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Anabaena Sensory Rhodopsin Mutant: Mechanistic
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Leioa, Spain

ABSTRACT Microbial rhodopsins are light-activated, seven-a-helical, retinylidene transmembrane proteins that have been
identified in thousands of organisms across archaea, bacteria, fungi, and algae. Although they share a high degree of sequence
identity and thus similarity in structure, many unique functions have been discovered and characterized among them. Some
function as outward proton pumps, some as inward chloride pumps, whereas others function as light sensors or ion channels.
Unique among the microbial rhodopsins characterized thus far, Anabaena sensory rhodopsin (ASR) is a photochromic sensor
that interacts with a soluble 14-kDa cytoplasmic transducer that is encoded on the same operon. The sensor itself stably inter-
converts between all-trans-15-anti and 13-cis-15-syn retinal forms depending on the wavelength of illumination, although only
the former participates in a photocycle with a signaling M intermediate. A mutation in the cytoplasmic half-channel of the protein,
replacing Asp217 with Glu (D217E), results in the creation of a light-driven, single-photon, inward proton transporter. We present
the 2.3 A structure of dark-adapted D217E ASR, which reveals significant changes in the water network surrounding Glu217, as
well as a shift in the carbon backbone near retinal-binding Lys210, illustrating a possible pathway leading to the protonation of
Glu217 in the cytoplasmic half-channel, located 15 A from the Schiff base. Crystallographic evidence for the protonation of
nearby Glu36 is also discussed, which was described previously by Fourier transform infrared spectroscopy analysis. Finally,

two histidine residues near the extracellular surface and their possible role in proton uptake are discussed.

INTRODUCTION

Microbial rhodopsins have been identified in thousands of
organisms (1,2), spanning archaea, bacteria, fungi, and
algae. Despite differences in protein function, they share
structural similarities. Each possesses seven transmembrane
helices, as well as a retinylidene chromophore covalently
bound to a conserved lysine in the seventh transmembrane
helix. The best-characterized are the haloarchaeal light-
driven ion pumps bacteriorhodopsin (BR) (3—11) and halor-
hodopsin (HR) (12—14), as well as the signal transducers,
sensory rthodopsin I (SRI) (15-17) and sensory rhodopsin
II (SRII) (17-20). BR functions as a light-driven ion
pump, utilizing light energy to pump protons outward
against an electrochemical gradient through a well-defined
pathway (6), although the possibility that BR is a net inward
OH" pump has been raised (21-23). BR’s ability to enforce
vectorial ion transport can be explained partly by the lack of
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internal waters in its cytoplasmic half-channel during parts
of its photocycle; whereas the extracellular half-channel of
BR contains eight ordered water molecules, many charged
residues, and a well-defined hydrogen-bonding network,
the cytoplasmic half-channel only contains two waters and
is predominantly hydrophobic, with the critical exception
of Asp96 that is protonated in the ground state. During the
course of the elucidation of its proton transfer mechanism,
many mutational studies have been carried out, successfully
converting BR into an inward chloride pump (24), as well
as into a sensory rhodopsin (25). However, no successful
attempts have been reported that reverse the direction of
proton transport in BR, although two-photon, inward, net
proton transfer activity has been documented (26), which
perhaps highlights the importance of the hydrophobic cyto-
plasmic domain in preserving the integrity of BR as an out-
ward-only pump.

Notably, Anabaena sensory rhodopsin’s (ASR) cyto-
plasmic half-channel is much more hydrophilic than that
of the majority of known microbial rhodopsins, containing
five ordered waters that interact with numerous polar
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residues. First identified in the freshwater cyanobacterium
Anabaena (Nostoc) sp. PCCT7120 (27), ASR is comprised
of 261 residues and is structurally similar to BR (28). How-
ever, rather than pumping ions, it has been shown to regulate
the expression of phycocyanin and phycoerythrocyanin, part
of the phycobilisome light-harvesting complex, via a solu-
ble 14-kDa cytoplasmic transducer (ASRT) (29-34), found
on a single operon (27). Unlike the haloarchaeal sensory
rhodopsins, which interact with their cognate transmem-
brane transducers to mediate light-stimulated phototaxis
(35,36), it has been proposed that ASR’s photosignal is
relayed to ASRT, which then translocates to the nucleus
where it can bind specifically to the promoter regions of
multiple genes (33,34). Other studies have shown evidence
that ASR alone in E. coli can bind DNA and regulate gene
activity upon photostimulation (31).

Unlike any of the other known microbial rhodopsins, ASR
is unique in that it stably photoconverts between an all-
trans,15-anti retinal (ATR) form and a 13-cis,15-syn retinal
(13C,15S) form, depending on the color of ambient light
(28). In the dark, ASR is predominantly populated with
ATR (~97%), with an absorption maxima of 549 nm
(37). Upon orange-light illumination (>560 nm), 13C,15S
predominates (~78%), with an accompanying absorption
maximum of 537 nm. Illumination with blue light
(~470 nm) converts the 13C,15S configuration to ATR, re-
sulting in a higher population of ATR (28,37,38). This wave-
length-dependent interconversion between the ASR-ATR
and ASR-13C,15S states suggests an involvement of the
protein in response to environmental variables as a photo-
chromic sensor, utilizing the color of ambient light to control
the expression of phycobilisome proteins (27). It has been
shown that upon photon absorption, the Schiff base proton
is transferred to Asp217 in the cytoplasmic half (39),
~15 A from the retinal. However, because there is no signif-
icant net proton transfer through the protein, as determined
by the monitoring of light-induced pH changes in nonbuf-
fered solutions containing ASR-imbedded spheroplasts
(40), it has been postulated that the Schiff base is reproto-
nated from the same residue (41,42). As in most microbial
rhodopsins, with the exception of proteorhodopsin (43), there
is atightly coordinated water molecule (Wat402) in the extra-
cellular domain that is strongly hydrogen-bonded to the
retinal Schiff base in the protonated state, while it is only
weakly hydrogen-bonded to its counterion Asp75 (Asp85
in BR), which does not participate in reprotonation (41).

Previously, an inward proton transporter was engineered
from ASR (40). Although the engineered D217E mutant
protein is not technically a transporter, in the sense that it
has not been shown to actively pump protons through the
membrane against an electrochemical gradient, its role as
a pump also cannot be discounted, as experimental data
has not been provided to the contrary. Thus for the purposes
of this manuscript, the mutant is designated a transporter, a
term we use throughout this article.
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In a study involving site-directed mutants of ASR, Kawa-
nabe et al. replaced Asp217 with Glu217 and inadvertently
created an inward proton transporter (40). In D217E
ASR-containing spheroplast vesicles resuspended in a non-
buffered solution, illumination with yellow light (>500 nm)
resulted in a net inward transport of protons, demonstrated
by an increasingly alkaline medium. This effect was abol-
ished by the addition of the proton uncoupler carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) and was not
observed for protein expressed in the absence of retinal,
showing that D217E ASR itself was responsible for an in-
ward movement of protons. A linear relationship between
illumination light intensity and a pH increase in the medium
also demonstrated that the proton transport was driven by a
single-photon reaction (40), setting it apart from a previ-
ously reported D85N BR mutant that demonstrated light-
driven, two-photon inward proton transport (26). Whereas
wild-type (WT) ASR also shows trace amounts of light-
driven inward proton transport, the activity of D217E
ASR is 10-fold higher, and has been shown to be
pH-independent between pH 6.5 and 8.0. Subsequent
Fourier transform infrared spectroscopy (FTIR) studies
also showed that during formation of the ASR M intermedi-
ate, the Schiff base proton is transferred to Glu217, with 10-
times higher levels of protonation than those of WT Asp217,
correlating with activity assay results. It thus seems likely
that protonation of residue 217 is instrumental in deter-
mining inward proton transport activity. Given the robust
protonation of Glu217 compared with Asp217, and the
significantly larger proton transport activity, it is likely
that for D217E ASR the Schiff base is reprotonated from
the extracellular side (40).

In this study, we present the 2.3 A structure of the D217E
single-site mutant of Anabaena sensory rhodopsin, and
discuss its structural differences from WT ASR, as well as
examine the structural implications of the mutation as
they pertain to the novel inward proton transport activity
of the mutant.

MATERIALS AND METHODS
Materials

The mutagenic oligonucleotides were purchased from Integrated
DNA Technologies (Coralville, IA) and Terrific Broth was from Fisher
BioReagents (Hampton, NH). Anatrace (Maumee, OH) supplied n-dodecyl
B-D-maltoside (DDM), and Clontech (Mountain View, CA) provided Co**-
affinity TALON resin. 100-kDa cutoff Amicon filter was from Millipore
(Billerica, MA) and Sephacryl S-200 HR, Tricorn 10/300 GL size-exclu-
sion column was from GE Healthcare (Chicago, IL). Monoolein was pur-
chased from Sigma and the interconnected gas-tight syringes were from
Hamilton.

Expression and purification

D217E ASR was constructed using site-directed mutagenesis, based on
C-terminally 6x His-tagged WT ASR with a C-terminal truncation of 35



residues as the template. The ASR gene, and the resulting mutant, is located
in the plasmid pKJ900, which also carries a gene for mouse 15-15"-8-diox-
ygenase (44). Polymerase chain reaction for the site-directed mutagenesis
was performed using the oligonucleotide 5'-CTCCAAGGTTGGATTTAG
TTTTCTGGAATTACACGGCTTACGTAA-3' and its antisense.

D217E ASR-containing pKJ900 was transformed into an E. coli strain
UT5600 previously transformed with a (-carotene expressing plasmid
BORANGE. Five milliliters of overnight culture was transferred into 4 L
of Terrific Broth, supplemented with 100 ug/ml ampicillin and 35ug/ml
cloramphenicol, and grown at 30°C until the O.D.goo reached 0.4, at which
point the temperature was lowered to 16°C and transcription was induced
with 1 mM IPTG and 0.2% L-arabinose. Cells were harvested after 20 h us-
ing centrifugation at 6,500 x g for 10 min at 4°C, and resuspended in a
buffer containing 50 mM Tris-HCI pH 8.0, 300 mM NaCl, and 1 mg/mL
lysozyme. Cells were lysed using sonication, intact cells removed by centri-
fugation at 6,500 x g for 10 min at 4°C, and the membrane fraction pelleted
using centrifugation at 100,000 x g for 1 h at 4°C. The membrane fraction
was resuspended in a buffer containing 50 mM Tris-HCI pH 8.0, 300 mM
NaCl, and 1% n-dodecyl §-D-maltoside (DDM) using a dounce homoge-
nizer, and allowed to solubilize overnight at 4°C with continuous stirring.
The soluble fraction containing solubilized D217E ASR was separated after
centrifugation at 100,000 x g for 1 h at 4°C and applied directly to a col-
umn packed with Co*"-affinity TALON resin; washed with a buffer con-
taining 30 mM Tris-HCI pH 8.0, 300 mM NaCl, 50 mM imidazole, and
0.05% DDM; and eluted with a similar buffer containing 30 mM Tris-
HCl pH 8.0, 300 mM NaCl, 200 mM imidazole, and 0.05% DDM. The frac-
tion containing D217E ASR was collected, concentrated using a 100-kDa
cutoff Amicon filter, and purified further using a Sephacryl S-200 HR,
Tricorn 10/300 GL size-exclusion column and a buffer containing only
20 mM Tris-HCI pH 8.0 and 0.05% DDM.

Crystallization

D217E ASR was concentrated to 10 mg/mL using a 100-kDa cutoff Ami-
con filter. The protein was combined at a 60:40 lipid:protein ratio with
molten monoolein melted at a temperature of 40°C. We mixed the compo-
nents manually into a homogenous solution using two interconnected gas-
tight syringes (Hamilton) until lipidic cubic phase was formed (45). We
overlaid 200 nL of the lipid cubic phase mixture with 1 uL of crystalliza-
tion solution, containing 6% MPD, 200 mM sodium citrate pH 5.6,
200 mM MgCl,, and 0.008% (w/v) of the following: 3-indolebutyric
acid, hexadecanedioic acid, oxamic acid, pyromellitic acid, sebacic acid,
and suberic acid (Silver Bullets HT screen reagent G4). Crystals appeared
after 3 days as pink-colored diamonds and grew to ~100 wm in length. In-
dividual crystals were mechanically extracted directly from the lipidic cu-
bic phase using Mitegen MicroMount loops and cryo-cooled with liquid
nitrogen.

Data collection

Diffraction data to 2.3 A were collected at 100 K from one dark-adapted
crystal at beamline 11-1 at the Stanford Synchrotron Radiation Lightsource
on a PILATUS 6M PAD detector. Images were indexed, integrated, and
scaled using the program HKL2000 (46). Molecular replacement (MR)
and refinement were performed using the CCP4 software suite (47);
MR was performed using the program PHASER (48) with WT ASR
(PDB: 1XIO) as the search model. Waters and retinal were removed, and
Lys210 and Asp217 were reduced to Ala to avoid model bias. During later
stages of refinement, the retinal, water molecules, and lipid tails were added
manually using the program Coot (49) with 2F,-F. electron density maps
contoured at 1.0 ¢ and F,-F. maps contoured at +/—3.0 ¢. Multiple rounds
of refinement were performed using the program REFMACS (50), with the
final R factor (Rp..) of 20.9% (25.5%). All peptides fall into the allowed
regions of the Ramachandran plot (Table 1).
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TABLE 1 X-ray Data Reduction and Refinement Statistics

Data Collection

Space group P2,2,2,
Unit-cell parameters (A) a=>553,b=1043,c = 1114
X-ray wavelength (A) 0.97945

33.19-2.30 (2.34-2.30)
51,969/28,486

Resolution range (A)
Total/unique reflections

Completeness (%) 96.7 (98.7)
<I>/<a(l)> 11.4 (2.0)
Rmerge (%) 11.3 (533)
Mosaicity (°) 0.77
Model Refinement

Resolution range (A) 33.19-2.30
Ryyori/Rpree (%) 21.98/24.95
Monomers per asymmetric unit 2

No. of Non-H Atoms/Average B Factor (;\2)

Protein 3,582/24.64
Retinal 40/18.80
Water 109/34.15
Lipids 435/51.11
RMSD from Ideal Geometry

Bond lengths (A) 0.0081
Bond angles (°) 1.2032
Ramachandran Plot

Favored (%) 423 (98.83)
Allowed (%) 5(1.17)
Outliers (%) 0 (0.00)

RESULTS AND DISCUSSION

Crystallization, crystal packing, and overall
structure of D217E Anabaena sensory rhodopsin

The expression, purification, and crystallization of D217E
ASR are described in Materials and Methods. Pink-colored
diamond-shaped crystals were grown in a lipidic cubic
phase (45) (Fig. 1 a) and harvested directly into liquid nitro-
gen in the dark. Diffraction data were collected at BL11-1 at
the Stanford Synchrotron Radiation Lightsource at a wave-
length of 0.97945 A to a resolution of 2.3 A. The crystal be-
longs to orthorhombic space group P2,2,2; with unit cell
dimensions a = 55.3 A, b =104.3 ;\, and ¢ = 111.4 A
and two monomers per asymmetric unit. Initial phases
were determined using molecular replacement with WT
ASR (PDB: 1XIO) as the search model. After several rounds
of refinement, the refined structure has an R, of 20.97%
and an Ry, of 25.49% (Table 1).

D217E ASR crystals belong to a different spacegroup than
the previously reported WT ASR crystals (spacegroup
C222,) (28), possibly because of the presence of further
additives required for crystallization, or a necessary second
purification step, but there are similarities in crystal packing.
D217E ASR and WT ASR share similar interfaces be-
tween protomers, including the hydrogen-bonded contacts
between pairs of helix D that allow both proteins to crys-
tallize as a dimer; the WT ASR interface contains six
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FIGURE 1

Crystallization of D217E ASR. (a) Pink-colored crystals were grown from the cubic lipid phase and belong to orthorhombic space group

P2,2,2,, with two molecules in the asymmetric unit. (b and c) Crystal packing of D217E ASR is shown. Crystal contacts between neighboring dimers cause

an undulation in the lipid bilayer. To see this figure in color, go online.

hydrogen-bonded contacts with a dimer interface surface of
682 10\2, whereas D217E ASR has seven contacts with an
interface area of 701 A? as calculated with the program
PISA (51). Crystal contacts between helix A and helix G
(Fig. 1 b) cause an undulation in the type I protein-lipid layer,
resulting in a bilayer that is nonplanar. This is in contrast to
the majority of previously reported microbial rhodopsin
structures crystallized from the lipid cubic phase, such as
BR (5,45) and HR (13), which contain planar bilayers; how-
ever, similar undulations have been observed in SRII (18) due
to interactions between helices A and G. Structural studies of
WT ASR using solid-state NMR suggest that this undulation
is specific to the arrangement in crystals; the same study
shows that WT ASR forms a trimer (52).

D217E ASR is a seven-transmembrane helical retinyli-
dene protein with a backbone structure nearly identical
to that of WT ASR, with a root mean square deviation
(RMSD) of the backbone calculated as 0.313 A using the
SSM Superpose (53) function in the program Coot (49),
with the largest deviations at C-terminal residues Asn223
to Asp226, which may be attributed to differences in crystal
packing. Similar to WT ASR, D217E ASR does not show
electron density for residues that comprise the extracellular
BC loop. Of the seven helices, helix G shows the largest
perturbations from an ideal « helix due to the presence of
a proline residue at Pro206 (¢ = —69.2°, y = —22.8°), as
well as a 7 bulge at Ser209, Lys210, and Val21l (54);
notably, a helix G of WT ASR is not disturbed by the proline
at position 206, which in BR is Asp212 (28). In D217E
ASR, minor changes in the main chain at Pro206 in compar-
ison with WT ASR (~0.24 A) bring the Pro206 carbonyl
closer to the neighboring Ser209 N-H, creating a 3.15 A
intrahelical hydrogen bond.

The dark-adapted D217E ASR structure contains only all-
trans retinal, in contrast to the previously reported WT ASR
structure (28), which showed a mixture of all-frans and
13-cis retinal due to white-light illumination before crystal
harvesting (Fig. 2). A previous report based on the extrac-
tion of retinal isomers after different light illumination
schemes showed that in dark-adapted ASR, the all-trans
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form of retinal predominates (28). This is supported by
the electron density of dark-adapted D217E ASR, which
does not appear to contain significant quantities of 13-cis
retinal. This photochromism, the stable conversion between
all-trans,15-anti retinal and 13-cis,15-syn retinal, appears
unique to ASR among the known microbial rhodopsins. Un-
like other microbial rhodopsins, ASR maintains different
retinal configurations in its ground state depending on the
wavelength of ambient light, requiring orange illumination
(>560 nm) to stably convert the retinal chromophore to its
13-cis,15-syn configuration (55). Conversion of the retinal
back to the all-trans configuration requires dark-adaptation
or illumination with blue light (<470 nm) (56).

Hydrogen-bond network in cytoplasmic half of
D217E ASR

There are networks of ordered water molecules in both
the cytoplasmic and extracellular halves of the protein
(Fig. 3), the former of which is significantly rearranged

Trp176

i;‘{-’

Phe139
5

Tyr132

FIGURE 2 Retinal binding pocket of D217E ASR. This simulated an-
nealed omit map contoured at 1o supports all-trans retinal as the predomi-
nant chromophore. Dark-adapted ASR has populations of all-trans retinal
near unity, whereas orange light illumination (>580 nm) causes stable
interconversion to 13-cis retinal (~78%). To see this figure in color, go
online.
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FIGURE 3 Internal waters in D217E ASR and their hydrogen-bonding
partners. D217E ASR contains seven ordered waters in its extracellular
domain, and four ordered waters in its cytoplasmic domain, which form a
hydrogen-bonding network with several polar residues. The cytoplasmic
region is shown at the top of the figure, with the extracellular surface at
the bottom. The retinal is shown in magenta. To see this figure in color,
go online.

due to the mutation of Asp217 to Glu. In D217E ASR, the
peptide plane between Lys210 and Val211 is tilted from
its orientation in WT ASR (Fig. 4 a) such that the Lys210
carbonyl is within hydrogen-bonding distance (2.8 A) of
nearby Wat502, which is part of a hydrogen-bonding

o
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network involving Ser214, Ser86, Glu217, Thr90, and two
more ordered waters (Wat503, Wat504). The electron den-
sity strongly supports only one placement of the D217E
ASR Lys210 C = O. In contrast, in examining the previ-
ously deposited structure (PDB: 1XIO) and electron density
map for WT ASR (28), the conformation of WT ASR
Lys210 associated with the all-frans retinal places the
C = O outside the range of hydrogen-bond distances to
Wat502, with a distance of 3.4 A (Fig. 4 b). The difference
between the D217E and WT ASR Lys210 carbonyl vectors
is ~68°.

The region immediately surrounding the mutated residue
217 shows structural changes from WT ASR (Fig. 5). The
Glu217 carboxyl replaces Wat505, which is no longer pre-
sent in the mutant structure. For the WT, Wat505w shared
a hydrogen bond with Glu36wr (2.95 /o\), as well as one of
the side-chain oxygens of Asp217wr (2.95 10\). Glu217ps178
also displaces Wat503, which is shifted by 1.8 Ain compar-
ison to WT ASR, bringing it within hydrogen-bonding
distance to Ser214p,17g (2.7 A, Fig. 6). In WT ASR,
Ser214vwr and Wat503 are separated by 3.6 108, which is
outside the typical range for hydrogen bonds. Although
there are two alternate conformations of the Ser86 side
chain in WT ASR supported by electron density (not
shown), there is only one conformation for Ser86p;i7g,
which places the hydroxyl side chain away from the
water network. The hydroxyl receives a hydrogen bond
from Wat503p,,75, which in turn is hydrogen-bonded
to Wat504p,,75; both waters donate hydrogen bonds to
Glu217. Among the ordered waters, Wat502 and Wat504
are in nearly identical positions compared with WT, which
is expected, as both are distant from the site of the D217E
mutation.

From the structure (Fig. 6), we obtain a more com-
plete glimpse of the water network in the cyto-
plasmic half-channel, along with its hydrogen-bonding
partners, beginning from the tilted Lys210p,;7g carbonyl.
From there, a hydrogen-bond network can be traced
to Glu217, 15 A away, via two possible pathways

Ser214\ / !

\ 24 A’ 502
‘ 2.8 A

FIGURE 4 Rotation of the Lys210 peptide
backbone creates a hydrogen bond between the
carbonyl oxygen and Wat502. (a) An examination
of the electron densities (2F,-F. contoured at 10)
of WT ASR (light gray) and D217E ASR (pink)
unambiguously supports a repositioning by ~68°
of the Lys210 C = O. (b) The newly positioned
Lys210 C = O now accepts a hydrogen bond
from Wat502, which is also hydrogen-bonded to
Ser214. To see this figure in color, go online.
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FIGURE 5 Comparison of WT and D217E ASR cytoplasmic hydrogen-
bonding networks. WT ASR and its residues are drawn in blue with blue
waters; D217E ASR is drawn in pink with red waters. The replacement
of Asp217 with Glu extends the carboxyl into the interior of the protein,
which replaces Wat505 in D217E ASR. The carboxylate of Glu217 also dis-
places Wat503 by 1.8 A, such that it is now 2.7 A from Ser214, within
hydrogen-bonding distance. To see this figure in color, go online.

(Lys210 C = O — Wat502 — Ser214 — Wat503 —
Glu217) or (Lys210 C = O — Wat502 — Ser214 —
Wat503— Ser86 — Wat504 — Glu217). The establishment
of this hydrogen-bond network, caused by both the rotation
of the Lys210 peptide backbone and the reorganization of
ordered waters in the cytoplasmic half-channel, offers
insight into the mechanism of proton-pumping of D217E,

968 Biophysical Journal 1711, 963-972, September 6, 2016

compared with that of the similarly hydrophilic WT ASR.
We know from FTIR studies that upon formation of the
M intermediate, the Schiff base is deprotonated, whereas
Glu217 is protonated (40). Further rearrangement of
hydrogen bonds upon light illumination may account for
the eventual expulsion of a proton into the cytoplasm,
perhaps via Glu36.

Recent studies have shown that at least one other micro-
bial rhodopsin also possesses several ordered water mole-
cules in the cytoplasmic half. The crystal structure of the
sodium pump Krokinobacter eikastus rhodopsin 2 (KR2) re-
veals a hydrophilic cavity that protrudes from the protein
surface, in which water molecules coordinate with interior
polar side chains and backbone atoms (57,58). Further
experimentation showed that the cavity in KR2 is important
in ion uptake, and in the absence of sodium and potassium
ions, KR2 maintains a stable stationary current (58). This
not only strengthens the importance of ordered cytoplasmic
water molecules in microbial rhodopsins as it pertains to
directional ion and proton movement, but indicates a struc-
tural importance in determining protein function, as seen
with D217E ASR.

Protonated Glu36 at cytoplasmic face may act as
gateway

Near the cytoplasmic surface of the protein, residue Gln93
donates a hydrogen bond from its amide Ne to nearby
Glu36 Oe¢2, while it receives a hydrogen bond from Glu36
Oel to its amide carbonyl Oe, indicating that in the crystal
structures for both WT ASR and D217E ASR, Glu36 is pro-
tonated (Fig. 7). The carboxyl of Glu36 and the amide of
GIn93 are in plane, with the distances being 2.99 A (chain
B: 3.02 A) between GIn93 Oe and Glu36 Oel, and 2.75 A
(chain B: 2.56 10\) between GIn93 Ne and Glu36 Oeg2. After
careful analysis of the GIn93 side-chain B factors for D217E
ASR, we decided to flip the GIn93 side-chain amide by
180° around the x3 bond compared with the WT model.

FIGURE 6 Stereo view of the cytoplasmic half-
channel of D217E ASR. A network of ordered
waters and polar residues connects the Lys210
carbonyl with Glu217, which is protonated upon
formation of the M intermediate of D21E ASR.
The placement of the Glu217 carboxyl has re-
placed Wat505. Furthermore, Wat503 is displaced,
forming a hydrogen bond with the Ser214 hy-
droxyl. Glu36, protonated in the L intermediate,
is located near the cytoplasmic surface along
with GIn93, and may serve as a proton gate, as
well as the site of proton release into the cyto-
plasm. To see this figure in color, go online.



FIGURE 7 Evidence of Glu36 protonation. Residues within typical
hydrogen-bonding distance (< 3.5 A) are connected with yellow dashed
lines. The carboxyl of Glu36 and the amide of GIn93 are in plane. The dis-
tance between GIn93 Oe¢ and Glu36 Oel is 2.99 A, whereas the distance
between GIn93 Ne and Glu36 Oe2 is 2.75 A. Based on crystallographic
evidence, Glu36 appears to be protonated in the structure of dark-adapted
D217E ASR. The possibility arises that upon photon absorption in
D217E ASR, the Glu36 proton is released into the cytoplasm, whereupon
it is reprotonated by the now-protonated Glu217. To see this figure in color,
go online.

Examination of the resulting hydrogen-bond pattern also
supports this change, which is summarized in Table 2.
Such a B factor analysis was performed for WT ASR as
well and it was determined that the placement of the
GIn93 side chain for the deposited structure is correct. It
is worth noting that GIn93 also shares a hydrogen bond
with a neighboring water molecule that is exposed to
the bulk solvent. Although both the crystal structures of
D217E and WT ASR suggest that Glu36 is protonated
due its hydrogen bonding with GIn93, there are inherent
limitations in discussing water-exposed hydrogen bonds
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based on crystallographic structures solved at cryogenic
temperatures.

Previous FTIR studies with WT ASR not only showed an
alteration of hydrogen bonding of a water but also of Glu36,
~20 A from the Schiff base, as early as during the formation
of the L state at 170K (42). This work also demonstrated that
Glu36wr displays an elevated pK, (between 6 and 7). The
latter finding supports a protonated Glu36 since ASR crys-
tals were grown at pH 5.6. Furthermore, pK, calculations
for the dark-adapted, ground-state of D217E ASR suggest
a pK, of 7.0 for the Glu36 carboxylate (59). And although
in the published white-illuminated WT ASR structure, the
positioning of the Glu36 carboxylate and the GIn93 amide
carbonyl implies that Glu36 is protonated, it is possible
that in a dark-adapted ground state, for which a crystal struc-
ture is not available, conformational and resulting pK,
changes may lead to a deprotonated Glu36.

In the dark-adapted D217E ASR structure, Glu36 Oe2
is located ~3.7 A from the nearest side-chain oxygen of
Glu217. Although the details of the proton release mecha-
nism are still unclear, it is possible that in D217E ASR,
upon photon absorption, a proton is expelled into the cyto-
plasm from Glu36, which is subsequently reprotonated by
protonated Glu217. Incidentally, in comparison with the
arrangement in archaeal rhodopsins such as BR and SRII,
GIn93 is part of a four-residue insertion in the C-D loop,
which in concert with the A-B and E-F loops may interact
with ASR’s cytoplasmic transducer, ASRT (29).

Extracellular half-channel of D217E ASR

In the extracellular portion of both D217E and WT ASR,
there are seven water molecules, the positions of which
are generally similar in both structures, although the reposi-
tioning of some of the waters leads to the formation of new
hydrogen bonds. Wat403p,,7¢ is displaced 0.91 A from
Wat403w, resulting in a new hydrogen bond between
Wat403p5175 and His8p, 17 (2.74 10\) and a shortened
bond between the water and Arg72 (2.74 A versus 3.14 A
in WT). Furthermore, a difference in the side-chain rotamer
of Aspl98 displaces Wat408 by 1.72 A. And whereas
Wat408wr is hydrogen-bonded to GInl95 Ne, Aspl98

TABLE 2 Summary of Residues Located within Typical Hydrogen-Bonding Distance with Ordered Waters in the Extracellular

Domain for Both WT ASR and D217E ASR

Residue (H-Bond Distance (A)) WT Water Water RMSD (A) Residue (H-Bond Distance (A)) D217E

ATR Schiff base (2.57), Tyr51 (2.92), Asp75 (2.74), 402 0.22 ATR Schiff base (3.13), Tyr51 (2.99), Asp75 (2.91),
Trp76 (2.94) Trp76 (2.88)

Arg72 NH1 (3.14) 403 091 His8 (2.74), Arg72 NH1 (2.74)

Arg72 (3.14), Tyr73 (3.18), Wat405 (2.96) 404 0.87 Arg72 (2.67), Tyr73 (3.02), Wat405 (2.50)

Ser188 (2.81), Wat406 (2.81) 405 0.49 Ser188 (2.71), Wat406 (2.88)

Trpl183 C = O (2.79), Ser188 NH (2.96), Asp198 (3.16) 406 0.15 Trpl183 C = O (2.72), Ser188 NH (2.98), Asp198 (3.10)

Ala68 C = O (2.96), Asp120 (2.59) 407 0.43 Ala68 C = O (2.96), Asp120 (2.48)

Arg72 NH2 (2.98), GIn195 (2.58), Asp198 (2.56) 408 1.72 Arg72 NHI (3.14), Arg72 NH2 (3.06), GIn195 (2.32),

Aspl98 (2.25)

The RMSD of corresponding waters was calculated after superposition with the program Coot (49,53).
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002, Thr199 Ovy, and Arg72 NH2, Wat408p,;7g forms
hydrogen bonds with GIn195 Ne, Asp198 042, and both
Arg72 NH1 and NH2 (Fig. 8).

In the region of the retinal, there is a water molecule
(Wat402) that is strongly hydrogen-bonded to the Schiff
base in dark-adapted ASR-ATR, but is only weakly
hydrogen-bonded to the Schiff base counterion Asp75
(41). In BR, it is possible that the counter ion (Asp85gR) ac-
cepts the Schiff base proton via the analogous Wat402gg
during the L-to-M transition, but in contrast to the BR
photocycle, Asp75 is never protonated during the ASR pho-
tocycle (41). This supports the published theory that for
ASR, although the Schiff base proton is transferred to
Asp217 in the cytoplasmic half-channel, the Schiff base is
also reprotonated from the same residue, resulting in no
net proton transport across the membrane (39). Given the
robust inward proton transporting nature of D217E ASR,
in the mutant the Schiff base is likely reprotonated from
the extracellular side, from a residue other than Asp75.

Interestingly, there are two histidines near the extracellular
surface (His8 and His69), one or both of which may be
involved in vectorial reprotonation of the Schiff base. The
residues are located on adjacent helices, with His8 on
helix A and His69 in the turn immediately preceding
helix C (Fig. 9). Experimentally determined pK, values for
either His8 or His69 are not available, but are predicted to
be 3.62 and 4.22, respectively, using the program PROPKA
(59). In contrast, BR does not possess any histidine residues
at all, and an alignment of the primary sequences for ASR,
BR, HR, SRI, SRII, as well as xanthorhodopsin and proteo-
rhodopsin (Polaribacter sp MED152) (60) shows no conser-
vation of either histidine in those positions (not shown).
Therefore, either His8 or His69 could be a potential proton
donor to the Schiff base, while subsequently taking up a pro-
ton from the extracellular surface or via the hydrogen-
bonding network comprised of waters 403—408, and residues
Ala68, Arg72, Tyr73, Asp120, Trp183, Ser188, GIn195, and

Gln19/l

970 Biophysical Journal 111, 963-972, September 6, 2016

X
408 "(;3
Asp198 Ser1 88

Asp198 (Fig. 8). One possible mechanism of reprotonation
from the extracellular side thus entails the movement of the
Arg72 guanidinium moiety in response to Schiff base depro-
tonation (analogous to the role of Arg82 in BR (61), located
between the Schiff base and the pair of histidines that connect
to the extracellular bulk via exposed Glu4.

CONCLUSIONS

Significant structural changes in the cytoplasmic hydrogen-
bonding network in D217E ASR at 2.3 A shed light on the
D217E ASR’s unique activity as a single-photon-driven
inward proton transporter. The Lys210 carbonyl is tilted
68° toward conserved Wat502, bringing its oxygen within
hydrogen-bonding distance and completing a network of res-
idues and ordered waters that trace a putative proton translo-
cation pathway from the Schiff base to Glu217 located 15 A
in the direction of the cytoplasmic surface. Two of the cyto-
plasmic waters in WT ASR are displaced by the mutation
of Asp217 to Glu217, bringing Wat503 within hydrogen-
bonding distance to Ser214, while Wat505 is lost entirely.
Meanwhile, the Ser86 hydroxyl is forced to adopt a single
conformation away from the center of the water network,
while maintaining its hydrogen bonds with Wat503 and
Wat504. Using this structure, we can now envision how a pro-
ton might be transferred to Glu217 upon deprotonation of the
Schiff base during formation of the M intermediate. Later in
the proton transport cycle, based on analysis of the structure
of the extracellular domain of D217E ASR, we have identi-
fied a pair of histidine residues (His8, His69) near the extra-
cellular surface that has the potential to act as a proton donor
for the reprotonation of the Schiff base; however, additional
mutagenesis studies will be necessary.

We also examine crystallographic evidence for the pro-
tonation of Glu36, which is positioned near the cytoplasmic
surface of D217E and WT ASR. Its protonation is inferred
from the proximity between the Glu36 carboxyl and the

FIGURE 8 Stereo view of the extracellular
domain of D217E ASR. Ordered internal waters
(Wat 402-408) are shown as red spheres. Hydrogen
bonds have been drawn between waters and
their corresponding binding partners. Distances
are listed in Table 2. The number of waters is
conserved between D217E ASR and WT ASR,
although Wat403 and Wat408 are displaced by
091 Aand 1.72 A, respectively. The movement of
Wat403 potentially creates a new hydrogen bond
with His8. To see this figure in color, go online.




His8

Glu4

FIGURE 9 Histidines near the extracellular surface may serve as poten-
tial proton donors for the Schiff base. Located on helices A and C, neither
His8 nor His69 are conserved among the prototypic ion pumping or sensory
rhodopsins. Their proximity to the solvent-accessible surface, as well as
their innate ability to be protonated at physiological pH make them an
intriguing possibility as the extracellular proton donor in D217E ASR.
Although the WT ASR Schiff base is likely reprotonated from the cyto-
plasm, the strong proton transport activity in D217E ASR makes it likely
that reprotonation originates from the extracellular domain. To see this
figure in color, go online.

GIn93 amide, which are coplanar and within typical
hydrogen-bonding distance. The D217E ASR structure dif-
fers from WT ASR in this region in that the amide side chain
of GIn93 has been rotated 180° around the x5 bond, whereas
analysis of side-chain B factors for the WT structure indi-
cates that the original model does not need to be modified.
The protonation of Glu36 and its position near the cyto-
plasmic surface suggest this residue as the site of proton
release into the cytoplasm, as well as a switch for the inter-
action with the ASR transducer, ASRT.
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