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ABSTRACT: Channelrhodopsins (ChRs) from green flagellate algae function
as light-gated ion channels when expressed heterologously in mammalian cells.
Considerable interest has focused on understanding the molecular mechanisms
of ChRs to bioengineer their properties for specific optogenetic applications
such as elucidating the function of specific neurons in brain circuits. While most
studies have used channelrhodopsin-2 from Chlamydomonas reinhardtii
(CrChR2), in this work low-temperature Fourier transform infrared-difference
spectroscopy is applied to study the conformational changes occurring during '
the primary phototransition of the red-shifted ChR1 from Chlamydomonas | cchpo A
augustae (CaChR1). Substitution with isotope-labeled retinals or the retinal
analogue A2, site-directed mutagenesis, hydrogen—deuterium exchange, and
H,'®0 exchange were used to assign bands to the retinal chromophore, protein,
and internal water molecules. The primary phototransition of CaChR1 at 80 K
involves, in contrast to that of CrChR2, almost exclusively an all-trans to 13-cis
isomerization of the retinal chromophore, as in the primary phototransition of bacteriorhodopsin (BR). In addition, significant
differences are found for structural changes of the protein and internal water(s) compared to those of CrChR2, including the
response of several Asp/Glu residues to retinal isomerization. A negative amide II band is identified in the retinal ethylenic
stretch region of CaChR1, which reflects along with amide I bands alterations in protein backbone structure early in the
photocycle. A decrease in the hydrogen bond strength of a weakly hydrogen bonded internal water is detected in both CaChR1
and CrChR2, but the bands are much broader in CrChR2, indicating a more heterogeneous environment. Mutations involving
residues Glul69 and Asp299 (homologues of the Asp8S and Asp212 Schiff base counterions, respectively, in BR) lead to the
conclusion that Asp299 is protonated during P1 formation and suggest that these residues interact through a strong hydrogen
bond that facilitates the transfer of a proton from Glul69.

CaChR1

onsiderable interest has focused on understanding the of improved light-triggered ion channels for a variety of
molecular mechanism of channelrhodopsins (ChRs) applications.
found in green flagellate algae.l’2 ChRs expressed in mammalian In this work, a ChR1 from Chlamydomonas augustae
cells function as optogenetic light-activated ion channels.>™ (CaChR1) is studied at low temperature using Frourier
For example, neurons expressing ChR genes in a functional transform infrared difference (FTIR-difference) spectroscopy.
form exhibit light-activated action potentials.” Furthermore, This approach allows us to measure conformational changes
ChRs with different wavelengths of absorption can be used to occurring in the primary phototransition of ChRs (ChR — P1)
selectively activate different neurons.' This new photonic and compare the changes to those of other microbial
capability has led to many incisive applications, including the thodopsins, including ChR2 from Chlamydomonas reinhardtii
spatial mapping of brain circuits,"" and holds promise for the (CrChR2). CaChR1 and other ChRI-type proteins are lower
future treatment of a variety of human neuropathologies such as efficiency cation channels compared to CrChR2, but their red-
Parkinson’s disease.'>'> An important goal is to understand at
the molecular level key properties of ChRs such as ion gating, Received: October 2, 2014
ion selectivity, visible absorption wavelength tuning, and Revised:  November 24, 2014
channel kinetics. Such knowledge can lead to the engineering Published: December 3, 2014
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shifted A, values (525 nm for CaChR1 vs 470 nm for
CrChR2) and slower light inactivation'* make them a candidate
for some optogenetic applications. In addition, a recent
resonance Raman spectroscopy (RRS) study has established
that unlike CrChR2," light- and dark-adapted CaChR1 have an
all-trans retinal structure very similar to that of the light-driven
proton pump bacteriorhodopsin (BR) and sensory rhodopsin I
from Natronobacterium pharonis (NpSRII).'® This feature is
advantageous for spectroscopic studies because it helps
minimize the possibility of parallel photocycles that can
complicate analysis of structural changes.

FTIR-difference spectroscopy combined with site-directed
mutagenesis, isotope labeling, and hydrogen—deuterium (H—
D) exchange provide additional information about structural
changes occurring in the protein and chromophore at the level
of individual molecular groups as previously demonstrated with
BR."7" Our results show that CaChR1 and CrChR2 undergo
distinctly different protein conformational changes during the
primary phototransition. Compared to BR, both appear to
undergo more extensive protein changes early in the photo-
cycle. In the case of CaChR1, a contribution from an amide II
band arising from backbone peptide structural changes is
detected. Spectral changes occurring in the carboxylic acid
region above 1700 cm™" reflect a distinctly different pattern of
alterations of Asp and/or Glu groups for the two ChRs.
Mutations at Glul69 and Asp299 in CaChR1, homologues to
the counterions Asp85 and Asp212 in BR, suggest that the two
residues interact together to form a strong hydrogen bond that
facilitates proton transfer during the formation of the PI
intermediate. Bands caused by weakly hydrogen bonded
internal water molecules that change during the primary
transition are identified in both CaChR1 and CrChR2 in the
3600—3700 cm™' region, analogous to bands previously
detected in other microbial rhodopsins. In the case of
CrChR2, these bands are much broader than those of
CaChR1, indicating significant differences in the environment
of these internal waters.

B MATERIALS AND METHODS

Expression, Purification, and Reconstitution of
CaChR1 and Its Mutants, CrChR2, and Bacteriorhodop-
sin. The expression, purification, and reconstitution of wild-
type and mutant CaChR1 were recently described.'® Briefly, the
7TM domain of CaChR1 was expressed from Pichia pastoris in
the presence of 5 uM all-trans-retinal. Cells were grown for 2
days after induction with methanol, harvested by low-speed
centrifugation, and disrupted with a bead beater. Membrane
fragments were collected by centrifugation for 1 h at 38000
rpm. The protein was partially purified on a Ni-NTA agarose
column (Qiagen, Hilden, Germany) after being solubilized by
overnight incubation in 3% dodecyl maltoside (DDM). For
membrane reconstitution, the protein was eluted in 20 mM
HEPES (pH 7.4), 100 mM NaCl, 0.05% DDM, and 300 mM
imidazole and mixed with Escherichia coli polar lipids (ECPL)
(Avanti Polar Lipids, Alabaster, AL) at a concentration of 5 ug/
mL in 10% octyl glucoside with a mass ratio of 1:10
(CaChRI1:ECPL). The mixture was incubated at room
temperature for 1 h. Detergent was removed using SM-2 Bio-
Beads (Bio-Rad, Hercules, CA), and the reconstituted CaChR1
proteoliposomes were pelleted at 10000 rpm for 10 min. The
pellet was resuspended in 10 mM phosphate buffer (pH 7.0)
and 100 mM NaCl and washed twice with the same buffer.
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Similar procedures were used to express and reconstitute
CrChR2 as described above except the cDNA of CrChR2
encoded residues 1—309 with a C-terminal six-His tag sequence
that was cloned in the pPICIK vector (Invitrogen) within its
EcoRI and Notl sites. The production of detergent-purified
CrChR2 followed the methods of Bamann et al.”° and Li et al.**
For membrane reconstitution, CrChR2 in 1% decyl maltoside
(DM) was mixed with DMPC (Avanti Polar Lipids) at a ratio
of 1:20 (w/w). CrChR2 was also reconstituted in EPCL using
procedures similar to those described here for CaChRI.

Bacteriorhodopsin in its native purple membrane was
isolated from Halobacterium salinarum using standard proce-
dures previously reported.””

Regeneration of CaChR1 and BR with Isotope-
Labeled all-trans-Retinal and A2 Retinal. The synthesis
of all-trans-[15-13C,15-*H]retinal and all-trans-[14,15-*H,]-
retinal was previously described.”> A2 retinal (3,4-dehydror-
etinal) was purchased from Toronto Research Chemicals
(catalog no. D230075, CAS Registry No. 472-87-7). To prepare
bleached CaChR1 in which the retinal chromophore is
removed from the binding pocket, proteolipid prepared as
described above was suspended in 25 mM hydroxylamine
buffer with S0 mM K,HPO, (pH 7.2) and exposed to 530 nm
LED illumination (5 mW/cm?) for 40 min. Bleaching was
monitored by UV—visible spectroscopy using a Cary S50
spectrometer (Agilent Technologies, Inc,, Santa Clara, CA).
After >95% conversion of the retinal chromophore to retinal
oxime, the sample was then dialyzed against 300 mM NaCl and
50 mM K,HPO, (pH 7.2) to remove excess hydroxylamine and
free retinal oxime. A 2-fold stoichiometric excess of the isotope-
labeled retinal or A2 analogue was then added as a 2 mM EtOH
solution, and the extent of regeneration of CaChR1 was
determined by measuring the 280 nm:530 nm ratio. The
incorporation of the isotope-labeled retinal was verified by
measuring the RRS (data not shown) using a Bruker Senterra
confocal Raman microscope (Olympus BXS1M) and 785 nm
laser excitation similar to measurements previously reported for
CaChR1."® A similar procedure was used for the bleaching of
BR where 100 mM hydroxylamine was used with a total
reaction time of approximately 24 h.

Low-Temperature FTIR-Difference Spectroscopy. The
protein samples for the low-temperature FTIR measurements
were prepared as previously reported®*~>¢ using approximately
50 pug of the protein for each experiment. The samples were
deposited on BaF, windows and slowly dried in a drybox.
Samples were then rehydrated through the vapor phase with a
small drop (~0.5 uL) of H,0, H,"®0,0r D,0 and sealed in a
sample cell with another BaF, window, and the cell was
mounted in a liquid nitrogen cryostat (Oxford Instruments,
OptistatDN). For measurements of CaChR1 at 80 K, the
samples were first cooled from room temperature in the dark to
avoid trapping of photointermediates. Note that unlike BR,
which is light-adapted before low-temperature FTIR measure-
ments, CaChR1 is not because it does not exhibit dark
adaptation.'®

For CaChR1 samples, the film was allowed to equilibrate at
80 K for >1 h after which spectra are recorded using the
following cycle: (1) dark, (2) illumination with a 505 nm LED
(all LEDs and LED control systems from Thorlabs Inc,
Newton, NJ), (3) dark, and (4) illumination with a 590 nm
LED. This cycle was repeated at least SO times, and the
corresponding difference spectra (e.g,, 2 — 1,3 — 1, and 4 — 3)
were calculated. In addition to the CaChR1 film, BR and
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CrChR2 films were measured using an identical procedure with
the exception of the illumination conditions: for BR, 530 and
625 nm illumination LEDs were used; for CrChR2, 455 and
530 nm illumination LEDs were used. Each acquired spectrum
consisted of 200 scans (approximately 1 min of total time)
recorded at 4 cm ™' resolution using a Bio-Rad FTS-60A FTIR
spectrometer (Bio-Rad, Digilab Division, Cambridge, MA)
equipped with a liquid nitrogen-cooled HgCdTe detector.

B RESULTS

The Primary Phototransition of CaChR1 Involves all-
trans- to 13-cis Chromophore Isomerization. The P1
intermediate is the red-shifted primary photoproduct found in
the photocycle of most ChRs and is analogous to the K
intermediate in the BR photocycle (see, for example, Figure 1
of ref 27). The difference spectrum of CaChR1 — P1 is similar
to the difference spectrum of BR — K**7! for bands assigned
to the retinal chromophore as shown in Figure 1. In the

Difference Absorbance (AOD)
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Figure 1. Comparison of FTIR-difference spectra for CaChR1, BR,
and CrChR2 taken at 80 K over the 800—1800 cm™' region. Peaks
labeled in bold are discussed in the text. Y axis markers indicate 2.5
mOD for CaChR1, 5 mOD for BR, and 0.6 mOD for CrChR2.

1

ethylenic C=C stretching region from 1500 to 1600 cm™,
negative/positive bands appear at (—)153S and (+)1521 cm™
that are assigned to the ethylenic C=C stretching modes of the
retinal chromophore for the initial dark state and P1
photointermediate, respectively (see below). The negative/
positive ethylenic bands in CaChRI1 are upshifted to a higher
frequency compared to those of BR (1529/1514 cm™) as
expected because of CaChR1’s blue-shifted visible absorption
(Amae = 523 nm)*" relative to that of light-adapted BR (A, =
570 nm) and in agreement with the inverse linear relationship
that is observed between A, and vc_¢ for most microbial and
animal rhodopsins.****** In addition, the negative band at
1535 cm™! is close to the frequency assigned to the ethylenic
mode of CaChR1 measured by RRS.'® The slight increase in
frequency compared to that of the RRS (1532 ecm™) is
expected due to splitting effects between the positive and
negative ethylenic bands in the FTIR-difference spectrum.
The fingerprint region (1100—1250 cm™"), which reflects the
mixed C—C stretching modes of the retinylidene chromoghore,
is particularly sensitive to the retinal isomeric state.>**> An
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earlier RRS study of CaChR1 revealed bands near 1201, 1172,
and 1163 cm™' that are highly characteristic of an all-trans
configuration of retinal in the unphotolyzed state of CaChR1."®
Negative bands appear at similar frequencies in the FTIR-
difference spectrum of CaChR1 and BR (Figure 1), further
indicating that the primary phototransition at low temperatures
involves isomerization of an all-trans retinylidene chromophore.

The largest positive band in this region for CaChRI1 appears
at 1196 cm ™/, close to the band at 1194 cm™" in BR assigned to
the mixed stretching vibration of the 13-cis retinylidene
chromophore.*® Importantly, almost all microbial rhodopsins
containing an essentially pure all-frans-retinal composition
display a spectral pattern similar to that of CaChR1 and BR in
this region with two negative bands near 1200 and 1165—1170
cm™' and a positive band near 1195 cm™, including
archaerhodopsin-3 (AR3), green- and blue-absorbing proteo-
rhodopsin (GPR and BPR, respectively),”**” NpSRIL>*® and
halorhodopsin from H. salinarum (HsHR).*

Note that the upshift in the frequency of the negative band at
1205 cm™' compared to that of the RRS spectrum (1201 cm™")
is most likely due to overlap/splitting effects with the positive
band at 1196 cm™'. Overall, the similarity of the fingerprint
region between CaChRI1 and BR firmly establishes that the
chromophore undergoes an all-trans to 13-cis isomerization as
previously established for BR on the basis of RRS studies of
isotopically labeled retinals.***> In contrast, analysis of this
region for CrChR2 reconstituted in both EPCL and DMPC
(Figure S1 of the Supporting Information) along with
photoreversibility measurements (Figure S2 of the Supporting
Information) reveals that CrChR2 contains a higher level of 13-
cis-retinal, which is consistent with earlier RRS measurements.

Assignment of the Schiff Base C=N Stretch and
Amide | Bands. An early FTIR-difference study of the primary
phototransition of light-adapted BR using isotope-labeled
retinals and H—D exchange led to the assignment of the Schiff
base (SB) C=N stretching mode of the K intermediate to a
positive band near 1609 cm™.*’ The corresponding assignment
of this band for the P1 intermediate has not yet been made for
any ChRs. As a first step, isotope-labeled retinals and H-D
exchange were used to assign the vc_y of the dark-adapted
CaChR1 that should appear as a negative band near 1646 cm™'
based on recent RRS measurements.'®*' As seen in Figure 2, a
negative band at a slightly higher frequency (1651 cm™") seen
in the CaChR1 membranes and bleached CaChR1 membranes
regenerated with Al and A2 retinal (Figure 2, spectra A—C,
respectively) disappears when CaChRI1 is regenerated with
either all-trans-[15-'3C,15-*H]retinal or all-trans-[14,15-°H,]-
retinal and also upon H—D exchange (Figure 2D—F). The
latter leads to deuteration of the protonated SB (C=NH" —
C=ND"). Because all of these substitutions (Figure 2D—F)
are expected to cause a downshift of the v-_y in analogy with
BR,* this result establishes the assignment of the negative 1651
cm™" band to the C=N stretch mode [as opposed, for
example, to an amide I band (see below)]. FTIR-difference
spectra measured for BR regenerated with these two isotope
retinal labels also support this conclusion (see Figure S3 of the
Supporting Information). The slightly higher frequency
measured in the FTIR-difference spectrum at 1651 cm™
compared to that of the spectrum in the RRS is most likely
due to the overlap of hidden bands.

As a control, CaChR1 regenerated with normal all-trans-Al
retinal was also measured. As shown in Figure 2B, no spectral
changes are observed because of the regeneration procedures,
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Figure 2. FTIR differences of CaChR1 recorded at 80 K over the
1600—1700 cm™" region for an untreated sample and samples
subjected to bleaching and retinal regeneration as described in
Materials and Methods: (A) CaChR1 in H,0, (B) CaChR1 in H,0O
regenerated with Al retinal, (C) CaChR1 in H,O regenerated with A2
retinal, (D) CaChR1 in H,O regenerated with [15-"*C,15-*H]retinal,
(E) CaChR1 in H,O regenerated with [14,15-*H,]retinal, and (F)
CaChRl1 in D,O. Peaks labeled in bold are discussed in the text. Y axis
markers are approximately 1.5 mOD for all spectra. For detailed
bleaching and regeneration procedures as well as spectral acquisition
parameters, see Materials and Methods.

as expected. Interestingly, no changes are seen in this region for
CaChRl1 regenerated with A2 retinal (Figure 2C), which, unlike
the isotope labels, causes a substantial red-shift in the 4,,,, from
525 nm with Al retinal to 550 nm with A2 (data not shown;
see ref 42). This result indicates that the extra double bond in
the A2 retinal located in the f-ionone ring while causing an
increased level of electron delocalization in the polyene chain,
does not significantly affect the charge distribution over the
C=N bond.

On a similar basis, the positive band near 1635 cm™ can be
assigned to the C=N stretch of the P1 intermediate that is
tentatively downshifted to 1610, 1617, and 1606 cm™" for all-
trans-[15-13C,15->H]retinal, all-trans-[14,15-*H, Jretinal, and
deuterated SB of the all-trans-retinal, respectively (Figure
2D—F). Note that in comparison to the 1635 cm™ band, the
1624 cm™" band is insensitive to these retinal isotope
alterations and most likely arises from a protein vibration
(see below). One exception is the case of H-D exchange in
which the 1651 cm™ negative band is e)g)ected to downshift
~26 cm™" based on RRS measurements,'® thus explaining the
drop in intensity near 1624 cm™". Because the overall downshift
of the C=N vibration from 1651 to 1635 cm™" during the
CaChR1 — P1 transition is much smaller than that during the
BR — K transition (from 1639 to 1608 cm™'),** this may
indicate that the change in microenvironment near the SB
occurring during this transition is smaller in CaChR1 than in
BR (see Discussion and Conclusions). Note also that no
significant shift was found for the 1635 cm™' band for A2
retinal (3,4-dehydroretinal) (Figure 2C), a further indication
that the electron density for the SB C=N bond is unaltered in
the P1 intermediate even though the A of the P1
intermediate is red-shifted (data not shown).

The 1600—1700 cm™' region is also expected to exhibit
bands due to the amide I mode that consists predominantly of

max
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the C=0 stretch of peptide backbone groups. In the case of
CaChRl1, several bands in this region may be due to the amide I
mode, including the negative bands at 1661 and 1687 cm™" and
the positive band at 1667 cm™" (Figure 1). Note, however, that
the intensity of these bands does not compare to the intensity
of the negative band at 1667 cm™" observed in CrChR2 (see
Discussion and Conclusions).

Evidence of Changes in the Amide Il Protein Mode in
the Primary Phototransition of CaChR1. In addition to the
negative/positive bands at 1535 and 1521 cm™" assigned to the
ethylenic mode of the CaChR1 dark-adapted state and Pl
intermediate, respectively, as discussed above, a second
prominent negative band appears in the ethylenic region at
1553 cm™ (Figures 1 and 3). This band may indicate the

-1521
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Figure 3. Spectra from Figure 2 over the 1500—1600 cm™" region: (A)
CaChR1 in H,0, (B) CaChRl in H,O regenerated with Al retinal,
(C) CaChR1 in H,O regenerated with A2 retinal, (D) CaChR1 in
H,O regenerated with [15-'*C,15-*H]retinal, (E) CaChR1 in H,0O
regenerated with [14,15-°H,]retinal, and (F) CaChR1 in D,O. Peaks
labeled in bold are discussed in the text. Y axis markers are
approximately 1.75 mOD for all spectra.

existence of a second blue-shifted species or additional
ethylenic vibration from the 523 nm absorbing species that
contributes to the CaChR1 photocycle and gives rise to
additional ethylenic bands. A second possibility, however, is
that this peak arises from alterations in the protein backbone
structure. In fact, the amide II band that consists of a coupled
C—N stretch and NH bending motion of the feptide group of
the protein backbone also falls in this region.™

To distinguish between the two possibilities of chromophore
versus protein structural changes, the two retinal isotope
substitutions and substitution with A2 retinal were analyzed in
this region. As expected, the negative/positive ethylenic bands
at 1535 and 1521 cm™' are all altered by the isotope
substitutions near the SB (see spectra D and E of Figure 3).
As established previously, the ethylenic normal modes consist
of a mixture of C=C stretches involving various double bonds,
including the C13=C14 bond*** in all-trans and 13-cis
protonated SB (PSB) retinals. Hence, it is not surprising that
the all-trans-[14,15-*H, Jretinal has the largest effect with an
apparent shift of the negative/positive bands from 1535/1521
to 1527/1508 cm™. In the case of all-trans-[15-*C,15-°H]-
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retinal, the shift is smaller to 1530/1515 cm ™. As expected, the
ethylenic bands also downshift in the A2 retinal substitution
(1525/1513 cm™) in agreement with the red-shift of the visible
absorption.'* Similar qualitative effects for bands assigned to
the ethylenic mode in BR are also observed for the same
isotope labels as shown in Figure S3 of the Supporting
Information.

In contrast to the behavior of the assigned ethylenic bands,
the negative 1553 cm™ band is not affected by any of isotope
labels or A2 retinal, strongly indicating it arises from a protein
vibration. The one exception is its near disappearance upon H—
D exchange. One likely explanation is that H-D exchange of
peptide NH groups causes a shift of the amide II band to the
1430—1460 cm ™" range (often termed the amide II' band) as is
observed in the case of BR.** Consistent with this explanation,
a decrease in positive intensity is observed near 1440 cm™ in
the CaChR1 — P1 spectrum recorded in D,O but not in the
other spectra (see Figure 4). This could be explained by the
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Figure 4. Spectra from Figure 2 over the 1400—1500 cm ™" region: (A)
CaChR1 in H,0, (B) CaChRl in H,O regenerated with Al retinal,
(C) CaChR1 in H,O regenerated with A2 retinal, (D) CaChRI in
H,O regenerated with [15-'*C,15-*H]retinal, (E) CaChR1 in H,O
regenerated with [14,15-*H,]retinal, and (F) CaChR1 in D,O. Peaks
labeled in bold are discussed in the text. Y axis markers are
approximately 0.5 mOD for all spectra.

downshift of the 1553 cm™ negative band to near this
frequency. However, complete exchange of all the peptide
groups in a protein backbone is not expected because many are
resistant due to strong hydrogen bonding and inaccessibility to
the external bulk water, especially in the case of a membrane
protein. For example, BR undergoes only a partial exchange of
its NH peptide groups, unless it is fully delipidated and then
reconstituted and/or regenerated in the presence of D,0.*
Under these conditions, a negative band appears in the BR —
M difference spectrum at 1439 cm™" that was assigned to the
amide II' mode.*

Detection of Weakly Hydrogen Bonded Internal
Water Molecules. The OH stretching mode of weakly
hydrogen bonded waters is normally found in the region
from 3550 to 3700 cm™.*” In the case of BR, negative/positive
bands appear in the BR — K FTIR-difference spectrum at
3642/3636 cm™! and a second positive band at 3625 cm™, all
of which downshift approximately 10—13 cm™" when H,'®0 is
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substituted for H,O.*® A similar pattern is also observed in this
region, although at shifted frequencies, for GPR and BPR.¥’
In the case of CaChRl, a different pattern is found in this
region with positive/negative bands appearing at 3632/3626
cm™" and an additional positive band at 3595 cm™ (Figure 5).

CaChR1 - H,0

CaChR1 - H,"80 ;
CrChR2 - H,0 ;
CrChR2 - H,'80 :

3680 3660 3640 3620 3600
Wavenumber (cm-')

-3632
(3626
-3595

-3620
-3583

Difference Absorbance (AOD)
-3634
-3626
3617 3614
3602
3591

3606

3580 3560

Figure S. Comparison of the weak hydrogen bonding region from
3550 to 3700 cm ™! for CaChR1 and CrChR2 in H,O and H,"¥0 at 80
K. Peaks labeled in bold are discussed in the text. Y axis markers are
approximately 0.1 mOD for both CaChR1 spectra and 0.05 mOD for
both CrChR2 spectra. For detailed H,'®O exchange procedures as well
as spectral acquisition parameters, see Materials and Methods.

All of these bands can be assigned to one or more weakly
hydrogen bonded internal waters on the basis of a H,'®O-
induced downshift in frequency (Figure S). In contrast, none of
the retinal substitutions, including the A2 retinal analogue,
affects these bands (Figure SS of the Supporting Information).
As expected, H=D exchange causes a complete disappearance
of these bands (Figure SS of the Supporting Information,
spectrum F) with their downshift and appearance in the OD
stretching region at (+)2682 and (—)2677 cm™" (Figure 6F).

A similar spectral pattern is also observed in this region for
CrChR2. However, the bands appear much broader, and the
negative band at 3617 cm™ is at a lower frequency and the
positive band at 3602 cm ~! at a higher frequency relative to the
corresponding bands in CaChR1 (Figure S). The much broader
bands in CrChR2 indicate these waters are located in a more

~2563
-2543

Difference Absorbance (AOD)
o

2600
Wavenumber (cm")

Figure 6. Spectra from Figure 2 over the 2500—2700 cm™" region with
the addition of the bottom trace: (A) CaChR1 in H,0, (B) CaChR1
in H,O regenerated with Al retinal, (C) CaChR1 in H,O regenerated
with A2 retinal, (D) CaChRl in H,0O regenerated with
[15-1*C,15-H]retinal, (E) CaChRl in H,0 regenerated with
[14,15->H,]retinal, and (F) CaChR1 in D,0. Peaks labeled in bold
are discussed in the text. Y axis markers are approximately 0.25 mOD
for all spectra.
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heterogeneous environment and have more disordered
structure. Overall, the band pattern observed in both ChRs
indicates that at least one weakly hydrogen bonded water
undergoes a further decrease in hydrogen bonding strength
during the primary phototransition. In contrast, in BR it has
been shown that a weakly hydrogen bonded water (W401) that
is part of a hydrogen-bonded pentagonal cluster located near
the retinal Schiff base*”~>" undergoes an increase in its strength
of hydrogen bonding. Furthermore, as discussed below and in
contrast with BR, in CaChR1 this water does not appear to be
significantly affected by substitutions in the putative counterion
residues near the SB. We also note that recent FTIR-difference
measurements of the unphotolyzed state to P2 intermediate
reveal bands in the OH stretching region of weakly hydrogen
bonded waters (J. I. Ogren et al,, unpublished observations).**

Detection of Cysteine Vibrations. The SH stretching
mode of cysteine residues is typically found in the spectral
region from 2500 to 2600 cm™".>>7>° For example, bands in
this region have been assigned to cysteine in the FTIR-
difference spectrum of bovine rhodopsin,*® sensory rhodopsin
from the fungus Neurospora crassa (NOP-1),** and sensory
rhodopsin from cyanobacterium Anabaena (ASR).>” In
contrast, bands do not appear in this region of BR or sensory
thodopsin II from Natronomonas pharaonis, which have no
cysteines in their primary sequences.

In the case of CaChRl, two positive bands appear in this
region at 2563 and 2543 cm™" (Figure 6A), which are highly
reproducible in CaChRI regenerated with the various isotope
substitutions that are not expected to cause a shift in this
vibration (Figure 6B—E). The higher-frequency bands dis-
appear as expected because of H—D exchange of the cysteine
SH group (Figure 6F). However, the lower-frequency band at
2543 cm™' could not be definitively assigned to cysteine
because there is still positive intensity near 2543 cm™" in D,O.
Instead, this band may arise from positive/negative bands
appearing in this region from the OD stretch mode of internal
D,0O molecules. Alternatively, it is possible that this particular
cysteine SH group is inaccessible to H—D exchange as seen, for
example, for some NH peptide groups in BR.*® We also note
that recent FTIR measurements of the unphotolyzed state to
P2 intermediate differences reveal bands in the SH stretching
region (J. L. Ogren et al., unpublished observations).*>

Effects of Mutations of Glu169 and Asp299 in the
Carboxylic Acid C=O Stretch Region. A number of
positive and negative bands appear in the 1700—1800 cm™!
region in the CaChR1 — P1 difference spectrum (Figure 7A)
that could arise from the C=O stretch of carboxylic acid
groups from Asp and Glu residues or from the carboxamide
C=0 stretch mode of Asn and GIn residues that are generally
found near or below 1700 cm™.*”*® As described below and in
the Supporting Information, all of these bands are tentatively
assigned to carboxylic acid stretch vibrations. We also note that
there is a significant difference in this region compared to the
case for CrChR2, where two prominent positive/negative bands
appear at 1741/1736 cm™" but most of the bands appearing in
CaChR1 are absent (see Figure 1 and Figure S4 of the
Supporting Information).

Glul69 and Asp299 are the CaChRI1 residues homologous to
the SB counterions Asp85 and Asp212 in BR, respectively. To
identify possible contributions from Asp299 in this region, the
conservative Asp = Glu substitution was made at position 299
(mutant D299E). This substitution, which adds an extra carbon
in the side chain of Glu relative to Asp, often shifts the
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Figure 7. Spectra from Figure 2 over the 1680—1800 cm™" region: (A)
CaChR1 in H,0, (B) CaChRl1 in H,O regenerated with Al retinal,
(C) CaChR1 in H,O regenerated with A2 retinal, (D) CaChR1 in
H,O regenerated with [15-'*C,15-*H]retinal, (E) CaChR1 in H,O
regenerated with [14,15-H,]retinal, and (F) CaChR1 in D,O. Arrows
indicate shifts of difference bands due to H—D exchange. Y axis
markers are approximately 0.5 mOD for all spectra. See the discussion
in the Supporting Information regarding results shown in spectra B—F.

frequency of the C=0 stretch vibration in the carboxylic acid
(see, for example, ref 17). As discussed below, this and other
mutants studied still exhibit an all-trans to 13-cis isomerization
and formation of a red-shifted P1 photoproduct as indicated
from both the fingerprint and ethylenic stretching regions
(Figure 8).

As seen in Figure 9, the band at 1703 cm™! downshifts to
1696 cm™, indicating its assignment to Asp299 (and the 1696

Difference Absorbance (AOD)
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Figure 8. Comparison of CaChR1 and the D299N, E169Q, and
D299E mutants over the region from 800 to 1800 cm™". The top four
spectra were recorded in H,O and the bottom four in D, 0. All spectra
were acquired as described previously. Peaks labeled in bold are
discussed in the text. Y axis markers are approximately 3 mOD for WT,
2 mOD for D299E, 2.5 mOD for D299N, and 1 mOD for E169Q. For
detailed H—D exchange and site-directed mutagenesis procedures, see
Materials and Methods.
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Figure 9. Comparison of CaChR1 and the D299N, E169Q, and
D299E mutants over the region from 1680 to 1800 cm™". The top four
spectra were recorded in H,O and the bottom four in D,O. All spectra
were acquired as described previously. Peaks labeled in bold are
discussed in the text. Y axis markers are approximately 1.5, 1, 0.2, 0.4,
1.5, 03, 02, and 0.5 mOD for spectra from top to bottom,
respectively. For detailed H—D exchange and site-directed muta-
genesis procedures, see Materials and Methods.

cm™ band to Glu299) [see also results from FTIR double-
difference spectra (DDS) in the Supporting Information
(Figure S6)]. Other changes in this region can also be
attributed to this downshift and intensity cancellation of
overlapping bands such as the increased intensity of the
negative band at 1710 cm™". Note that only the positive band at
1703 cm™' appears to undergo a frequency shift due to this
mutation, while other bands above 1700 cm™' remain
substantially unchanged.

These results and earlier studies that demonstrate that
Glu299 exists in an ionized state at neutral pH'®*' are
consistent with the assignment of the positive 1703 cm™" band
to protonation of Asp299 occurring during the CaChR1 — P1
transition. In particular, a hydrogen bonding change of Asp299
during the CaChR1 — P1 transition would be inconsistent with
the finding that this group is unprotonated in the ground
state.*” Furthermore, a negative band assigned to Asp299 is not
found on the basis of the D299E mutation. However, we
cannot exclude on the basis of these data the possibility that the
positive band we assign in the difference spectrum reflects a
partial protonation of Asp299.

Further support for this interpretation of the data is based on
measurements of D299E in D,0, where the 1699 cm™ band in
WT (downshifted due to H-D exchange from 1703 cm™')
now appears due to the Asp — Glu substitution at an even
lower frequency at 1692 cm™. A strong negative band is also
revealed in this mutant near 1699 cm™', which most likely is
due to the H-D exchange-induced downshift of the band in
D299E in H,O near 1710 cm™. In the WT sample in D,O, this
band may be masked by the more intense positive band at 1699
em™" as indicated by the presence of a shoulder near this
frequency. Again, other than the 1699 band cm™ that can be
assigned to the deuterated Asp299 (COOD group), other
bands do not appear to be affected by the Asp — Glu
substitution. For example, the positive 1716 cm™" band for WT
in H,O that downshifts to near 1708 cm™' due to H-D
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exchange can also be seen in D299E in D,O at the same
frequency.

Glul69 and Asp299 were also replaced with the neutral
residues Gln and Asn, respectively (ie, E169Q and D299N
mutants, respectively). Previously, these mutants were studied
in HEK293 cells using photoinduced charge displacement
measurements™ as well as RRS and UV—visible absorption in
detergent or reconstituted membranes'®?*! (see Discussion and
Conclusions). Strikingly, both neutral mutations have almost
identical effects on both chromophore- and protein-assigned
bands in both H,0 and D,O (Figures 8 and 9). In the
carboxylic acid C=O0 stretch region (Figure 9), the positive
band at 1703 cm™ disappears. In addition, positive/negative
bands at 1716 and 1710 cm™" are replaced by much broader
positive/negative bands at 1718 and 1710 cm™". The fact that
the 1710 cm™" band does not undergo a significant change in
intensity as occurs in D299E despite the disappearance of the
nearby 1703 cm™" band indicates that a more intense negative
band near this frequency also disappears. The broadening and
slight shift to a higher frequency of the 1718 cm™' band
compared to the 1716 cm™' band in WT indicate that this
negative hidden band is most likely at a frequency higher than
1710 cm™". FTIR DDS between these two mutants and WT
(Figure S6 of the Supporting Information) also demonstrate
the identical effects of both mutants in this region of the
spectrum (see the Supporting Information). In addition, a
negative band in the DDS appears at 1720 cm™', which
supports the existence of a hidden negative band in the 1710—
1720 cm™ region.

Similar effects are observed for these mutants in D,O
compared to WT in D,0. The positive band at 1699 cm™
disappears, and broad positive/negative bands appear near 1710
and 1699 cm™’, similar to the effects of these mutants in H,O
but downshifted approximately 10 cm™' due to H—D exchange.
Importantly, no other bands in either H,O or D,O at a higher
frequency are affected by these mutations, again supporting
their assignment to other Asp or Glu residues in CaChR1. As
described in Discussion and Conclusions, a simple model that
would be consistent with all the observed changes induced by
the three mutants studied is that in which a proton transfer
occurs from Glul69 to Asp299 during the CaChRl — P1
phototransition (Figure 10).

CaChR1 P1

4
\}K/lé\ N /\/\l{3()3
14 }
H
+

hv——— +
/OH—> e
E169-C C-D299
A 7
0] 0 [©] 0]

Figure 10. Schematic model showing Glul69 and Asp299 residues
that interact with each other through a hydrogen bond formed by the
carboxylic acid group of Glul69 and carboxylate group of Asp299.
These residues together function as a counterion for the positively
charged SB present in the unphotolyzed state of CaChR1. During the
initial step in the CaChR1 photocycle (CaChR1 — P1) triggered by
light absorption, an all-trans to 13-cis isomerization of the retinylidene
chromophore occurs and a proton is transferred from Glul69 to
Asp299.
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Effects of Mutations at Glu169 and Asp299 in Other
Spectral Regions. The appearance of a positive ethylenic
band in the region from 1520 to 1530 cm™" for all the mutants
examined in both H,O and D,0 provides strong evidence that
these mutants produce a Pl-like intermediate (Figure 8). In
addition, the fingerprint region is highly characteristic of an all-
trans to 13-cis isomerization for the primary transition,
especially the appearance of the positive band near 1196 cm™.

Interestingly, both neutral substitutions did not produce a
downshift in the unphotolyzed state ethylenic frequency
corresponding to an expected red-shift in the visible absorption
wavelength, which would be expected if the putative counterion
to the positively charged SB were neutralized as is observed in
the case of BR®® Instead, a small blue-shift can be deduced
from the increase in the frequency of the ethylenic mode
(Figure 8). A similar effect was also observed in the RRS of
these mutants'® as well as directly from visible absorption
measurements.”' As discussed recently, this absence of a red-
shift is most likely a consequence of a neutral residue (Phe139)
on helix B; in the case of most high-efficiency ChRs that do
exhibit red-shifts, they have a positively charged Lys as the
homologue.” The largest upshift in frequency of the negative
ethylenic band occurs for D299E (Figure 8) with a vc—c near
1547 cm™, which agrees with a blue-shifted 4,,,, near 505 nm
and also with RRS measurements (J. 1. Ogren et al,
unpublished observations). A small negative band at 1182
cm™" (Figure 8) is also observed, indicative of increased 13-cis
isomer content in this mutant.

The negative band at 1553 cm™' assigned to the amide II
mode (see above) is also reduced or eliminated with the Asn
and GIn substitutions. In the case of the D299E mutant, the
band may still be present but is hidden by the upshift of the
ethylenic band. In the case of the 1600—1700 cm ™" region, the
small negative band at 1660 cm™" in WT, most likely assigned
to the amide I mode, is dramatically intensified along with a
positive band near 1648 cm™".

Interestingly, the bands assigned to weakly hydrogen bonded
water molecules appear not to be significantly altered by these
mutations as most clearly seen in the region of the OH stretch
(Figure S7 of the Supporting Information). There is, however, a
small upshift of 1—2 cm™ in the frequency of these bands in
the case of D299E. This indicates that the weakly hydrogen
bonded waters do not strongly interact with Glul69 or Asp299
(see Discussion and Conclusions).

B DISCUSSION AND CONCLUSIONS

To further investigate the molecular mechanism of ChR light
activation, we have focused in this work on the structural
changes that occur during the primary phototransition from the
dark state to the red-shifted P1 intermediate of CaChR1, which
is analogous to the well-known BR to K transition in the BR
photocycle. Part of the motivation for this study is the recent
finding based on near-IR confocal RRS measurements that the
unphotolyzed state chromophore composition of CaChR1 is
significantly different from that of CrChR2, which consists of a
mixture of all-trans and 13-cis isomers."> In contrast, CaChR1
resembles the pure all-trans retinal composition of many
microbial rhodopsins such as BR and NpSRIL'® In addition,
measurements of intramolecular proton transfers indicate that
CaChR1 exhibits a fast outwardly directed photoinduced
current with a rise time similar to that of M formation in BR,
while other ChRs such as CrChR2 do not exhibit this current.””
Furthermore, recent time-resolved measurements of the
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CaChR1 photocycle (J. I. Ogren et al, unreported data)
indicate that the decay time for the P1 intermediate is
significantly longer than in CrChR2.®" Hence, it is important to
further elucidate the differences in the light-activated ion gating
mechanisms between CaChR1 and CrChR2 and a variety of
other ChRs derived from green flagellate algae.

The FTIR-difference measurements reported here for the
primary phototransition of CaChR1 and CrChR2 were taken at
80 K on protein reconstituted into bilayer lipid membranes as
described in Materials and Methods. A number of methods
were used to assign peaks in the spectra, including retinal
isotope labeling, site-directed mutagenesis, and measurements
of the effects of D,O and H,'"O substitutions on band
frequency. Although no earlier FTIR-difference measurements
have been reported for the primary phototransition of CaChR1,
recent static FTIR-difference measurements were reported for
CaChR1 at room temperature, which reflect mainly the
CaChR1 — P2 transition.””** In addition, low-temperature
FTIR-difference measurements have been reported for the
primary phototransition of CrChR2°*%* and C1C2, the chimera
of CrChR1 and CrChR2 (see below).®*

The picture that emerges from our study further supports the
conclusion based on RRS'® that the unphotolyzed retinal
compositions of CaChR1 and CrChR2 are significantly
different, with CaChR1 containing an almost pure all-trans-
retinal composition that photoisomerizes to a 13-cis config-
uration. In contrast, CrChR2 contains a mixed retinal
composition with both species undergoing isomerization during
the primary phototransition. It is important to note, however,
that retinal extraction of the dark state of CaChRI1 followed by
high-pressure liquid chromatography indicates that CaChR1
also contains significant 13-cis-retinal (27%).*' The reason for
this difference is unknown. However, possible reasons may be
related to the use of detergent-solubilized protein for retinal
extraction*' compared to our FTIR and earlier RRS measure-
ments that were taken on CaChRI1 reconstituted in a lipid
bilayer membrane environment. In addition, thermal isomer-
ization may occur during the extraction procedure that was
performed awith the free aldehyde*' instead of with the more
stable retinal-oxime.5%¢

Overall, the FTIR differences reveal fundamental differences
between the structural changes during the primary photo-
transition of these two ChRs from Chlamydomonas involving
the retinylidene chromophore, peptide backbone, Asp/Glu
residues, cysteine residues, and internal water molecules as
summarized below.

1. Chromophore Structural Changes in the Primary
Phototransition of CaChR1 Are More Similar to Those of
BR Than Those of CrChR2. The FTIR-difference spectrum of
CaChR1 is very similar to that measured in BR (Figure 1),
particularly in the fingerprint region, where earlier RRS and
FTIR-difference measurements show all-trans-retinal isomerizes
to a 13-cis, C=N anti configuration. Furthermore, at 80 K the
transition to the P1 state of CaChR1 is photoreversible, similar
to those of BR and many other microbial rhodopsins.

In contrast, parallel photoreactions of both an all-trans- and
13-cis-retinal isomer appear to occur in the primary photo-
transition of CrChR2. In addition, this reaction is not fully
photoreversible (see, for example, Figure S2 of the Supporting
Information). This latter feature is understandable if the P1
photoproducts of the all-trans and 13-cis species of CrChR2
have different absorption properties and are thus not fully
reversed to the same composition of retinal isomers as the
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original retinal species. In this regard, femtosecond time-
resolved absorption measurements of CrChR2 reveal different
P1-like intermediates in equilibrium after excitation for the first
few picoseconds,”” which might reflect multiple species of the
unphotolyzed state composition.

It is also noted that the C=N SB frequency assigned for the
P1 intermediate is much higher than for the corresponding K
intermediate of BR (1635 cm™ vs 1609 cm™') and the
downshift from the unphotolyzed state much smaller (17 cm™
vs 30 cm™'). One possible explanation is that different
environments of the PSB exist in the photoactive site of the
two primary photointermediates that, as discussed below, have
different charges located on the respective PSB counterions
(see point 4). For example, the C=N stretching vibration
mixes strongly with the NH bending of the PSB,68 and thus, its
frequency will be strongly affected by changes in hydrogen
bonding to this group.

2. Structural Changes That Involve the Protein
Backbone Are Different in CaChR1, CrChR2, and BR.
The appearance during the primary phototransition of a
negative band near 1553 cm™" assigned to the amide II mode of
CaChR1 along with the appearance of peaks assigned to amide
I modes in the 1600—1700 cm™ region provides strong
evidence that the protein backbone of CaChRI1 undergoes
structural changes as early as the primary phototransition.
Similarly, the primary phototransition of CrChR2 also involves
significant but different protein backbone structural changes as
indicated by the appearance of an intense negative band at 1664
cm™" that is not present in the difference spectrum of CaChR1
(see Figure 1, Figure S2 of the Supporting Information, and ref
63). Note, however, that a similar band appears near 1661 cm™!
in subsequent steps in the photocycle of CaChR1 (ref 41 and
unreported data of J. I. Ogren et al.). There are also differences
in other bands in the amide I region such as the appearance of a
negative band at 1687 cm™' in CaChR1 but not CrChR2.
Opverall, the appearance of amide I and amide II bands in the 80
K spectrum of CaChR1 compared to the absence of such
contributions in BR (see Figure 1) indicates that retinal
isomerization produces significantly more protein structural
change in this protein as well as CrChR2.

3. Structural Changes of Weakly Hydrogen Bonded
Internal Water Molecules Are Different in CaChR1 and
CrChR2. FTIR-difference bands due to structural changes of
internal water molecules during the primary phototransition
have not previously been identified for either CaChRIl or
CrChR2, although they have been observed in the FTIR-
difference spectrum during the primary phototransition of a
chimera of CrChR1 and CrChR2** as well as many other
microbial rhodopsins, including BR and archaerhodopsin-3
(AR3).¢

As discussed in Results, a comparison of the bands appearing
in the OH stretching region for weakly hydrogen bonded water
molecules (sometimes termed water molecules with dangling
OH groups) reveals distinct differences among CaChRl,
CrChR2, and BR (see Figure S and ref 36). This provides
clear evidence that distinct differences occur in the environ-
ment and/or structural changes that these waters undergo
during the primary phototransition. Most notably, much
broader bands appear in CrChR2 than in CaChR1. The
broader bands in CrChR2 indicate multiple subconformational
states of the protein at least at 80 K, consistent with
conclusions discussed above regarding the retinal configuration
of CrChR2.
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Bands in the region of weakly hydrogen bonded D,O from
2650 to 2700 cm™' (OD stretch mode) have also been
identified in the C1C2 chimera® (whose three-dimensional
structure has been determined at 2.3 A resolution®®).
Particularly striking is the agreement of these bands for
C1C2 (see Figure S of ref 69) and the spectra shown in Figure
S8 of the Supporting Information for CrChR2 (but not
CaChR1). This indicates that the waters giving rise to these
bands must exist in very similar environments and undergo
similar changes during the primary phototransition. Because the
first five TM helices in C1C2 are derived from CrChR1 and the
last two from CrChR2, the water or waters in both proteins
giving rise to these bands are likely to be interacting with
residues in the last two helices. We also note that as in the case
of C1C2, neutralization of D299 and E169 in CaChR1 does not
alter significantly the frequency of the bands shown in Figure
S7 of the Supporting Information assigned to a weakly
hydrogen bonded water.

4, Asp299 Is Protonated during the Primary Photo-
transition. An important goal of this study is to understand
the role of residues Glul69 and Asp299 in CaChR1, which are
homologous to Asp85 and Asp212, respectively, in BR. In the
case of BR, these two residues exist in an ionized form in both
the BR light- and dark-adapted states and together serve along
with a water molecule (W402) as a complex counterion to the
Schiff base.” Both residues also exist in an ionized form in the
K intermediate because no bands can be assigned to these
residues in the carboxylic acid region of the low-temperature
BR — K FTIR-difference spectrum.'® Instead, a protonated
form of Aspl1S (BR numbering) located near the f-ionone
ring of BR”’ is perturbed, giving rise to negative/positive bands
at (—)1741 and (+)1733 cm™" (see Figure 1)."

A key question is whether the protonation states of Glul69
and Asp299 change during the primary phototransition in
CaChR1. This would not be unreasonable because other
protein structural changes that appear to be much larger than
what occurs in BR are observed (see point 2 above). In this
regard, we concluded on the basis of earlier visible absorption
and RRS pH titrations'®* that, unlike Asp8S in BR, at neutral
pH the homologous residue Glul69 is protonated (ie.,
neutral). In contrast, Asp299 exists in an ionized form similar
to its homologue Asp212 in BR. Thus, unlike BR, in which both
homologous residues are ionized in the unphotolyzed state and
first photointermediate and thus cannot contribute to the BR
— K difference spectrum, it is possible that both residues could
contribute to the CaChRl1 — P1 difference spectra. In
particular, protonation of Asp299 would be expected to
produce a positive band in the carboxylic acid region, whereas
deprotonation of Glul69 would produce a negative band in this
region. Alternatively, a perturbation of the hydrogen bonding of
the protonated Glul69 would result in negative/positive bands
in this region.

As described in Results, a positive band at 1703 cm™! was
identified and assigned to the protonation of Asp299 on the
basis of a downshift of this band in the mutant D299E and the
disappearance of this band in the mutant D299N. Thus, we
conclude that during the CaChR1 — P1 transition, this group
accepts a proton from an unidentified donor group.

One possible candidate for this donor group is Glul69,
which as discussed above is protonated in the unphotolyzed
state and located close to an A%p299 as revealed in the crystal
structure of the C1C2 chimera.”” Such a deprotonation would
be expected to result in a negative band in the CaChR1 — P1
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difference spectrum. In fact, as discussed in Results, a negative
band in WT is found to be located in the region from 1710 to
1720 cm ™. Such a band is also identified in the WT — mutants
FTIR DDS (see Figure S6 of the Supporting Information).

In support of this assignment, the disappearance of both
bands (positive band at 1703 cm™" and negative band between
1710 and 1720 cm™) in the E169Q and D299N mutants is
expected on the basis of this model because the postulated
proton transfer between Glul69 and Asp299 would be
prevented, thus abolishing all bands associated with this
transfer. In contrast, proton transfer could still occur in
D299E, where Glu299 can still function as a proton acceptor
and Glul69 as a donor, thus preserving the bands, albeit with a
downshifted band assigned to Glu299, as observed. It is also
noted that Glul69 is predicted to exist in an ionized form in the
D299N mutant;'®*' thus, bands due to protonated Glul69 are
not expected to contribute to the difference spectrum in this
region.

The model also explains the nearly identical effects of the
E169Q and D299N mutants on the FTIR-difference spectrum.
In the carboxylic acid region, both mutants abolish the same
bands in the difference spectrum associated with the postulated
Glul69 to Asp299 proton transfer because they both prevent
proton transfer. Furthermore, the more delocalized effects that
occur due to this blocked proton transfer on chromophore and
protein structural changes are expected to be similar.

Additional support for this model comes from the X-ray
crystallographic structure of C1C2, which shows Glul69 and
Asp299 are in a position to form an ionic interaction.”” Such a
strong interaction of a carboxylate group (ionized E169) with a
carboxylic acid (protonated D299) would account for the
relatively low frequency of the 1703 cm™ band assigned to
Asp299 in the Pl state and Glul69 (1710 cm™) in the
unphotolyzed state as previously shown for carboxylate groups
that act as H-bond donors.”" Importantly, the overall proton
transfer from Glul69 to Asp299 would also preserve the charge
neutrality of the active site that includes the PSB. It is possible
that a small displacement of the positive charge due to all-trans
to 13-cis isomerization of the chromophore could trigger such a
redistribution of charge.

Interestingly, this model is supported by photoinduced
channel currents measured for CaChR1 and its mutants
expressed in HEK293 cells.*” For example, current generation
measured during formation of the P2 intermediate is
accelerated in the D299N mutant and slowed significantly in
the E169Q mutant. The interpretation of these data is that
Glul69 serves as the primary acceptor group for the SB proton
and Asp299 can act as an alternate acceptor,® albeit much less
efficiently. This model would then necessitate that Glul69 be
deprotonated prior to the formation of P2. In particular,
because Glul69 is predicted to be protonated in the dark state
of CaChRl1, its deprotonation at P1 would allow it to act as a
proton acceptor during P2 formation.

We also note that a critical feature that has been proposed to
explain the difference between CaChR1 and CrChR2 is the
existence of the neutral residue Phe132 in CaChR1 (CaChR1
numbering), which is replaced by the positively charged residue
Lys132 in CrChR2 (CaChRI numbering).** Importantly, this
residue is in a position to modulate the pK, of Glul69 that as
discussed above is predicted to be protonated at neutral pH in
CaChR1. The presence of a positively charged lysine at this
position in CrChR2 could lower the pK, so that this group
would exist in an ionized state in the unphotolyzed state of this
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protein, thereby altering the active site and subsequent protein
conformational changes observed even during the primary
phototransition as deduced in this work.

B ASSOCIATED CONTENT

© Supporting Information

(1) Comparison of the retinal structures of CaChRI and
CrChR2 from the fingerprint region along with photo-
reversibility of the two primary photointermediates; (2)
assignment of bands in the 1700—1800 cm™' region to
carboxylic acid C=O0 stretching vibrations; and (3) figures
showing a comparison of CrChR2 reconstituted in both DMPC
and ECPL in both H,O and D,0 (over the 800—1800 cm™!
region) (Figure S1); a comparison of CaChRI and CrChR2
“first push” differences and averaged difference data (Figure
S2); a comparison of BR and BR regenerated with the isotope-
labeled retinals used for CaChR1 (Figure S3); a comparison of
the carboxyl stretch region (1680—1800 cm™') for CaChR1
and CrChR2 (Figure S4); a comparison of the isotope-labeled
retinal-regenerated CaChR1, A2-regenerated CaChR1l, WT
CaChR1 with H-D exchange, and WT CaChR1 with H,"*0O
exchange shown over the weak hydrogen bonding region
(3600—3700 cm™') (Figure SS); FTIR double-difference
spectra for the WT and mutants measured in H,O in the
1680—1800 cm ™" region (Figure S6); a comparison of WT,
E169Q, D299N, and D299E CaChR1 in H,0 and WT, E169Q,
and D299N CaChRl in D,O in the OH stretch region (3600—
3700 cm™') (Figure S7); and a comparison of CrChR2 in
DMPC and ECPL with CaChR1 and C1C2 (from ref 64) in
D,O over the 2500—2700 cm™' region (Figure S8). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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