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Chloride transport by microbial rhodopsins is an essential process for which molecular details such

as the mechanisms that convert light energy to drive ion pumping and ensure the unidirectionality of the
transport have remained elusive. We combined time-resolved serial crystallography with time-resolved
spectroscopy and multiscale simulations to elucidate the molecular mechanism of a chloride-pumping
rhodopsin and the structural dynamics throughout the transport cycle. We traced transient anion-binding
sites, obtained evidence for how light energy is used in the pumping mechanism, and identified steric
and electrostatic molecular gates ensuring unidirectional transport. An interaction with the rn-electron
system of the retinal supports transient chloride ion binding across a major bottleneck in the transport
pathway. These results allow us to propose key mechanistic features enabling finely controlled chloride
transport across the cell membrane in this light-powered chloride ion pump.

hloride transport is a fundamental pro-
cess in biology, regulating osmotic pres-
sure, cell growth, and membrane potential
(7). In halophilic Archaea, inward halide-
pumping rhodopsins (halorhodopsin; HR)
from Halobacterium salinarum (HsHR) and
Natromonas pharaonis (NpHR) help to gen-
erate the membrane potential to produce ATP
through the proton motive force, together with
the outward proton-pumping bacteriorhodopsin
(2-4). The role of halorhodopsin in marine bac-
teria, such as rhodopsin 3 from Nonlabens
marinus (NmHR), remains unclear, but it has
been speculated that these chloride pumps are
involved in producing ATP and maintaining
the osmotic balance of the cell (5). Ion gra-
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dients are also involved in the generation and
propagation of neuronal signals, which has
enabled the application of these photoactive
chloride-pumping rhodopsins as optogenetic
tools in the control of neuronal activity (6).
Chloride-pumping rhodopsins bind a retinal
chromophore in all-trans configuration, which,
upon photoisomerization, initiates the trans-
port cycle (fig. S1) through a mechanism that is
still not well understood. The main transport
events can be described following a modified
Jardetzky alternate access model (7) in which
a high-affinity substrate-binding site is trans-
formed into a low-affinity site with light-induced
structural changes enabling access to the cyto-
plasmic release pathway (fig. S2).

The first structure of a halide-pumping rho-
dopsin from halophilic Archaea was reported
20 years ago (8), revealing a chloride-binding
site close to the protonated Schiff base (PSB)
of the retinal. However, it is essential to deter-
mine transient chloride-binding sites to de-
cipher details of the ion transport mechanism.
These remained elusive, except for one tran-
sient site that was identified in cryo-trapped
photointermediate states of the archaeal hal-
orhodopsins HsHR (9) and NpHR (10). Re-
cently, the resting structure of the chloride
pump NmHR from marine bacteria was pub-
lished (71, 12). Although the latter shares only
21% sequence identity with HsHR and NpHR,
it is conceivable that these structurally similar
proteins may use comparable elements in their
transport mechanism. Similarities are also evi-
dent in the photocycle. The classical bacterio-
rhodopsin photocycle is usually described by the
following scheme: dark + hv - K— L — M—
N — O — dark. Halorhodopsins do not display
the M state intermediate, indicating the lack
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of a PSB deprotonation stage [for a detailed
photocycle comparison, see fig. S3 (13-17)].

Understanding the molecular mechanism
of ion transport requires a methodology with
near-atomic spatial resolution and up to pico-
second temporal resolution (13, 15, 18-26). Re-
cent years have witnessed rapid development
in the field of time-resolved serial femtosec-
ond crystallography (TR-SFX) at x-ray free
electron laser (XFEL) facilities with a similar
strategy adapted to synchrotrons: time-resolved
serial synchrotron crystallography (TR-SSX).
The ability to photoactivate rhodopsins ren-
ders NmHR an ideal target for time-resolved
pump-probe experiments to elucidate the
structural dynamics of chloride transport.
The ion transport in halorhodopsin contrasts
in charge and direction with the studied with
TR-SFX bacteriorhodopsin (13, 23, 25) and the
sodium-pumping rhodopsin Krokinobacter
etkastus rhodopsin 2 [KR2 (15)], thus pre-
senting an interesting opportunity for mech-
anistic comparison of transport strategies in
nature.

In this work, we used an approach based on
the detection of anomalous signals in the
photostationary state using the serial crystal-
lography method to identify transient anion-
binding sites inside NmHR. In addition, to
provide a comprehensive view of the anion
transport mechanism in NmHR, structural in-
termediates from Atz = 10 ps until 50 ms were
determined using a combination of TR-SFX
and TR-SSX for resolving structural interme-
diates of the early and late photocycle, respec-
tively. Our structural data were complemented
with crystal spectroscopy and hybrid quantum
mechanics/molecular mechanics (QM/MM) sim-
ulations. The time-resolved crystallography ex-
periments allowed us to describe two molecular
gates orchestrating the unidirectional chloride
transport and analyze the mechanism of light
energy utilization in transport initiation pro-
ceeding through an interaction of the retinal
n-electron system with the chloride.

Results and discussion
Tracing the chloride transport pathway

A chloride-binding site named C1*** was iden-
tified on the extracellular side of the retinal-
binding pocket in the resting state of NmHR
(11, 12) (fig. S4C). Chloride transport to the cyto-
plasm would thus require transfer across the
retinal. The presence of such an early trans-
port bottleneck ensures tight light control,
enabling transport only upon photoactivation.
The resting-state structure of NmHR revealed
three water cavities formed by conserved resi-
dues (fig. S4, A and B, and S5) that may be in-
volved in the transport pathway. However, a
prominent tunnel that would allow for the
passage of the anion was not identified. Pre-
vious biochemical studies showed that NmHR
can transport (5) and bind bromide with a
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similar affinity as chloride [Cl : K4 = 24 mM;
Br: K4 = 10 mM (17)]. Furthermore, struc-
tural studies show that a bromide ion is co-
ordinated by the retinal PSB in the resting-state
Br®*Lbinding site (7). We have assumed that
bromide can mimic the transport pathway of
chloride ions. Therefore, to detect transient
anion-binding sites across the protein, we
replaced chloride with bromide, which can
be localized by anomalous dispersion in x-ray
diffraction. Bromide-soaked crystals were con-
tinuously illuminated with a 520-nm laser diode
while being delivered for serial crystallographic
data collection at the Swiss Light Source (26).
Perpetually activating NmHR within the crys-
tals results in a photostationary state with a
mixture of photocycle intermediates (Fig. 1B)

Intracellular

and partial occupancies of possible anion-
binding sites. However, the O spectroscopic
intermediate was predominantly accumulated
(fig. S6). Molecular replacement combined with
single-wavelength anomalous dispersion en-
abled us to identify four intramolecular sites
overlapping with internal water molecules
(Fig. 1A, all scatterers listed in fig. S7, and
tables S1 and S2): one corresponding to the
resting state (Br®®"), one in a hydrophilic cavity
on the cytoplasmic half of the protein (Br®*%),
and two in hydrophilic cavities in the extra-
cellular half of the protein (Br®** and Br?*®).

To complement the steady-state experiments
and to resolve the structural intermediates of
the consecutive steps of transport, we collected
time-resolved serial crystallography data. Time
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delays from picoseconds to microseconds were
recorded at the SwissFEL X-ray Free Electron
Laser (27) and complemented with millisecond
data from the Swiss Light Source synchrotron
(26) (fig. S8).

As discussed in the following sections, the
time-resolved crystallography experiments
allowed the temporal assignment of the tran-
sient binding sites identified in the photo-
stationary state.

NmHR photocycle in crystals

NmHR was crystallized in a lipidic cubic phase
that mimics the amphipathic environment of
cellular membranes. Nevertheless, crystal con-
tacts and crystallization conditions may influ-
ence protein Kkinetics in the crystalline state
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Fig. 1. Halide-binding sites and photocycle of NmHR. (A) Ribbon model of NmHR
showing the overall secondary structure. Locations of bromide-binding sites, as
determined by anomalous scattering, are shown as brown spheres. (B) Schematic
representation of the NmHR photocycle with the corresponding absorption
maxima. (C) Two-dimensional representation of transient UV/Vis absorption
experiments of NmHR crystals after pulsed photoexcitation. Negative absorption
changes (blue areas) correspond to the depletion of ground-state NmHR and
positive absorption (red areas) to the rise of intermediate states. (D) Kinetic data
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from time-resolved IR spectroscopy on the crystals. (E) Data in (C) and (D)

have been subjected to global fit analysis by applying a model of sequential

intermediate states. The analysis yielded the concentration profiles of the intermediate

states, which were four states for the UV/Vis data (blue traces) and three states

for the IR data (red traces), assigned to a mixture of the spectroscopic K/L state,

the O state, the O, state, and NmHR' (for which a signal was only observed in the

UV/Vis data). The dashed vertical lines indicate the relative concentrations of

intermediate states at delay times applied in the SFX experiments.
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(28). We therefore probed the rise and decay
of spectroscopic states (Fig. 1B) in crystals by
time-resolved absorption spectroscopy in the
infrared (IR) and in the ultraviolet/visible (UV/
Vis) region (Fig. 1, C and D). In the nanoseconds
to early microseconds, we observed a mixture
of K (with A, at 610 nm) and L intermediates
(with A at 540 nm; table S3). The L inter-
mediate decays into a red-shifted O interme-
diate (Anax at 610 nm), which is predominant
in the late microseconds until milliseconds

A dark state

At=10ps

(Fig. 1E). The photocycle of NmHR probed in
solution (77) indicated the rise of the early O,
to be accompanied by chloride release and the
decay of the subsequent O, state to be limited
by chloride uptake. Compared with NmmHR in
solution, the Kkinetics in the crystalline state
are slightly altered with a faster decay rate of
the spectroscopic intermediates up to the O,
state and a slower decay rate of the O, state.
These changes, however, can also be attributed
to an increased chloride concentration (17).

At=10ns

NmHR activation

Light-driven ion transport by microbial rho-
dopsins is initiated by the all-trans to 13-cis
photoisomerization of the retinal chromophore.
Time-resolved difference Fourier maps (Foaops) -
Fiyaarky) Of our fastest TR-SFX time delay at At =
10 ps show that the retinal has isomerized (Fig.
2A and fig. S9). Structural refinement results in a
nearly planar 13-cis configuration, however, the
chromophore is tilted by 17° compared with the
all-trans-retinal of the resting state (fig. S10, A
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Thr102
32A 7
\ Ay
g4 01851
Asn98
T ]
[} i H
1I-t XN 13-cis- 13-cis-
@ réﬂﬂ:i/\fh Lys235 retlnal\/’g\/'-yszas o’ retinalvngvs235

O—H... mo.H _ O—H.. = At=1ps
an1oz\< H e o At=10ps Thr102“< H “Cl o conf. B Thrio2 o
H 3 Asp231 B g Asp231 3
|‘_| ° )\/ Sp! | ° )\/ Sp! y B }\/Aspzﬁ
| o] y | y
H—N, H—N, o H—N, °
o} o] O
Asn98 Asn98 Asn98
c -0.01 P QM AE Spectroscopic
Structure State (nm) A, (nm)
Dark Dark 510 535
10ps 545
K 610
1 us
(cont. A) 552
1 s
(cont. B) L 514 540
20 ps 0, 607 610
22.5ms 0o, 591 620

0.01

Fig. 2. NmHR activation and initiation of transport. (A) Chloride ion-binding site
in the resting state and its evolution in the early active states. In the presence of
photoisomerized retinal at At = 10 ps, when the spectroscopic K intermediate is
accumulated, the CI*® is shifted away from the PSB. At At = 1 us, when a mixture of
the K and L spectroscopic intermediates is accumulated, an additional CI*?-binding
site forms in the proximity of the PSB. Difference Fourier electron density

(Fiignt = Faark) contoured at 3.0 o is shown as a blue (positive) mesh and a golden
(negative) mesh. The corresponding extrapolated electron density maps can be
found in figs. S11 and S12. The chloride ion is depicted as green sphere; the C atom
sticks are colored gray (resting state) and pink (active states; At = 1 us
conformation B in dark purple). At At = 20 us, when the O; spectroscopic
intermediate is accumulated, the anion has passed over the retinal chromophore
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and the resting-state CI**-binding site has been depleted. (B) Schematic overview
of the PSB flipping dipole (At = 10 ps), dragging the chloride over the retinal
chromophore (At =1 us). (C) Molecular electrostatic potential surface of the retinal
chromophore (with the nitrogen of the PSB shown as a blue sphere) and CI*%
(green sphere) of the 1-us intermediate. The isocontour value of the surface is
0.005 e Bohr™. Blue and yellow colors correspond to regions of positive and
negative electrostatic potential (in atomic units), respectively. Comparison with
absent chloride is provided in fig. S15. (D) Absorption maxima of the resting state
and the photocycle intermediates (excitation energy AE, in nanometers) as
determined by QM/MM simulations and UV/Vis spectroscopy. The calculated
values are consistently blue shifted, including the reference resting state. More details
can be found in tables S6 and S7.
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to C). The C20 methyl group of the isomerized
retinal pushes against Trp>®", shifting it away
by 0.4 A. Trp® shifts by 0.3 A toward 13-cis-
retinal, filling in the newly created space (fig.
S11). The geometry of 13-cis-retinal resembles
more closely that observed for sodium-pumping
rhodopsin KR2 than that of bacteriorhodopsin
(fig. S10D).

The PSB changes its orientation upon reti-
nal isomerization. In the resting state, the pro-
ton of the PSB points toward the extracellular
side and forms an H bond with CI**! (C1**'-PSB
distance: 3.1 A; Fig. 2, A and B). At At = 10 ps,
the PSB flips, with its proton pointing toward
the cytoplasm. CI**! shifts away from the PSB,
increasing the distance to 4.1 A and breaking
the H bond between the anion and the PSB,
resulting in a destabilization of this binding
site. Our QM/MM simulations indicate that
28.2 keal mol ™ of energy is stored upon charge
separation between the PSB and CI**! at At =
10 ps. This energy corresponds to more than
half of a green light photon (530 nm or
53.9 keal mol™) to drive the subsequent reac-
tions. Here, the stored energy is attributed to
the photon energy that remains in the protein
after the isomerization and subsequent return
to the ground state. It is calculated as the dif-
ference between the resting state of NmHR
and the K intermediate.

A recent study complements our results,
describing the ultrafast structural changes in
NmHR preceding chloride transport, includ-
ing the retinal geometry evolution during the
isomerization (29). Our 10-ps time delay pro-
vides a single time point overlap with the pre-

13-cis-retinal

Helix C

vious study, which shows overall agreement of
the early structural changes.

First step of chloride transport

Upon depletion of the CI*** site observed at At =
1 us (Fig. 2A), we noted a positive difference
density between the retinal PSB and Thr'*%.
We modeled it as chloride CI*°? in an alternate
position to the still partially occupied C1°* site
(fig. S12). The partially formed CI?***-binding
site is stabilized by interactions with the reti-
nal PSB (3.1 A to N{), the n system (3.1 A to C14
and C15 of the retinal), and the newly adopted
80° rotamer of Thr'? (2.5 A to Oy). We analyzed
these interactions using quantum-chemical cal-
culations and found that the stabilization is
dominated by the electrostatic component be-
tween chloride and PSB (table S4). In addition,
we have found a contribution from the Cl4-
C15=N fragment of the retinal (fig. S13 and
table S5). We identified an anion-r interaction
between the conjugated r system of the retinal
and C1?*? in which the negative charge of the
anion polarizes the n-electron density of the
chromophore (fig. S14). The polarization re-
sembles the common interaction between
anions and = electrons of aromatic rings (30-35).
The polarization effect of the anion is also
evident from the electrostatic potential maps
of the retinal PSB in the presence of the chlo-
ride anion, with a negative potential extending
up to the B-ionone ring of the retinal (Fig. 2C
and fig. S15). Further validation stems from
the calculated QM/MM excitation energy, which
is in quantitative agreement with the experi-
mental counterpart obtained from spectros-

At=25ms 50~

copy (Fig. 2D and tables S6 and S7). The red
shift of the 1-us intermediate with the anion in
the C1**%-binding site with respect to the rest-
ing state is 4 nm for the QM/MM simulation
and 5 nm for the spectroscopic measurement.
By contrast, when CI?*? is omitted or replaced
by a water molecule, the computed shift is 164
or 187 nm, respectively.

On the basis of the archaeal HsHR resting-
state structure (8), it was hypothesized that
the anion could be “dragged” by the moving
PSB, but the passage across the retinal re-
mained unknown. Our NmHR data provide
experimental evidence that, upon charge sepa-
ration between photoisomerized retinal and
CI**! (leading to 28.2 kcal mol ™ of stored en-
ergy), the anion follows the PSB in microsec-
onds, creating a pathway between the retinal
and helix C. The identified anion-r interaction
appears to be an essential step in the trans-
port process. The first step of the chloride
transport brings the anion 4.0 A closer toward
the cytoplasm.

Steric molecular gate

In the resting state, helix C exhibits a kink next
to C1**! [Fig. 3, B and C (36)]. Upon depletion
of CI?*”!, the kink on helix C relaxes from 38° +
6° in the resting state to 22° + 7° in the struc-
ture at At = 20 ps after light excitation. The
kink relaxes even further, reaching a minimum
angle of 16° + 7° at At = 2.5 ms. A shift of helix C
was also observed in active states of the homo-
logous sodium-pumping rhodopsin KR2 (15).
However, the observed changes do not lead
to kink formation (fig. S16). We may infer

helix C kink angle (°)

N NI NI NI
At (s)

Fig. 3. Steric gate prevents chloride backflow. (A) Straightening of helix C
at At = 20 us to 7.5 ms, during which the spectroscopic O intermediates
are accumulated, allows Asn®® to enter the resting-state chloride-binding
site (intermediate At = 1 us conformation A with the CI**-binding site shown
in gray, intermediate At = 2.5 ms with a straightened helix C shown as

pink sticks). The straightening of helix C is stabilized by the formation of

a hydrogen bond between the backbone carbony! group of Asn® and the
Thr'% side chain, shown by dashed lines with the distance measured in

angstroms. (B) Two cylinders are fitted, from Asn® to Asn®® and from Asn®®

Mous et al., Science 375, 845-851 (2022) 25 February 2022

to Pro'®, from which the kink angle at Asn®® can be calculated (36). The
fitted cylinders and calculated angle are shown for the At =1 us and At =
2.5 ms. (C) Change in the helix C kink angle over time, calculated using
KinkFinder (36). One should consider that the apparent linear motion of the
helix may be a result of changes in the populations of the intermediates. Error
bars indicate the heuristically determined 95% confidence interval of the
calculated kink angle (36). The blue line indicates the kink angle determined
for the resting-state structure of 38.1° with an estimated error of + 6.3°
represented in light blue.
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that an intermediate state with sodium cap-
tured between retinal and helix C could lead
to similar kink formation in KR2. In NmHR,
the relaxation of the kink moves the side chain
of Asn®® into the chloride-free CI** site. This
movement is rationalized as a sterically clos-
ing molecular gate preventing reverse flow of
chloride. The Asn®® side chain, while replac-
ing CI%°!, interacts only with the waters Wat*&*
(3.1 A) and Wat*” (3.5 A). Additional stabili-
zation of this closed steric molecular gate is
achieved by a new H bond between Thr'*® and
the carbonyl group of the Asn®® backbone
(Fig. 3A), which seals the gate. Thr'°% which
is part of the conserved NTQ motif defining
the rhodopsin family to which NmHR be-
longs (fig. S5), seems to play multiple roles in
the early transport stages. In the resting state,
it coordinates C1%°!, whereas at At = 1 ps,
the Thr'°? side chain assists in transferring
the chloride to the C1?*? position by rotame-
rization. Finally, Thr'°? seals the molecular
gate, preventing chloride backflow from Az =
20 ps once the anion is on its way toward the
cytoplasm. The equivalent residue in sodium-
pumping rhodopsin KR2 is Asp'®, which
provides an electrostatic driving force for the
cation and neutralizes the positive charge of
the PSB (15), demonstrating substantial evolu-
tionary adaptation of rhodopsins to different
substrates.

Chloride release through GIn'®® of
the NTQ motif

At At = 20 s, the CI?°"- and CI**?-binding sites
are depleted, and the CI*°® may emerge above

A

29A

£3.1 A’
@ watdo1 -
18.0A

Fig. 4. Chloride transport and release. (A) A new chloride-binding site is identified
after the anion is transferred over the retinal chromophore in the light-activated
intermediate at At = 20 ps. Dashed lines indicate hydrogen-bonding interactions in the
CP%-binding pocket with measurements in angstroms. Difference Fourier electron
density [Fobs(20 us) = Fobs(aariy] contoured at 3.0 o is shown as a blue (positive) mesh
and a golden (negative) mesh. (B) Exit site at At = 20 ps. Conformation B of the
Thr™ side chain is shown as purple sticks. The panel on the right shows a magnified
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the retinal by replacing Wat*®°, which adds
another 14 A distance toward the cytoplasm
on the transport pathway (Fig. 4A). The pro-
posed transient C1?*2>-binding site is charac-
terized by a positive peak in Fy(aous) ~ Fodark)
and displays an anomalous signal in the Br-
soaked 13.7 keV photostationary SSX data (Fig.
1A). It should be noted that the anomalous
difference density peak for the transient CI**>-
binding site is of limited strength (table S1 and
fig. S7), likely because of the low occupancy
of the transient binding site in the photo-
stationary state. The C1*®>-binding site is ac-
cessed through Wat**' and Wat*°? and formed
by GIn'® of the conserved NTQ motif, Ser’*
and Thr**® (Fig. 4A). We also observed a weak
anomalous signal between Wat*? and Leu'%®
in the photostationary data (table S1). How-
ever, the site could not be modeled in our
TR-SFX data. A conformational change of
the residue corresponding to Leu'®® (Ile'**)
is needed to form a transient chloride-binding
site in the NpHR structure of the N interme-
diate (10).

GIn'® of NmHR is found at a strategic posi-
tion for ion pumps. The equivalent residue of
outward proton-pumping bacteriorhodop-
sin is Asp®®, which is the internal proton do-
nor to the retinal Schiff base (26). In KR2,
the equivalent residue is GIn'?%, which is in-
volved in the outward transport of sodium
(15). These analogies suggest that pumping
rhodopsins share sections of the transport
pathway despite the different charge and size
of the translocated ion and even in cases of
opposite ion flow.

In the final stage, chloride is possibly re-
leased through the Wat**-binding site on the
surface, which is formed at A¢ = 300 ps and
within 8 A from CI**® (Fig. 4, B to D). It is ac-
companied by ordering of Thr*' and a rotameric

change of Ser*°, both pointing toward Wat*2,

Chloride uptake

NmHR appears to form an electric dipole
(Fig. 5A) with the extracellular surface of pre-
dominantly negative charge and the cytoplas-
mic surface of predominantly positive charge.
The resulting dipole moment presents an
additional driving force for charge transport
across the cell membrane, rendering direction-
ality to those transitions that rely on passive
anion diffusion.

The net negative charge on the extracellular
solvent accessible surface creates a barrier for
anion uptake (Fig. 5A), the exception being a
water cavity enclosed by Asn® (Fig. 5B). The
anion entry into this cavity is driven by the pos-
itive charge of conserved Arg>?>. We identified
an anomalous site in the photostationary SSX
data and a positive peak in the Fyooys) = Fodark)
map of the TR-SFX experiments, which we
modeled as C1°** (Fig. 1A and fig. S17). The
latter is coordinated by Arg®?3, Tyr’%, Wat*%3,
and Wat***,

Passing of the chloride further toward the
retinal is facilitated by the positive charge of
the conserved Arg®, likely through Wat** (fig.
S18A). To enter another water cavity consisting
of Wat*®® and Wat*® (from At = 1 us, addition-
ally Wat*®"; fig. S19), the anion needs to pass
GIn®, where we observed a rotamer change only

25 February 2022

view of the exit site with the extrapolated electron density (2F¢x = Fcarc) @s a blue mesh
at 1.0 o (carved at 1.8 A from the side chains). (C) At At = 300 ps, the residue
Ser*® changes conformation, whereas Thr®* adopts a single conformation to bind
Wat*® (shown as a red sphere), which is only observed from At = 300 us to 2.5 ms. At
the same time, CI*3 and Wat* are both absent at At = 300 ps. (D) Mapping the
electrostatic potential (at + 5 kT/e) on the solvent-accessible surface shows that the
exit site is surrounded by a positive electrostatic potential.
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A

At=12.5ms

At=22.5ms

Arg95

Fig. 5. Chloride uptake and electrostatic gate. (A) Ribbon model of NmHR
with surface electrostatics shown as an electrostatic potential isocontour at

+1 kT/e, with positive potential shown in blue and negative in red. (B) Solvent-
accessible surface near the proposed chloride entrance site, with the
electrostatic potential projected on the surface at +3 kT/e. (C) Evolution of

the accessibility to the retinal-binding pocket at At = 12.5 to 45 ms. The light-
activated conformations are shown as light pink sticks overlaid on the resting-state
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structure shown as transparent gray sticks. The electrostatic potential isocontour
at +3 kT/e is shown around the Arg® and Asp®®! side chains. See fig. S20 for
the corresponding electron densities. (D) Schematic representation of the
electrostatic gate. As the chloride ion approaches residues Asp®>! and Arg®®
(step 1), the charge interaction between the residues is shielded, allowing Asp
to interact with His?® instead (step 2). This creates a pathway for chloride to
proceed toward the resting-state binding site (step 3).

231

at At = 12.5 ms (fig. S18B). Once the halide dif-
fuses into the Wat*® position, the transport path-
way is occluded by Asp®® (Fig. 5C and fig. S20).

Electrostatic gate enables recharging of the
resting state

We calculated the excitation energy for differ-
ent protonation states of Asp®*' using hybrid
QM/MM simulations to determine the form in
which it is present. Only the anionic form of
Asp?®! results in the excitation energy con-
sistent with the experimental value (table S8).
Along with an interaction distance of 2.9 A, it
supports the presence of a salt bridge between
Asp®®' and Arg®.

We propose that after diffusion into the
Wat*® position, the halide interferes with the
electrostatic attraction between Arg” and Asp®*!
(Fig. 5C). We observed that the conformation
of the side chain of Asp® rotates from At = 22.5
to 37.5 ms, thereby interacting with the nearby
His® instead of Arg” (Fig. 5, C and D). This opens
the electrostatic gate and creates a pathway for
the halide to the CI***-binding site, a convenient
position for recharging of the CI>*' site 4 A away.
Before recovery of the resting state, the electro-
static gate closes again, preventing anion leak-
age back into the bulk solvent. In this way, the
electrostatic gate ensures vectorial transport.
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From At = 12.5 ms, the Kink angle in helix C
increases again (likely due to a shift in the pop-
ulations of intermediates) until ~A¢ = 45 ms,
where helix C resembles the resting-state con-
formation (Fig. 3C). With the shift of helix C,
the side chain of Asn®® also leaves the CI**!
site, and the retinal isomerizes back to all-trans
configuration. It is plausible that the chloride
pushes the side chain of Asn®® aside and breaks
the steric gate seal driven by the energy gained
from a strong electrostatic interaction with PSB.

Conclusions

We have traced several possible transient
anion-binding sites buried inside NmHR, al-
lowing us to propose the chloride transport
pathway (summarized in fig. S21 and movie
S1). The time-resolved experiments enabled
us to describe in atomic detail how the pho-
tonic energy absorbed by the retinal is stored
in the form of charge separation between the
isomerized retinal and its chloride counterion.
In the early microseconds after protein activ-
ation, this excess energy drives the very first
step of anion transport through an anion-nt
interaction. Comparing our results with the
insights from previous TR-SFX studies of light-
driven ion pumps (13, 15), it becomes clear that
rhodopsin pumps with different substrate af-
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finities adopt diverse strategies to overcome
the retinal bottleneck in ion transport. Whereas
in bacteriorhodopsin and KR2, deprotonation
of the Schiff base by the counterion (Asp®*® and
Asp™®, respectively) is required for successful
transport, in NmHR, no residue side chain
acts as the proton acceptor, and the positively
charged PSB drives the transfer of the anion
over the chromophore.

In the steps after the initiation of anion
transport, we propose that the steric molecu-
lar gate closes over the original anion-binding
site accompanied by relaxation of helix C,
which finally prevents a backflow. Anion re-
lease in the late microseconds is diffusion
driven and assisted by the macroscopic dipole
moment across the membrane created by the
negative extracellular and positive cytoplasmic
surface charges. The exit side to cytoplasm
that we propose in this work aligns with the
suggested ion selectivity filter in KR2 (37, 38).

On the extracellular side, the anion uptake is
likely guided by a positive patch in the other-
wise negatively charged protein surface. The
transient sodium release site in KR2 identi-
fied at Az = 20 ms and created by a shift of the
Arg®* (15) is located 5 A away from the tran-
sient C1***-binding site in the triple water clus-
ter (coordinated by the corresponding Arg®>®)
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of NmHR (fig. S22D), indicating that the so-
dium and chloride transport pathways may
partially overlap on the extracellular side of
the protein. Through consecutive steps driven
by the charge of two arginine residues, the
halide is proposed to arrive at an electrostatic
molecular gate, a bottleneck in the anion up-
take pathway. The gate likely opens upon in-
teraction with the negative charge, allowing
the anion to access the retinal-binding pocket.
The subsequent closure of the electrostatic
gate prevents anion backflow, imparting a
directionality that is a characteristic feature
of ion pumps. The counterparts of Arg® and
Asp®® forming the electrostatic gate in bacte-
riorhodopsin (Asp?'? and Arg®?) play impor-
tant functional roles as part of the complex
counterion of the retinal and in the proton
transfer pathway (13).

When comparing the proposed anion trans-
port pathway of NmHR with available archaeal
HR structures, it becomes apparent that the
anion-binding site coordinated by GIn'* iden-
tified in the HsHR resting state (Asn®? in
NmHR) (9, 39) does not align with the anion
uptake pathway in NmHR. Although in HsHR,
this anion-binding site is directly accessible
from the bulk solvent, in NmHR, the site is
occluded from solvent by the extended N ter-
minus and the different position of the B-C
loop (fig. S22B). Conversely, the anion-binding
site in the NpHR N state (10) is located over
the retinal and in the proximity of Ile'** (Leu'%®
in NmHR), ~4 A away from CI°° in NmHR,
indicating a plausible pathway toward the CI>*®
site (fig. S22C). In addition, we observed how
retinal isomerization increases the affinity for
the anion in the transient C1>*>-binding site,
allowing access to the cytoplasmic half of the
protein and driving ion transfer (40-42); how-
ever, we have not found a clear conforma-
tional change switching the accessibility of
the exit and uptake tunnel in the late photo-
cycle, as has been proposed for NpHR (10, 16).
Although differences in the ion transport
mechanism of archaeal and bacterial halo-
rhodopsins may exist, the chloride pumps also
share many commonalities. The large confor-
mational changes in helix C of NpHR in the
anion-free (O-like) state (10, 43) and the ex-
istence of a salt bridge next to the resting-state
chloride-binding site of the archaeal HsHR
and NpHR (8, 44) suggest that the molecular
gates may be a general feature of halorhodop-
sin ion pumps.

In summary, we have proposed the ion trans-
fer pathway in bacterial halorhodopsin and
discussed the interplay between the driving
force created by the protein dipole moment
and the control of transport by molecular gates.
Furthermore, we have provided details about
how light energy is converted into Kinetic en-
ergy for chloride translocation. The resulting
charge separation represents a fundamental

Mous et al., Science 375, 845-851 (2022)

feature for light energy conversion in nature
as well as in technology.
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