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ABSTRACT:. Many fungal rhodopsins, eukaryotic structural homologues of the archaeal light-driven proton
pump bacteriorhodopsin, have been discovered in the course of genome sequencing projects. Recently,
two fungal rhodopsins were characterized in vitro and exhibited very different photochemical behavior.
Neurosporarhodopsin possesses a slow photocycle and shows no ion transport, reminiscent of sensory
rhodopsins, whilé_eptosphaeriahodopsin has a fast bacteriorhodopsin-like photocycle and pumps protons
light-dependently. Such a dramatic difference is surprising considering the very high degree of sequence
homology of the two proteins. In this paper, we investigate whether the chemical structure of a cytoplasmic
carboxylic acid, the homologue of Asp-96 of bacteriorhodopsin serving as a proton donor for the retinal
Schiff base, can define the photochemical properties of fungal rhodopsins. We studied mutants of
Leptosphaeriahodopsin in which this aspartic acid was replaced with Glu or Asn using spectroscopy in
the infrared and visible ranges. We show that Glu at this position is inefficient as a proton donor similar
to a nonprotonatable Asn. Moreover, this replacement induces long-range structural perturbations of the
retinal environment, as evidenced by changes in the vibrational bands of retinal (especially, hydrogen-
out-of-plane modes) and neighboring aspartic acids and water molecules. The conformational coupling of
the mutation site to the retinal may be mediated by helical rearrangements as suggested by the changes
in amide and proline vibrational bands. We conclude that the difference in the photochemical behavior of
fungal rhodopsins frorheptosphaeriandNeurosporanay be ascribed, to some extent, to the replacement

of the cytoplasmic proton donor Asp with Glu.

Fungal rhodopsins make up a recently discovered growing rhodopsin knockout phenotypes of the hosts 9), so the
family of retinal-binding proteins classified as type | physiological role of rhodopsins from Ascomycetes and
(microbial) rhodopsins —3). These proteins are highly Basidiomycetes remains unknown. It should be noted that
homologous to the halobacterial light-driven proton pump in one species of Chytridiomycetes a rhodopsin was sug-
bacteriorhodopsin (BR)conserving most of the intramem-  gested to mediate a phototaxis of zoosporEd), (but the
brane residues that are important for proton transpbrt ( gene has not been cloned so far.

6), which suggests their possible ion transporting role_. In the absence of the physiological data, biophysical
Because some of the homologous haloarchaeal rhodopsingydies on heterologously expressed fungal rhodopsins
perform photosensory functiond)(and taking into account  ,qyided interesting and suggestive information about their

the heterotrophic nature of fungi, we find a sensory function , \tasive functions. The first heterologously expressed rhodop-

for fungal rhodopsins may be possible as well. Several g, fom Neurospora(NR) (7) behaves more like a photo-
genetic studies failed to detect any serious defects in theSensory rhodopsin rather than a BR-like proton pump
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base of NR 13), the feature known to correlate with the hydrogen-out-of-plane vibrations (HOOPS) are very similar
proton pumping ability in many rhodopsin$4). The exact between NR and the D150E mutant of LR but different from
structural cause of such unexpected photochemical behavioithose in wild-type LR. We conclude that the exact nature of
remained unknown despite the existence of some suggestivehe carboxylic residue at the position homologous to Asp-

differences in the sequences of BR and NR. 96 of BR may be important for the fast reprotonation of the
The second fungal rhodopsin characterized biophysically Schiff base in fungal rhodopsins not only due to the
was found in the genome dfeptosphaeria maculan). differences in the proton affinity between Asp and Glu but

The sequence dfeptosphaeriarhodopsin (LR) was even also due to the conformational coupling of this carboxylic
more similar to that of BR, suggesting that it may be a proton acid to the retinal. It is possible that the Asp Glu
pump. Indeed, when expressedPiichia pastoristhis protein substitution of the cytoplasmic proton donor is one of the
exhibited a very fast photocycle with many BR-like features key elements responsible for the functional diversification
and pumped protons light-dependently upon reconstitution of fungal rhodopsins as represented by LR and NR.

into liposomes . The replacement of Asp-150, the

homolggue of ASIFE)96 in BR, with Asn resulted in a dramatic MATERIALS AND METHODS
deceleration of the reprotonation of the Schiff base, in accord Expression of Leptosphaeria Rhodopsin Mutants in P.
with the BR-like mechanism of proton transport. These pastoris The mutants of LR were produced by a single-step
findings established LR as the first eukaryotic retinal-based PCR from the wild-type construct and expressed in a manner
light-driven proton pump; albeit, its exact physiological role analogous to that of the wild type as described below. The
is still mysterious. In accordance with the character of its L. maculans opgene b) was modified and cloned into the
photochemistry, the low-temperature FTIR studies showed pHIL-S1 vector as described previousli5], via a similar

that LR possesses a strongly bound water in the retinal Schiff procedure previously used féteurosporarhodopsin 11).

base vicinity, in stark contrast to NR, but exactly as expected The resulting protein has its N-terminus (48 residues)
from a proton-pumping rhodopsid). Such a large differ-  replaced with the yeast PHO1 signal sequence and a six-
ence in the photochemistry and ion pumping ability between His tag added to the C-terminudi). The protein was
the proteins as structurally close as LR and NR is very expressed in the methylotrophic yedat pastoris strain
surprising. GS115, following our optimized procedure for NR3.

The differences in the primary structures of LR and NR During expression inP. pastoris 5 uM all-transretinal
have been analyzed previously b, 16). There are justtwo  (Sigma) was added to the growth medium approximately 24
outstanding differences in the conserved residues importanth following induction with methanol.
for the functioning of BR, one in the homologues of Glu- Purification of the Membranes and the Protein and
194 and the other in the homologues of Asp-96. The Reconstitution into Liposome3reakage of. pastoriscells,
carboxylic side chain of Glu-194, known to be important isolation and solubilization of the membranes, and purifica-
for proton release in BRL(), is missing in NR but present  tion and concentration of LR were described elsewh&sg (
as Asp-248 in LR. While the Schiff base proton donor of N-Dodecyl$-p-maltoside treatment of the membranes fol-
BR (Asp-96) is conserved as Asp-150 in LR, it is conser- lowed by sequential centrifugations yielded a clear super-
vatively replaced in NR, being present as Glu-142 (see Figure natant with membranes containing LR, suitable for optical
1 in ref 16). It is hard to imagine that a replacement as spectroscopy, which were encased in polyacrylamide gels.
conservative as an Asp Glu change would abolish proton  The membranes suspended in deionized water2(DD/
transport completely. Indeed, a glutamate residue at thismL) were treated with 0.2% DM for 510 min at room
position serves as a Schiff base proton donor in eubacterialtemperature. The gels were soaked in a buffer of the desired
proton pump proteorhodopsit), and the D96E mutant of  pH and composition for at least 2 h. For reconstitution into
BR was reported to be fully active in terms of proton liposomes, Triton X-100-solubilized Ni-NTA-purified LR
pumping (9, 20), at least in the reconstituted systems. was added to preformed DMPC/DMPA (9:1) liposomes at
Nevertheless, the same BR mutant in the native purplea 3:1 (w/w) lipid:protein ratio. Reconstitution via detergent
membrane exhibits very slow reprotonation of the Schiff base removal was done using Bio-Beads SM-2 (Bio-Rad). Lip-
(21). Namely, the M decay time constant of the D96E mutant osomes were washed repeatedly by centrifugation at 40000
in aqueous suspension is 8 times larger than that of wild- and frozen for further use.
type BR but 6.5 times smaller than that of the D96N mutant.  Time-Resaled Spectroscopy in the Visible Rangéene-

It suggests that the geometry of the proton donor may beresolved laser spectroscopy in the visible range was per-
important for the optimal rate of proton translocation. formed on our custom-built apparatus. Photocycle excitation

In this work, we investigated the effect of the replacement was provided by the second harmonic of an Nd:YAG laser
of Asp-150, the Schiff base proton donor of LR, with Glu. (Continuum Minilite II) using~7 ns pulses at 532 nm.
Our goal was to determine if this subtle sequence alteration Absorption changes of monochromatic light (provided by
may be responsible for the dramatic difference in the an Oriel QTH source and two monochromators) were
photochemical behavior of NR and LR. We found that the followed using an Oriel photomultiplier with a 350 MHz
reprotonation of the Schiff base in LR is severely impaired wide bandwidth amplifier and a Gage AD converter (Com-
when Asp-150 is replaced with Glu as much as when puScope 12100-64M). The traces were converted into a
replaced with the nonprotonatable Askb). Moreover, we guasi-logarithmic time scale using homemade software.
showed that the D150E mutation produces long-range effectsGlobal multiexponential analysis of the data was performed
on the protein structure and the geometry of the photoi- as described previouslyl?). For comparison, the pH
somerized retinal, and to an extent much larger than thatdependencies of the rates of M decay for the wild type and
observed for the D150N mutant. In particular, the retinal the D150N mutant LR were taken from our earlier watk)(
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Ficure 1: (a—c) Kinetics of light-induced absorption changes of the LR variants [wild type (a), D150N (b), and D150E Kejladecyl
B-D-maltoside-treate®. pastorismembranes measured at room temperature: blue for 420 nm, green for 560 nm, and red for 620 nm. The
LR membranes were encased in a polyacrylamide gel and equilibrated with 0.1 M NaCl, 0.05 M MES, and 0.05 M sodium phosphate (pH
6.0). The difference in the signal amplitudes and noise levels reflects the different levels of expression. (d) pH dependence of the Schiff
base reprotonation rate (the M decay at 420 nm) (the wild-type and D150N mutant curves are fi&n Tak rates were obtained from

the multiexponential analysis of the data like those of panel ¢ but taken at varying pH or with addition of sodium azide (10 mM): black
for the wild type, blue for D150N, and red for D150E. The filled symbols represent the data in the presence of azide. The conditions were
the same as those for panel c, but with 0.05 M TRIS or CHES as the buffer at pH 8 or 9, respectively.

FTIR Spectroscop¥TIR spectroscopy was performed as number of times. The difference spectrum was calculated
described previoushy2@). The LR sample reconstituted into  from two spectra constructed from 128 interferograms taken
DMPC/DMPA liposomes was washed three times with 2 mM before and after the illumination. Several difference spectra
phosphate buffer (pH 7). The pellet was resuspended in theobtained in this way were averaged to produce thg irftwus
same buffer, and the concentration was adjusted2d0D LR spectrum. As earlier linear dichroism experiments
units at 535 nm/mL. An 8@L aliquot was deposited on a revealed the random orientation of LR molecules in the
BaF, window 18 mm in diameter and dried in a glass vessel liposome film, an IR polarizer was not used. For compari-
that was evacuated with an aspirator. sons, the wild-type LR minus LR difference spectra were

The dark-adapted LR contains predominantlytedhs taken from Sumii et al.1(6) and NRx minus NR spectra from
retinal with a small proportion of 18is-retinal, but prolonged  Furutani et al. 13).
dehydration was found to increase the ci8-content. For
this reason, the sample was hydrated, adapted to light for oRESULTS
min at room temperature (wavelength %50 nm), and Time-Resaled Spectroscopy in the Visible Range at Room
mildly dehydrated again to be immediately rehydrated with TemperatureWe used time-resolved difference spectroscopy
H,0, DO, or D,'®0 in a controlled fashion. The sample was in the visible range at room temperature to see whether the
placed in a cell in an Oxford DN-1704 cryostat mounted in D150E mutation affects the rate of the Schiff base reproto-
the Bio-Rad FTS-40 spectrometer. The cryostat was equippedhation in LR. Figure lac compares the photocycle kinetics
with an Oxford ITC-4 temperature controller, and the of wild-type LR with those of the D150N and D150E mutants
temperature was regulated with 0.1 K precision. at pH 6. As found previouslyl), the wild-type kinetics is

lllumination with 500 nm light at 77 K for 2 min converted fast, being comparable to that of BR (Figure 1a), while that
LR to LRk. Since LR was completely reconverted to LR  of the D150N mutant is much slower (Figure 1b). As
upon illumination with >600 nm light for 1 min, as  expected from the inactivation of the Schiff base proton
evidenced by the spectral shape which is a mirror image of donor, the M decay (reprotonation of the Schiff base followed
that for the LR to LR transition, cycles of alternating at 420 nm) becomes slower? orders of magnitude) and
illumination with 500 and>600 nm light were repeated a becomes the rate-limiting step in the photocycle of the
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D150N mutant (Figure 1b). Interestingly, the D150E muta- L l L L L L L 1
tion produced a phenotype very similar to that of D150N,
with very slow reprotonation of the Schiff base (Figure 1c)
and the absence of the O intermediate (measured at 620 nm).
The apparent equivalency of N150 and E150 over a wide
pH range (5-9) is obvious from Figure 1d, where the rates 164", Lo
of the Schiff base reprotonation are plotted versus pH, and 1537 119
both mutants demonstrate greatly delayed decay of the M (b) D150N j 1524

intermediate. While in the D150N mutant the wild-type-like '
rate of the M decay can be restored by the addition of sodium
azide (5), it is much less efficient in the reactivation of
D150E (Figure 1d). This is similar to the known differences
in the azide reactivity for different Asp-96 mutants of BR
[efficient for D96N, but much less efficient for D96G and
D96A (23, 24)]. The data in Figure 1 suggest that only
aspartic acid, but not glutamic acid (or asparagine), at
position 150 can serve as an efficient donor of a proton to
the Schiff base. This is despite the fact that Glu-150 seems
to be protonated in the initial state as follows from the FTIR
data (see below).

LR« minus LR Difference Infrared Spectra of the Wild
Type, D150N, and D150E in the 1806000 cnt! Region.
One may expect no differences between the K spectra of
the D150 mutants and the wild type, because the structural
changes upon formation of the K intermediate are mostly

localized near the retinal chromophore, while Asp-150, which ) , , ,
Ficure 2: Difference infrared spectra between the K intermediates

corresponds to Asp-96 in BR, is located relatively. far from and the unphotolyzed states of wild-type (a), D150N (b), and D150E
the retinal. From the X-ray structure of BR, Asp-96 is located (c) LR and wild-type NR (d) in the 18066900 cnt® region. The

~10 A from the retinal Schiff base, and the two groups have solid and dotted lines represent the spectra of samples measured
no hydrogen-bonded network between th@%).(Both D150 under HO and QO hydration, respectively. The spectra of D150N,
mutants produce the K intermediate under the illumination 5(:15025i’nant%mf-itrﬁgﬁs|?ti e ph%g%ree(igﬁirtuha\sig];;gilcl::\-tgptehléR
Condition_s appropriate for the accumulla_tion of this photo- retinal at91204 cmt. One division of thQ/-axisg corresponds to
product in the wild type. However, it is clear that the (.008 absorbance unit.
introduction of Glu at position 150 shifts the<® stretching
vibration of amide | from 1649 to 1642 crhin the ground 987 cm'! (27). These bands have frequencies much higher
state, the € C stretch from 1197 to 1196 crh and the most  than that of the K intermediate of BR and LR. Conclusive
prominent HOOP vibration from 958 to 978 ciin the K interpretation has not been achieved yet, but it is probably
intermediate (Figure 2). These results indicate that the groundcaused by vibrational coupling with neighboring methyl or
state structure of LR is perturbed by the introduction of a hydrogen groups. The frequency of the GE$OOP vibra-
Glu residue at this position and the structural changes of thetion should be determined by the structure of the retinal
retinal are affected. The D150N mutant exhibits spectral molecule itself, which is perturbed by the surrounding amino
features intermediate between those of the wild type and theacid residues. Thus, it is surprising that the €HBOP
D150E mutant, suggesting a weaker influence of this vibration upshifts to 978 cnt in the K spectrum of the
replacement on the protein structure. D150E mutant (Figure 3c), where the substitution site is far
HOOP Vibrations of the Retinal Chromophoitis well- from the retinal. The frequency of this vibration in the D150E
known that distortion of the retinal chromophore after mutant of LR is much closer to that of NR than of wild-
photoisomerization increases the intensity of its HOOP type LR. Interestingly, the spectral features of the D150N
vibrations @2, 26—30). In the K intermediate spectrum of mutant (Figure 3b) are between those of the wild type and
wild-type LR, the most intense band is observed at 958'cm the D150E mutant. These results suggest that the protein
which is downshifted to 950 cm upon deuteration of the  structure around the Schiff base is influenced by these
Schiff base (Figure 3a). On the basis of the analogy to BR mutations, probably through the hetikelix interactions
(31), these bands were tentatively assigned to the-C15 mediated by Thr-87 in helix B and Asp-150 in helix C (Thr-
HOOP vibration, which means that the retinal chromophore 46 and Asp-96 in BR). This perturbation probably affects
is distorted at the C15 position upon retinal isomerization the thermal stability of the K intermediate and produces a
in LR. In the K spectrum of NR (Figure 3d), the most intense K_-like intermediate in the D150E mutant even at 77 K,
band is observed at 983 chpwhich is at a frequency higher  because we confirmed the existence of theikermediate
than those of BR and LR. A similar upshift of the C15  of LR at 130 K, which has an intense CEBOOP vibration
HOOP vibration has been reported for the iKtermediate at 981 cn! as shown below.
of BR trapped at 135 K32). Recently, we assigned the The negative bands at 1008, 978, and 918 coould be
HOOP vibrations of the K intermediate gipR using assigned to the methyl rocking, thed® in-plane bending,
systematically deuterated retinals and found that the-C15 and the N-HOOP and C15HOOP coupled vibrations,
HOOP mode consists of multiple bands at 1001, 994, and respectively. These bands are not changed by the mutations,
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Ficure 3: Difference infrared spectra between the K intermediates FIGURE4: Difference infrared spectra between the K intermediates
and the unphotolyzed states of wild-type (a), D150N (b), and D150E and the unphotolyzed states of wild-type (a), D150N (b), and D150E
(c) LR and wild-type NR (d) in the 1036890 cnt! region, where (c) LR and wild-type NR (d) in the 17801590 cn1! region. The
hydrogen-out-of-plane (HOOP) vibrations of the retinal can be solid and dotted lines represent the spectra of samples measured
observed. The solid and dotted lines represent the spectra of samplesnder HO and DO hydration, respectively. One division of the
measured under @ and DO hydration, respectively. One division  y-axis corresponds to 0.0008 (left) and 0.004 (right) absorbance
of the y-axis corresponds to 0.0035 absorbance unit. unit.

so the Schiff base itself is not perturbed in the ground state. (—)/1702 @) cm ! and the deuteration sensitive bands at
This conclusion is also supported by the-N stretching 1718 (+)/1711 @) cm™* can be assigned to the carbonyl
vibrations of the Schiff base described below. C=0 stretch of Asn-150 and the protonated carbox#@
The Protein Backbone of LR Is Perturbed by the Replace- stretch of Glu-150 in the respective mutant proteins. This
ment of Asp-150 with Asn or Glthe G=0 stretches of the  result indicates that Glu-150 is protonated in the initial state
carboxyl and carbonyl groups and the amide | vibrations are and has a potential to work as a proton donor for the Schiff
shown in the left and the right panels of Figure 4, base, which is surprising considering that the M decay
respectively. The data in the left panel are magnified 5 times kinetics of the D150E mutant (Figure 1c) clearly shows that
to match the amplitudes in the right panel. The bands at 1741the reprotonation of the Schiff base is severely impaired.
(—)/1734 ¢+) cm™t in wild-type LR and those at 1738-{/ The global structural impact of the substitutions was also
1734 &) cmtin wild-type NR can be assigned to Asp-169 confirmed by the amide | bands shown in the right panel of
in LR and Asp-161 in NR, respectively, which correspond Figure 4. The negative band at 1649 ¢nn the wild-type
to Asp-115 in BR 83). This indicates that the aspartic acid LR appears to be downshifted to 1642 ¢énn the D150N
at this position is protonated in both LR and NR, and the and D150E mutants. Because the same feature was observed
hydrogen bonding alterations upon retinal photoisomerization in the spectra measured in®, it does not originate from
are similar. It should be, however, noted that the frequenciesthe G=N stretch of the Schiff base (even though the Schiff
and intensities in LR are similar to those in BR6] and base G=N vibration is indeed present in this spectral region
those in NR are somewhat differerit3j. The amplitude of but downshifts to 16271629 cm! upon deuteration). The
these bands of LR in Figure 4 is 0.000174, while that of NR assignment is also supported by the position of theDN
(when normalized to the negative band at 1204 Hnis stretch of the Schiff base (see below), which was not
0.000375, which is~2 times larger. It is interesting that the influenced by the mutations. Thus, the mutations at Asp-
relative intensities of these bands in the D150N (0.000222) 150 do not affect the Schiff base itself but have an effect on
and especially D150E (0.000328) mutants are larger thanthe backbone structure of the protein.
those of wild-type LR but similar to those of NR. The similar The D150E and D150N Mutations in LR Cause the
feature is observed in the spectra measured, Bs well. Intensity Change of the Bands in the Frequency Region of
These results suggest that the structural changes around Asphe C—N Stretching Vibrations of Prolindn the previous
169 in these mutants are more similar to those of NR becauseFTIR experiments on BR wittPN-labeled prolines, the bands
of the introduction of Asn or Glu at position 150 in LR (NR  at 1454 ()/1435 () and 1417 4)/1400 ) cm ! in the
has Glu at this site). Additionally, small but prominent K minus BR spectra were assigned te-l8 proline vibrations
mutation-induced bands were observed in the D150N and(34). Three proline residues in the membrane region, Pro-
D150E mutants. The deuteration insensitive bands at 170550 on helix B, Pro-91 on helix C, and Pro-186 on helix F,
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Ficure 5: Difference infrared spectra between the K intermediates sese / | 2108
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were considered to be candidates for these vibrational bands. | 2168

In Figure 5, we show that in the same spectral region in LR e e ]

—
the intensities of the bands at 1393)(1411 () cm?! 2700 2600 b\za‘zo\?enur;:::r (Cii(-)?) 2100 2000
increase when Asp-150 is replaced with Glu or Asn. The
intensities of these bands are larger in the D150E mutantFIGURE 6: Difference infrared spectra between the K intermediates
than in the D150N mutant. On the other hand, the \us and the unphotolyzed states of wild-type (a), D1501N (b), and D150E
. . (c) LR and wild-type NR (d) in the 27462440 cnt? region (left)

NR spectrum (shown with a dashedotted line) has much  3ng the 23261950 cnr region (right), where GD stretching
larger bands at 1394+H)/1409 (~) cm L. Therefore, the  vibrations of water and ND stretching vibrations of the Schiff
observed spectral change of prolines is another similarity base can be observed. The red and blue lines represent the spectra
between the D1S0E mutant of LR and wild-type NR. Of samples measured undesand R0 hydration, respectively.
According to the amino acid sequences of LR and NR, the (Cr)igig'\ggfc:}g;:‘?e"%ﬁ corresponds to 0.00054 (left) and 0.00045
proline residues which correspond to Pro-50 in BR are
replaced with threonine, meaning that the bands come fromin the spectra measured with,'8B0 hydration (blue lines)
Pro-145 and Pro-241 (LR numbering), which correspond to compared to the spectra measured wit®ydration (red
Pro-91 and Pro-186 of BR, respectively. The observed bandslines), as shown in our previous reporis(16). The water
may come from Pro-145, because Asp-150, which is the molecules with G-D stretches located at 2692, 2615, and
substitution site, is located on the same helix. However, it 2478 cn1t change their frequencies to 2684, 2655, and 2505
should be noted that NR has another proline, Pro-264, atcm™%, respectively, upon retinal isomerization in LR. In the
the position of Val-217 in BR, where LR has a glycine case of BR, we recently assigned the water bands in the K
residue. One of the bands of NR observed in this frequency minus BR spectrum to the water molecules found in the
region may come from Pro-264. Schiff base region39, 40), corresponding to waters 401,

Effect of the Replacement of Asp150 on the Hydrogen-402, and 406 in the X-ray crystal structure (PDB entry
Bonded Network in the Schiff Base Regionded by the 1C3W) 25). Judging from the sequence similarity, the water
O—D Stretches of Water and the-ND Stretches of the Schiff bands in LR and NR should also come from the water
BaseIn the past, we have characterized the hydrogen-bondedmolecules around the Schiff base.
networks in the protein moiety of various rhodopsins through  In this spectral range, the spectra of the D150N and D150E
the analysis of the XD stretching vibrations, which appear mutants of LR and wild-type NR are basically similar to
in the 2806-1800 cn1? region (L3, 16, 35—38). Because of  that of wild-type LR. However, the relative intensities of
strong infrared absorption of water, it is hard to observe the two positive bands at 2655 and 2505 ¢nincrease in the
O—H and N—H stretching vibrations under strongly hydro- D150N and, more evidently, D150E mutant. Such a phe-
gen bonded conditions when the sample is hydrated with nomenon was not observed in the D96N mutant of BB).(
H,O. Therefore, it is better to split the spectrum into the In addition, there is no positive band in the corresponding
X—H stretching region for the HD nonexchangeable groups O—H stretching frequency region of the lKinus BR spectra
and the %-D stretching region for the exchangeable groups. (32). Therefore, the bands at 2655 and 2505 trare
Here, we concentrated on the—® stretching region in  characteristic of the K intermediate of LR and probably can
investigating the hydrogen bonding of the internal water be assigned to the same source as the bands at 2656 and
molecules and the retinal Schiff base. 2496 cmt in the K intermediate of NR, but the location of

In the higher-frequency region presented in Figure 6 (left these water molecules is not clear at present. The increase
panel), there are at least six bands that can be assigned tin the intensities of the bands may suggest that the hydrogen
O-D stretching vibrations of water based og'#D isotope bond to the oxygen atom of the water molecule becomes
shifts (green labels). These bands downshift by 18 cntt stronger in the K intermediates of these mutants, resulting
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in the increase in the level of electronic polarization of the L L L I L I L l
O—H groups. Such phenomena were not observed in wild-
type LR and NR, so the result indicates the specificity of
the mutants.

In the lower-frequency region, strongly hydrogen bonded
X—D groups can be observed as shown in the right panel of
Figure 6. The negative bands at 2257, 2260, and 2262 cm
downshift in the spectra measured with*#d hydration,
which indicates that these bands originate from wateiDO
stretches. Such a band is not seen in the spectrum of NR
(Figure 6d). These results are related to our recently
established empirical law stating that archaeal rhodopsins
which exhibit proton pumping activity have strongly hydro-
gen bonded water in the Schiff base region. We believe that
such a water molecule is essential for proton pumping. In
the case of the studied LR mutants, the strongly hydrogen
bonded water bands are present. Therefore, the primary
proton pumping machinery is probably kept intact in these
mutants, whereas the reprotonation rate of the Schiff base is
dramatically reduced. The slight upshift of the water bands
in the mutants (3 crt in D150N and 5 cm! in D150E)
may be caused by the change in interaction with Asp-139,
which is the primary counterion of the protonated Schiff base :
and is located on the same helix as Asp-150 (helix C). 1800 1600 1400 1200 1000

The negative bands at 2155 and 2105 &dp not exhibit Wavenumber (cm'1)
the Isot_ope .Shlft in 0 and COUI.d be assigned to thf”“’ Ficure 7: Comparison of the infrared spectra of theiktermediate
stretching vibrations of the Schiff base on the basis of the of LR, trapped at 130 K, with those of the K intermediate of wild-
analogy with other archaeal rhodopsidg,(42). These bands  type (a), D150N (b), and D150E (c) LR and wild-type NR (d) in
were not affected by the mutations of Asp150, similar to the 1806-900 cnt? region. The spectra were measured undgd H

the case of the ND in-plane and N-HOOP vibrations in hydration. The dotted lines in panels-8 are reproduced from the
the ground state of LR (Figure 3) solid line in panel a, while the dotted line in panel a and the solid

. lines in panels bd are reproduced from the spectra shown in Figure
The K Intermediate of LR Resembles the Photoproduct 2. The tags indicate the bands characteristic of the difference

of the D150 LR Mutants and Wild-Type NR at 77 e infrared spectrum of the Kintermediate of LR. One division of
difference infrared spectra between theiltermediate and ~ they-axis corresponds to 0.007 absorbance unit.

the ground state of LR are shown in Figure 7. The vibrational

bands indicated by the tags are characteristic of the K which serves as a proton donor for the Schiff base. Indeed,
intermediate except for the negative band at 1245'cm i haloarchaeal and eubacterial proton pumps, this residue
which is assigned to the ground state of LR and appears upons ejther Asp or Glu, while it is an aromatic residue in
formation of the K, but not K, intermediate. The bands at  jiopacterial sensory rhodopsid. (This empirical rule does

1_::,)55t_and 13(.)0 t;:]rﬁ can b?élssit%neg todthef—N-Ih?n;]plane OInot seem to hold for eukaryotic microbial rhodopsins, where
vibrations as In the case o » (€ bands ol which appeare examples of nontransporting proteins with a carboxylic

at 1348 and 1294 cm (32). The band at 981 cm can be residue at this position are found in both funiyigurospor
assigned to the CE5HOOP vibration like the band of the NR) and al P ilardia) (12 43 Th ¢ di pora
K. intermediate of BR at 985 cm (32). The difference ) and algaeGuillardia) (12, 43). The recent discovery

spectra of the K intermediate of the D150 mutants, especially ©f @ Proton pumping activity of another fungal rhodopsin
D150E, exhibit amplitude increases for the bands charac- (oM LeptosphaerialR) (5, 15) created a more pointed
teristic of the K intermediate. Interestingly, the spectrum guestion of how two proteins as structurally similar as NR
of the K intermediate of NR is quite similar to that of the and LR can have such different photochemical and ion
K. intermediate of LR (Figure 7d). It is possible that the transporting properties). Both NR and LR conserve most
stabilities of the K intermediates of the D150E mutant of of the residues important for proton transport in BR and have
LR and wild-type NR are reduced and their idtermediates  a carboxylic acid at the position of the cytoplasmic proton

AT
WA

Difference Absorbance

appear even at 77 K to some extent. donor, but it is represented by Glu in NR and by Asp in LR.
In this paper, we investigate whether this subtle difference
DISCUSSION in the structure of the carboxylic side chain may be

One of the contentious questions in the rhodopsin field responsible for the dramatic differences in the photochemical

which became pressing lately due to the dramatic increasePehavior (and, ultimately, .the functional diversification) of-

in the availability of the new protein sequences, is whether NR and LR. To accomplish that, we used spectroscopic
functions of new rhodopsins can be rationalized from their characterization of two LR mutants at position 150 (homolo-
primary structures. In particular, it was believed that functions gous to Asp-96 of BR), in which we either removed the

of microbial rhodopsins can be determined from the nature carboxylic group or made it NR-like by the Gla Asp

of the cytoplasmic residue corresponding to Asp-96 in BR, substitution.
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Ficure 8: (A) X-ray crystal structure of BR (drawn from PDB entry 1C3W). The labeled amino acid residues in helices B, C, and G
constitute the proton pathway and are conserved in LR and NR. The spheres represent the internal water molecules (colored according to
location; blue for the intracellular side, green for the Schiff base region, and pink for the extracellular side). The water molecules colored
green were called waters 401, 402, and 406 in the X-ray crystal stru2®)ré¢l) Schematic representation of a possible structural alteration
caused by the D150E mutation in LR. The arrangement of the helices is based on the crystal structure of BR presented in the left panel.
We propose that the tilt of helix C at the kink at Pro-145 (Pro-91 in BR) may perturb the hydrogen bonds of Asp-139 and Thr-143 (Asp-85
and Thr-89 in BR, respectively) and Thr-144 and Asp-169 (Thr-90 and Asp-115 in BR, respectively).

We demonstrated that the replacement of the Schiff baseresults, the alteration of amide | vibrations (Figure 4) suggests
proton donor Asp-150 with Glu severely impairs the repro- that the packing of helices B, C, and G is affected by the
tonation of the Schiff base of LR. Using flash photolysis of mutations. The bands observed in thelCstretching region
the LR D150E and D150N mutants heterologously expressedof proline (Figure 5) suggest that the structural change of
in P. pastoris we found that the glutamic acid residue at one of the proline residues may become larger than that of
this position is inefficient as a cytoplasmic proton donor wild-type LR and similar to that of NR. One possible
(Figure 1), being functionally equivalent to a nonprotonatable interpretation is that helix C may tilt at the flexible kink at
asparagine. Such slow pH-dependent kinetics of Schiff basepro-145 (Pro-91 in BR) as a result of the side chain
reprotonation is reminiscent of that for NR, where Glu-142 e|ongation or modification at position 150. Because Pro-50
was found to be inactive as a proton dondB)( Thisis @ on helix B in BR is replaced with threonine in LR and NR,
surprising result, considering that Glu at this position the flexibility of helix B is probably reduced. Thus, it is a
functions as a proton donor in proteorhodopsi) (s well  pausible assumption that the structural perturbation of helix
as inEscherichia coliexpressed BRI1Q, 20). On the other g js smaller than that of helix C. This structural hypothesis
hand, there is a report that in the purple membrane this g jjysrated in Figure 8 (right panel). Such structural change
substitution decelerates reprotonation of the Schiff base,,.id cause a perturbation of the hydrogen bonds between
dramatically 21). One of the si_mplest interpreta}tions ofthis 111143 and Asp-139 (Thr-89 and Asp-85 in BR, respec-
result would be that Glu-150 is deprotonated in the _ground tively) and between Thr-144 and Asp-169 (Thr-90 and Asp-
state and cannot work as a proton donor for the Schiff base.115 in BR, respectively). These effects are confirmed by the

However, this explanation is invalidated by our FT-IR results : S
e . Lo observed changes in the vibrational bands of Asp-169 and
fore, the phenotype should be explained from the structural nitrogen (Figures 4 and 6)‘. However, mo;t interestingly, as
follows from the frequencies of the retinal Ci6IOOP

point of VI?W' i i vibrations (Figure 3), the isomerization-induced torsion of
. We applied low-temperature FT-IR in anglyzmg perturba- he retinal near the Schiff base of the D150E mutant of LR
tions of the molecular structure of LR induced by the g gimijar to that of NR. This structural view is also supported

introduction of Glu or Asn at position 150. Asp-150 iS 1, the recently determined X-ray crystal structure of the
homologous to Asp-96 in BR, which is located 12 A from D96A mutant of BR 44).2

the retinal Schiff base nitrogen, suggesting that the structure
around the Schiff base should not be changed by these

mutations. Thus, it is remarkable that the L. Riinus LR 2 After the submission of our manuscript, the X-ray crystal structures
; ; of the D96A and T46V mutants of BR were published, which show

dlﬁerenpe.SpeCtra of the mUtants’. especially DlS.OE’ becomethat the distance between helices B and C increases and the hydrogen-

more similar to that of NR (Figures-2), which has  ponded network around the Schiff base region is perturbed through

glutamate at the corresponding position. From our FT-IR the long-range interactions, especially in the D96A mutant.
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The latter results on the similarity of the CXBHOOP
vibrations of the primary photointermediates of the studied
LR mutants to that of NR (Figure 3) require further
comment. Previously, these vibrations were found to be
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