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Vectorial ion transport by pump proteins is an essential process 2700 cn1?, dependent on the strength of their hydrogen bonding.
in cellular bioenergetics. The light-driven proton and chloride pumps We found that strongly hydrogen-bonded water moleculesO
of haloarchaea, bacteriorhodopsin (BR) and halorhodopsin (HR), stretch at<2400 cnt?) are only found in the proteins exhibiting
are among the best-characterized proteins of this functional classproton-pumping activity. This is the case for BR and its mutatfts}?
(Figure 1)}-3 Amino acid identity between BR and HR is 25%, pharaonisphoborhodopsinppR).'3 proteorhodopsin (PRY, Ana-
indicating that they have evolved into the optimized forms of proton baenasensory rhodopsin (ASR},Neurosporarhodopsin (NR)6
and chloride pumps, respectively. However, previous studies Leptosphaeriahodopsin (LR)” and bovine rhodopsitf. On the
revealed that functional interconversion between proton and chloride basis of these findings, we have now a working hypothesis that
pumps is possible under some conditions. Asp85 is the proton “the presence of strongly hydrogen-bonded water molecules is
acceptor in the primary proton transfer of BRyhile the corre- requested for the proton-pumping function of rhodopsfhSuch
sponding amino acid is threonine in HR (Figure 1). We found that water molecules are absent in HRC In the present study, we
the D85T mutant of BR pumps chloride ioh©n the other hand, examined functionally interconverted HR from chloride pump to
the T111D or T126D mutations of HR frorhlalobacterium proton pump with azide to further test this hypothesis.
salinarum(sHR) or Natronomonas pharaoni®HR), respectively, The wild-typepHR was expressed iischerichia coliand the
do not lead to the functional conversion into proton puimstead, protein, purified through Ni and DEAE column chromatography,
addition of azide converts HR into a proton pump, where azide Was reconstituted into phosphatidylcholine liposortiethe sample
probably replaces chloride ion in the binding site and controls the film of the azide-boundHR was prepared by drying the protein
pKa changes of the protonated Schiff b&g@espite the accumulated  in 2 MM phosphate buffer (pH 7.0) containing 5 mM Nalhich
knowledge, little has been understood about the mechanism of ionWas then rehydrated by AL of H2O. Figure 2 compares light-
transport in the functionally converted rhodopsins. induced spectral changes pHfiR(N;") andpHR(CI") in the UV—

Figure 1 illustrates the presence of internal water molecules in ViSible region.pHR(Ns™) and pHR(CI") possessimax at 561 and
the Schiff base region aHR and BR, suggesting their important 564 nm, respectively. lllumination with a 500 nm light (through
roles in function. By means of Fourier-transform infrared (FTIR)
spectroscopy, we have directly monitored hydrogen-bonding alter-
ations of internal water molecules of rhodopsira.the series of
studies, we have found a correlation between strongly hydrogen-
bonded water molecules and proton-pumping activity of rhodop-
sins? In D,0O, O—D stretching vibrations of water appear at 2200
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Figure 1. X-ray crystallographic structures of the Schiff base region in
halorhodopsin §HR) and bacteriorhodopsin (BR) froralobacterium , . i ,
salinarum (PDB entries are 1EP2and 1C3W2 respectively). Each 400 500 600 700
membrane normal is approximately in the vertical direction of the figures. Wavelength (nm)

Upper and lower regions correspond to the cytoplasmic (CP) and extra-
cellular (EC) sides, respectively. Green spheres represent water molecules
Dotted lines represent supposed hydrogen bonds, and numbers are distanc
in A. Positions of hydrogen atoms of water in BR are inferred from the
previous FTIR study?
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Figure 2. Difference UV~visible spectra between the intermediate and
unphotolyzed states gfharaonishalorhodopsingHR). Solid and dotted
Sites represent the spectra foiHR(Ns~) and pHR(CI), respectively. (a)
The K minuspHR difference spectra obtained by illumination with a 500
nm light at 77 K. (b) The L minupHR difference spectra obtained by
illumination with a>600 nm light at 170 K. (c) The M minusHR(N3™)
(solied line) and L2 minupHR(CI™) (dotted line) difference spectra obtained
by illumination with a>600 nm light at 240 K.
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Figure 3. K minuspHR difference infrared spectra in the 2429180 cnrt
region for the azide-bound fornpfIR(N3~)). The samples were hydrated
with DO (red line) or DO (blue line). Green-labeled frequencies
correspond to the bands identified as-D stretching vibrations of water
molecule. One division of thg axis corresponds to 0.00015 au.

an interference filter) at 77 K led to formation of the K intermediate

in both cases (Figure 2a). On the other hand, different positive peaks

at 633 and 626 nm indicate that the K intermediate is more red-
shifted for the N~-bound form, in contrast to the unphotolyzed
state. Very similar difference spectra were obtained for the L

hydrogen bond of the Schiff base like BR. Further FTIR study will
reveal the mechanism in more detail, because vibrational bands of
retinal (Schiff base), protein, water, and azide can be monitored
during the proton-pump processespfR(N3 ™). This is our future
focus.

The present study clearly showed that the functionally intercon-
verted HR (proton pump) with azide possesses strongly hydrogen-
bonded water molecules (@ stretch at<2400 cntl). This
observation is perfectly consistent with the previous data for other
rhodopsing,and the correlation between strongly hydrogen-bonded
water molecules and proton-pumping activity of rhodopsins is now
even more convincing. Then, why does such a correlation exist for
rhodopsins? Rhodopsins are molecular machines of nanometer scale,
being much larger than a water molecule in size. Is the function of
rhodopsins nevertheless determined by a water molecule? Does
hydrogen bonding of a water molecule determine the function? It
should be noted that photon energy-e200 kJ/mol is provided
for the retinal chromophore and is stored first in its isomerized
form. In addition to the distorted chromophore, the importance of
hydrogen-bonding network has been emphasized for light-energy
storag€®? Therefore, it should be possible that a specific hydrogen
bond of a water molecule plays a crucial role for the function.
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On the other hand, different spectral feature was obtained at 240
K. The dotted line in Figure 2c shows thHR_ >, minus pHR
spectrum for the Cl-bound form, which is identical to {hieR, ;
minuspHR spectrum at 170 K (Figure 2b, dotted lid&)n contrast,
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