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ScienceDirect
Channelrhodopsins have become an integral part of modern

neuroscience approaches due to their ability to control

neuronal activity in targeted cell populations. The recent

determination of several channelrhodopsin X-ray structures

now enables us to study their function with unprecedented

molecular precision. We will discuss how these insights can

guide the engineering of the ion conducting pathway to

increase its selectivity for Cl�, Ca2+, and K+ ions and improve

the overall conductance. Engineering such channelrhodopsins

would further increase their utility in neuroscience research and

beyond by controlling a wider range of physiological events. To

thoroughly address this issue, we compare channelrhodopsin

structures with structural features of voltage and ligand-gated

K+, Cl� and Ca2+ channels and discuss how these could be

implemented in channelrhodopsins.
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Introduction
Channelrhodopsins are light-activated cation and anion

channels from microorganisms such as Chlamydomonas
reinhardtii. The majority of known channelrhodopsins

are non-selective cation channels that conduct monova-

lent and divalent cations and protons [1]. Additionally, a

family of engineered and naturally evolved channelrho-

dopsins is highly selective for Cl� [2–4]. Channelrhodop-

sins were quickly adopted as tools for basic neuroscience

research because the conducted ion species play major

roles in exciting or inhibiting neuronal activity. Research-

ers can control ionic currents in targeted cell populations

by direct light stimulation [5]. Since the early adoption of

channelrhodopsins as research tools, several studies
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aimed to increase their utility by enhancing or changing

biophysical properties.

Conventional channelrhodopsins conduct Na+, K+ and

Ca2+ non-selectively which depolarize neurons and trig-

gers action potentials. Exclusively Ca2+ or K+-selective

channelrhodopsins could be applied to specialized tasks

such as the initiation of intracellular signaling cascades or

hyperpolarization of neuron membranes. Furthermore,

the unitary conductance of channelrhodopsins is about

10–104 smaller compared to many neuronal ion channels

(�40 fS for Channelrhodopsin-2) [6]. Increasing the

ion transport rate could reduce the necessary amount

of channelrhodopsins in cell membranes to trigger a

physiological response to light.

Several recently published X-ray structures identified the

position and molecular composition of the ion conducting

pathway, generating confidence for targeted engineering

approaches [7��,8��,9�,10�,11�,12�]. Molecular engineering

has often been inspired by examples found in nature.

Therefore, we will examine how similarities and differ-

ences between channelrhodopsins and ligand and volt-

age-gated ions channels can guide efforts to engineer

channelrhodopsins. However, one missing piece for the

thorough comprehension of channelrhodopsin function is

an ion-conducting, open-state structure. Consequently,

the ion binding sites have not been identified with abso-

lute certainty and the precise mechanisms of selectivity

and conductivity remain elusive. Hence, we will also

discuss approaches that could reveal a channelrhodopsin

open-state structure and thus provide a path toward

rational engineering of channelrhodopsin ion pores.

The ion-conducting pathway in
channelrhodopsin
Channelrhodopsins belong to the family of microbial

opsins which share common structural features and bio-

physical properties. For example, all channelrhodopsins

contain a seven a-helices transmembrane domain. The

membrane domain encloses a covalently bound retinal

molecule, which serves as the light-absorbing chromo-

phore. It has been shown that Channelrhodopsin-2

(ChR2) can conduct large organic cations such as

dimethyl-amine (2.6 Å radius). Following these results,

the effective pore size was determined to be 6.4 Å, which

indicates that ions can be transported in partially or fully

hydrated states [12�]. Furthermore, the permeability for

ions is inversely correlated to their sizes, that is, smaller

ions such as Li+ (0.9 Å radius) generate larger currents
www.sciencedirect.com
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than Cs+ (1.8 Å radius) [13]. Ca2+ and Mg2+ have higher

binding probabilities than monovalent cations but lower

transport rates, which significantly lowers current ampli-

tudes at high Ca2+ and Mg2+ concentrations [14]. Protons

have the highest binding probability and transport rates at

acidic pH values, but their contribution to the current

amplitudes is smaller under neutral pH conditions.

A chain of glutamate residues (E82/83, E90, E97, E101) in

ChR2 has long been suggested to be a crucial element of

the putative pore. The crystal structure of the channelr-

hodopsin hybrid C1C2 revealed that the homolog gluta-

mate residues (E121/122, E129, E136, E140) are indeed

located throughout transmembrane helix 2 (TM2) [7��]
(Figure 1). Although C1C2 forms a dimer, each subunit

contains an independent ion pathway defined by four

alpha-helices (TM1, 2, 3, 7). The extracellular vestibule

(opening = 8 Å diameter) is slightly electronegative and

closed at a constriction site called the central gate

(Figures 1 and 2).

The cytoplasmic side is entirely occluded in this dark-state

structure, by several highly polar residues (S102, E129, and

N297) near the center of the pore and by Y109 near the

entrance. Strikingly, replacing a majority of the acidic pore

residues by neutral or basic residues converts C1C2 into the

Cl�-selective channel iC++ [2,15��]. Similarly, replacing

the central E90 by glutamine in ChR2 generate chloride

conductivity in the engineered variant ChloC [4].

Soon after the engineering of anion selectivity, a natural

Cl� conducting channelrhodopsin, GtACR1 (Guillardia
theta Anion-Conducting Channelrhodopsin), was found

by screening the genomic DNA of Guillardia theta [3].
Figure 1
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Closed-State X-ray structure of the cation-conducting channelrhodopsin C1

seven transmembrane alpha-helices (TM). The pore is formed by TM1, TM2

electronegative cavity (red). The extracellular vestibule extends to the centra

cytosolic site is constricted by S102, E129, and N297 near the center as we
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Three crystal structures of GtACR1 and iC++ have since

been published [8��,9�,10�]. While the overall configuration

of GtACR1 and iC++ is similar, the molecular composition

of the ion conducting pathway stands in stark contrast to

C1C2. For example, C1C2 has seven carboxylate residues

in its ion-conducting pathway, and 14 on the intracellular

and extracellular surface, which potentially attract cations

and repel negatively charged anions. In contrast, GtACR1

has only three acidic residues in its pore, while 12 of the

carboxylate residues on its inner and outer surface are

replaced by the basic residues arginine or lysine (Figure 2).

Although the protonation states of acidic and basic residues

remain elusive, we can assume that the electrostatic poten-

tial of the ion conducting pathway and protein surface is a

major determinant of ion selectivity in channelrhodopsins.

As discussed below, we can find these principles in a

majority of ligand and voltage-gated channels. However,

there are some striking differences. For example, the ion

pathways of many ligand and voltage-gated channels are

comprised of 2, 4, 5, or 6 topologically quasi-identical

protein subunits or domains which form pores with topo-

logical 2, 4, 5, or 6-fold symmetry, respectively [16�,17–19].
These configurations are critical for the formation of highly

selective filters in Ca2+ and K+ channels. In contrast, the

monomeric channelrhodopsin pore has no symmetrical

features.

An interesting finding in the channelrhodopsin structures

is an apparent correlation between the number of con-

striction sites and the conductivity. For example, C1C2

generates larger photocurrents than ChR2. ChR2 has

three constrictions, one cytosolic, one extracellular, and

one in the center [11�] (Figure 2a). C1C2 has two
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C2 (PDB ID: 3UG9). The structure depicts the overall structure with

, TM3, TM7 and lined with acidic residues that generate an

l gate, near the light-absorbing chromophore retinal (magenta). The

ll as Y109 at the putative pore entrance. Reprinted by permission from

7��].
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Figure 2
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(b)                                                        (a)

Comparison of channelrhodopsins with varying ion transport rates. (a) Channelrhodopsin-2 (ChR2) has three constriction sites in its dark-state

structure: Intracellular gate (cytosolic site), Central gate (center) and Extracellular gate (within the extracellular vestibule). IC1, IC2, EC1, EC2 depict

intracellular and extracellular vestibules respectively. (PDB ID: 6EID). From Ref. [11�]. Reprinted with permission from AAAS. (b) The conductance

rates of Cl� selective GtACR1 are 25 times larger compared to ChR2. There is only one restriction site at the center of the pore (CCS, red circle)

(PDB ID: 6CSM). The extracellular vestibule 1 (EV1) is open albeit forming an alternative pathway compared to C1C2 shown in (c). The constriction

site ECS2 (green circle) separates EV1 from EV2. The lack of acidic residues generates a potentially positively charged, electrostatic environment

within the pore (blue). (c) The ion pathway of C1C2 (PDB ID: 3UG9) is occluded at two sites, at the center (CCS, red circle) and at the cytosolic

entrance (ICS, purple circle), which could contribute to larger photocurrents compared to ChR2. The excess of acidic residues in the C1C2 pore

creates a negative electrostatic potential (red) which promotes cation transport. Reprinted by permission from Springer Nature Customer Service

Centre GmbH: Springer Nature, Nature [8��].
constrictions, at the center of the pore and at the cytosolic

entrance, with the extracellular vestibule being open in

the dark-state [7��] (Figures 1, 2c). Furthermore, GtACR1

has a more than 10 times larger conductivity (�550 fS)

compared to ChR2 and is only occluded at the center in

the closed state [3] (Figure 2b). It is likely that channelr-

hodopsins evolved from light-gated proton pumps such as

bacteriorhodopsin which do not form open pores [20].

Hence, extensive constriction sites could be remnants

from protein predecessors. Nevertheless, upon light-acti-

vation, channelrhodopsins must open these barriers to

enable ion flow. Channelrhodopsin cycle through open

and closed intermediates under continuous illumination.

While currently speculative, it is possible that more

constriction sites result in a higher ratio of closed state

intermediates under continuous illumination thereby

lowering current amplitudes and conductance measured

using stationary noise analysis [3,6]. Additional structures

of channelrhodopsins with large current amplitudes such

as ChR2-T159C, or Chloromonas oogama channelrhodop-

sin could test this correlation [21,22]. If true, future

engineering approaches should aim to remove the extra-

cellular and cytosolic constriction sites to increase

conductivity.

Engineering Cl�-conducting
channelrhodopsins for shunting inhibition
Channelrhodopsins such as iC++ can conduct monovalent

anions (Cl�, I�, Br�) but not larger charged molecules like

aspartate and glutamate [15��]. Therefore, the dominant ion
Current Opinion in Structural Biology 2019, 57:176–184 
species in anion selective channelrhodopsins, expressed in

vertebrate brains, is Cl�. Consequently, these ion channels

can mimic the function of neuronal GABAA receptors and

suppress action potential generation through shunting inhi-

bition [15��]. Several families of ligand-gated ion channels

also have members that are either cation or anion selective.

For example, the nicotinic acetylcholine receptor (nAch)

and the 5-HT receptor conduct cations while glycine and

GABA receptors conduct anions [18,23,24]. All four of the

channels are pentameric cys-loop channels that share a

similar overall topology. However, the selectivity filter of

the cation-conducting receptors contains a horizontal ring of

5 glutamates (1 from each subunit) whereas the anion-

selective channels place alanine at these positions

(Figure 3a,b). Mutations of glutamates to alanines increased

the selectivity for Cl� in the nAch and 5-HT3A receptors

[25,26]. Interestingly, the structure of a pentameric

Cl� channel from Caenorhabditis elegans revealed that the

pore does not contain any potentially charged residues [18]

(Figure 3b). Nevertheless, the electrostatic potential of the

pore is positive due to oriented peptide dipoles in the

transmembrane alpha helices. This feature can also be

found in CLC Cl� selective ion channels [27]. The nAch

and 5-HT receptors reverse the dipole moment by the

placement of glutamates within the selectivity filter, by

creating a repulsive electrostatic barrier for negatively

charged ions.

Another instance of topologically similar variants that are

either cation or anion selective points to Ca2+-activated
www.sciencedirect.com
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Figure 3
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Electrostatic potentials within the pore regions of ligand-gated cation and anion channels. (a) Cross section through the X-ray structure of the

pentameric, mouse serotonin 5-HT3 receptor, a cation channel (PDB ID: 4PIR). The electrostatic potential of the selectivity filter (white circle) is

electronegative (red) due to charged glutamates which orient the peptide dipoles within the pore region and facilitate the transport of cations.

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature [23]. (b) Cross section through the X-ray

structure of the pentameric, glutamate-gated Cl� channel GluCl�alpha from C. elegans (PDB ID: 3RIA). The selectivity filter is electropositive (blue,

narrow bottom) albeit the lack of charged residues in this region. Instead, oriented peptide dipoles provide an electrostatic environment that

facilitates the transport of anions. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature [18]. (c)

Cryo-EM structure of the anion selective Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) from zebrafish. The ion-conducting

pathway is formed at the interface of the dimer. Lysine and arginine residues generate a potentially electropositive environment (blue) within the

pore that attracts anions and repels cations. Note, CFTR does not have a single selectivity filter. Instead, anion selectivity is controlled by several

ion binding sites along the pore. Reprinted from Ref. [16�], with permission from Elsevier.
TMEM16 channels. For example, TMEM16F is a non-

selective cation channel while TMEM16A is Cl� selective.

TMEM16A contains several basic residues in its putative

pore that are positively charged when protonated [28,29].

Conversely, the murine cation channel TMEM16F con-

tains neutral glutamine at one of these positions. When this

glutamine is replaced by lysine, the ion selectivity of

TMEM16F is significantly biased toward anion perme-

ation, indicating that electrostatic barriers play major roles

for anion versus cation selectivity [30]. Another example is

the cystic fibrosis transmembrane conductance regulator

(CFTR), which contains several basic residues within the

pore region (Figure 3c) [16�]. Thus, Cl� selectivity in

CFTR is most likely mediated by the positive electrostatic

potential of the pore which attracts anions and repels

cations. These examples demonstrate that electrostatic

potentials are a major driver for anion versus cation selec-

tivity in a wide variety of structurally diverse ion channel

families, including channelrhodopsins.

K+-selective channelrhodopsins for
hyperpolarization of neuron membranes
Ultimately, ion gradients determine if ion channels depo-

larize or hyperpolarize membrane potentials. The shunt-

ing capabilities of Cl� conducting channelrhodopsins are
www.sciencedirect.com 
thus dependent on Cl� gradients. Cl� gradients are vari-

able within neurons and do not always permit strong

inhibition. For example, pre-synaptic terminals have

higher intracellular Cl� levels than dendrites and somata

[31]. Consequently, Cl� channels depolarize high intra-

cellular Cl� cell membranes from resting potentials and

could induce neurotransmitter release through activation

of voltage-gated Ca2+ channels [32]. In contrast, K+

gradients are relatively stable throughout neurons. Thus,

K+ mediated currents will cause membrane hyperpolari-

zation and strong neuronal inhibition under most physio-

logical conditions [33]. Hence, the engineering of K+

selective channelrhodopsins would be another critical

tool in the optogenetic arsenal.

Studying the K+ channel structures aims to solve an

obvious conundrum. How can these channels selectively

transport the larger K+ ions (1.33 Å radius) over the

smaller Na+ ions (0.99 Å radius)? While the exact mecha-

nisms are still debated, there is a consensus on several key

factors. 1. K+ channels share a common tetrameric pore

structure which results in selectivity filters with fourfold

symmetry [17] (Figure 4a). 2. The filter has four contigu-

ous ion binding sites. 3. The hydration shell, surrounding

K+ ions, is largely removed and replaced by main chain
Current Opinion in Structural Biology 2019, 57:176–184
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Figure 4
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Structural features for ion selectivity in K+ and Ca2+ ion channels. (a) Left: structure of the selectivity filter in the native, K+ conducting channel

KcsA, including four bound, dehydrated K+ ions (green) (PDB 1K4C). The selectivity filter provides four ion binding sites through main chain

carbonyl oxygen atoms (red). 2nd left: The non-selective cation channel NaK provides only two ion binding sites (PDB ID: 3E8H). 2nd right:

Increasing the binding sites of NaK from 2 to 3 in NaK2CNG is not sufficient to generate an exclusively K+ selective pore (PDB ID: 3K03). Right:

Further increase of the ion binding sites to 4 in the engineered channel NaK2K generates a highly K+ selective filter region similar to KscA (PDB

ID: 3OUF). Note, only two of the four pore domains are shown. Reprinted by permission from Springer Nature Customer Service Centre GmbH:

Springer Nature, Nature [37]. (b) Model of selective K+ ion transport. Left/Middle: K+ selective filters remove hydration shells (blue) which

thermodynamically favors K+ entry over Na+. K+ ions occupy 2–3 sites and are in direct contact which facilitates ion transport through electrostatic

repulsion. Sodium ions do not bind in ideal positions for electrostatic repulsion. Right: Nonselective pores have fewer ion binding sites and only

partially dehydrate ions, which results in equal binding probabilities for Na+ and K+. Reprinted by permission from Springer Nature Customer

Service Centre GmbH: Springer Nature, Nature [35�]. (c) The structure of the engineered channel CavAb shows that the selectivity filter orients Ca2

+ (green) with carboxyl side groups as well as main chain carbonyl groups to accommodate divalent charges. Two hydrated Ca2+ move through

the binding sites by mutual electrostatic repulsion. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer

Nature, Nature [38�].
carbonyl oxygen atoms in the selectivity filter. The ther-

modynamic costs for removing the hydration shell are

lower for K+ than for Na+, which is crucial for K+ selec-

tivity. 4. The selectivity filter is occupied by two or more

contiguous K+ ions. Cations move through the pore by

electrostatic ion-ion repulsion (knock-on mechanisms)

(Figure 4b) [34,35�]. As demonstrated by molecular

dynamics studies, the specific configuration of the selec-

tivity filter favors K+ transport, as Na+ would not occupy

binding sites in an optimal position for efficient knock-on

transport driven by electrostatic repulsion. All available

scientific evidence strongly suggests that the architecture

of the selectivity filter is the overall governing factor for

K+ selectivity. For example, the nonselective, bacterial

cation channel NaK can be converted into a K+ channel

when the number of ion binding sites in the selectivity

filter is increased from 2 to 4 [36,37] (Figure 4a).
Current Opinion in Structural Biology 2019, 57:176–184 
The strict architectural requirements render the engi-

neering of K+ selective channelrhodopsins extremely

difficult. Several features that do not exist in channelr-

hodopsins have to be implemented, such as a distinct

selectivity filter with fourfold symmetry and four contig-

uous ion binding sites that mimic the hydration shell of

K+ ions. However, channelrhodopsin pores are asymmet-

rical, ions are most likely not dehydrated during transport,

and channelrhodopsins do not have a distinct selectivity

filter. Also, the central gate is essential for the light-gated

opening mechanism which excludes this region as a

potential site for an ion selectivity filter. Instead, a poten-

tial engineering strategy could aim to elongate the pore-

forming transmembrane alpha helices into the extra or

intracellular space to allow more flexibility for positioning

a selectivity filter. If successful, any potential K+ selective

channelrhodopsin has to be thoroughly analyzed and
www.sciencedirect.com
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confirmed by electrophysiological ion substitution experi-

ments with K+. Only electrophysiological ion substitution

experiments can confirm that shifts in reversal potential

originate from K+ selectivity and not Cl� [2–4].

Ca2+ selective channelrhodopsins for inducing
synaptic vesicle release
Native neurotransmitter release is mediated by Ca2+ flow-

ing through highly selective voltage-gated Ca2+ channels

into pre-synaptic terminals. An optimized Ca2+ selective

channelrhodopsin (CaChR) could trigger pre-synaptic

neurotransmitter release with a lower risk of generating

backpropagating action potentials.

Efforts to engineer a Ca2+ selective ChR must overcome

several challenges unique to Ca2+ conductivity; Na+ ions

are similar in size to Ca2+ (0.95 Å to 0.99 Å radii) and Na+

is significantly more abundant than Ca2+ under physio-

logical conditions. Nevertheless, nature has evolved mul-

tiple Ca2+-selective ion channels. Most of them are

hypothesized to harness the divalent nature of Ca2+ in

their selectivity filters, such that the movement of ions

through the filter is dependent on the divalent charge,

effectively excluding Na+ [38�]. Many Ca2+ channels

share the same tetrameric topology, with P-loops that

harbor the selectivity filter, similar to K+ channels

(Figure 4c). Ca2+ selectivity in mammalian Cav1.1 is

coupled to a planar ring of four glutamate residues

(EEEE motif) positioned in pore loops between TM5

and 6 in each of the four domains [39]. The selectivity

filter is hypothesized to function through selective bind-

ing and trapping of Ca2+ ions in the EEEE motif. When a

second Ca2+ enters, it electrostatically pushes the EEEE

motif trapped ion through the filter (knock-off mecha-

nism) (Figure 4c) [40,41]. Ca2+ ions are hypothesized to

remain fully or partially hydrated as they permeate

through the pore. Their divalent nature is critical to

the putative function of the EEEE motif, as monovalent

cations do not possess a large enough charge density to

push Ca2+ out of the selectivity filter. Hence, any rational

design effort to engineer CaChRs should aim to mimic

the transmembrane domain topology seen in tetrameric

P-loop channels. To mimic P-loop channels, CaChRs

would require the generation of 2–3 non-dehydrating

ion binding sites within the selectivity filter (1–2 with

high Ca2+ selectivity). While still challenging, engineer-

ing a Ca2+ filter is more flexible in contrast to the longer

and narrower K+ filter.

Ca2+-selective filters do not necessarily depend on car-

boxyl side chain groups, which generates this steric

flexibility. In TRPV1 channels, main-chain carbonyl oxy-

gen atoms of four glycine residues coordinate Ca2+ bind-

ing in the selectivity filter [42]. Furthermore, bacterial

voltage-gated Na+ channels such as NavAb also utilize

EEEE motifs [43,38�]. To explain this discrepancy, it has

been proposed that the larger net charge of Ca2+ filters
www.sciencedirect.com 
facilitates Ca2+ over Na+ binding. Electrostatics are

affected by the residues within the vicinity of selectivity

filters [38�,44]. Thus, electrostatic simulation of ideal pore

formations should precede and guide future engineering

of CaChR, ideally combined with structure determina-

tion. To further enhance conductivity, additional efforts

should be taken to generate electronegative vestibules at

the entrance and exit of the pore. These elements are

hypothesized to attract and bind Ca2+ for the ‘knock-off’

of Ca2+ through the filter into a hydrophobic region.

Electronegative vestibules at the exit accelerate

‘knocked-off’ Ca2+-ions through the hydrophobic pore

region into the cytoplasm. All evidence suggests that

these elements play a critical role in high-conductance

Ca2+ channels [39,45].

Future directions and conclusions
Structural studies of highly selective Ca2+ and K+ ion

channels suggest that a virtual symmetry of the pore and

selectivity filters are critical elements for K+ and Ca2+

selectivity. Therefore, engineering a pseudo-symmetrical

pore structure into channelrhodopsins might allow for the

addition and manipulation of K+ and Ca2+ selectivity.

A significant problem to overcome is the lack of an open-

state structure of channelrhodopsin. Guided attempts to

design ion specificity would be significantly accelerated if

we could observe photo-induced cycling of the pore and

gating mechanism through close-open-close states. How-

ever, traditional X-ray crystallography approaches

encounter several issues. For example, crystallization of

purified channelrhodopsins under light would result in a

heterogeneous mix of open and closed-state intermedi-

ates with varying conformations, which would effectively

prevent crystal formation. Generating nanobodies or anti-

gen-binding (Fab) fragments that could bind and stabilize

an open structure would be technically difficult because

the ‘agonist,’ light, would need to be permanently applied

within host animals [46,47]. Even if possible, light is

technically a fast-dissociating ‘agonist’. Thus, even under

constant illumination, channelrhodopsins molecules con-

tinue to cycle through open and closed states, which

makes the accumulation of stable open-state intermedi-

ates difficult [48]. One alternative strategy could be to use

variants that have an extended lifetime of the open state,

such as the Stop-Function-Opsins (SFO) [49]. Dark-state

protein crystals could be illuminated and immediately

frozen in liquid nitrogen for subsequent structural X-ray

analysis. This approach has been successfully applied for

bacteriorhodopsin and blue-light-activated LOV domains

(light-oxygen-voltage) [50,51]. However, this method

could also destroy protein crystals due to tension induced

by conformational changes. Furthermore, spectroscopic

analysis of SFO variants showed complex photochemistry

that could result in a heterogeneous mix of intermediates

under extended illumination and interfere with the

accumulation of a stable open state intermediate during

cryo-trapping [52,53].
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In contrast, serial femtosecond crystallography with X-ray

free electron lasers (XFEL), would be capable of bypass-

ing these challenges [54]. XFEL techniques have been

used to observe crystal structures of membrane proteins,

such as G-protein coupled receptors in a multitude of

physical states [55]. Moreover, researchers were able to

pair XFEL with timed light excitation of photoactivata-

ble proteins in nano-crystals to determine light-induced

conformational changes. The proof-of-concept has been

demonstrated for photosystem II, fluorescent proteins, as

well as for the light-gated proton pump Bacteriorhodop-

sin, which shares the main topological features with

channelrhodopsins [56–58,59��]. In these studies, protein

crystals were grown in the dark and light-activated imme-

diately before injection into the X-ray beam. Pairing this

technique, dubbed time-resolved serial femtosecond

crystallography (TR-SFX), with lipidic cubic phase crys-

tallization methods, could be a feasible path for the

observation of light-induced ion conduction pathways

in channelrhodopsins.

In conclusion, we have analyzed how past engineering

efforts generated Cl� conducting ChRs by mimicking

structural elements found in ligand-gated, Cl� conduct-

ing ion channels. We also summarized key structural

elements from Ca2+ and K+ channels that contribute to

their respective selectivity. Future engineering efforts are

encouraged to apply these principles to generate Ca2+ and

K+ conductive channelrhodopsins for light-triggered con-

trol of physiological signaling mechanisms.
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