramatic delay in 

SB reprotonation (Figure 3.2.5.3F). The deprotonated SB state survives for a few seconds at pH 

9 and proton transport is strongly impaired (Figure 3.2.5.4A). These data confirm an important 

role of Ser-74 in SB reprotonation, in agreement with its predicted exclusive communication 

with the SB in 13-cis-15-anti-AntR (Figure 7.3.2.14 and Figure 7.3.2.4). 

 

The position occupied by Thr-188 is known to be an important functional and spectral 

switch for sensory rhodopsins.342,343 It is homologous to Ala-215 of BR, whose replacement with 

Thr gives sensory functionality to BR and blue-shifts its visible spectrum by 18 nm.342,344 

Accordingly, in AntR, the T188A mutant has an absorption maximum red-shifted by 18 nm (data 

not shown), causing the 620 nm kinetics trace to become negative (Figure 3.2.5.3L). T188A 

AntR has a significantly delayed reprotonation of the SB, which may be ascribed to structural 

effects known for the homologous mutations close to retinal-binding lysine in other microbial 

rhodopsins.345 

 

The MD simulations indicated a large cluster of polar residues and water molecules on 

the cytoplasmic side of retinal (Figure 7.3.2.3 and Figure 7.3.2.17D). From this cluster, we tested 

Tyr-193, Glu-81, Arg-84, and Asp-195.  

 

Tyr-193 is conserved in AntRs (Figure 7.3.2.2), and it serves as the connecting point 

between the cytoplasmic cluster and the extracellular H-bond networks via Ser-74 (Figure 
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7.3.2.4). The Y193F AntR phenotype is dramatically perturbed (Figure 3.2.5.3M): it has a red-

shifted, slow intermediate but no M, suggesting the 13-cis-cycle dominates. Visible static 

spectroscopy indicates a strong, light-adaptation induced, blue-shift at pH 9 (7 nm vs 1 nm for 

the wild-type, Figure 3.2.5.5 and Figure 3.2.3.5C), which suggests that the light-adapted state of 

this mutant is indeed mainly 13-cis-retinal. While these measurements suggest an important 

structural role for Tyr-193, its role in proton conduction remains unclear. We hypothesize that 

removal of the hydroxyl group of Tyr-193 results in the disruption of H-bond networks in the 

vicinity of retinal, which affects its thermal reisomerization during dark-adaptation. 

 

 
Figure 3.2.5.5: Light adaptation of Y193F in E. coli membranes encased in polyacrylamide 

gels buffered by 50 mM NaCl, 25 mM CHES at pH 9. The sample was dark adapted over 

night, illuminated with white light for 1 min, and the measurement took approximately 35 s to 

complete. 

 

Glu-81 occupies the position of the cytoplasmic proton donor in outward proton pumps 

(e.g., Asp-96 in BR), and as such is the prime candidate for serving as the proton acceptor in the 

inward pumping AntRs, also consistent with its high degree of centrality found in simulations 

(Figure 7.3.2.4). Unexpectedly, the E81Q mutant has faster, and not slower, M-rise (SB 

deprotonation) than the wild-type (Figure 3.2.5.3G), suggesting that Glu-81 is not the sole proton 
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acceptor; instead, Glu-81 could be part of a proton conducting complex. Glu-81 might be 

coupled to the SB via the H-bond network on the cytoplasmic side (Figure 7.3.2.4), similar to the 

homologous glutamate in Gloeobacter rhodopsin (GR),346,347 and its replacement lowers the pKa 

of the SB in the L intermediate, resulting in fast SB deprotonation.  

 

The neighbouring Arg-84 (homolog of Leu-99 of BR) is unique for AntRs (Figure 

7.3.2.2). The R84A photocycle kinetics (Figure 3.2.5.3H) show much larger accumulation of the 

L intermediate than wild-type AntR, and lower M accumulation, i.e., an effect opposite to that 

observed for E81Q. We suggest that Arg-84 is coupled to the SB, and that its replacement 

increases its pKa in the L intermediate. The proton transport rates of E81Q and R84A are similar 

to the wild-type (Figure 3.2.5.4B), indicating that Glu-81 and Arg-84 are not likely to be 

essential for the functioning of AntR. 

 

Asp-195 is another potential candidate for the cytoplasmic proton acceptor. Asp-195 is 

present in most AntRs (Figure 7.3.2.2) and it communicates with Glu-81 and Arg-84 in the 

dynamic H-bond network of AntR (Figure 7.3.2.17 and Figure 7.3.2.18). Moreover, homologs of 

the neighbouring Leu-196 serve as the cytoplasmic proton acceptors in ASR and PoXer.20,133 

Against these expectations, the D195N mutant kinetics are nearly identical to the wild-type. As 

such, it appears that Asp-195 is a non-essential residue which doesn’t take part in proton 

transport or steric interactions leading to conformational changes within AntR. Alternatively, the 

complex H-bond network at the cytoplasmic side of the AntR SB could be robust, with sampling 

of alternative proton-transfer paths, such that the absence of a specific carboxylate is not 

detrimental to the function. 
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4. CONCLUSIONS 

 

4.1. MastR project 

 

Here, the mechanism of the chloride pumping by Mastigocladopsis repens rhodopsin 

(MastR) was investigated in detail. Phylogenetically, the group to which MastR belongs is on the 

archaeal-like half of the tree of microbial rhodopsins. MastR has a TSD/V/L/I helix C motif, 

reminiscent of the TSA halorhodopsins but contains BR-like elements, for example: the 

conserved Ala-53, Tyr-79, Val-217, and Gly-220 in close proximity to retinal (or interacting with 

retinal through H-bond networks), as well as Glu-194 and Glu-204 of BR’s proton release 

complex. 

 

The photocycle of MastR lacks the M intermediate but possesses the typical L/N-like 

intermediate (measured at 460 nm), the O-like intermediate (at 620 nm), and the ground-state-

like MastR’ intermediate (at 540 nm); the photocycle is also strongly chloride dependent in the 

E. coli membrane environment. This property led to the realization that the molecular events 

differ to the photocycle of NpHR. At high chloride concentration, the O intermediate is 

accumulated but at low chloride concentrations, chloride uptake is rate limiting and more of the 

long-lived N intermediate is observed. This dependence can be rationalized by the chloride 

dependence of the N ↔ O equilibrium and implies that the chloride uptake occurs during O-rise 

(rather than O-decay as in NpHR). In high chloride conditions, the N → O transition is not rate 

limiting, O-decay is fast, and the MastR’ intermediate is observable. In chloride scarce 

conditions on the other hand, the equilibrium is shifted toward the N intermediate which 

dominates the late part of the photocycle, and neither O nor MastR’ are accumulated. Like NpHR 

though, multiexponential L-decay implies the existence of at least two L intermediates and the 

continuum band suggests that water clusters rearrange in the L1 and L2 intermediates. 

 

Site-directed mutagenesis revealed several interesting aspects of the unique photocycle of 

MastR. Briefly, the Arg/Lys-Thr pair of HRs seems to be replaced with the single His-166 in 

MastR, and this residue appears to be crucial for chloride release and internal chloride transfer. 

The most intriguing result from this project was the detection of the deprotonation of Asp-85 
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(Asp-96 of BR). Similar to BR, this residue is likely protonated in the dark based on the 

conserved hydrophobic residues in its vicinity which probably raise the pKa. Additionally, there 

exists a strong H-bond between Asp-85 and Asn-39 (homologous residue to Thr-46 of BR which 

is H-bonded to Asp-96). The reprotonation of Asp-85 is required for the termination of the 

photocycle, but the functional role of the deprotonation is unclear. Perhaps the negative charge 

near the CP surface is needed to prevent the backflow of chloride since M. repens (and others of 

this group) are pumping against a larger gradient than their haloarchaeal counterparts.  

 

At this stage of chloride pumping MR research, it is perhaps warranted to suggest a more 

generalized classification scheme beyond the Helix C motif. In comparing MastR to NpHR, it 

becomes apparent that several key residues should be included in this nomenclature. Those 

residues which are most critical for chloride binding (Arg-123, Thr-126, Ser-130, and Asp-252 

for NpHR and Arg-71, Thr-74, Ser-78, Asp-200 in the case of MastR) and release (Lys-215 and 

Thr-218 for NpHR and Val-163 and His-166 in the case of MastR) are particularly important for 

chloride transport. Of course, His-166 replaces the KT pair of NpHR; Val-163 is not involved in 

chloride release in MastR but is homologous to the critical Lys-215 of NpHR and should 

therefore be represented in the nomenclature. Additionally, the Asp-85 and Asn-39 pair represent 

unique machinery for the efficient prevention of chloride ion backflow and should be included in 

the scheme. In NpHR, while the homologous residue to Asp-85 is Ala-137 and does not appear 

to play a critical role in chloride transport, the homologous residue to Asn-39 is Thr-71 and 

forms a pore which may be involved in proton movements.168 Taking together all of these 

considerations, the generalized chloride pumping motif for NpHR is presented as: T71, R123, 

T126, S130, A137, K215, T218, D252, or TRTSAKTD. The generalized chloride pumping motif 

for MastR is: N39, R71, T74, S78, D85, V163, H166, D200, or NRTSDVHD.  

 

4.2. AntR project 

 

The newly discovered group of inward proton pumps was isolated from freshwater 

Antarctic lakes (Lake Fryxell and others) and clusters phylogenetically with schizorhodopsins. 

This group possesses an F/L/M-S-E/Q helix C motif and the representative member (AntR) has 

an FSE motif. Significant pH dependence of various properties of AntR were observed 
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including: the transport rate, isomeric composition of retinal, absorbance maximum, and 

photocycle kinetics. The overarching element is the isomeric composition which (in the dark) is 

predominantly all-trans at alkaline pH and predominantly 13-cis-15-syn in acidic conditions. The 

functionally relevant photocycle arises from the all-trans state which is logical given the elevated 

pH of Lake Fryxell. It seems that the pH dependence of the isomeric composition is governed by 

the protonation state of the counterion, Asp-185. The photochemistry of AntR is reminiscent of 

ASR but is also unique. While the situation is straightforward at the pH extremes, the apparent 

equilibrium between AT and 13C species is pronounced at neutral pH. Illumination by red light 

shifts the equilibrium toward 13C and blue light illumination shifts the equilibrium toward AT, 

in a reversible manner. Dark adaptation accumulates the AT isomer and the rate is strongly pH 

dependent; it occurs much faster at alkaline pH compared to acidic pH. The photocycles of AntR 

are branched, comprising both the all-trans and 13-cis cycles with pH-dependent bistability.  

 

The homologous residue of Cys-128 of the DC gate of ChR2 is conserved in AntR (Cys-

75) and its replacement with alanine results in a phenotype with extremely prolonged M-decay. 

Additionally, a cysteine deprotonation was observed by FTIR spectroscopy and assigned to Cys-

75, the only cysteine residue in the AntR sequence. The functional relevance of this 

deprotonation is unclear. Cys-75 may be the internal proton donor to the SB given the very slow 

M-decay in the C75A mutant and its deprotonation in the WT; although its position on the 

cytoplasmic side would represent the first example of an internal proton donor on the same side 

of retinal as the direction of transport and certainly warrants further study. 

 

Molecular dynamic simulations of the all-trans and 13-cis-15-anti forms of AntR 

revealed that the cytoplasmic and extracellular sides of retinal are H-bonded only through a 

single residue, Ser-74 which is H-bonded to Tyr-193 on the CP side. The amount of time that the 

H-bonding network connecting the CP and EC sides is established through this pair drops 

significantly upon isomerization of retinal, suggesting critical roles of Ser-74 and Tyr-193 in 

proton transport by AntR. Severely perturbed photocycles were observed for the S74A and 

Y193F mutants, confirming the prediction of their importance by MD. The S74A photocycle has 

a very long-lived M intermediate and the transport rate in ion transport assays was significantly 

stunted compared to the WT. This suggests that Ser-74 is involved in the reprotonation of the 
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SB. The Y193F photocycle lacked the M intermediate and the cycle was dominated instead by a 

red shifted intermediate (probably the C intermediate) suggesting that the cycle is predominantly 

13-cis at pH 9 (supported by a strong, light-induced blue shift in the absorption, which was not 

observed in the WT at pH 9). It appears that the H-bond network is disrupted in the Y193F 

mutant, presenting as a delayed thermal reisomerization during dark adaptation.  

 

Another illuminating finding was the potential importance of Asp-167 (Glu-194 of BR) 

and Arg-67 (Arg-82) initially identified by MD simulation. Ion transport assays and flash 

photolysis of the D167N mutant revealed that Asp-167 is likely involved in proton recruitment to 

the extracellular surface. The relatively weak phenotype suggests that Asp-167 is dispensable for 

proton transport but this may be due to the numerous alternative pathways provided by several 

hydrophilic residues in this region of the protein. The R67A mutant possessed a highly perturbed 

photocycle suggesting that both Asp-167 and Arg-67 are part of the proton-uptake pathway. 

 

4.3. General interest 

 

Optically transparent E. coli membrane fractions for spectroscopy in the visible range 

 

It is common practice in the field to investigate photochemical properties of microbial 

rhodopsins in a purified state, embedded in detergent micelles. These micelles scatter much less 

light and provide high quality spectra which allow for ease of data analysis and interpretation. 

While in many cases this technique is viable, it is dependent on the protein of interest, and 

certain proteins do not behave the same way in detergent micelles as they do in lipids or their 

native membrane environment.  

 

I developed a new, extended sonication protocol which produces smaller fractions of the 

E. coli membrane than the traditional sonication regime and does not harm protein function (see 

2.7.3, 7.1.1, and 8.1). Admittedly, this sample condition does not provide SNRs equivalent to the 

detergent micelles. However, the loss of signal quality is compensated for by the more native-

like environment of the protein which allows for greater reliability of an in-depth discussion of 

the reaction mechanism. 
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Storage of polyacrylamide gels below 0 °C 

 

As mentioned above, most of the time-resolved spectroscopy in the visible range was 

performed on protein in disrupted E. coli membrane fractions embedded in polyacrylamide gels. 

These have the benefit of a native-like protein environment and ease of control of the buffer and 

sample conditions. One impediment which was faced in the projects contained herein was that 

the gels are normally stored at 4 °C and typically are not viable after several months due to the 

growth of some unknown contaminants. Therefore, safe storage of polyacrylamide gels at lower 

temperature was desired but a control experiment to ensure that the freezing would not affect the 

protein function was necessary. It was shown that freezing and thawing of the gel does not alter 

the photocycle kinetics of AntR but has a deleterious effect on the SNR (see Figure 7.3.2.25). 

Unfortunately, considering these results, continued storage at 4 °C is recommended. Additional 

precautions could be followed to protect particularly precious samples including the use of 

antiseptic conditions for the transfer of the gel to an autoclaved Eppendorf for long term storage. 
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5. FUTURE DIRECTIONS 

 

5.1. MastR project 

 

The chloride dependence experiments, in parallel with flash photolysis, FTIR, and site-

directed mutagenesis allowed for the detailed characterization of the MastR photocycle. The 

timing of chloride release and uptake as well as Asp-85 deprotonation and reprotonation in the 

photocycle were determined. It is understood that His-166 is responsible (at least in part) for the 

chloride release to the cytoplasm. However, it is unclear whether other residues participate in this 

step of the photocycle. Another element of the mechanism which remains elusive are the H-

bonding residues which participate in chloride uptake. While the mutant of Glu-192 displayed a 

shift in the N ↔ O equilibrium, suggesting its participation in chloride uptake, mutations to other 

suspects including Thr-193 and Thr-197 (separated by one helical turn on Helix-G, see Figure 

3.1.4.1) were not perturbing to the photocycle kinetics. This region contains several other 

residues capable of forming hydrogen bonds including: Tyr-196, Thr-67, Ser-180, and Thr-115; 

therefore the single amino acid substitution may not have produced significant perturbation due 

to the possibility of H-bond network rearrangement involving one or more of the residues in the 

region. In fact, the uptake complex likely involves many residues and water. In this scenario, 

further H-bond network analysis by MD in parallel with multiple simultaneous mutations would 

provide a more systematic framework for discerning the mechanism of chloride uptake by 

MastR. Similar analysis for the potential H-bonding members on the cytoplasmic side would 

provide a more detailed view of the residues potentially in complex with His-166, responsible for 

chloride release.  

 

Cysteine perturbations in the MastR photocycle detected by time-resolved FTIR are 

intriguing and their disappearance represent some of the final steps in the relaxation to the dark 

state. The source of the perturbations must be one of the three cysteine residues in MastR: Cys-

43 in the suspected release channel, and Cys-77 and Cys-130 which are located closer to retinal. 

Investigations of the alteration to the perturbation signal, transport efficiency, and photocycle 

kinetics in one or more cysteine mutants would be of interest in elucidating more fine detail on 

the mechanism of chloride transport by MastR. 
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The purpose of the Asp-85 deprotonation remains an interesting conceptual problem. 

Does the Asp-85 deprotonation and chloride release occur simultaneously? If so, what does this 

imply about the MastR photocycle and the group of cyanobacterial chloride pumps in general? 

Perhaps electric coupling between the chloride ion and the Asp-85 proton are central to the 

mechanism of the wild-type (and only Cl- is released in the D85I mutant). Victor Lorenz-Fonfria 

developed an alternative hypothesis and communicated it to me personally. The continuum band 

observed in Figure 3.1.3.9 may be the result of HCl rather than H2O as suggested above. It is 

possible that MastR functions as a H+/HCl antiporter, as has also been suggesting by Kouyama 

with regards to NpHR.168 As the chloride ion is transported to the cytoplasmic side it may extract 

the proton from Asp-85 (or the proton may come from a different source) and they could be 

transported to the cytoplasm together. To assess this, the continuum band could be investigated 

in a chloride free, NaBr based buffer; if the band shifts, it would be evidence that the band arises 

from HCl and that MastR is in fact a H+/HCl antiporter. There remain questions about the 

complex of Asp-85/Asn-39/Ser-211 and whether this complicated H-bonding pattern is needed 

for sustained chloride transport in the cytoplasmic direction. Multiple, simultaneous amino acid 

substitutions combined with time-resolved spectroscopy could elucidate the hierarchy of 

importance of Asn-39 and Ser-211, who may be involved in inter-helical hydrogen bonds which 

may modulate the protonation state of Asp-85.  

 

Finally, the role of the chloride transport of MastR for the host organism is uncertain. 

Other researchers have suggested that the biological role of MastR is to prevent cell death in 

drought by encouraging the retention of cytoplasmic water through inward chloride transport.39 

Of course, it is possible that MastR provides the machinery to maintain osmotic balance during 

cell growth, as in HRs.158 To answer these questions, assays could be performed to monitor cell 

growth with and without expressed MastR in various growth conditions.  

 

5.2. AntR project 

 

The diversity of the AntR group is staggering. The searches through the IMG/M database 

of DOE JGI yielded 75 rhodopsin genes with unusual primary sequences and it is conceivable 
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that the pool has not been exhausted. Characterization of members of this new group would 

almost certainly reveal novel rhodopsins with atypical properties as has been shown above for 

AntR. The author strongly suggests that members of the community continue to probe this group. 

 

The FTIR difference spectroscopy on AntR left some unanswered questions. Firstly, the 

H/D sensitive peak resulting from the all-trans cycle in AntR and SzRs at approximately 1444 

cm-1, remains unassigned. Based on the position, it likely arises from a tryptophan perturbation. 

Assigning this by point mutation (beginning with Trp-155 and Trp-68 for their proximity to 

retinal) or by isotope labelling could be beneficial to future studies where tryptophan residues 

near retinal may play a more pivotal functional or structural role than they do in AntR. Next, the 

1741 cm-1 peak which initially appears to be a carboxylic acid deprotonation does not shift in 

D2O. This peak is likely a lipid ester perturbation. While tightly bound lipids could be retained 

during purification stages, attempting to assign this peak by performing the experiment on DDM 

micelles of AntR could satisfy the curiosity of the author and his collaborators but would likely 

not be of interest to the greater community.   

 

Of more general interest, the proton donor and acceptor residues (or complexes) of AntR 

were not identified. Double (or higher order) mutants could target H-bonded networks on the 

cytoplasmic and extracellular sides of retinal which are suspected to participate in proton 

acceptance or donation, respectively. Beginning with the cytoplasmic side, MD simulations 

suggest that Glu-81, Arg-84, Asp-195 (in the position adjacent to the homologous proton 

acceptor of PoXeR), Glu-201, His-197, Lys-199, and Trp-155 are all potential targets for 

participation in a proton accepting complex. Likewise, Asp-2, Glu-6, Glu-62, Arg-67, Tyr-64, 

Asp-167, and Asp-185 may participate in a proton donating complex. Additionally, the nature of 

the Cys-75 deprotonation and its functional role (or lack thereof) as a potential proton donor 

could be further probed. Understanding this unique mechanism of inward proton transport cannot 

be complete without the identification of the proton donor and acceptor complexes. In the future, 

this information (and structural details from elsewhere in the protein, such as the binding pocket) 

may be useful to engineer desirable properties (improved kinetics, efficiency, stability, and 

altered absorption maximum for example) for the use of AntR or other inward pumps in 

optogenetics applications.  
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The long-lasting M intermediate of the C75A mutant opens the door for time-resolved 

structural studies. The structure of the M intermediate of bacteriorhodopsin has been solved,348 

but so far relatively little is known of the structure of inward proton pumping rhodopsins, and no 

crystallographic studies of structural intermediates have been performed. The structure of the M 

intermediate of inward proton pumps will allow for a more concrete interpretation of the 

mechanism and for a comparison to outward proton pumps. This information may be of interest 

to both the optogenetics and the microbial rhodopsin communities. 

 

Lastly, and most importantly, one of the most intriguing questions in the field remains the 

biological role of inward proton transport. While outward transport has been known for decades 

to build the electrochemical gradient to allow for the production of ATP by ATP-synthases, the 

role of inward transport seems to be counterproductive with respect to bioenergetics. Above, 

photosensory and homeostatic roles were suggested. Additionally, the theory that AntRs (and 

SzRs) are like heliorhodopsins in their inverted membrane orientation and as such are outward 

proton pumps in nature but are flipped in the E. coli membrane remains a possibility. The latter 

possibility could be verified using the β-lactamase gene fusion technique employed in the study 

of heliorhodopsins.38 The homeostasis hypothesis could be assessed through survival rates of 

host organisms in stressful pH conditions, with and without light and rhodopsin. Lastly, if the 

genes encoding a soluble or membrane-bound transducer were discovered in the IMG/M 

database of DOE JGI in the future, studies on the potential photosensory role of AntR (and 

indeed other inward proton pumps) could be investigated.  
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7. SUPPLEMENTARY INFORMATION 

 

7.1.  MastR supplementary information 

 

7.1.1. MastR supplementary materials and methods 

 

A homology model of MastR was derived using Modeller 19.9349,350 and the crystal 

structure of halorhodopsin PDB ID:1E12.166 During homology modeling, the retinal molecule 

and the chloride ion bound to the active site of HR were treated as ligand molecules and modeled 

into MastR. A total of 20 homology models were generated, and the structure with the lowest 

DOPE score (Discrete Optimized Protein Energy)351 was used for further optimization using the 

CHARMM software,352 as follows. 

 

Coordinates for hydrogen atoms were generated using CHARMM with the all‐atom c36 

parameters for protein groups353,354 and the retinal force field parameters described 

earlier.298,355,356 Inspection of the homology model of MastR indicated that the C15=N bond twist 

was ~64°, as compared to ‐160.3° in the template structure of HR; this discrepancy could be due 

to limitations of the homology modeling software in describing the geometry and interactions of 

the retinal polyene chain. To circumvent this issue, we subjected the homology model of MastR 

to constrained geometry optimizations with CHARMM whereby we first drove the C14‐C15=N‐

Cε dihedral angle to ~174°, and then performed a new geometry optimization with the dihedral 

angle constraint switched off. During both CHARMM geometry optimizations, backbone heavy 

atoms were fixed to their starting coordinates; non‐bonded interactions were smoothly switched 

off using an atom‐based switch function between 10Å and 12Å. In the resulting geometry‐

optimized structure of MastR, retinal is all‐trans with C13=C14 and C15=N bond twists of ~19° 

and ~2°, respectively.  

 

A caveat of the current structure analysis of MastR is that according to tests using the 

Phyre2 server357 the sequence identity between the MastR sequence and the HsHR structure used 

as a template166 is somewhat low, ~27%. As observed when modelling channelrhodopsins using 

bacteriorhodopsin as a template,358 the relatively low level of sequence identity means that 
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details of the MastR structural model might be inaccurate. Despite this caveat, the geometry‐

optimized homology model used here suffices to derive clues about potential intra and inter‐

helical interactions of protein groups known to be important for function. 

 

Improving optical transparency of samples 

 

In the study of membrane proteins, whether it be investigation into the structure or the 

mechanism, the membrane environment of the protein must be selected with care. In light 

spectroscopy in which the absorbance of probing light is measured, optical transparency is 

critical to acquire high quality spectra with high signal to noise ratio. Optically transparent 

samples scatter less light, appear less turbid, and allow for more photons to reach the detector. 

More importantly, a native-like membrane environment is desired so that conclusions which are 

drawn from experiment are valid and apply to the protein in the native host. For example, the 

photosensory SR-I pumps protons in the absence of the protein-protein interactions between it 

and its membrane-bound transducer, HtrI.359 It is this interplay which guides the sample 

preparation: native-like membrane which accurately mimics the properties of the host membrane 

lipids, and optically transparent samples which don’t excessively scatter light.  

 

Ideally, the proteins are expressed in the E. coli host, and the membrane is disrupted by 

sonication or pressure to produce protein containing membrane fractions which are small and 

optically transparent. This was the case in the PspR project of my MSc thesis. The photocycle of 

PspR was relatively fast (allowed for more averaging in spectroscopy experiments) and the 

samples produced by the established sonication protocol were of good quality.86 Here, membrane 

fractions containing MastR produced poor quality spectroscopic samples which were turbid and 

scattered a large fraction of the probing light. Achieving high SNR in flash photolysis 

experiments was challenging as a result.  

 

To overcome this impediment, several alternative systems were investigated, beginning 

with eluted protein embedded in DDM micelles. This alternative is popular among many 

research laboratories in the field because the size of rhodopsin embedded micelles is small 

(approximately 5 nm)360 and light scattering is minimal. In contrast, proteoliposomes from 
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various preparations are much larger (approximately 75 nm – 200 nm in diameter),361,362 and E. 

coli membrane fractions (which scatter more light than proteoliposomes in the experience of the 

author) must therefore be even larger. Using protein embedded DDM-micelles provides excellent 

spectra with high SNR (Figure 7.1.1.1A). The drawback of this method is that the degree to 

which the DDM micelle adequately mimics the native host membrane is questionable. Indeed, 

the absorption maximum, thermal stability, and oligomerization were altered in G-PR and GR in 

nanodiscs compared to detergent micelles (including DDM).360 Potentially most troubling, the 

kinetics are affected in a significant way. The M-rise of G-PR was approximately 2.5 fold slower 

in DDM micelles compared to nanodiscs and proteoliposomes.360,363 This is also observable in 

MastR (see Figure 7.1.1.1A) at 20 mM NaCl, the kinetics of the reappearance of the dark state at 

540 nm are considerably slower and the kinetics of the L intermediate and the intermediate 

populations in general are markedly different when compared to the protein embedded in E. coli 

membranes. The situation becomes even more concerning in the investigation of the effect of 

chloride concentration on kinetics. From experiments performed on MastR embedded in E. coli 

membranes, it is understood that the protein exhibits chloride dependent kinetics (Figure 

3.1.2.1). The chloride dependence of the MastR micelle photocycle does not resemble that of the 

more native E. coli membranes. This is a serious issue for attempting to characterize the 

mechanism of action of the protein. As the chloride dependence does not reproduce in this 

system, it would call into question the validity of all subsequent experiments. A different strategy 

for sample preparation was needed. 

 

A 

 

B
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Figure 7.1.1.1: Photocycle kinetics of detergent-solubilized purified MastR, (A) with 0.05% 

DDM, compared to E. coli membranes at 20 mM NaCl, 50 mM MES and KH2PO4 at pH 6 (B) 

Chloride dependency of the photocycle of detergent-solubilized purified MastR, 0.05% DDM, 

50 mM MES and KH2PO4 at pH 6, various concentrations of NaCl.  

 

A 

 

B

 
Figure 7.1.1.2: Comparison of the photocycle kinetics of DDM treated MastR and SMF 

samples. (A) Photocycle kinetics of DDM treated MastR membranes in polyacrylamide gels in 

50 mM CHES, MES, KH2PO4, pH 6 at various concentrations of NaCl. (B) For comparison, 

the SMF photocycles at various concentrations of NaCl reproduced from Figure 3.1.2.1 (B). 

Notice the change to the legend in (B) where the line types correspond to different chloride 

concentrations. 

 

Next, an intermediate scenario between E. coli membranes and DDM micelles was 

investigated. The DDM treatment (so-called wash) protocol published previously133 was adopted. 

Membrane fragments containing MastR were treated with 0.05% DDM for 30 minutes and were 

centrifuged at 4000 ×g for 4 minutes to exclude the large membrane fragments which were 

discarded. The supernatant was centrifuged at higher speed and the pellet was resuspended to 

produce DDM treated membrane fragments which were more optically transparent. The chloride 

dependence was much more pronounced than in the DDM micelles tested earlier, but 

unfortunately, the kinetics of the decay of the L intermediate of the E. coli membrane samples 

(Figure 7.1.1.2B), especially at low ionic strength, was not reproduced in the DDM treated 

samples (Figure 7.1.1.2A). 
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Continuing to search for a suitable sample preparation method, the optical properties of 

thin films were investigated. The use of thin films in spectroscopy is common, especially in 

infrared spectroscopy such as FTIR. In infrared spectroscopy of rhodopsins, the sample is 

typically purified and embedded in proteoliposomes, in a lipid reconstituted state. This is 

because vibrational spectroscopy probes chemical bonds in the sample and distinguishing 

between signals arising from the sample and contaminants is a serious issue. This contrasts with 

flash photolysis and other spectroscopies in which the probing light is in the visible range where 

having purified protein is not essential because contaminants are typically colourless and not 

spectroscopically observable. Here, the films were prepared with MastR in E. coli membranes, 

but the process was very similar to that employed for IR. Unfortunately, the spectral quality and 

SNR was not improved compared to the traditional sample preparation method (Figure 7.1.1.3). 

 
Figure 7.1.1.3: Photocycle kinetics of MastR E. coli membranes encased in a gel compared to 

a film on a plexiglass window (WPG) at 20 mM NaCl, 50 mM MES, KH2PO4 at pH 6. Dried 

in dessicator for ~20 mins then rehydrated with 10 μL of buffer and separated from the second 

window using 100 μm spacer.  
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Figure 7.1.1.4: Comparison of the standard preparation of MastR embedded in E. coli 

membranes and the small membrane fractions (SMF) in the presence of 50 mM KH2PO4, 50 

mM MES, 20 mM NaCl at pH 6. Notice the improvement in the SNR in the SMF (solid lines, 

400 accumulations/λ) compared to the traditional method (dotted lines, 1000 accumulations/λ), 

especially before 100 μs. This is despite the discrepancy in the number of accumulations. 

Regardless of the potential laser artifact, data is shown from 10 μs to clearly show the 

improvement to the SNR. 

 

Finally, a protocol for extended sonication was developed (see 8.1) whereby smaller 

protein containing E. coli membrane fractions were isolated from the whole cell without 

disrupting protein function. Through increased repeated sonication and centrifugation, membrane 

fragments were collected which scattered less light, appeared more optically transparent, and 

shared the same photocycle kinetics to the membranes extracted in the traditional way (Figure 

7.1.1.4). The membranes collected using this method were called small membrane fragments 

(SMF) and the SNR is vastly improved. This method was adopted for the MastR project and 

subsequent projects contained in this work. 

 

 



 

189 
 

7.1.2. MastR supplementary results 
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Figure 7.1.2.1: Sequence alignment for helices B-G for the cyanobacterial anion pumps and 

selected microbial rhodopsins. BR numbering is shown on top, MastR numbering shown in 

red. Asterisks show the mutation sites used in this work. Residues conserved in BR are shown 

in yellow on black, polar residues potentially involved in coordination of chloride in any group 

of chloride pumps are highlighted in grey. Abbreviations: BR – Halobacterium salinarum 

bacteriorhodopsin, sHR – Halobacterium salinarum halorhodopsin, pHR – Natronobacterium 

pharaonis halorhodopsin, NTQ FR – Fulvimarina pelagi NTQ rhodopsin, MastR – 

Mastigocladopsis repens rhodopsin, Tolypothrix_c – Tolypothrix campylonemoides rhodopsin, 

Scytonema_tol – Scytonema tolypothrichoides rhodopsin, Scytonema HK-05 – Scytonema sp. 

HK-05 rhodopsin, Tolypothrix_b – Tolypothrix bouteillei rhodopsin, Nostoc_T09 – Nostoc sp. 

T09 rhodopsin, Hassallia – Hassallia byssoidea rhodopsin, Synechocystis – Synechocystis sp. 

PCC 7509 rhodopsin, Chamaesiphon – Chamaesiphon sp. PCC 6605 rhodopsin, Aliterella – 

Aliterella atlantica rhodopsin, Calothrix HK-06 – Calothrix sp. HK-06 rhodopsin, 

Chroococcid. – Chroococcidiopsis thermalis rhodopsin, Scytonema_mi – Scytonema millei 

rhodopsin, Cyanothece_7425 – Cyanothece sp. PCC 7425 rhodopsin, Leptol_NIES2104 – 

Leptolyngbya sp. NIES-2104 rhodopsin, Leptol_NIES3755 – Leptolyngbya sp. NIES-3755 

rhodopsin, Myxosarcina – Myxosarcina sp. GI1 rhodopsin, Phormidesmis BC – Phormidesmis 

sp. BC1401 GrIS rhodopsin; Phormidesmis pr. – Phormidesmis priestleyi. The sequences were 

taken from public databases: NCBI Proteins and DOE JGI IMG.  
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Figure 7.1.2.2: Comparison of photochemical properties of E. coli membranes and DDM 

micelles embedding MastR. (Left) Absorption spectrum of the polyacrylamide-encased 

membranes of E. coli expressing MastR (black solid line) measured at pH 6, buffered by 0.05 

M KH2PO4 and 0.05 M MES, at 22°C, with 2.5 M NaCl. Spectrum of the purified DDM-

solubilized MastR (0.02 M NaCl, 0.05 M MES and 0.05 M KH2PO4, pH 6, 0.05% DDM) is 

given for comparison (red dashed line). (Right) Comparison of the photocycle kinetics of the 

polyacrylamide-encased membranes of E. coli expressing MastR and hydrated films of the 

same membranes, measured at pH 6, buffered by 0.05 M KH2PO4 and 0.05 M MES, at 22°C, 

with 0.02 M NaCl.  
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Figure 7.1.2.3: Photocycle kinetics of MastR in the presence of sodium and potassium. MastR 

E. coli membranes in 500 mM KCl, 50 mM KH2PO4, MES at pH 6 and 500 mM NaCl, 50 mM 

KH2PO4, MES at pH 6.  

 

 
Figure 7.1.2.4: Raman spectra of dark-adapted lipid-reconstituted MastR in 0.5 M NaCl 

(shown in red) or NaBr (shown in black), 50 mM MES, 50 mM KH2PO4, pH 6. The spectra 

are normalized by the ethylenic stretch amplitude. 
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Figure 7.1.2.5: Photocycle kinetics of D85N MastR E. coli membranes encased in 

polyacrylamide gels buffered by 100 mM NaCl, 50 mM MES, 50 mM KH2PO4 at pH 6.  

 

7.2. HyR and DeinoR supplementary information 

 

I declare that I performed all the experimental work in this chapter with the exception of 

the partial sequence alignment (Figure 7.2.3.1) which was produced by Leonid S. Brown. 

 

7.2.1. HyR and DeinoR introduction 

 

Part of the work contained herein relates to the incomplete characterization of rhodopsins 

discovered in the genomes of Hymenobacter sp. PAMC 26628 (HyR) and Deinococcus pimensis 

(DeinoR) which cluster together phylogenetically. HyR and DeinoR have a DTK and a DTA 

motif, respectively. 

 

Data presented at the 18th International Conference on Retinal Proteins was the first 

appearance of this group of proteins in the literature. Ion transport assays in whole Bacilli cells 

(but not in E. coli) expressing Deinococcus pimensis rhodopsins (DeinoR in this work, called 

DpDTA by Kandori and colleagues) revealed robust proton transport in the extracellular 

direction in response to light.364 Therefore, this group are outward directed proton pumps. The 
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work was presented by Kandori and colleagues after we had begun characterizing the HyR and 

DeinoR group. 

 

7.2.2. HyR and DeinoR materials and methods 

 

The protein expression (7.2.2.1), sample preparation for spectroscopy in the visible range 

(7.2.2.2), and purification and reconstitution steps (7.2.2.3) in the HyR and DeinoR project were 

very similar to those used for the MastR project. Therefore, to avoid unnecessary repetition, only 

the significant differences are discussed below. Please refer to MastR methods  (2.7.1, 2.7.3, and 

2.7.4) for more detailed protocols.  

 

7.2.2.1. Protein expression 

 

Thanks to Kayvon Sanayei who performed the initial expression. 

 

Genes encoding the wild-type HyR (Genbank accession: AMJ64732.1) and DeinoR 

(Genbank accession: WP_027483014.1) were cloned into pET-21a(+) vectors (EMD Millipore, 

Billerica, MA) by GenScript (Piscataway, NJ) using NdeI–XhoI restriction sites, which added C-

terminal 6×His-tag after the LE insert. 

 

In the small-scale colony screen, the induced cell culture was incubated for between 3 h 

and 30 h (though 3-5 h was most common) at 37 °C and 240 rpm. 

 

In the large scale, once an OD600 of ~0.4 was reached, the 1 L cell culture was induced 

with a total concentration of 1 mM IPTG and 7.5 μM all-trans retinal and was incubated for 

between 3 h and 30 h (though 3-5 h was most common) at 37 °C and 275 rpm. 

 

7.2.2.2. Sample preparation for spectroscopy in the visible range 

 

After sonication, the membrane fragments were sedimented using ultracentrifugation at 

150,000 ×g and 4 °C for 50 min, and a soft upper part of the pellet containing smaller membrane 
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fragments was collected (see 7.1.1 and 8.1 for more information regarding the SMF protocol). 

This membrane fraction suspension was then centrifuged at 30,000 ×g for 10 min to remove 

larger membrane fragments.  

 

Flash photolysis experiments were run on the membranes encased within polyacrylamide 

gels.248 The gels were prepared with 700 μL of the SMF suspension, 300 μL of 33% acrylamide 

and 1% bisacrylamide solutions mixture, 2.4 μL of 10% ammonium persulfate, and 3 μL of N, 

N, N′, N′-tetramethylethylenediamine. After solidification, the gels were washed with at least 1 L 

of distilled water for at least 4 h at room temperature and stored at 4 °C in distilled water. The 

storage buffer was replaced by incubating the gel in the desired buffer (100 ml or more) for at 

least 90 minutes prior to the measurement. Flash-photolysis spectroscopy was performed using a 

custom-built single-wavelength spectrometer described elsewhere.111 In brief, the photocycle 

was initiated with 7 ns pulses of the second harmonic of an Nd-YAG laser at 532nm (Continuum 

Minilite II). Absorption changes of the monochromatic light (provided by an Oriel QTH source 

and two monochromators) were monitored by an Oriel photomultiplier, an amplifier with a 350 

MHz bandwidth, and a Gage AD converter (CompuScope 12100-64M). Kinetic traces were 

averaged (normally, 200-1000 traces) and converted into a quasi-logarithmic time scale using in-

house software written by Prof. Brown.  

 

7.2.2.3. Purification and reconstitution 

 

His-tag-affinity purified lipid-reconstituted samples were prepared for both HyR and 

DeinoR because of limited success in expression precluding use of SMF. With poor yields, it 

was decided that purified protein would be more appropriate sample conditions to improve the 

SNR. 

 

To solubilize the membranes, the pellet was re-suspended in solubilization buffer (5 mM 

Tris base, 1% DDM, pH = 7.5) and was left to stir overnight at 4°C in the dark.  

 

At the reconstitution stage, the solubilized, concentrated pure protein was combined with 

the lipid suspension at a 2:1 protein to lipid ratio, and Triton X-100 stock (0.2 mg/μL) was added 
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to the sample to the final concentration of 0.8 mg/ml, at which point a noticeable decrease in 

turbidity was observed. 0.8 g/mL of BioBeads SM-2 (Bio-Rad) was added to the sample to 

absorb the detergent, and the sample was mixed on the Orbitron Rotator for at least 24 h.  

 

7.2.3. HyR and DeinoR results 

 

Helices B & C 

 
Helices D & E 
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Helices F & G 

 
Figure 7.2.3.1: Sequence alignment of HyR and DeinoR with selected microbial rhodopsins. 

Helix A is omitted for clarity. Black indicates that the residue is homologous to the residue in 

BR, brown indicates that the residue is homologous to the residue in ASR, yellow indicates 

that the residue is homologous to the residue in GPR, and purple are characteristic of the new 

group containing HyR and DeinoR. The numbers refer to the numbering of BR. Abbreviations 

are as follows: br – Halobacterium salinarum bacteriorhodopsin, ASR – Anabaena sensory 

rhodopsin, GPR – Green proteorhodopsin, Hymenob. 26554 – Hymenobacter PAMC26554, 

Spirosoma lin 2 – Spirosoma linguale, Spirosoma rad – Spirosoma radiotolerans, Spirosoma 

Fluv – Spirosoma fluviale, Spirosoma ory1 – Spirosoma oryzae 1, Spirosoma ory2 – 

Spirosoma oryzae 2, DeinoR – Deinococcus pimensis, Hymenob.26554 2 – Hymenobacter 

PAMC26554 2, Hymenob.CCM8649 – Hymenobacter CCM8649, HyR - Hymenobacter sp. 

PAMC 26628, Spirosoma lut – Spirosoma luteum, Spirosoma spi 2 – Spirosoma 

spitsbergense, Spirosoma pan – Spirosoma panaciterrae, Spirosoma end – Spirosoma 

endophyticum, Spirosoma aer – Spirosoma aerolatum, Spirosoma 48-14 – Spirosoma 48-14.  
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Figure 7.2.3.2: Visible spectra of purified DeinoR and HyR solubilized in 0.05% DDM, 300 

mM NaCl, 50 mM TRIS, and 500 mM Imidazole at pH 8.  

 

The sequence alignment of HyR and DeinoR related proteins is shown in Figure 7.2.3.1. 

This group contains rhodopsins but also opsin related proteins (the last six members in Figure 

7.2.3.1 lack the SB forming lysine and retinal). This group have extensive unique polar stretches 

on the extracellular and cytoplasmic sides (highlighted in purple), but also have sequences which 

are reminiscent of proton pumps; DeinoR has a DTA, and HyR has a DTK helix C motif. 

Additionally, Glu-194 and Glu-204 are not conserved in HyR and DeinoR; they instead express 

hydrophobic residues. This is not surprising as the HyR and DeinoR group forms a sub-branch 

related to PR and either one or both of the glutamic acids involved in proton release in BR are 

missing in proteorhodopsins.12  

 

Both members of the new group of uncharacterized microbial rhodopsins studied herein 

(HyR and DeinoR) have the expected, broad absorption spectrum in the visible range. The 

absorption maximum for detergent micelles of HyR and DeinoR are 552 nm and 540 nm, 

respectively (Figure 7.2.3.2).  
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Figure 7.2.3.3: Photocycle kinetics of DeinoR reconstituted into proteoliposomes at a 2:1 

protein to lipid ratio. Full wavelength scan of proteoliposomes in suspension buffered by 100 

mM NaCl, 50 mM TRIS at pH 7.  

 

Investigating the photochemical properties of DeinoR through a full wavelength scan in 

flash-photolysis experiments revealed a relatively slow photocycle at neutral pH. The negative 

trace at 560 nm corresponds to the dark state bleaching and the M intermediate which indicates a 

deprotonated SB was observed with a maximal amplitude at 420 nm. A possible L-like 

intermediate around 460 nm was also observed but no positive red shifted intermediate (K-like, 

O-like intermediates) was measured. The lack of the K-like intermediate and O-like intermediate 

is likely related to time resolution limitations and a long-lived M intermediate, respectively.  

 

The overall photocycle of HyR is similar to that of DeinoR. The dark state bleaching 

signal had a maximal amplitude at 540 nm and 560 nm at pH 6 and pH 8, respectively (Figure 

7.2.3.5). The blue shifted M intermediate resulting from the deprotonated SB is maximal at 420 

nm at both pH values, and a possible L-like intermediate is measured at 460 nm. As above in the 

case of DeinoR, the absence of the K-like intermediate and O-like intermediate is probably a 

result of time resolution limitations and a long-lived M intermediate, respectively.  
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The extensive polar stretches (a subset of the purple labelled residues in Figure 7.2.3.1) 

were suggestive for cation coordination. To investigate a possible cation transporting role of the 

group, the photocycles in the presence and absence of sodium and potassium ions were 

measured. The rate of photocycle turnover and the relative proportion of intermediates for 

DeinoR and HyR were not dependent on these ions (Figure 7.2.3.4). This suggests that neither 

DeinoR nor HyR are sodium or potassium ion transporters. 

 

A 

 

B 

 
Figure 7.2.3.4: DeinoR and HyR photocycle kinetics in the presence of sodium and potassium. 

(A) DeinoR proteoliposome suspension in 100 mM KCl and NaCl, 50 mM TRIS pH 7. (B) 

HyR SMF gel, 100 mM NaCl and KCl, 50 mM TRIS, pH 7.  
 

Lastly, the kinetics of the HyR photocycle are strongly pH dependent (Figure 7.2.3.6). 

The photocycle accelerates in lower pH conditions which is characteristic of outward directed 

proton pumps such as BR and PspR.86 Given the sequence, the proton pumping function of 

DeinoR reported previously,364 and the pH dependent photocycle, there is a fairly strong 

evidence of the proton pumping function of this group of microbial rhodopsins. It should be 

noted that other MRs possess pH dependent photocycles such as photosensory rhodopsins, 

sodium pumps, and channels.365–367 More research is needed to determine the function and assign 

it conclusively. 
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A 

 

B

 
Figure 7.2.3.5: Full wavelength scans of the HyR photocycle. (A) HyR reconstituted into 

proteoliposomes at a 2:1 protein to lipid ratio. Full wavelength scan, proteoliposomes are 

encased in polyacrylamide gels buffered by 100 mM NaCl, 50 mM TRIS, MES, CHES, 

potassium acetate, KH2PO4, at pH 6. (B) HyR reconstituted into proteoliposomes at a 2:1 

protein to lipid ratio. Full wavelength scan, proteoliposomes suspension buffered by 5 mM 

NaCl, 10 mM TRIS, at pH 8. 
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Figure 7.2.3.6: pH dependence of the HyR photocycle. HyR SMF in 100 mM NaCl, 50 mM 

KH2PO4, MES, TRIS, CHES, potassium acetate pH 4 – 9 (pH increasing from left to right in 

the figure).  

 

 This project was abandoned due to reproducibility issues in the expression yield and 

because the function was found to be trivial. This allowed more time for the detailed 

characterization of the unique inward proton pumping AntR group.  

 

7.3. AntR supplementary information 

 

7.3.1. AntR supplementary materials and methods 

 

Molecular dynamics simulations 

 

 For a complete discussion of the methods and results of the molecular dynamics 

simulations, please refer to: Harris, A. Lazaratos, M., Siemers, M., Watt, E., Hoang, A., Tomida, 

S., Schubert, L., Saita, M., Heberle, J., Furutani, Y., Kandori, H., Bondar, A-N., and Brown, L. 

S., Mechanism of Inward Proton Transport in an Antarctic Microbial Rhodopsin. J. Phys. Chem. 

B 124, 4851–4872 (2020). 

 

H-bonding criteria and occupancy of H-bonding. All H-bond analyses were performed 

using Bridge, a graph-based algorithm we introduced recently.368 Briefly, two groups are 

considered H-bonded when the distance between the heavy atoms of the H-bond donor and 

acceptor is ≤3.5 Å, and the angle formed by the acceptor heavy atom, the H atom, and the donor 

heavy atom, is ≤ 60°. The H-bond network of the protein is represented as a graph whose nodes 

are protein groups, and whose edges are direct protein-protein H-bonds, or water-mediated H-

bonds. Dictionaries of H-bonds sampled throughout the simulation trajectory are used to 

compute H-bond paths according to user-specified criteria, e.g., the shortest distance pathway 

between proton donor and acceptor groups. All graphs computed here with Bridge are undirected 

graphs, i.e., their edges are bidirectional and can be traversed in both directions. 
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The overall occupancy of a long-distance H-bond path, that is, of a path that consists of 

several segments, or wires, of protein-water H-bond chains, is given by the Joint Occupancy 

(JO), which is the probability that all individual H-bonds of a path are sampled at the same time 

during the trajectory segment used for analyses. 

 

Automatically comparing H-bond networks with Bridge. Bridge can be used to compare 

graphs of H-bond networks from two protein simulations. When comparing two graphs of H-

bonds derived from two distinct protein simulations, one graph is used as a reference for the 

positions of the nodes of the graph; we denote the second graph as the target graph (Figure 

7.3.1.1). Differences between the target and the reference graphs are encoded in the color of the 

edges between these nodes. We color red edges where the H-bond is present in the reference, but 

not in the target graph, green edges where the H-bond is present only in the target graph, and 

black edges where the H-bond is present in both graphs. 

 

Computing centralities of H-bonding protein groups. Centrality measures widely adopted 

by social sciences allow us to identify amino acid residues that are central to the H-bond network 

of the protein.369 Here, we extended our original implementation of Bridge368 to allow for 

computations of two centrality measures in graphs of protein H-bonds (Figure 7.3.1.2), 

Betweenness Centrality (BC) and Degree Centrality (DC). The BC370 of node n of the H-bond 

graph is defined as the fraction of all shortest paths that pass through that node for every node 

pair (i, j) found in the graph.  

 

BC(𝑛𝑛) = �
𝜎𝜎(𝑖𝑖, 𝑗𝑗|𝑛𝑛)
𝜎𝜎(𝑖𝑖, 𝑗𝑗)

𝑠𝑠,𝑡𝑡∈𝑉𝑉

 

where 𝜎𝜎(i, j|n) is the number of shortest paths from node i to node j that pass through node n, 

and 𝜎𝜎(i, j) is the number of all shortest paths from i to j.370 BC is normalized370 by a factor of 

2 (N − 1)(N − 2)⁄ . Since removing a node with large BC from the graph could disconnect the 

network, the BC can be used to quantify communication within a graph, and find the relative 

importance of nodes within a network.  
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The DC of a node n in an undirected graph is defined as the fraction of all nodes N of a 

graph in which n connects to an edge,  

 

𝐷𝐷𝜀𝜀(𝑛𝑛) =
𝑒𝑒𝑑𝑑𝑙𝑙𝑒𝑒𝑠𝑠(𝑛𝑛)
𝛮𝛮 − 1

 

where 𝑒𝑒𝑑𝑑𝑙𝑙𝑒𝑒𝑠𝑠(𝑛𝑛) is the number of H bonds of node 𝑛𝑛. Thus, the DC quantifies the connectivity 

of a node. 

 

Comparison of centrality measures from different H-bond graphs. As a rule, 

normalization of the BC and DC values of nodes in a graph is made relative to the number of 

nodes of that graph. To allow comparisons of BC and DC values computed from different AntR 

simulations, here we introduce weighting factors where we collect all the normalized BC and DC 

values from our 3 simulations. The maximum of these values is then considered as the weight 

that all other values are adjusted to and a new relative scale (color bar) is produced. 

 

 
Figure 7.3.1.1: Computing difference graphs with Bridge. (A) Reference graph used for the 

positions of the nodes. (B) Target graph computed from a different simulation of the same 

protein, protein mutant, or a different isomeric state of the retinal. (C) Difference graph. Red 

edges represent H-bond present in the reference, but not in the target graph, green edges show 

H-bonds that are present only in the target graph, and black edges show the H-bonds that are 

present in both graphs.  
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Figure 7.3.1.2: Centrality measures. (A) Arbitrary H-bond network in a graph representation. 

(B) DC computation. (C) BC computation.  

 

7.3.2. AntR supplementary results 

 

 
Figure 7.3.2.1: Unrooted phylogenetic tree of microbial rhodopsin sequences found in the 

Lake Fryxell metagenome (Project ID Ga0105045) available in the IMG/M database of DOE 

JGI.255 The sequences were aligned using CLUSTALO258 and the phylogenetic tree was 

visualized by Dendroscope.314 The new group of rhodopsins is marked with “?????”. 
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Figure 7.3.2.2: Sequence alignment for helices B-G for the AntRs of Lake Fryxell and selected 

microbial rhodopsins (produced using CLUSTALO).258 BR numbering is shown on top, AntR 

numbering shown in red. Residues conserved in the BR sub-family are shown in yellow on 

black, unique polar residues of AntRs are shown in yellow on brown, and other important 

differences from BR are highlighted in cyan. Abbreviations: BR – Halobacterium salinarum 

bacteriorhodopsin, ASR – Anabaena Sensory Rhodopsin, ChR2 – channelrhodopsin-2 from 

Chlamydomonas reinhardtii, AntRs are shown with reference numbers in the IMG/M 
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Metagenome Project Ga0105045, the AntR studied in this work is shown in red. The 

sequences were taken from public databases: NCBI Proteins and DOE JGI IMG/M.  

 

Homology model of AntR has stable structure in the membrane. Cα RMSD profiles 

(Figure 7.3.2.9), secondary structure analyses (Figure 7.3.2.10), and analyses of the number of 

internal waters (Figure 7.3.2.11), indicate that the overall protein structure (Figure 7.3.2.3) is 

stable throughout the simulations, with relatively small average RMSD values of ~1.7-2.1Å for 

the transmembrane helical domain.  

 

In view of the bistability of AntR described above, we considered three isomeric states of 

the retinal. The all-trans-, 13-cis-15-syn-, and 13-cis-15-anti-retinals remain in the initial 

isomeric states throughout the respective simulations (Figure 7.3.2.12). During simulations of 

AntR with all-trans- or 13-cis-15-syn- retinal, there are about 25 waters in the interhelical region 

of the protein (Figure 7.3.2.11). Two large clusters of H-bonded residues and water molecules 

are apparent (Figure 7.3.2.3B) – on the extracellular and the cytoplasmic sides of the retinal 

chromophore. 
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Figure 7.3.2.3: Architecture and water interactions of AntR. (A) All-trans-AntR model in a 

POPE:POPG lipid bilayer. (B) Water mediated H-bonds in AntR all-trans-state with a 

minimum occupancy of 35%.  

 

All-trans- and 13-cis-15-syn-retinals connect to the extracellular carboxylates via long-

distance H-bond paths. Asp-167 of AntR is homologous to Glu-194 (Figure 7.3.2.13) of BR, 

where it is part of the extracellular proton release cluster.331,332 In AntR, Asp-167 and three other 

extracellular carboxylate groups – Asp-2, Glu-6, and Glu-62 – are part of a cluster that bridges to 

the all-trans-retinal SB frequently (Figure 7.3.2.14A, B): for example, a path that bridges the 

extracellular carboxylates to the SB via Arg-67 and Asp-185 (Figure 7.3.2.14B, C) is sampled 

frequently in both all-trans- and 13-cis-15-syn-states (84% vs. 95.6% of the time) (Figure 

7.3.2.15B, C). All paths that connect the SB to the extracellular carboxylate groups include Arg-

67 and Asp-185 (Figure 7.3.2.14). 

 

H-bond paths on the extracellular side of 13-cis-15-syn-retinal are qualitatively similar to 

those for all-trans-retinal (Figure 7.3.2.14B, C). One noticeable difference is the direct H-bond 

between Asp-2 and Arg-67 in 13-cis-15-syn-AntR, as compared to water-mediated bridging in 

all-trans-AntR. In 13-cis-15-anti-AntR, the retinal SB still maintains connections with the 

extracellular side, but the geometry is different. Those pathways share a common feature, the 

crucial connection between the SB and Ser-74 (48.7%), which is the one responsible for lower 

JO values (Figure 7.3.2.14D, Figure 7.3.2.15D). In turn, Ser-74 connects to the counterion Asp-

185, to Arg-67, and to the extracellular carboxylates. 

 

The Schiff base of 13-cis-15-anti-retinal connects to carboxylates at the cytoplasmic side. 

On the cytoplasmic side of retinal, an extended H-bonded protein-water network connects the 

Schiff base of 13-cis-15-anti-retinal to Asp-195 (Figure 7.3.2.16A, B & Figure 7.3.2.15D). The 

chain of H-bonded waters between the retinal Schiff base and Asp-195 is long, with 5 - 8 water 

molecules; nevertheless, the network is present for ~80% of the time. This cytoplasmic H-

bonded network includes the hydroxyl group of Ser-74 of helix C, and backbone carbonyl groups 

of Tyr-150 (helix D) and Phe-192 (helix F) (Figure 7.3.2.16A).  
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Centrality computations identify hot spots of the H-bond network. Analyses discussed 

above suggest that Ser-74 mediates the connection between the extracellular and cytoplasmic 

halves of AntR (Figure 7.3.2.14B, C, D). Ser-74 plays the crucial role of linking different retinal 

isomers to the opposite sides of the membrane. For example, the extracellularly-oriented SB of 

all-trans- and 13-cis-15-syn-retinals may connect to Tyr-193 and Glu-81 at the cytoplasmic side 

only via an H-bond between Ser-74 and the SB (Figure 7.3.2.14B, C, & Figure 7.3.2.15B, C). 

The same is found for the cytoplasmically-oriented 13-cis-15-anti-retinal SB when connected to 

Asp-2, Glu-6, and Glu-62 on the extracellular side (Figure 7.3.2.14D & Figure 7.3.2.15D).  

 

Arg-67 participates in all H-bond paths that connect an extracellularly- and 

cytoplasmically-oriented Schiff base to extracellular carboxylates (Figure 7.3.2.14, & Figure 

7.3.2.15).  

 

Computations of centrality measures support a key role of Arg-67 and Ser-74 for inter-

helical H-bonding in AntR (Figure 7.3.2.4). Glu-81 has the highest centrality scores (see 7.3.1 

for definitions of centrality, BC and DC) in all-trans- and 13-cis-15-syn-, but not in 13-cis-15-

anti-AntR. The cytoplasmically-oriented SB of 13-cis-15-anti-AntR, with its relatively low BC 

and DC values (Figure 7.3.2.4B, D), helps stabilize the cytoplasmic H-bond network to which 

Glu-81 and Asp-195 contribute as central nodes. 

 

Taken together, the analyses of the JO values of H-bond paths of the retinal, and of the 

centrality measures, suggest that changes in the orientation of the retinal SB bring about 

rearrangements of the inter-helical H-bond networks. An extracellularly oriented SB connects to 

extracellular carboxylates via largely stable paths with JO values of 62-84% when considering 

only the shortest possible paths. For the cytoplasmically oriented 13-cis-15-anti-retinal SB, the 

connections to the same carboxylates are still maintained at 8-22% (Figure 7.3.2.14D, Figure 

7.3.2.15D). Arg-67, Asp-185, and Ser-74 (the latter only for the 13-cis-15-anti-retinal) are 

central nodes of the extracellular paths. Once the retinal SB has reoriented towards the 

cytoplasmic side, the extracellular H-bond network lacks one of the nodes with high centrality, 

the SB, which is now instead an important connection of the cytoplasmic network.  
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The cytoplasmic H-bond network of the 13-cis-15-anti-retinal is somewhat more 

dynamic than the extracellular network of all-trans-retinal (Figure 7.3.2.14B, D, Figure 

7.3.2.13A, B, Figure 7.3.2.15), which could be due to the absence of a cytoplasmic node with as 

high a centrality value as that of the extracellular Arg-67; the highest centrality scores at the 

cytoplasmic side in the 13-cis-15-anti- state are observed for Glu-201, which is located ~25 Å 

away from the retinal SB (Figure 7.3.2.3B & Figure 7.3.2.16A). Additionally, lower BC values 

were found in the case of the 13-cis-15-anti-retinal SB when compared to the all-trans-state for 

important amino acid residues such as Glu-81, Tyr-193, Ser-74, Asp-185, and Arg-67 (Figure 

7.3.2.4A, B, Figure 7.3.2.17, Figure 7.3.2.18), indicating a major rearrangement of the H-bonded 

networks as a result of retinal photoisomerization. 

 

 
Figure 7.3.2.4 Centrality measures for AntR. (A) BC values mapped onto the network of all-

trans-AntR. In Figure 7.3.2.4, Figure 7.3.2.17, and Figure 7.3.2.18, we consider only H-bonds 



 

211 
 

with occupancies of at least 35%, and nodes are colored according to the normalized and then 

weighted BC and DC. Labeled are the amino acid residues of interest, discussed in the text. 

(B) Normalized BC computed for 13-cis-15-anti-AntR compared to all-trans-AntR. (C) DC 

values mapped onto the network of all-trans-AntR. (D) Normalized DC computed for 13-cis-

15-anti-AntR compared to all-trans-AntR. In Figure 7.3.2.4, Figure 7.3.2.17, and Figure 

7.3.2.18, black lines represent H-bonds present in both graphs, green - H-bonds present in 13-

cis- but not all-trans-AntR, and red – H-bonds present in all-trans- but not in 13-cis-AntR.  

 

 
Figure 7.3.2.5: BN-PAGE results of solubilized AntR indicate that it organizes in higher order 

oligomers, possibly pentamers or hexamers. All the buffers were pH 7, gels were Bio-Rad 

Mini-protean TGX pre-cast 4-20%. 

 

To investigate the oligomeric state of AntR, BN-PAGE of solubilized protein was 

performed (see Figure 7.3.2.5). Rachel Munro, the PhD student who performed the experiment 

was running several samples simultaneously and the columns are as follows: Marker, PR 

DMPC/DMPA, PR DOPE/DOPG, PR Solubilized, PR solubilized at half concentration, AntR2 

(referring to AntR), AntR2 well overflow, Marker, and ASR Solubilized. The yellow numbers on 

the left of the figure indicate the molecular weight given by the marker bands. PR has a 

molecular weight of approximately 29 kDa,371 and the bands appear to indicate the presence of 

hexamers, pentamers, and dimers in the case of the DMPC/DMPA reconstituted sample and 
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hexamers, pentamers, and trimers in the case of the DOPE/DOPG reconstituted sample. The full 

concentration PR solubilized column is difficult to interpret, but at half concentration, hexamers, 

pentamers, and monomers appear fairly clearly. The same conclusions were drawn by a past 

group member, Rachel Brown.372 ASR appears to form dimers and trimers in the DDM-micelles, 

consistent with previous results of ASR DDM-micelles and crystals in the hands of Munro and 

colleagues.373 Finally, based on the amino acid sequence of AntR, a molecular weight of 

approximately 24 kDa is expected (aatbio.com). Therefore, strictly higher order oligomers were 

observed in the experiment. Our Toronto collaborators observed a pH dependent oligomeric state 

of AntR in DDM-micelles. Namely, they observed trimers at low pH and hexamers at high pH. 

Here, the pH is neutral, and it appears that AntR forms trimers, pentamers, and hexamers. 

Further study is warranted to gain a more complete understanding of the oligomeric structure of 

AntR, which will be explored by DEER spectroscopy by our Toronto collaborators. 

 

 
Figure 7.3.2.6: FTIR difference spectra of the wild-type AntR proteoliposomes at pH 7 (black 

line reproduced from Figure 3.2.3.6) and pD 7 (red line). The difference spectrum is the result 

of subtracting the averaged spectra of blue light (<480 nm) adapted samples from those of the 

red light (>560 nm) adapted samples.  
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 Pyranine is a pH indicator dye which absorbs different wavelengths of light depending on 

the pH of the medium. The acidic form has a major peak near 400 nm and the alkaline form has a 

major peak near 455 nm. At near neutral pH, the populations of the alkaline and acidic forms are 

approximately equal (Figure 7.3.2.7). AntR is bistable at neutral pH and transitions between the 

metastable all-trans and 13-cis-15-syn states upon illumination. No light induced pH changes of 

the medium were observed in either the SMF gel experiment or the SMF suspension experiment 

(Figure 7.3.2.7), as shown by the reproduced alkaline and acidic peaks of pyranine before and 

after illumination. This indicates that there is no H+ release or uptake between the all-trans and 

13-cis-15-syn retinal confirmations in the branched photocycle of AntR.  

 

A 

 

B 

 
Figure 7.3.2.7: Pyranine experiments. (A) AntR E. coli membranes encased in polyacrylamide 

gels in an unbuffered solution of 5 mM NaCl, and 100 µM pyranine at pH 7.45 ± 0.02. Dark 

adapted overnight and illuminated with yellow (>460 nm) light for 1 min. (B) To ensure that 

the lack of detection of light induced proton movements was not due to the inability of 

pyranine to penetrate the gel, another experiment was performed on AntR E. coli membranes 

suspension of unbuffered solution of 5 mM NaCl, and 100 µM pyranine and at pH 7.7 ± 0.1. 

Dark adapted overnight and again for >2 hours after measuring the pH in the near complete 

darkness. Illumination with yellow (>460 nm) light, 1 min.  
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A 

 

B

 

C

 

D

 

E

 

F

 
Figure 7.3.2.8: Flash photolysis of AntR in E. coli membranes in the presence of various ions 

and ionic concentrations. (A) pH 9, 50 mM KCl or NaCl, 25 mM CHES. (B) pH 9, 50 mM 

Na2SO4 or NaCl, 25 mM CHES. (C) 500 mM NaCl, 25 mM CHES, pH 9 with and without 10 
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mM CaCl2. (D) 500 mM NaCl, 25 mM CHES, pH 9 with and without 10 mM MgCl2 (E) NaCl 

(varying concentrations), 25 mM CHES, 10 mM CaCl2, pH 9. (F) KCl (varying 

concentrations), 25 mM CHES, 10 mM CaCl2, pH 9. 
 

As expected from the ion transport assays and the inward proton transporting role of 

AntR, the photocycle kinetics and relative proportion of photocycle intermediates were not 

significantly affected by the presence or absence of several ions, including: sodium, potassium, 

chloride, sulfate, magnesium, and calcium (Figure 7.3.2.8). At high ionic strength (to prevent 

surface pH effects), the presence of divalent cations did not strongly alter the photocycle of 

AntR. Finally, there was no chloride, sodium, or potassium dependence on the photocycle in a 

large concentration range (5 – 500 mM). 

 

 
Figure 7.3.2.9: Cα RMSD profiles for AntR homology models with different retinal isomers. 

RMSD profiles for turns/coils and helices are colored black and red, respectively. (A-C) 

RMSD profiles computed for AntR with all-trans- (panel A), 13-cis-15-syn- (panel B), and 13-

cis-15-anti- (panel C) retinal. 
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Figure 7.3.2.10: Secondary structure analysis of AntR homology models with different retinal 

isomers using STRIDE.374 (A-C) Secondary structure analyses for AntR with the all-trans- 

(panel A), 13-cis-15-syn- (panel B), and 13-cis-15-anti- (panel C) retinal.  

 

 
Figure 7.3.2.11: Number of internal water molecules in AntR homology models. Panels A-C 

give results obtained for AntR with all-trans-, 13-cis-15-syn-, and 13-cis-15-anti- retinal, 

respectively.  
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Figure 7.3.2.12: Retinal dynamics illustrated by time series of the C12-C13=C14-C15 and C14-

C15=N-Cε dihedral angles. (A, B) Scatter plots for the timeseries of the twist for the dihedral 

angles C12-C13=C14-C15 and C14-C15=N-Cε, respectively.  

 

 
Figure 7.3.2.13: Connectivity of the retinal Schiff base to Asp-167 on the EC side. JO of the 

shortest path connecting the Schiff base to Asp-167 in AntR with all-trans- (blue) vs. 13-cis-

15-syn- retinal (red). (B) Graph of the shortest path connecting the Schiff base to Asp-167 in 
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13-cis-15-anti-AntR. (C) Molecular graphics of the extended H-bond networks found in the 

EC half of AntR. (D) Alignment of structures of BR and AntR in this region. BR’s Glu-194 is 

homologous to AntR’s Asp-167. Molecular graphics were prepared with VMD.297  

 

 
Figure 7.3.2.14: The retinal SB connectivity to the Asp-2/Glu-6/Glu-62 cluster at the 

extracellular side and Glu-81 at the cytoplasmic side (only shortest paths shown). (A) Graph 

representation of the water mediated H-bond networks computed for the all-trans-state where 

the individual connections were filtered to >5% occupancy for clarity. Highlighted in cyan are 

the amino acid residues of interest. (B-D) Graphs of the shortest paths connecting the SB to 

the extracellular carboxylate cluster and Glu-81 at the cytoplasmic side for AntR with all-

trans- (blue, panel B), 13-cis-15-syn- (red, panel C), and 13-cis-15-anti-retinal (green, panel 

D).  
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Figure 7.3.2.15: Retinal connectivity to the extracellular and cytoplasmic sides in AntR 

depending on the isomeric state, via shortest path computations. Compared to Figure 7.3.2.14, 

all individual occupancies are labelled with the corresponding color for each isomeric state of 

the retinal, while paths are noted with colored dashed lines. The JO for each pathway is traced 

with its respective color and the destination of the pathway is labeled in subscript. The origin 

of the pathways is the retinal Schiff base at all times. (A) Graph representation of the water 

mediated H-bond networks computed for the all-trans-state where the individual connections 

were filtered at >5% occupancy for clarity. Highlighted in cyan are the amino acid residues of 

interest. Illustration from Figure 7.3.2.14A, shown here for ease of comparison and tracking of 

pathways in the whole H-bond network. (B-D) Graphs of the shortest paths connecting the 

Schiff base to the extracellular carboxylate cluster and Glu-81 at the cytoplasmic side for AntR 

with all-trans- (blue, panel B), 13-cis-15-syn- (red, panel C), and 13-cis-15-anti-retinal (green, 

panel D). 
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Figure 7.3.2.16: The retinal Schiff base connects to Asp-195 in 13-cis-15-anti AntR. (A) 

Extended water wire bridging the retinal Schiff base to Asp-195. Helices A and E are not 

shown for clarity. (B) Time series of the length of the water wire depicted in panel A. The wire 

length is given by the number of H-bonded waters in the wire. 
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Figure 7.3.2.17: BC values mapped onto the network of AntR. (A) all-trans-AntR. In Figure 

7.3.2.4, Figure 7.3.2.17, and Figure 7.3.2.18 we consider only H-bonds with occupancies of at 

least 35%, and nodes are colored according to the normalized and then weighted BC or DC. 

(B) Normalized BC computed for 13-cis-15-anti-AntR compared to all-trans-AntR. (C) 

Normalized BC computed for 13-cis-15-syn-AntR compared to all-trans-AntR. (D) Water 

wires with a minimum occupancy of 35% found in all-trans-AntR. Lines represent water-

mediated H-bonds connecting amino acid residues and are color coded according to the 

occupancy of H-bonds. In Figure 7.3.2.4, Figure 7.3.2.17, and Figure 7.3.2.18 black lines 

represent H-bonds present in both. graphs, green - H-bonds present in 13-cis- but not all-trans-

AntR, and red – H-bonds present in all-trans- but not in 13-cis-AntR. Molecular graphics were 

prepared with VMD.297 
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Figure 7.3.2.18: DC computations for AntR for water wires with occupancy of at least 35%. 

(A) DC values mapped onto the network of all-trans-AntR; (B) Normalized DC values 

computed for 13-cis-15-anti-AntR, compared to all-trans-AntR. (C) Normalized DC values of 

13-cis-15-syn-AntR compared to all-trans-AntR.  

 

The light-induced absorption changes in the FTIR difference spectra (see Figure 7.3.2.19) 

suggest that the interactions in the retinal binding pocket of the all-trans and 13-cis-15-syn 

isomers don’t differ in a significant way between the WT and T41A, Y71F, D167N, and D195N 

mutants. The difference spectra were produced through the subtraction of blue light illuminated 
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samples from red light illuminated samples meaning that positive signal corresponds to the 

increased accumulation of 13-cis species and negative signal corresponds primarily to the 

disappearance of all-trans species.  

 

A 

 

B 

 

C 

 

D 

 
Figure 7.3.2.19: AntR proteoliposomes FTIR difference spectra. All samples were dried from 

distilled water and rehydrated with 2 mM TRIS, pH 7. The black lines are reproduced from 

Figure 3.2.3.6 and the red lines represent various mutants: (A) T41A, (B) Y71F, (C) D167N, 

(D) D195N. The difference spectrum is the result of subtracting the averaged spectra of blue 

light (<480 nm) adapted samples from those of the red light (>560 nm) adapted samples, 

(except in the case of Y71F where orange light (>520 nm) and blue light (<480 nm) were used 

due to the blue shift in the dark state absorbance of the variant).  
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Here, the light-induced absorption changes of the C75A mutant in proteoliposomes were 

investigated with FTIR static difference spectroscopy (Figure 7.3.2.20). There is clearly a 

baseline distortion, however several key bands are still observable. The ethylenic stretch band at 

1527 cm-1, possible lipid ester perturbations at 1740 cm-1, and marker bands of the all-trans 

retinal C-C stretching at 1198 cm-1 and 1162 cm-1 are shown. The latter two peaks indicate the 

disappearance of the all-trans isomer upon sample illumination. The severely prolonged M 

intermediate of this phenotype is apparent through the absence of positive bands, typical of the 

M intermediate. Further characterization of the C75A M intermediate by various techniques is an 

avenue which could be pursued in future studies. Below, a mixture of photocycle intermediates 

including the M intermediate was observed in rapid-scan FTIR experiments (Figure 7.3.2.23C). 

 

 
Figure 7.3.2.20: Static difference FTIR spectrum of proteoliposomes of C75A. The film was 

dried on a CaF2 window from 2 mM TRIS, pH 8 and rehydrated using 3 drops of 1 μL 20 % 

glycerol/H2O (v/v). The second window was separated from the first using a 950 μm spacer, 

and dark adapted for 30 mins. The difference spectrum results from subtracting the dark 

spectrum from the 1 min yellow (>460 nm) light illuminated spectrum.  
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Figure 7.3.2.21: Low temperature light-minus-dark difference UV-Vis spectroscopy of AntR 

proteoliposomes at pH 3, 2 mM trisodium citrate dihydrate. Investigation of the wavelength 

which results in the greatest accumulation of the early K intermediate.  

 

 
Figure 7.3.2.22: Photocycle kinetics of lipid-reconstituted AntR and E. coli membranes in 50 

mM NaCl, 25 mM CHES, pH 9. 
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Figure 7.3.2.23: Rapid scan FTIR spectroscopy of AntR proteoliposomes of the wild-type and 

several mutants. The samples were dried from 2 mM CHES at pH 9 or pD 9, except in the case 

of C75A which was dried from 2 mM TRIS at pH 7 or pD 7. The films were rehydrated using 

4 μL of 20% glycerol/H2O (v/v) or 20% glycerol/D2O (v/v). (A) WT D2O, (B) T41A, (C) 

C75A, (D) C75A D2O, (E) E81Q, (F) R84A, (G) D167N, (H) T188A.  

 

Rapid scan FTIR spectroscopy of several mutants and the WT AntR in D2O were 

performed (Figure 7.3.2.23). Apart from modest differences to the kinetics and band amplitudes, 

the spectra of T41A, R84A, D167N, and T188A are similar to the WT (Figure 3.2.4.5). The WT 

spectrum in D2O (Figure 7.3.2.23A) resembles the WT H2O spectrum with delayed kinetics, as 

expected. A significant difference is the lack of the peak pair near 1506 cm-1 and 1518 cm-1, the 

latter being characteristic of the red-shifted C intermediate.133,253 Similarly, the E81Q spectrum 

(Figure 7.3.2.23E) lacks the 1518 cm-1 peak, however, it appears later in the photocycle which is 

consistent with the 1180 cm-1 peak splitting into the 1182 cm-1 peak (characteristic of the 13-cis 

protonated SB of the AT cycle)133 and primarily the 1173 cm-1 peak (characteristic of the C 

intermediate, all-trans retinal of the 13C cycle)133 at later times. The situation is more interesting 

in the case of the C75A mutant (Figure 7.3.2.23C). Since the photocycle of C75A is delayed (see 

Figure 3.2.5.1 and Figure 7.3.2.23C where the signal is still present after 20 s), marker bands for 

the several intermediates were observed. The 1664(-) cm-1 peak disappears and the 1661(+) cm-1 

peak appears between 9 ms and 811 ms. This may be the transition from the M intermediate 

(characterized in part by a negative peak at 1667 cm-1 in BR) to the O intermediate 

(characterized in part by a positive peak at 1665 cm-1 in BR).289 Additionally, the 1618 cm-1 peak 
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may be another marker for the M intermediate.289 Clearly, a mixture of intermediates is present 

as evident from the presence of the 1516 cm-1 and 1180 cm-1 peaks. The situation is significantly 

different for the same mutant in D2O (Figure 7.3.2.23D) in which a dramatic kinetic isotopic 

effect is observed and the signal persists for approximately 90 s. The all-trans retinal of the 13C 

cycle (C intermediate), dominates the spectrum as evident from the strong 1173 cm-1 and 1516 

cm-1 peaks. The late O intermediate is apparent through the 1661 cm-1 peak. 

 

FT-Raman of reconstituted C75A mutant of AntR shows that the retinal isomeric 

composition is primarily all-trans at pH 6 (Figure 7.3.2.24) as can be judged from the fingerprint 

C-C stretching vibrations region (where the typical all-trans-retinal bands at 1214, 1199, and 

1165 cm-1 and only a weak 1179 cm-1 peak typical for 13-cis species are present).232 This is 

consistent with the WT where a mixture of all-trans and 13-cis isomers is observed at neutral 

pH, with the all-trans isomer being favoured at pH 6 (see Figure 3.2.3.2).  

 

 
Figure 7.3.2.24: Raman spectrum of C75A proteoliposomes in 5 mM NaCl, 10 mM MES at 

pH 6. Dark adapted overnight.  
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Figure 7.3.2.25: Photocycle kinetics of AntR E. coli membranes encased in polyacrylamide 

gels frozen for >17 hrs at -20 °C, thawed then incubated in >100 mL for >90 mins (as usual) in 

pH 9, 50 mM NaCl, 25 mM CHES compared to gels stored at 4 °C. Same number of 

accumulations (10) were used for each wavelength in each set.  
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8. PROTOCOLS 

 

8.1. Small membrane fraction (SMF) sonication 

 

1. Thaw frozen cells in a water bath 

2. Split the cells into two halves in thick-walled plastic beakers 

3. Sonicate (Fisher Sonic Dismembrator Model 500) each half for 1:45 min at 5% amplitude 

(press start without Recalling any programmed settings). Let each half rest for at least 5 mins on 

ice  

4. Sonicate each half five times at 45% for 2:30 min in 30 s intervals on ice. Store cells on ice 

between sonication runs to prevent overheating 

5. Check for complete cell lysis through low speed centrifugation (10 min, 4680 ×g)   

6. If the supernatant is opaque and heavily coloured proceed to the next step. If not, resuspend 

the pellet in 20 mL lysis buffer without lysozyme or DNase (150 mM NaCl, 0.05 M Tris base, 1 

mM MgCl2, pH = 7.2) and repeat the sonication (45% for 2:30 min in 30 s intervals) and 

centrifugation (10 min, 4680 ×g) until you notice the supernatant after centrifugation isn't very 

pink 

7. Collect supernatant in small ultracentrifuge tubes and keep on ice. Freeze unbroken cells in 

case further sonication is needed 

8. Ultracentrifuge the supernatant (150,000 ×g, 50 min, 70Ti rotor, 4°C) 

9. Use a glass pipette to carefully remove and discard most of the supernatant without collecting 

any of the protein which is in solution near the pellet 

10. Using a new glass pipette, insert all the way to the bottom of the tube and collect the darkest 

part of the SMF in solution and transfer to a thick-walled Eppendorf tube 

11. If the remaining supernatant is less than about 500 μL (if not remove more supernatant, 

carefully as to not to remove protein), use the glass pipette to draw up the supernatant and release 

over the pellet to dislodge SMF. Collect this into a different thick-walled Eppendorf tube 

12. Centrifuge the Eppendorf tubes at 30,000 ×g for 10 min to remove larger membrane 

fragments 

13. Invert the Eppendorf tubes gently a couple of times to dislodge the SMF on the upper part of 

the pellet 
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14. Use the most coloured SMF first when preparing the gel, and less coloured SMF should be 

used only if needed 

15. Add reagents in the following: 700 μL of SMF in solution, 300 μL of Acrylamide Solution A 

(33% acrylamide and 1% bisacrylamide), 3 μL TEMED (N, N, N′, N′- 

tetramethylethylenediamine), and 2.4 μL APS (ammonium persulfate) 

16. TEMED and APS catalyze polymerization of the acrylamide so quickly and gently 

homogenize this mixture as soon as possible with a glass pipette 

17. Once homogenous, very gently add a few drops of milliQ water on the top so that the gel 

solidifies evenly 

18. After about 1 hour, the gel should be set 

19. Wash the gel in at least 1 L of MilliQ for at least 4 hours  
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