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ABSTRACT: The spectral tuning of halorhodopsin from
Halobacterium salinarum (shR) during anion transport was
analyzed at the molecular level using DFT-QM/MM
[SORCI+Q//B3LYP/6-31G(d):Amber96] hybrid meth-
ods. Insights into the influence of CI” depletion, CI™
substitution by N3~ or NO;~, and mutation of key amino
acid residues along the ion translocation pathway (H95A,
H95R, QI0SE, R108H, R108I, R108K, R108Q, T111V,
R200A, R200H, R200K, R200Q, and T203V) were
analyzed for the first time in a fully atomistic model of
the shR photoreceptor. We found evidence that structural
rearrangements mediated by specific hydrogen bonds of
internal water molecules and counterions (D238 and CI7)
in the active site induce changes in the bond-length
alternation of the all-trans retinyl chromophore and affect
the wavelength of maximal absorption in shR.

alorhodopsin from the archaeon Halobacterium salinarum

(shR) is a transmembrane retinal protein that pumps CI~
ions into the cell upon yellow-light absorption (4 = 500—650 nm,
Amax & 580 nm), sustaining a concentration gradient against the
membrane potential (90—150 mV).! While shR has been
extensively investigated by biochemical studies* and structurally
resolved by X-ray crystallography,” structure—function relation-
ships associated with spectral tuning and ion translocation
remain to be understood at the molecular level. Understanding
the CI” pumping mechanism triggered by photoabsorption is
essential for a variety of technological developments ranging
from bioinspired materials for solar energy conversion® to studies
of optogenetics™® (i.e., the use of light to control the activity of
genetically modified cells such as neurons that express
halorhodopsin and can be silenced or desynchronized with
yellow light).”® In this work, we focused on spectral tuning in shR
as influenced by CI™ depletion or substitution by other anions
and by mutation of key amino acid residues along the ion
translocation channel.

Like other retinal proteins, shR folds into a barrel of seven
transmembrane a-helices (named A—G) interconnected by
short loops (Figure 1 left). The retinyl chromophore is
covalently bound to K242 in helix G via a protonated Schiff
base (pSB), dividing the Cl” channel into two segments
including the cytoplasmic (CP) and extracellular (EC) parts.
Upon light absorption (4, &~ 580 nm), the chromophore
undergoes all-trans/13-cis isomerization on the picosecond time
scale, causing a shift in its absorption to 600 nm (Figure 1 right,
first step).” The isomerization is followed by CI~ displacement in
the EC side of the channel (near T111/R108, next to the pSB)
on the microsecond time scale, which shifts the photoabsorption
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Figure 1. (left) DFT-QM/MM model of shR showing the CI~ pathway
(dotted arrows), which is divided into the extracellular (EC) and
cytoplasmic (CP) segments by the retinyl chromophore in the middle
(magenta). Color key: H9S, Q10S, R108, T111, R200, T203, D238 (red
spheres); CI~ at CB1 and CB2 (green spheres); S115 (cyan sphere).
(right) CI” pumping cycle based on all-trans/13-cis isomerization (red
arrows) and EC/CP switching of the pSB (blue arrows).

to 520 nm. The pSB then switches its accessibility from the EC
side to the CP side, a rearrangement that induces directionality of
CI” transport into the cell. The displaced CI™ then moves to the
CP side on the millisecond time scale, probably through T203/
R200, and the chromophore 4,,,, shifts to 640 nm. Subsequent
thermal isomerization back to the all-trans form shifts the
absorption to 565 nm. The accessibility of the pSB to the EC side
is re-established on the millisecond time scale, shifting the
absorption back to 580 nm for the next cycle. Remarkably, the SB
remains protonated throughout the whole cycle, ensuring both
thermal isomerization and photoabsorption near the maximum
of the solar spectrum.

shR has been relatively unexplored in comparison with its
closest counterpart, bacteriorhodogsin (bR), the proton-pump
photoreceptor from H. salinarum."® However, both shR and bR
are jon pumps driven by photoinduced isomerization of the
retinyl chromophore.'" Structural differences lead to differences
in function, such as the proton-acceptor and proton-donor sites
D8S and D96 in bR that correspond to the neutral residues T111
and A122, respectively, in shR. Other structural differences
include sites involved in proton release in bR (e.g., R82, E194,
E204, and internal water molecules).12 In particular, E204
corresponds to T230 in shR."> These differences are critical for
functionality,'* as confirmed by the conversion of bR into a Cl”
pump upon D8ST mutation.'”'* Analogously, mutations of shR
affect the CI~ transport.">'¢
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Site-directed mutagenesis studies of shR have probed several
of the amino acid residues involved in the ion translocation
pathway (Figure 1 left).">"'® For example, H95 (conserved in all
classes of hR and situated in EC loop B—C) is critical for ion
pumping, as H9SA and H95R mutations decrease the pumping
rate 20-fold relative to the wild type (WT)."® Furthermore,
mutations of sites Q105, R108, and T111 (QI0SE, R108H,
R108I, R108K, R108Q, and T111V) reduce the Cl” transport by
25%,'° while mutations of R200 (R200A, R200H, R200K, and
R200Q) and T203 (T203V) in helix F toward the CP side reduce
the CI™ transport quite drastically.'> However, the underlying
structural rearrangements induced by these point-site mutations
remain poorly understood. In this work, we analyzed the effect of
mutations on specific interactions using density functional theory
(DFT) and hybrid quantum mechanics/molecular mechanics
(QM/MM) methods.'”*®

We compared WT shR and single-point mutants for which
experimental mutagenesis data are available. 1516 The DFT- QM/
MM models were based on the 1.8 A resolution X-ray structure
of shR (PDB entry 1E12)” and were prepared according to the
ONIOM scheme with electronic embedding (EE)"® as
implemented in Gaussian 09" [for further details, see section I
in the Supporting Information (SI)]. The analysis of spectral
tuning involved calculations of §; « S vertical excitations at the
SORCI+Q//B3LYP/6-31G(d): Amber96 level of theory.**~>*
This methodology typically yields results in good agreement with
experiments (within +20 nm), as shown for other retinal
proteins.”>** We analyzed the influence exerted by counterions
in models prepared with protonated (neutral) D238 and/or with
CI” replaced by N;~ or NO; ™. In addition, we analyzed the effects
produced by displacement of internal water molecules and
reorganization of H-bonds in the active site. Finally, we analyzed
the S115D and S115E mutations without ClI~ to mimic the
counterion (D8S) of bR.

The DFT-QM/MM analysis showed that the photoabsorption
Amax Of the retinyl chromophore is sensitive to the strength of the
interaction between the pSB and the counterion (Cl~ or D238
upon Cl~ displacement; Figure 2). In particular, the absorption
of the WT at ~580 nm requires Cl~ (or another anion such as
N;~ or NO;") to be in the proximity of the chromophore, while
CI™ depletion (or protonation of D238) induces a red shift in the
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Figure 2. Bond lengths along the all-trans retinyl chromophore in DFT-
QM/MM structural models of WT shR and shR mutants. The inset
shows the correlation between the BLA and the calculated value of 4,
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absorption to 620—630 nm (Figure 2). As for other retinal
proteins,”>** ] is linearly correlated with the attenuation of the
bond-length alternation (BLA, defined as the average bond
length of single bonds in the C5—Ng" segment minus the
average bond length of double bonds in that segment). shR
models with counterions have a typical BLA of ~0.04 A, while the
BLA of ~0.02 A in models without Cl~ (or with protonated
D238) is significantly lower (Figure 2 inset).

The observed differences in A, among the various mutants
(Figure 2) can be traced back to electrostatic effects and to the
difference in the total number of intermolecular H-bonding
networks in the active site that induce changes in the
chromophore BLA (see section IX in the SI).”® In fact, an
increase in BLA is usually correlated with a decrease in 4,,,. For
example, the S11SD and S115E mutants decrease the BLA,
inducing a red shift in A, relative to the WT. These results
suggest that in the absence of CI7, the carboxylate groups
introduced by the S115D and S11SE single-point mutations can
mimic the functionality of counterions to the pSB. In contrast,
substitution of CI” by NO;™ or N;~ changes the BLA only
slightly (from 0.040 to 0.043 A), inducing a small blue shift in
Amax from 587 to ~578 nm.

Water molecules bound in the active site are essential for
protein functionality.*® In our DFT-QM/MM models of shR,
three water molecules (w2023, w2081, and w2082) were found
to be directly H-bonded to CI™. Two of them (w2081 and
w2082) are also H-bonded to D238, while the third one (w2023)
shares a H-bond with the OH group of S76. The resulting
structure of the H-bonds is similar to the H-bonding network in
the active site of bR, where three water molecules (w401, w402,
and w406) and two counterions (D212 and D85) correspond to
the three water molecules (w2081, w2082, and w2023) and the
two counterions (D238 and ClI”) in shR (Figure 3). The main
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Figure 3. Comparison of (left) the diamond-shaped water cluster in shR
and (right) the pentagonal water cluster in bR mediated by H-bonds in
the active site.

difference between the two networks involves the H-bonding of
the counterions with the pSB. In shR, CI™ interacts directly with
the pSB, while the D8S counterion in bR is more restrained and
therefore interacts with the pSB only indirectly through w402. As
a result, the three waters and counterions in bR form a
pentagonal network of H-bonds,”’ >’ whereas in shR a diamond-
shaped ring of H-bonds is formed as a result of displacement of
w2023 toward S76 (Figure 3). These bound waters form key H-
bonds that regulate the interaction of the pSB with the
counterions.”

Site H9S: The amino acid residue H9S is located at the center
of the B—C loop and is H-bonded to P92, L97, and w2020, ~24
A away from chloride binding site 1 (CB1) (Figure 1 left). The
B—C loop has a f-hairpin secondary structure stabilized by three
H-bonds to backbone atoms of residues 189, V102, M91, and
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E100, ~20 A away from chloride binding site 2 (CB2). These
interactions are affected in the H9SR mutant, in which there are
two more H-bonds involving G87 and S104. These additional H-
bonds perturb the R103—Cl" interaction, which in turn affects
the binding of Cl™ at CB2 (see section IV in the SI).
Experimental studies of the HOSR and H95A mutants suggested
that the pumping activity is reduced at low CI~ concentration but
not under physiological conditions.'> These observations are
consistent with minor perturbations that might affect the B—C
loop and the CB2 site but do not fully prevent CI™ transport.

Site Q105: The amino acid residue Q105 is H-bonded to R108,
>10 A away from the active site and quite far from both CB1 and
CB2. Remarkably, mutation of Q105 to glutamate (Q10SE)
suppresses the Cl™ transport by ~25% and induces a blue shift in
Amax However, the structural rearrangements are predicted to be
only modest because residue 105 remains H-bonded to R108,
with the carboxylate group of E10S functioning as a H-bond
acceptor (see section V in the SI). Therefore, we suggest that the
glutamate side chain must establish an electrostatic barrier for
CI” translocation.

Site R108: The conserved amino acid residue R108 (in helix C)
corresponds to R82 in bR and R123 in hR from Natronobacte-
rium pharaonis (phR) (see section II in the SI). As shown in
Figure 4, the DFT-QM/MM models predict that the side chain
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Figure 4. H-bonding networks in the active sites of (left) WT shR and
(right) the S11SE mutant.

of R108 is H-bonded to Y77 and w2082 (the bound water
molecule H-bonded to D238 and CI~ at CB1). The mutations
R108H, R108I, and R108K lead to the loss of the H-bond with
w2082, while this important H-bond is preserved in R108Q.
These perturbations of H-bonds correlate with the experimental
observation that the R108H, R108I, and R108K mutants exhibit
reduced CI™ transport activity relative to R108Q,"" the expected
trend for mutants with more structural disorder along the CI~
channel induced by a decrease in the number of H-bonds.

Site T111: The amino acid residue T111 is very close to CB1
(Figure 1), with the CI~ almost equidistant from the OH of T111
(5.91 A) and the NH, of R108 (5.17 A). The OH group of T111
is H-bonded to the backbone carbonyl of G107, which is situated
only one helical turn away. This H-bond is broken upon T111V
mutation (see section V in the SI), producing a structural
rearrangement that might be responsible for the observed 25%
reduction in the pumping rate.'®

Sites R200 and T203: R200 and T203 (in helix F) are ~14 and
~9 A away from the pSB, so the side chains of these residues are
too far away from the active site to interact directly with the pSB.
However, the T203V mutation has been shown to reduce the CI™
transport activity. The DFT-QM/MM model showed that
substitution of T with V breaks the H-bond between the OH
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group of T203 and the backbone carbonyl of L199 (similar to the
rearrangements in the T111V mutant). However, the H-bond
between the NH group of T203 and the backbone carbonyl of
L199 remains intact during the T203V mutation (see section Vin
the SI). Therefore, it is evident that loss of the H-bond with L.199
and the proximity of site 203 to CB1 must account for the
observed reduction in ClI” transport upon mutation. Compared
with R108 mutants, R200 mutants have not been found to have a
drastic effect on the Cl~ pumping activity,'® probably because
R200 is situated far away from CBI.

Other anions: shR can transport several other anions into the
cell besides CI™. Therefore, we modeled NO;™ and N;™ ions in
the active site (Figure ), since like CI™ they can impart a negative

Retinyl
Chromophore

Figure 5. Comparison of the binding site models (A) with Cl~, (B) with
NO,~, (C) with N;~, and (D) without CI".

charge. Moreover, NO;~ and Nj~ differ in shape and size,
allowing an analysis of both electrostatic and steric factors that
might affect the active site of shR. Substitution of CI~ with NO;~
or N3~ does not significantly affect the nature of the H-bonding
with D238 or the two bound water molecules at the active site
(w2081 and w2082) (Figure S). In binding of N;7, the terminal
nitrogen (N1) forms a H-bond with S115 while the central
nitrogen atom (N2) interacts with w2023 and w2081. In the case
of NO;™, two of the three O atoms form H-bonds with the SB,
w2082, w2023, and S115, while w2081 donates H-bonds to the
third O atom and D238. Even when the ions differ in size and
shape (CI7, NO;~, and N;7), the architecture of the H-bonding
network in the active site remains conserved.

Site S115: The amino acid residue S115 is unique since it is the
only one that can establish a direct H-bond with CI™ at CBI.
Substitution of S115 with D or E places a carboxylate group
~2.70 A from the pSB (Figure 4 right). The negative charge of
this carboxylate can mimic the electrostatic effect of Cl™ and
produce a comparable spectral shift (Figure 2). Furthermore, the
presence of D or E at site 115 is similar to the presence of D at site
85 in bR. The main difference is that S115D/E forms a direct H-
bond with the pSB (Figure 4), whereas D85 in bR forms an
indirect H-bond with the pSB mediated by w402 (Figure 3). This
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structural difference might explain the unsuccessful attempts to
convert phR (a CI” pump) into bR (a proton pump)*® by
mutation at site $130 (analogous to S115 in shR).

In summary, our DFT-QM/MM structural analysis of WT shR
and single-point mutations of key amino acid residues provides
fundamental insights into the molecular origin of spectral tuning
and ion stability along the translocation pathway, as determined
by specific H-bonding interactions or ion-displacement/
substitution. While many of the resulting changes are subtle, it
is clear that the underlying rearrangements of H-bonds induce
structural changes that affect ion intake from the extracellular
side, ion displacement through the translocation channel, and
electrostatic interactions between the pSB and its surroundings
at the active site. These molecular-level insights correlate with
key experimental observations and also provide several testable
predictions that can aid in the selection of new ion-pump
photoreceptors for optogenetics.
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Primary sequence alignment, system setup, geometrical para-
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