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ABSTRACT: Bacteriorhodopsin (BR) and halorhodopsin
(HR) are light-driven outward proton and inward chloride
pumps, respectively. They have similar protein architecture,
being composed of seven-transmembrane helices that bind an
all-trans-retinal. BR can be converted into a chloride pump by
a single amino acid replacement at position 85, suggesting that
BR and HR share a common transport mechanism, and the
ionic specificity is determined by the amino acid at that
position. However, HR cannot be converted into a proton

10 amino acids replacement
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Lack of strongly H-bonded water

pump by the corresponding reverse mutation. Here we mutated 6 and 10 amino acids of HR into BR-like, whereas such multiple
HR mutants never pump protons. Light-induced Fourier transform infrared spectroscopy revealed that hydrogen bonds of the
retinal Schiff base and water are both strong for BR and both weak for HR. Multiple HR mutants exhibit strong hydrogen bonds
of the Schiff base, but the hydrogen bond of water is still weak. We concluded that the cause of nonfunctional conversion of HR
is the lack of strongly hydrogen-bonded water, the functional determinant of the proton pump.

ptogenetics, which utilizes ion-transporting microbial

rhodopsins as the tools for controlling light, has
revolutionized neuroscience."”” Channelrhodopsin,™ light-
gated ion channel, is used to excite neurons by light, while
light-driven ion pumps such as bacteriorhodopsin (BR) and
halorhodopsin (HR) are used for neural silencing.**> BR and
HR function as light-driven outward proton and inward
chloride pumps, respectively.’”> The chromophore of these
proteins is all-trans-retinal that binds to a lysine residue through
a Schiff base linkage (Figure lab), and the all-trans—13-cis
photoisomerization triggers the pumping process.'® In spite of
different functions and limited amino acid identity (25%), X-ray
crystallographic structures showed that BR and HR possess a
common protein architecture."" ™" In fact, peptide backbones
of seven transmembrane helices can be superimposed with each
other (Figure 1c,d). These structural aspects suggest that BR
and HR have been optimized for their own functions by tuning
the fine structure during evolution.

Functional conversion using site-directed mutagenesis is one
of the suitable methods for elucidating the molecular
mechanism of proton and chloride pumps. In 1995, Sasaki et
al. succeeded in converting BR into a chloride pump by a single
amino acid replacement of Asp85 with Thr, the corresponding
amino acid in HR (Figure 1)."* This fact suggests that BR and
HR share a common transport mechanism and the ionic
specificity is determined by the amino acid at position 85 (BR
numbering). Following structural analysis by X-ray crystallog-
raphy'® and Fourier transform infrared (FTIR) spectroscopy'®
of the D85S protein (higher halide binding affinity for Ser than
for Thr) provided structural elements for the chloride pump. In
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contrast, interestingly, the reverse T-to-D mutation of HR, such
as the T108D mutant of Halobacterium salinarum HR (sHR)
and the T126D mutant of Natronomonas pharaonis HR (pHR),
never converted HR into the BR-like outward proton
pump.'”'® It is known that in the presence of azide, HR can
pump protons outwardly even without any mutation, but the T-
to-D mutation is not sufficient for HR to act as the outward
proton pump.'® This fact implies that the molecular design of
the proton pump may be more difficult than that of the
chloride pump. Although a common mechanism have been
considered for light-driven proton and chloride pumps,®'*>°
this asymmetric functional conversion has been a long-standing
mystery. How is this fact explained by structural terms?

In this paper, to examine the detailed functional conversion
of HR, we designed two multiple mutants of pHR that have six
mutations (pHR¢) and ten mutations (pHR,o) on the basis of
the sequential conservation of each pump (Figure SI1 of the
Supporting Information). Figure 1d shows that Asp85, Asp96,
and Glu204 constitute the proton pathway in BR, whose
corresponding residues are Thrl26, Alal37, and Thr244 of
pHR, respectively (Figure 1c). We thus introduced the BR-like
carboxylates into the multiple pHR mutants. In addition, BR-
like proton pumps possess three conserved amino acids along
the proton pathway, AlaS3, Thr89, and Gly220, which
correspond to Ser78, Ser130, and Ala260 of pHR, respectively
(Figure 1c,d and Figure S1 of the Supporting Information).
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Figure 1. X-ray crystallographic structures of pHR [a and ¢; Protein Data Bank (PDB) entry 3A7K]"® and BR (b and d; PDB entry 1C3W)."" The
membrane normal is approximately in the vertical direction, and upper and lower regions correspond to the cytoplasmic (CP) and extracellular (EC)
sides, respectively. Green spheres in panels a and b represent water molecules bound inside each protein. In pHR, (S78A/T126D/S130T/A137D/
T244E/A260G), six underlined amino acids of pHR (c) are mutated to the corresponding amino acids of BR (underlined in panel d). In pHR,
(N41G/A45M/S78A/T126D/S130T/A137D/T244E/S249M/Y257V/A260G), 10 amino acids of pHR (c) are mutated to the corresponding

amino acids of BR (d).

Thus, we first designed pHRg (S78A/T126D/S130T/A137D/
T244E/A260G). We also focused on the Schiff base region,
whose hydrogen bonding network must be important for the
proton pumping function. BR-like proton pumps have four
conserved amino acids in the Schiff base region, Gly16, Met20,
Met209, and Val217, which correspond to Asn4l, Ala45,
Ser249, and Tyr2S7 of pHR, respectively (Figure lc,d and
Figure S1 of the Supporting Information). We therefore
designed pHR,;, (N41G/A45M/S78A/T126D/S130T/
A137D/T244E/S249M/Y257V/A260G). We expected that
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pHR¢ and pHR,, pump protons, because they contain BR-
like characteristic amino acids.

B MATERIALS AND METHODS

Sample Preparation. Expression plasmids for the wild-
type pHR, T126D pHR, pHR;, and pHR;, with a six-histidine
tag at the C-terminus were constructed as described
previously.”"** The purification of proteins is essentially the
same as that described in the previous reports.”'~>* Briefly,
Escherichia coli BL21(DE3) cells containing the plasmid of each
protein were grown at 38 °C in 2X YT medium supplemented
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with 50 pg/mL ampicillin. At an ODg4 of 0.5—0.6, 1 mM
IPTG (isopropyl 1-thio-f-galactoside) and 10 uM all-trans-
retinal were added, and after 3 h, cells were harvested. The E.
coli cells were directly used for the ion-transport experiments.
The [C—ISN]Lys—labeled sample was grown in M9 medium,
where 50 mg/L labeled L-lysine (Isotech) was added to the
medium as described previously.”>**

For the spectroscopic measurements, pink colored cells 3 h
after the IPTG induction were sonicated, solubilized with 1.0%
n-dodecyl pB-p-maltoside, and purified via Ni-NTA aflinity
chromatography and DEAE (diethylaminoethyl) ion exchange
chromatography. Each absorption spectrum (Figure 2, left) was
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Figure 2. Absorption spectra of wild-type and mutant pHR in the dark
measured for the detergent-solubilized sample [0.1% dodecyl malto-
side (pH 7.0)] at 20 °C. Absorption spectra (left) of wild-type pHR,
T126D pHR, pHR, pHR ,, and BR (from top to bottom, respectively)
in Tris buffer [SO mM Tris, 300 mM NaCl, 300 mM imidazole, and
0.1% dodecyl maltoside (pH 7.0)]. Salt dependence (right) of the
absorption spectra of wild-type pHR, pHRy, and pHR,, (from top to
bottom, respectyively). Black and red curves represent the spectra in
the absence and presence, respectively, of 150 mM NaCl in phosphate
buffer [SO mM phosphate and 0.1% dodecyl maltoside (pH 7.0)].

measured in elution buffer [SO mM Tris, 300 mM NaCl, 300
mM imidazole, and 0.1% n-dodecyl f-pD-maltopyranoside (pH
7.0)]. To measure the dependence of salt (Figure 2, right), we
dialyzed each sample in a S0 mM phosphate buffer containing
0.1% n-dodecyl p-p-maltopyranoside at pH 7.0, in the absence
and presence of 150 mM NaCl.

For low-temperature UV—visible and FTIR spectroscopy,
wild-type and mutant pHR were reconstituted into L-a-
phosphatidylcholine liposomes by the removal of the detergent
with Biobeads, where the molar ratio of the added lipid to
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protein was 50:1. The pHR samples in PC liposomes were
washed twice with buffers at pH 7.0 (2 mM phosphate and §
mM NaCl).

lon-Transport Measurements. Ion-transport measure-
ments were performed by using a pH electrode as described
previously.”>*® The E. coli cells were washed three times with a
solution containing 50 mM MgSO, and 300 mM NaClL
Changes in pH in the suspension of the E. coli cells containing
each pHR protein were measured with a glass electrode under
illumination at >500 nm (25 °C) by use of a HORIBA F-55 pH
meter, where the initial pH was adjusted to ~7. The samples
were then illuminated after addition of CCCP to a final
concentration of 10 yM. The light source for illumination was a
slide projector with 1 kW tungsten lamp through optical filters.

UV-Visible Spectroscopy. Absorption spectra were
recorded for the protein in 0.1% dodecyl maltoside (pH 7) at
20 °C using a UV-2400PC (Shimadzu) spectrometer.27 For
low-temperature difference UV—visible spectroscopy, we
prepared hydrated films as described previously,”® and this
method was also used for low-temperature difference FTIR
spectroscopy. The sample film was prepared by drying the
protein in 2 mM phosphate buffer (pH 7.0) on a BaF, window
with a diameter of 18 mm, which was then rehydrated with 1
uL of H,0, and the window was mounted in an Oxford DN-
1704 cryostat. Light-minus-dark difference UV—visible spectra
were recorded with a V-S50DS (Jasco) spectrometer, in which
samples were illuminated at >S00 nm (YS2 glass filter) with a
slide projector with a 1 kW tungsten lamp. We tested the
temperature range of 220—270 K.

Low-Temperature FTIR Spectroscopy. Light-induced
difference FTIR spectroscopy at 77 K was performed as
described previously.”»*® After hydration with H,O, D,0O, or
D,'®0, the sample was placed in a cell, which was mounted in
an Oxford Optistat-DN cryostat placed in a DIGILAB FTS 40
or 7000 spectrometer. All spectra were measured at 2 cm™'
resolution. The K-minus-pHR difference spectra were measured
as follows. Illumination of the pHR film at pH 7 with 500 nm
light at 77 K for 2 min converted pHR to the K intermediate.
The difference spectrum was calculated from spectra
constructed with 256 interferograms collected before and
after the illumination. At least three spectra obtained in this way
were averaged for the K-minus-pHR spectra.

B RESULTS

Visible Absorption and Proton-Transport Properties
of the HR Mutants. pHR and BR exhibit similar absorption;
their A, values are located at 576 and 567 nm at neutral pH,
respectively (Figure 2, left). Absorptions of the pHR mutants
are all blue-shifted, the A, values being 554, 532, and 537 nm
for T126D, pHR,, and pHR,,, respectively. The absorption
spectra of wild-type pHR differ in the absence (4,,,, = 594 nm)
and presence (A, = 576 nm) of chloride (Figure 2, right).
This shows that chloride acts as the Schiff base counterion as
shown in Figure la. In contrast, addition of chloride (at pH
7.0) to pHR, and pHR,, does not shift the absorption spectra
at all (Figure 2, right), implying no binding of chloride near the
Schiff base region. This suggests that Asp126 functions as the
counterion in pHR4 and pHR,, like Asp85 in BR.

We then measured light-driven ion transport by monitoring
the pH changes with a glass electrode. Figure 3 shows light-
induced pH changes in E. coli cells containing each HR protein,
where the amounts of protein in suspension are equal. In the
case of wild-type pHR, illumination caused a net alkalization of
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Figure 3. Time course of light-induced pH changes in E. coli cells
containing wild-type pHR (top), pHR¢ (middle), and pHR,
(bottom). On and Off indicate the onset and offset of illumination
(with yellow light, >500 nm), respectively, and a positive signal
corresponds to a decrease in pH (alkalization). The amount of protein
in the suspension is made equal using its absorption, so that the same
amount of protein is responsible for ion transport. Dotted lines
represent identical measurements in the presence of 10 yuM CCCP.
One division of the y-axis corresponds to 0.125 pH unit.

the medium, which is further increased by addition of a
protonophore, 10 uM CCCP. This is characteristic of HR, an
inward chloride pump. In contrast, illumination of pHR4 and
pHR,, does not cause any pH changes (Figure 3), indicating
that pHR4 and pHR,;, do not pump protons. While BR is
converted into a chloride pump by a single amino acid
replacement,"* pHR cannot be converted into a proton pump
even by introduction of multiple mutations at positions 6 and
10. In the case of D8ST and D8SS BR, a transported chloride is
bound to the Schiff base region, and light-induced structural
changes cause unidirectional movement of chloride. Similarly,
the appearance of visible absorption at 500—550 nm (Figure 2)
clearly shows that a transported proton is bound to the Schiff
base. Nevertheless, light-induced structural changes do not
cause unidirectional movement of the proton. Below we study
the cause of such asymmetric functional conversion between
proton and chloride pumps by use of low-temperature UV—
visible and FTIR spectroscopy.

Low-Temperature UV-Visible Spectroscopy of HR
Mutants. For the proton pumping function, the transfer of a
proton from the retinal Schiff base to its acceptor is a
prerequisite. The deprotonated Schiff base possesses highly
blue-shifted absorption, whose maximum is located at 360—410
nm. Therefore, UV—visible absorption spectroscopy can be

used to monitor deprotonation of the Schiff base. Figure S2 of
the Supporting Information clearly shows the formation of a
deprotonated Schiff base in BR (4,, = 412 nm), which
corresponds to the formation of the M intermediate. On the
other hand, the Schiff base is never deprotonated for HR, and
Figure S2a of the Supporting Information shows that the
photoproduct of wild-type pHR is the L intermediate (A, =
496 nm) at 230 K. The photoproduct of T126D pHR is
similarly the L intermediate (4,,,, = 472 nm) at 230 K as well as
the wild type. In the case of pHRy4 and pHR,,, red-shifted
intermediates appear over the wide temperature range between
220 and 270 K. Thus, the Schiff base is never deprotonated
during the photocycles of T126D pHR, pHR, and pHR,,
being consistent with no proton pumping activity. It is known
that azide assists in the proton transport of HR even for the
wild type,"®***® in which azide probably lowers the difference
in pK, transiently and thus facilitates proton transfer reactions
for unidirectional transport. However, introduction of multiple
mutations into pHR is not sufficient for the primary proton
transfer.

Structural Analysis of the Schiff Base Region of the
HR Mutants Using Low-Temperature FTIR Spectrosco-
py. Visible spectral analysis suggests that newly introduced
Aspl26 is deprotonated in pHR4 and pHR,; and acts as the
Schiff base counterion like Asp85 in BR. Nevertheless, pHRg
and pHR, exhibit neither proton pumping activity nor Schiff
base deprotonation. These observations suggest that pHR4 and
pHR; still do not become BR-like, and introduction of 6 or 10
amino acids is not sufficient to pump protons. To further study
the structural feature, we measured difference FTIR spectra of
pHR¢ and pHR,,. Figure S3 of the Supporting Information
compares K-minus-BR difference spectra in the 1800—800
cm™! region measured in H,O at 77 K, which monitors local
structures around the retinal chromophore after and before
retinal photoisomerization. One characteristic aspect of HR is
that the ethylenic C=C stretching vibration of the retinal
chromophore (1550—1500 cm™) is upshifted,”****° though all
other rhodopsins show a downshifted band because of the red
shift in the visible region. Figure S3 of the Supporting
Information shows that T126D pHR [1538 (+)/1527 (-)
cm™'] is upshifted as well as wild-type pHR [1538 (+)/1527
(=) em™']. In contrast, pHR, [1541 (=)/1527 (+) cm™'] and
pHRy, [1536 (—)/1527 (+) cm™'] exhibit downshifted C=C
stretches like BR [1530 (—)/1514 (+) cm™]. This spectral
feature indicates that pHR4 and pHR,; become BR-like. In the
frequency region of 1250—1200 cm™' (C—C stretching
vibrations of the retinal chromophore), pHR shows character-
istic negative peaks at 1257, 1244, and 1210 cm™!, while BR has
peaks at 1255 and 1203 cm™ (Figure S3 of the Supporting
Information). The spectral feature of T126D pHR is entirely
HR-like. In contrast, pHR4 and pHR, possess a single negative
peak at 1253 cm™' like BR, not two peaks at 1257 and 1244
cm™", In addition, pHR, exhibits the BR-like peak pair at 1202
(=)/1196 (+) cm™'. This implies that the chromophore
structure becomes BR-like, especially in the case of pHR .

We next examined a higher-frequency region, in which the
N-D stretch of the Schiff base and O—D stretches of water can
be measured in D,O. It is known that the hydrogen bond of the
Schiff base is very strong in BR, but not in HR. Most microbial
rhodopsins possess Schiff base N—D stretches at 2180—2080
cm™!, which have also been identified for BR* pharaonis
sensory rhodopsin II (pSRII),>* proteorhodopsin (PR),*
Anabaena sensory rhodopsin (ASR),>* and Gloeobacter

dx.doi.org/10.1021/bi300485r | Biochemistry 2012, 51, 4677—4684
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Figure 4. Light-minus-dark difference FTIR spectra of wild-type pHR, T126D pHR, pHRg, pHR,(, and BR (from top to bottom, respectively) in the
2800—1800 cm ™" region. The samples were hydrated with D,O (red curves) or D,'*0 (blue curves), and spectra were recorded by illumination with
a 500 nm light (through an interference filter) for 2 min at 77 K. Frequencies labeled in green correspond to those identified as O—D stretching
vibrations of water. Underlined frequencies also contain the N—D stretch of the Schiff base. One division of the y-axis corresponds to 0.0015
absorbance unit. The spectra of pHR,, are shown without a change in amplitude, while those of wild-type pHR, T126D pHR, pHR, and BR are
multiplied by factors of 0.80, 0.64, 3.16, and 0.31, respectively. The data for wild-type pHR and BR are reproduced from refs 23 and 36, respectively.

rhodopsin (GR)* by use of [{-'*N]Lys-labeled samples. In
contrast, the N—D stretch appears at 2488 cm™ for pHR, a
>300 cm™! higher frequency that is characteristic for HR.*?
Figure S4 of the Supporting Information shows the spectral
comparison between unlabeled and [¢{-"*N]Lys-labeled samples
in the 2300—1850 cm™! region, confirming no Schiff base
vibration for pHR and negative bands at 2171 and 2123 cm™
due to the Schiff base N—D stretch in BR. Figure S4 of the
Supporting Information clearly shows that the negative bands
at 2205 and 2186 cm™ in pHR,, exhibit isotope shifts. This
clearly indicates that pHR;, becomes BR-like in terms of the
strong hydrogen bond of the Schiff base, but pHR,, does not
pump protons.

We then compared O—D stretches of water in D,0O (Figure
4). BR possesses three water O—D stretching vibrations below
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2400 cm™ (negative bands at 2323, 2292, and 2171 em™1)* as
well as the Schiff base N—D stretch,* indicating that hydrogen
bonds of the Schiff base and water are both strong. In contrast,
pHR in the unphotolyzed state possesses neither a Schiff base
N-D stretch nor water O—D stretches below 2400 cm™*
indicating that hydrogen bonds of the Schiff base and water are
both weak. Figure 4 clearly shows that water bands appear only
above 2400 cm™" for T126D pHR, pHRy, and pHR,, indicating

that hydrogen bonds of water are weak for these proteins.

B DISCUSSION

X-ray crystallography visualized the presence of protein-bound
water molecules in light-driven ion pumps (Figure 1).'"'* On
the other hand, their functional role has been extensively

dx.doi.org/10.1021/bi300485r | Biochemistry 2012, 51, 4677—4684
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Figure S. In the light-induced difference FTIR spectra of various rhodopsins at 77 K, the lowest frequency among the observed water O—D
stretching vibrations is plotted. Purple squares represent the results for the proton pump, while red and green squares are those for the sensor and
chloride pump, respectively. The proteins denoted with dark gray squares have no function. Abbreviations: BR,y, BR containing all-trans-retinal;>®
BR3¢, BR containing 13-cis-retinal;>> D85S BR;'® D85S(CI7) BR;'® D212N BR;** D212N(CI7) BR;> SrSRI, Salinibacter ruber sensory rhodopsin
I;>* pSRII, N. pharaonis sensory rhodopsin 1I;*® LR, Leptosphaeria rhodopsin;*® GR, Gloeobacter rhodopsin;® PR, proteorhodopsin;® ASR,r,
Anabaena sensory rhodopsin containing all-trans-retinal;*” ASR,;c, Anabaena sensory rhodopsin containing 13-cis-retinal;** NR, Neurospora
rhodopsin;*® bovine Rh, bovine rhodopsin;®” squid Rh, squid rhodopsin;*® MG and MR, monkey green- and red-sensitive visual pigments,
respectively;” sHR, H. salinarum halorhodopsin;*® pHR, N. pharaonis halorhodopsin;** pHR(N;"), N. pharaonis halorhodopsin that binds azide;*®
pPHRg, sextet mutant of N. pharaonis halorhodopsin; pHR,,, 10-residue mutant of N. pharaonis halorhodopsin. SRI and SRII are sensors, but it is
known that they pump protons in the absence of transducer proteins (purple squares with orange frames).**** The light gray spectrum shows the
water O—D stretching vibration, and only proton-pumping rhodopsins possess strongly hydrogen bonded waters (O—D stretch below 2400 cm™).

studied by light-induced difference FTIR spectroscopy. Using determinant of the proton pump. This observation is also
time-resolved FTIR spectroscopy, Gerwert and co-workers consistent with our discovery, as pHR, and pHR,; do not pump
revealed the dynamics of protein-bound water molecules in protons and possess no strongly hydrogen bonded waters. The
BR.>’7 We applied low-temperature FTIR spectroscopy to strong hydrogen bond of the Schiff base in pHR, (Figure S4 of
BR and other rhodopsins.***" Difference FTIR spectroscopy the Supporting Information) indicates that this 10-residue
further elucidated the functional correlation with the water mutant pHR becomes BR-like, but that is not the case for its
hydrogen bond. From the comprehensive studies of water protein-bound water molecules. It appears that this mutant
vibrations of various rhodopsins, we found that strongly wants to pump protons, whereas water does not permit it.
hydrogen bonded water molecules (O—D stretch below 2400 The Schiff base of pHRy and pHR, is never deprotonated
cm™" in D,0) are always present in the rhodopsins exhibiting during the photocycle as well as wild-type and T126D pHR,
proton pumping activity.'® Figure $ illustrates such a functional which is shown by the lack of formation of the M intermediate
correlation between hydrogen bonding strength of water and (Figure S2 of the Supporting Information). In contrast, the M
rhodopsin function, where we plot the lowest-frequency band intermediate appears for all proton-pumping rhodopsins in
of water for the unphotolyzed state in D,0. Because the Figure 5. However, it should be noted that the formation of M
measurements were performed at 77 K, protein-bound water is not directly coupled to the proton pumping activity of
molecules near the retinal chromophore must be detected. In rhodopsins. Photoexcitation of Anabaena sensory rhodopsin
particular, water molecules in the Schiff base region are good (ASR) and Neurospora rhodopsin (NR) causes the formation of
candidates for the lowest-frequency band of water, because the the M intermediate, but they do not pump protons.45’46
other part of retinal is hydrophobic. The Schiff base region Therefore, the property to form the M intermediate is not
contains negative charges such as carboxylates and chloride sufficient for rhodopsins to pump protons. Figure S clearly
(Figure la,b), which is the reasonable acceptor of the strong shows that neither ASR nor NR possesses a strongly hydrogen
hydrogen bond of water. In fact, using comprehensive bonded water molecule, as we reported previously.”**"** Tt is
mutations, we identified strongly hydrogen bonded water in thus likely that a strongly hydrogen bonded water molecule is
BR being directly hydrogen bonded to Asp85 and Asp212,*% a more directly coupled to the proton pumping function.
finding also supported by the QM/MM calculation.** One question is why such correlation exists, though a water
Figure S shows that the rhodopsins exhibiting proton molecule is much smaller in size than the whole protein. In this
pumping activity possess water O—D stretching vibrations regard, we note that light energy is first stored in an isomerized
below 2400 cm™". In contrast, the lowest water O—D stretching form of the retinal chromophore in rhodopsins. A chromo-
vibrations of chloride pump and sensor proteins are above 2400 phore distorted by photoisomerization has been regarded as the
cm™", It should be noted that SRI and SRII function as sensors, main component of light energy storage for rhodopsins.*”*® In
not pumps, but they pump protons in the absence of their addition, the observed correlation strongly suggests the
transducer proteins.**** Thus, the strong correlation between importance of the hydrogen bonding network for light energy
water hydrogen bond and proton pumping function led us to storage, where the weakened hydrogen bonding network acts as
conclude that a protein-bound water molecule is the functional the energy storage component. In fact, the previous QM/MM
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calculation showed that the amount of light energy stored in a
weakened hydrogen bond is larger than that of chromophore
distortion in the case of BR.** Thus, asymmetric functional
conversion between BR and HR can be explained in terms of
hydrogen bonds of internal water molecules, the determinant of
proton pumps.

H CONCLUSION

A proton pump can be converted into a chloride pump by a
single amino acid replacement. In contrast, this study shows
that a chloride pump cannot be converted into a proton pump
even via the replacement of 6 and 10 amino acids. Light-
induced difference FTIR spectroscopy revealed that strongly
hydrogen bonded water molecules are not gained for the
multiple mutants of pHR, and we concluded that it is the main
cause of the lack of functional conversion, because such water
molecules are the functional determinants of proton pumps. It
has been suggested that the proton pump is the origin of
various microbial rhodopsins.’" If this is true, proton-pumping
rhodopsins must have evolved via conservation of the water-
containing hydrogen bonding network, whereas other functions
may be gained by modifying the hydrogen bonding structures
of the active center. These results will be also used for the
protein engineering of light-driven pumps for the application of
optogenetics in the future.

B ASSOCIATED CONTENT

© Supporting Information

Characteristic amino acid residues of proton and chloride
pumps (Figure S1), light-minus-dark difference UV—visible
spectra of wild-type and mutant HRs (Figure S2), light-minus-
dark difference FTIR spectra of wild-type and mutant HRs
(Figure S3), and the isotope effect of the [¢-'"N]Lys-labeled
sample on the FTIR signal at 2300—2000 cm™" (Figure S4).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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