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The ultrafast photochemical reaction mechanism, transient spectra, and transition kinet-
ics of the human blue cone visual pigment have been recorded at room temperature.
Ultrafast time-resolved absorption spectroscopy revealed the progressive formation and
decay of several metastable photo-intermediates, corresponding to the Batho to Meta-II
photo-intermediates previously observed with bovine rhodopsin and human green cone
opsin, on the picosecond to millisecond timescales following pulsed excitation. The experi-
mental data reveal several interesting similarities and differences between the photobleach-
ing sequences of bovine rhodopsin, human green cone opsin, and human blue cone opsin.
While Meta-1I formation kinetics are comparable between bovine thodopsin and blue cone
opsin, the transition kinetics of earlier photo-intermediates and qualitative characteristics of
the Meta-I to Meta-1I transition are more similar for blue cone opsin and green cone opsin.
Additionally, the blue cone photo-intermediate spectra exhibit a high degree of overlap
with uniquely small spectral shifts. The observed variation in Meta-II formation kinetics
between rod and cone visual pigments is explained based on key structural differences.

blue cone opsin | cone photo-intermediates | cone visual pigments | phototransduction |
ultrafast spectroscopy

Rods and cones are distinct types of photoreceptor cells that comprise the vertebrate
retina and initiate the visual process (1-5). Rods are mostly concentrated in the peripheral
retina, whereas the cones are highly concentrated in the central foveal region (6). While
rods provide scotopic (dim light or twilight) vision with extremely high, single-photon
sensitivity (7, 8), cones mediate photopic (bright light or daylight) vision that is char-
acterized by comparatively lower sensitivity yet superior spatial, temporal, and spectral
resolution (1, 2, 4-6, 9, 10). In humans, there is a single type of rod visual pigment
(thodopsin) with maximum absorption at ~498 nm that mediates scotopic vision, along
with three distinct types of blue (~420 nm), green (~530 nm), and red (~560 nm) cone
visual pigments (cone opsins) that enable trichromatic color vision (11-14). Consequently,
cones could be considered the primary source of visual information, although there are
~20 times more rods than cones in the human retina (2, 3, 15).

Vision is initiated through the absorption of light by the rod and cone visual pigments
that densely occupy the outer segment portions of the photoreceptor cells (6, 16). Rod and
cone visual pigments are prototypical G protein-coupled receptors (GPCRs) that generally
consist of an 11-cis-retinal chromophore covalently attached to an opsin protein through
a protonated Schiff base linkage (9, 17-21). Structural differences among the various rod
and cone opsins, which result in unique electrostatic interactions between the retinal and
nearby amino acid residues situated in the chromophore binding pocket, lead to the distinct
spectral responses of the rod and cone visual pigments (5, 11, 19, 22). Variations in the
chromophore, which is 11-cis-retinal in most vertebrates (including humans), can also
significantly shift the absorption maximum of the visual pigment (22-24).

The absorption of light by a visual pigment triggers the ultrafast isomerization of
the retinal chromophore from an 11-¢is- to an all-7ans-configuration (9, 19, 25), which
subsequently initiates a series of conformational changes in the opsin protein, resulting
in the progressive formation and decay of several metastable photo-intermediates on
the femtosecond to millisecond timescales (18, 19, 26-30). In rhodopsin, the G (gua-
nine nucleotide-binding) protein-activating state known as metarhodopsin II (Meta-11),
in which the all-zrans-retinal chromophore is bound to the opsin protein through a
deprotonated Schiff base linkage (19), activates an enzymatic signaling cascade that
ultimately generates a visual electrical signal (4, 9, 10, 31). Several biochemical studies
(3, 32, 33) have demonstrated that the general mechanisms of rod and cone photot-
ransduction are largely the same, where the distinct functional properties of the rods
and cones are significantly dictated by differences in the lifetime of Meta-II (34-37),
in addition to the differing expression and activity levels of the rod and cone photot-
ransduction proteins (3).

PNAS 2024 Vol. 121 No.41 2414037121

https://doi.org/10.1073/pnas.2414037121

Significance

Vision is enabled by rod and cone
photoreceptor cells, which
contain distinct rod and cone
visual pigments that operate
under scotopic (dim light or
twilight) and photopic (bright light
or daylight) conditions,
respectively. While the
mechanism of rod visual pigment
(rhodopsin) activation is
thoroughly characterized,
equivalent processes in cone
visual pigments (cone opsins) are
significantly less understood. In
this study, we performed ultrafast
time-resolved spectroscopic
experiments on human blue cone
opsin to elucidate its unique
photochemical reaction
mechanism. These results
advance our knowledge about the
activation of cone visual
pigments, which mediate most of
our vision.
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Ultrafast time-resolved spectroscopic studies of the visual pig-
ments, most prominently rhodopsin (27, 28, 38-40), have provided
substantial knowledge regarding the transient molecular spectra,
kinetics, and structures of the distinct photo-intermediate species
formed on the femtosecond to millisecond timescales following
photon absorption. Low-temperature (41-45) and room-temperature
(26, 27, 46-53) time-resolved spectroscopic studies of rhodopsin
have revealed the progressive formation and decay of the metastable
bathorhodopsin (Batho), lumirhodopsin (Lumi), and metarhodop-
sin I/II (Meta-I/II) photo-intermediates following visual pigment
excitation. Femtosecond spectroscopy has demonstrated that the
11-cis- to all-trans-retinal isomerization occurs within ~200 fsec (54)
following photon absorption, resulting in the initial, short-lived
reaction product photorhodopsin, which subsequently relaxes to
bathorhodopsin within a few picoseconds (38-40, 47, 55). The
subsequent Lumi, Meta-1, and Meta-II photo-intermediates have
been recorded and characterized, with respect to both the
photo-intermediate absorption difference (AOD) spectra and tran-
sition kinetics, on the nanosecond to millisecond timescales at room
temperature (46, 56). In addition, it has been demonstrated that
specific nanobodies can trap photoactivated rhodopsin in Lumi- or
Meta-I-like conformations at room temperature, thus functioning
as allosteric modulators (57). Such studies have provided a thorough
description of the rhodopsin photobleaching sequence that results
in Meta-II formation and subsequent G protein activation.

While the mechanism of rhodopsin activation is substantially
characterized, the equivalent ultrafast to millisecond photoreaction
mechanisms for cone visual pigments are virtually unknown, which
is primarily due to the inherent difficulties in isolating and stabilizing
sufficiently large amounts of pure cone opsins for pump—probe spec-
troscopic studies (11, 58, 59). As a result, very few of the existing
time-resolved studies (33, 36, 37, 60-62) on cone visual pigments,
especially human cone opsins, have been conducted on the submil-
lisecond timescales. Hence, limited information exists about the cone
opsin photo-intermediates formed prior to Meta-1I. Picosecond and
nanosecond laser photolysis studies (62-65) of iodopsin (chicken
red cone opsin) demonstrated that the iodopsin photobleaching
sequence is qualitatively similar to that of bovine rhodopsin, con-
sisting of equivalent Batho, Lumi, and Meta-1I/II photo-intermediates
with generally faster reaction kinetics, in addition to a distinct
“BL-intermediate” that is analogous to the “blue-shifted intermedi-
ate” (BSI) previously identified in the bovine rhodopsin photobleach-
ing sequence (27, 41, 66, 67). Our recent ultrafast time-resolved
absorption study (68) of the human green cone visual pigment sim-
ilarly revealed a unique BL-intermediate formed on the nanosecond
timescale, but in contrast to the iodopsin photobleaching sequence
(62, 63, 65), the transition kinetics for all human green cone
photo-intermediates were slower compared to those for bovine rho-
dopsin. In addition, we observed incomplete conversion of Meta-I
to Meta-II for human green cone opsin but not for bovine rhodopsin.
Consequently, substantial questions remain about cone pigment
activation, including whether the BL-intermediate is conserved
across the various cone visual pigments; how the transient
photo-intermediate spectra and transition kinetics, in particular
Meta-1I formation kinetics, compare between the rod and cone visual
pigments on the ultrafast to millisecond timescales; and whether the
nature of the Meta-I to Meta-II transition differs between the rod
and cone visual pigments. Such information would greatly enhance
our understanding of cone-mediated vision, which is our primary
form of vision yet significantly less understood.

In this study, we performed ultrafast transient absorption spec-
troscopy on the human blue cone visual pigment at room tempera-
ture to determine its photochemical reaction mechanism on the

https://doi.org/10.1073/pnas.2414037121

picosecond to millisecond timescales. Human blue cone opsin
belongs to the short-wavelength sensitive, or SWS1, opsin gene class
(9, 22, 69). Previous site-directed mutagenesis studies (70-72) of
the human blue cone visual pigment have identified the specific
amino acid residues that tune its ground-state absorption spectrum,
which is blue-shifted relative to that of the free 11-¢is-retinal proto-
nated Schiff base (11), unlike bovine thodopsin and the other human
cone opsin pigments. Low-temperature spectroscopy of chicken
blue cone opsin (73) suggested that a similar sequence of photo-
intermediates as iodopsin forms following light irradiation. Our
experimental data indicate that the transient absorption spectra and
kinetics of the human blue cone opsin photo-intermediates share
multiple similarities and differences with those of bovine rhodopsin
and human green cone opsin. Additionally, several aspects of the
blue cone opsin photobleaching sequence, with respect to the
photo-intermediate AOD band maxima and corresponding spectral
shifts, are highly unique. A structural mechanism is tentatively pro-
posed to explain the observed kinetic differences in Meta-II forma-
tion between the rod and cone visual pigments.

Results

Picosecond to Nanosecond Transient Absorption Spectra and
Kinetics. The picosecond to nanosecond time evolution of the
AOD spectra for human blue cone opsin, following excitation
with a picosecond optical pulse, is shown in Fig. 1. The ultrafast
formation of a red-shifted (relative to the ground-state absorption
band maximum) absorption band, with its corresponding AOD
band maximum located at ~460 nm, is clearly observed at a
pump—probe delay of 67 psec (Fig. 1B). We assign this ultrafast,
red-shifted AOD band, which is practically formed within the
picosecond pump pulse width, to the Batho-intermediate of
human blue cone opsin. Subsequently, the Batho-intermediate
AOD band gradually undergoes a redshift in its band maximum
on the picosecond to nanosecond timescales, as shown in
Fig. 1B through 1E, suggesting the transformation of the initial,
metastable Batho-intermediate into a distinct species.

Comparison of the AOD spectra at pump—probe delay times
of 67 psec and 2 nsec, as displayed in Fig. 24, clearly demon-
strates that the Batho-intermediate is converted into another
distinct photo-intermediate with a AOD band maximum that
is red-shifted by ~20 nm relative to the Batho-intermediate. The
isosbestic point for this transition process is ~470 nm. We inter-
pret this as representing the conversion of the initial
Batho-intermediate into the subsequent BL-intermediate of
human blue cone opsin within a few nanoseconds following
pulsed excitation. We find that the BL-intermediate AOD band,
in addition to being red-shifted, is relatively broader and more
diffuse compared to that of the Batho-intermediate, which
results in considerable overlap between the respective
photo-intermediate AOD spectra. The ultrafast kinetics of the
Batho to BL transition are plotted in Fig. 2B with an estimated
time constant of ~0.5 nsec.

Nanosecond Transient Absorption Spectra and Kinetics. The
nanosecond transient absorption spectra and kinetics of human
blue cone opsin, following excitation with a nanosecond optical
pulse, are shown in Figs. 3 and 4. The nanosecond time-resolved
spectra from 4 nsec to 800 nsec, as displayed in Fig. 3, reveal the
formation of the BL-intermediate within the nanosecond pump
pulse width, whereupon the BL-intermediate gradually decays
into another photo-intermediate with a blue-shifted AOD band
maximum. We identify this blue-shifted intermediate as the
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Fig. 1. Picosecond to nanosecond transient absorption spectra of human blue
cone opsin at pump-probe delay times of (A) -67 psec, (B) 67 psec (Batho-
intermediate), (C) 500 psec, (D) 1 nsec, and (E) 2 nsec (BL-intermediate). The
arrow at each individual pump-probe delay time designates the approximate
wavelength of the corresponding AOD band maximum. Note the progressive
redshift of the AOD band maximum with increasing pump-probe delay time.

Lumi-intermediate of human blue cone opsin, where the Lumi-
intermediate has an ~20 nm blue-shifted AOD band maximum
relative to that of the BL-intermediate.

The corresponding BL-intermediate and Lumi-intermediate
AQOD spectra at pump—probe delay times of 4 nsec and 800 nsec
(Fig. 4A), respectively, appear to be highly overlapped in the ~460
to 500 nm spectral range with an isosbestic point of ~465 nm for
this transition process. The kinetics of the BL to Lumi transition
are estimated based on the AOD kinetic trace recorded at a probe
wavelength of 450 nm, corresponding to the progressive formation
of the Lumi-intermediate, which is well fitted by a single-exponential
model with an associated time constant of ~317 nsec (Fig. 4B).
At probe wavelengths located near the BL-intermediate AOD
band maximum at ~480 nm, as shown in Fig. 4C, we observed
that the corresponding AOD Kkinetic traces were comparatively
more complex and consisted of an initial, relatively rapid decay
component (within the first ~50 to 100 nsec after pulsed excita-
tion) followed by a secondary, substantially slower formation sig-
nal that persisted over the experimental timescale. A two-term

PNAS 2024 Vol. 121 No.41 2414037121
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Fig. 2. Picosecond to nanosecond transient absorption spectra and kinetics
of human blue cone opsin. (A) Picosecond to nanosecond transient absorption
spectra at pump-probe delay times of 67 psec (blue) and 2 nsec (red),
demonstrating the conversion of the Batho-intermediate into a distinct BL-
intermediate for human blue cone opsin. The approximate AOD band maxima
of the photo-intermediates are noted. (B) Corresponding picosecond formation
kinetics for the BL-intermediate based on the increase in the average AOD at
~500 nm. Each individual data point corresponds to the average AOD value
computed across several pump laser shots at a given pump-probe delay time,
and the error bars at each data point represent one SD from the mean.

exponential model was found to fit these kinetic traces reasonably
well (Fig. 4C).

We attribute these observations to the fact that the BL-intermediate
and Lumi-intermediate AOD bands are highly overlapped in this
spectral region, where the decay of the BL-intermediate and con-
comitant formation of the Lumi-intermediate result in a net AOD
signal that is not described by a single-exponential model and hence
cannot be assigned to a single species. Due to the significant overlap
between the BL-intermediate and Lumi-intermediate AOD spectra,
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Fig. 3. Nanosecond transient absorption spectra of human blue cone opsin,
illustrating the decay of the BL-intermediate and formation of the Lumi-
intermediate on the nanosecond timescale. The spectra at each pump-probe
delay time are computed based on the exponential fittings of the AOD kinetic
traces at each recorded probe wavelength.

https://doi.org/10.1073/pnas.2414037121

30of10



4 of 10

A 0.04 - LUMI (460 nm) BL (480 nm)
003 ] 800 nsec 4}sec
- |
8 0.02 i
o
o) 0.01 -
S |
0 a
-0.01 / . . . , .

410 430 450 470 490 510 530

B’? 0.02 - Wavelength (nm)
5 _
S 0.015 -
g 0.01 -
§0.005: T~ 317 + 31 nsec
ng 0 — =A0D @ 450 nm
o 1 — =Fit
< '0-005 T T T T T T T T T T T 1
250 0 250 500 750 1000 1250
CA 0.04 - Time (nsec)
= _
8 0.03 -
g 0.02 -
° -
S 0.01 -
® 0 - = AOD @ 480
a - —= @ nm
_ — =Fi
2 '0-01 T T T T T T T ItI T T T T 1
150 0 150 300 450 600 750
Time (nsec)

Fig. 4. Nanosecond transient absorption spectra and kinetics of human
blue cone opsin. (A) Nanosecond transient absorption spectra of human
blue cone opsin at pump-probe delay times of 4 nsec (blue) and 800 nsec
(red), which are assigned to the BL-intermediate and Lumi-intermediate,
respectively. The approximate AOD band maxima of the photo-intermediates
are noted. (B) Nanosecond kinetic trace recorded at a probe wavelength of
450 nm, corresponding to the formation kinetics of the Lumi-intermediate.
(C) Nanosecond kinetic trace recorded at a probe wavelength of 480 nm,
demonstrating the considerable overlap in the BL-intermediate and Lumi-
intermediate AOD spectra.

particularly in the spectral region of the BL-intermediate AOD
band maximum, we were unable to directly record the decay kinetics
of the BL-intermediate. Our recent time-resolved studies (46, 56,
68) at room temperature on bovine rhodopsin and human green
cone opsin have demonstrated that the Batho/BL-intermediate
decay and Lumi-intermediate formation in such visual pigments
are single-transition processes with equivalent kinetics (within the
experimental error). Therefore, we consider the recorded
Lumi-intermediate formation kinetics (Fig. 4B), with an ~317 nsec
time constant, to be a reasonable estimate of the BL to Lumi tran-
sition kinetics.

Microsecond to Millisecond Transient Absorption Spectra and
Kinetics. The Fig. 5 displays the microsecond to millisecond
transient absorption spectra and kinetics of human blue cone opsin
after excitation with a nanosecond optical pulse. Following the
formation of the Lumi-intermediate within a few microseconds
after pulsed excitation, the ~455 nm AOD band maximum
for the Lumi-intermediate subsequently decays and displays a

https://doi.org/10.1073/pnas.2414037121

progressive redshift in the AOD band maximum over the 2 psec
to 100 psec timescale (Fig. 5A4). After 100 psec, the AOD band
maximum has decreased by a factor of ~2.25 in magnitude with a
slight, ~10 nm, redshift in the peak wavelength. We interpret this
transition to represent the conversion of the Lumi-intermediate
into the Meta-I intermediate of human blue cone opsin. This
interpretation is substantiated by the fact that, over this same
timescale, no appreciable increase in the AOD spectrum was
observed in the ~350 to 400 nm spectral region, where the Meta-II
intermediate of human blue cone opsin displays its AOD band
maximum following photolysis (74), suggesting that the Lumi-
intermediate must be transforming into a precursor of Meta-I1.
The Lumi-intermediate and Meta-I intermediate AOD spectra
appear highly overlapped, and an isosbestic point of ~470 nm for
this transition is visible only ~50 to 75 usec after excitation, as
shown in Fig. 54, which is likely due to the sufficiently large decay
of the Lumi-intermediate. The kinetics of the Lumi to Meta-I
transition are estimated based on the decrease in AOD at a probe
wavelength of ~440 nm, which is primarily due to the Lumi-
intermediate decay and relatively unaffected by the formation of
the Meta-I intermediate. Thus, this probe wavelength was selected
to minimize the effect of the considerable overlap in the Lumi-
intermediate and Meta-I intermediate AOD spectra. As shown
in Fig. 5B, a time constant of ~48 psec was computed for this
transition. Fitting the AOD decay kinetics at gradually longer
probe wavelengths approaching the observed isosbestic point of
~470 nm yielded time constants that were progressively smaller,
which is consistent with the increase in the AOD spectrum in
this spectral region due to concomitant Meta-1 formation, but
still within a reasonable experimental uncertainty of the ~48 usec
time constant estimate.

The Meta-I intermediate subsequently decays on the 100 psec to
5 msec timescale, as shown in Fig. 5C, which results in the gradual
formation of a significantly blue-shifted AOD band with its peak
wavelength located at ~365 nm. We identify this transition process
as the conversion of the Meta-I intermediate into the final, metasta-
ble Meta-1I intermediate, which persisted for several hundreds of
milliseconds following pulsed excitation. The corresponding isosbes-
tic point for this transition is located at ~400 nm (Fig. 5C). In addi-
tion, the time constant for the Meta-1I formation kinetics is estimated
as ~0.6 msec, as displayed in Fig. 5D, based on the increase in the
~365 nm AOD band. The representative AOD spectra for the Lumi,
Meta-I, and Meta-1I photo-intermediates of human blue cone opsin
are summarized in Fig. 6.

In addition to the differences in their respective AOD band
maxima, the Lumi, Meta-I, and Meta-II photo-intermediate
AQOD spectra for human blue cone opsin clearly have distinct
band shapes (Fig. 6). Particularly, the Meta-II intermediate dis-
plays the narrowest AOD bandwidth (FWHM), while the Lumi
and Meta-I intermediates appear to have comparable, broader
bandwidths. In the AOD spectrum of the Meta-II intermediate,
we also observed a residual, nonzero tail in the ~475 to 550 nm
spectral region that is directly adjacent to the ground-state
bleach signal centered at ~420 nm. This general shape of the
AOD spectrum for the Meta-II intermediate persisted for sev-
eral hundreds of milliseconds following pulsed excitation. We
attribute this residual, positive AOD band to Meta-I absorption,
which suggests that the Meta-I intermediate is not fully con-
verted to the Meta-1I intermediate but rather undergoes only
partial conversion. Consequently, we propose that the Meta-1
and Meta-II intermediates are in dynamic equilibrium on these
timescales, resulting in incomplete conversion of Meta-I into
Meta-II.

pnas.org
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Fig. 5. Microsecond to millisecond transient absorption spectra and kinetics of human blue cone opsin. (A) Microsecond transient absorption spectra of human
blue cone opsin, illustrating the decay of the Lumi-intermediate and formation of the Meta-I intermediate on the microsecond timescale. (B) Lumi to Meta-|
transition kinetics recorded at a probe wavelength of ~440 nm. (C) Microsecond to millisecond transient absorption spectra of human blue cone opsin, illustrating
the decay of the Meta-I intermediate and formation of the Meta-Il intermediate on the millisecond timescale. (D) Meta-I to Meta-II transition kinetics recorded
at a probe wavelength of ~365 nm. Note that for (B) and (D), each individual data point corresponds to the average AOD value computed across multiple pump
laser shots at a given pump-probe delay time, and the error bars at each data point represent one SD from the mean.

Discussion

This study describes the ultrafast time-resolved absorption spectra
and reaction kinetics of the major photo-intermediates formed
following pulsed excitation of the human blue cone visual pigment
at room temperature. Comparison of our blue cone spectral and
kinetic data with our recent time-resolved studies (46, 56, 68) of
bovine rhodopsin and human green cone opsin, as shown in Fig. 7,
reveals several interesting similarities and differences in the mech-
anisms of rod and cone pigment activation.

In general, the basic sequence of major photo-intermediates is
consistent among the studied rod and cone visual pigments, con-
sisting of Batho, Lumi, Meta-I, and Meta-II intermediates that
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>
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o
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Fig.6. Summary of the Lumi, Meta-l, and Meta-Il photo-intermediate
AOD spectra recorded for human blue cone opsin on the microsecond to
millisecond timescales. The representative timescales and approximate AOD
band maxima for each photo-intermediate are noted.
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are progressively formed on the ultrafast, picoseconds or shorter
(39), to millisecond timescales. Additionally, we find that the
green cone and blue cone visual pigments exhibit the formation
of a distinct BL-intermediate within a few nanoseconds after
pulsed excitation, which is not observed with bovine rhodopsin
over the same timescale (68). The BL-intermediate was initially
detected in studies of chicken red cone opsin (62, 63), and our
similar observations of this intermediate in both human green
cone opsin and human blue cone opsin strongly imply that the
BL-intermediate is a unique intermediate conserved across the
cone visual pigments. Recent low-temperature UV-Vis and FTIR
spectroscopic studies (75, 76) on primate blue cone opsin have
demonstrated that the Batho to BL transition involves local, struc-
tural relaxation of both the all-frams-retinal chromophore and
surrounding opsin protein. These structural changes, which are
essentially localized to the chromophore binding pocket, occur
due to the highly distorted all-z7ans-retinal configuration present
in the Batho-intermediate (11, 75). The subsequent Lumi, Meta-1,
and Meta-II photo-intermediates are then formed with progres-
sively larger conformational changes (11, 19).

While the general mechanism of activation is similar among
the studied rod and cone visual pigments, we find many unique
spectral and kinetic characteristics for the human blue cone
photo-intermediates (Fig. 7). In particular, the blue cone
photo-intermediates, specifically those formed prior to the Meta-I1
intermediate, all appear highly overlapped in their respective AOD
spectra and band maxima. Notably, the spectral redshift (relative
to the corresponding ground-state absorption band maximum)
of the Batho-intermediate AOD band maximum for blue cone
opsin is only ~40 nm, which is considerably smaller than the ~70
nm and ~90 nm spectral redshifts for bovine rhodopsin and green
cone opsin, respectively. The Batho to BL spectral shifts (in the
corresponding AOD band maxima) for blue cone opsin and green
cone opsin are relatively similar, ~10 to 20 nm, in magnitude.
Additionally, the Batho/BL to Lumi spectral shift is merely ~25
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nm for blue cone opsin, whereas it is at least ~100 nm for bovine
rhodopsin and green cone opsin. While the Lumi to Meta-I spec-
tral shift is comparable (~10 to 15 nm) across all the studied rod
and cone visual pigments, we find that the Meta-I to Meta-II
spectral shift is the largest, ~100 nm, for blue cone opsin, which
also exhibits the Meta-II intermediate with the shortest AOD
band maximum at ~365 nm (Fig. 6). Thus, while the correspond-
ing AOD band maxima of the initial Batho-intermediate and
subsequent BL-intermediate appear to shift in accordance with
the respective ground-state absorption maxima of the visual pig-
ments, the AOD band maxima of the later Lumi, Meta-I, and
Meta-1I photo-intermediates are all located in similar spectral
regions across the various visual pigments. Furthermore, we note
that the specific directions of certain blue cone photo-intermediate
spectral shifts appear to be unique, namely the recorded redshifts
of the Batho to BL and Lumi to Meta-I transitions, where the
equivalent transitions in bovine rhodopsin and human green cone
opsin instead exhibit blueshifts in the AOD band maxima. These
various spectral differences between the photo-intermediates of
the rod and cone visual pigments are fundamentally due to the
unique structures of the rod and cone opsin proteins (11, 19).

In addition to the unique photo-intermediate AOD spectra,
the blue cone opsin photo-intermediate kinetics, starting with the
decay of the initial Batho-intermediate, display several similarities
and differences with the corresponding transition kinetics for
bovine rhodopsin and human green cone opsin (Fig. 7). Notably,
the Lumi-intermediate formation kinetics for blue cone opsin,
~317 nsec, are clearly the slowest (nearly by a factor of two relative
to bovine rhodopsin), whereas the Lumi to Meta-I transition
kinetics for green cone opsin and blue cone opsin are strikingly
similar with associated time constants of ~48 psec each that are
larger by a factor of nearly five compared to bovine rhodopsin. In
contrast to green cone opsin, however, we find that the Meta-I to
Meta-1I transition kinetics for blue cone opsin are essentially com-
parable (within the experimental error) with those for bovine
rhodopsin, whereas the corresponding green cone opsin transition
kinetics are substantially slower (nearly by an order of magnitude
relative to blue cone opsin). Thus, the green cone opsin and blue
cone opsin transition kinetics are rather similar up to the forma-
tion of the Meta-] intermediate, whereupon the subsequent
Meta-II formation kinetics are considerably faster for both bovine
rhodopsin and blue cone opsin.

A possible mechanism for the observed kinetic differences in
Meta-1I formation among bovine rhodopsin, green cone opsin,
and blue cone opsin may involve the structural differences in the
locations of the specific counterions that help stabilize the

https://doi.org/10.1073/pnas.2414037121
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0.6 £ 0.173 msec

ground-state forms, namely the protonated Schiff base linkages,
of each pigment, along with mediating the intramolecular proton
transfer reaction that results in deprotonation of the Schiff base
linkage during Meta-II formation (9, 11, 19, 77). Molecular
modeling and dynamics simulations (78) indicated that the spa-
tial locations of the counterions for bovine rhodopsin, E113 in
transmembrane helix (TM) 3 and E181 in extracellular loop
(ECL) 2 (19, 77, 79), are conserved in specifically human blue
cone opsin, whereas the equivalent counterions in human green
cone opsin and human red cone opsin are instead located in TM3
and TM2. Preliminary cryogenic electron microscopy structures
(80) of the human cone visual pigments appear to corroborate
these structural differences in the counterions. In addition,
low-temperature spectroscopy of primate green cone opsin sim-
ilarly implicated E102 in TM2 as a key residue mediating visual
pigment activation (81). Hence, our time-resolved kinetic data
(Fig. 7) strongly suggests that bovine rhodopsin and human blue
cone opsin undergo similar conformational changes with com-
parable kinetics, which are highly distinct from those exhibited
by human green cone opsin, during the Meta-I to Meta-II tran-
sition, thus demonstrating the critical role of the Schiff base
counterions in determining the kinetics of Meta-II activation. In
contrast to a recent low-temperature study (75) of primate blue
cone opsin that suggests deprotonation of the retinal Schiff base
may occur as early as the Lumi-intermediate, our time-resolved
spectral data (Fig. 7) for human blue cone opsin is consistent with
deprotonation occurring specifically during the Meta-I to Meta-II
transition at room temperature, as commonly observed in vertebrate
visual pigments (9, 19).

While the kinetics of the Meta-I to Meta-1II transition are highly
similar between bovine rhodopsin and blue cone opsin, we find
that both green cone opsin and blue cone opsin exhibit the com-
mon characteristic of incomplete conversion of Meta-I into
Meta-II, whereas bovine rhodopsin displays practically complete
Meta-I to Meta-II conversion. This is evidenced by the residual
Meta-I AOD bands displayed by both blue cone opsin (Fig. 6)
and green cone opsin (68), but not bovine rhodopsin (46, 68),
following Meta-II formation. Partial conversion of Meta-I into
Meta-I1 was also previously observed with chicken red cone opsin
following nanosecond laser photolysis (63). This apparent dynamic
equilibrium and incomplete conversion between the Meta-I and
Meta-II cone photo-intermediates strongly suggests that the
Meta-I to Meta-1I conversion efficiency is lower in the cone visual
pigments relative to bovine rhodopsin under our experimental
conditions. This is possibly due to the fact that cone visual pig-
ments generally have significantly higher thermal instability (29,
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Fig. 8. Normalized steady-state absorption spectrum of human blue cone
opsin solubilized in LMNG-buffer. The arrows designate the pump wavelengths
employed in the ultrafast transient absorption experiments.

59), and hence considerably faster Meta-1I decay rates (11, 34,
36, 37), which may explain the increased efliciency of the Meta-1I
to Meta-I reverse reaction in the human cone opsins compared to
bovine rhodopsin. These properties of cone visual pigments, cou-
pled with significantly faster rates of chromophore hydrolysis (74,
82) and subsequent pigment regeneration (11, 32, 83) relative to
rhodopsin, enable cones to provide sustained vision under pho-
topic conditions (3).

Conducting a similar time-resolved study of the human red
cone visual pigment will allow us to make more definitive con-
clusions regarding the overall mechanism of cone pigment acti-
vation. While human blue cone opsin exhibits only ~43% amino
acid sequence identity with each of the other human rod and cone
opsins, the human green and red cone opsins share ~96% amino
acid sequence identity (11, 84). Several site-directed mutagenesis

studies (7072, 85-89) have identified key amino acid residues
that modulate the steady-state absorption spectra of rod and cone
visual pigments (11, 22, 69, 90), and these residue differences
might also explain the observed variation in the corresponding
photo-intermediate spectra and kinetics (Fig. 7). On this basis,
we expect that the photobleaching sequence of red cone opsin will
share considerable similarity with that of green cone opsin.

Conclusion

We have recorded the ultrafast time-resolved absorption spectra and
kinetics of the human blue cone visual pigment at room temperature
on the picosecond to millisecond timescales. The general sequence
of photo-intermediates formed was very similar to those of the
bovine rhodopsin and human green cone opsin visual pigments,
consisting of distinct Batho, BL, Lumi, Meta-I, and Meta-II photo-
intermediates observed on progressively longer timescales following
pulsed excitation. The transient spectra and transition kinetics of
the blue cone photo-intermediates exhibited both similarities and
differences with those of bovine rhodopsin and green cone opsin.
In particular, the blue cone photo-intermediate bands were highly
overlapped with considerably small spectral shifts. We also find that
while the Meta-II formation kinetics between bovine rhodopsin
and blue cone opsin are comparable, the qualitative features of the
Meta-I to Meta-II transition are instead more similar between blue
cone opsin and green cone opsin. These results suggest that while
there are structural and kinetic characteristics of Meta-II activation
common to bovine rhodopsin and blue cone opsin, functional dif-
ferences between rod and cone visual pigments also impact the
nature of the Meta-I to Meta-II transition. Additional time-resolved
studies of human red cone opsin, along with other vertebrate cone
visual pigments, will further elucidate the distinct mechanisms of
rod and cone pigment activation.
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Fig. 9. Schematic diagram of the nanosecond transient absorption experimental system.
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Fig. 10. Schematic diagram of the picosecond transient absorption experimental system.

Materials and Methods

Blue Cone Opsin Expression and Steady-State Absorption Measurements.
Wild-type human blue cone opsin was generated recombinantly in $f9 insect cells
using similar procedures as described previously forhuman green cone opsin (58,
68) but without the insertion of a thermostabilizing fusion protein. The human
blue cone opsin visual pigment was purified and solubilized in the detergent,
lauryl maltose neopentyl glycol (LMNG), with buffer (50 mM HEPES pH 7.5 +
0.2 M NaCl + 0.2 mM LMNG) using similar procedures as detailed in (68).
We note that the specific detergent used for solubilization can determine the
observed kinetics of the Meta-1l photo-intermediate in particular (91, 92),
but it has practically no effect on the kinetics of the initial Batho to Lumi photo-
intermediates (93).The human blue cone opsin concentration was ~0.8 to 1 mg/mL
for the time-resolved experiments. All human blue cone opsin samples were
kept frozen in the dark until use.

The steady-state absorption spectrum of human blue cone opsin was recorded
with a Shimadzu 1601 UV-Vis spectrophotometer. All steady-state absorption
measurements were performed at room temperature under dim red light. For the
time-resolved experiments, the typical maximum optical density was ~0.75 to
1 a.u.(fora 10 mm path length) at the steady-state absorption band maximum
(~420 nm) of the human blue cone opsin sample. The normalized steady-state
absorption spectrum of human blue cone opsin is shown in Fig. 8.

Nanosecond Transient Absorption System and Experiments. Qur nano-
second transient absorption experimental system, shown in Fig. 9, has been
described previously (46, 56, 68). This system was modified to generate pump
pulses at a wavelength suitable for the excitation of human blue cone opsin.

Briefly, the third harmonic, ~355 nm, output of a Q-switched Nd:YAG nanosec-
ond laser (New Wave Research, Model: Tempest-20) was utilized, in conjunction
with a stilbene 420 dye laser cell (1 cm quartz cuvette), to generate nanosecond
pump pulses centered at ~425 nm with an ~5 nm spectral bandwidth (FWHM).
The stilbene 420 dye concentration was ~0.3 mg/mLwhen dissolved in methanol.
The stilbene dye laser pump pulses had a typical pulse energy of ~2 mJ/pulse
with an ~8 nsec pulse width (FWHM). Two distinct Xenon flashlamp probes were
employed for interrogation.

The first Xenon flashlamp probe (probe #1) emits a relatively broad, ~100
usec (FWHM) in duration, pulse that is spatially overlapped with the ~425 nm
pump pulse atthe sample cell. Temporally, the ~4 psec region of peak, essentially

https://doi.org/10.1073/pnas.2414037121

constant, flash intensity is synchronized, through a digital delay generator
(Stanford Research Systems, Model: DG535), with the arrival of the pump pulse
atthe sample. The probe intensity, after transmission through the sample cell, is
detected with a photomultiplier tube (Hamamatsu, Model: R928) that is situated
at the output of a monochromator (Jarrell Ash, Model: 82-410) that enables
the probe wavelength to be varied. The photomultiplier tube output voltage
is recorded in time by a fast oscilloscope (Tektronix, Model: TDS3052B), with
50 ohm inputimpedance, that allows the AOD kinetic transient at a given probe
wavelength to be computed based on the probe intensity before and after pump-
ing the sample. Scanning the probe wavelength facilitates the recording of AOD
spectra atvarious pump-probe delays. This probe was employed for pump-probe
delays up to ~1 psec.

The second Xenon flashlamp probe (probe #2) emits a relatively narrow, ~200
nsec (FWHM) in duration, pulse that is also spatially overlapped with the ~425
nm pump pulse at the sample cell. The relative time delay between the pump and
probe pulsesis controlled by a digital delay generator (Stanford Research Systems,
Model: DG535).The broadband probe spectrum, after passing through the sam-
ple cell, is detected and recorded by a TE-cooled (~0 °C) CCD spectrometer (B&W
Tek, Model: Exemplar Plus) that enables the AOD spectrum at a given pump-
probe delay time to be computed based on the probe spectra with and without
pumping the sample. Varying the pump-probe delay facilitates the recording of
AOQD kinetics at various probe wavelengths. This probe was employed for pump-
probe delays varying from ~1 psec to seconds.

For the nanosecond time-resolved experiments, the nanosecond pump laser
was operated in the single-shot mode, and the blue cone opsin sample was
placed in a 10 ulL microchannel cuvette with a 1 mm pump path length and
10 mm probe path length. All nanosecond time-resolved measurements were
conducted at room temperature under dim red light, and the sample aliquot
was replaced with a fresh sample aliquot after each individual pump laser shot
to minimize photobleaching effects.

Picosecond Transient Absorption System and Experiments. Our picosecond
transient absorption experimental system, shown in Fig. 10, has been described
previously (56, 68). This system was modified to generate pump pulses at a wave-
length suitable for the excitation of human blue cone opsin.

Briefly, part of the fundamental, ~1,064 nm, output of a passively mode-locked
Nd:YVO, picosecond laser (Ekspla, Model: PL2230) was utilized, in conjunction
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with SHG and THG crystals, to generate the ~355 nm third harmonic that was
subsequently focused into a 10 cm H,0 Raman laser cell to create stimulated
Stokes Raman output centered at ~403 nm with an ~3 nm spectral bandwidth
(FWHM). The picosecond Raman pump pulses at ~403 nm had a typical pulse
energy of ~0.3 mJ/pulse and pulse width (FWHM) of ~28 psec.

The remaining part of the ~1,064 nm fundamental output is focused into a
20 ¢cm H,0/D,0 cell to create a broadband supercontinuum (~400 to 650 nm)
that is subsequently divided into reference and probe beams. The reference
beam is utilized for monitoring fluctuations in the probe supercontinuum, while
the probe beam is focused and spatially overlapped with the ~403 nm pump
beam at the sample cell. The precise temporal delay between the pump and
probe pulses is controlled by means of a linear translation delay stage in the
probe path. Both the probe and reference beams are directed into a double-
beam spectrograph (Acton Research Corporation, Model: SpectraPro-150)
that is integrated with a TE-cooled (~—75 °C) 2-D CCD camera (Princeton
Instruments, Model: PIXIS:400). The probe and reference beam spots on the
camera are each vertically binned to yield probe and reference spectra that
are recorded with and without the pump pulse, thus enabling calculation of
the corresponding AQOD spectrum at a given pump-probe delay. By varying
the pump-probe delay, the AOD kinetics at various probe wavelengths can
be determined. With this experimental system, picosecond AOD spectra were
recorded for pump-probe delays up to a few nanoseconds.

For the picosecond time-resolved experiments, the picosecond pump laser
was operated in the single-shot mode, and the blue cone opsin sample was
placed in a 10 uL microchannel cuvette with a 1 mm pump path length and 10
mm probe path length. Owing to the limited amount of fresh blue cone opsin
sample available and the relatively low pump pulse energy at ~403 nm, multiple
pump laser shots were conducted on each sample aliquot ata given pump-probe
delay time for additional signal averaging. Specifically, each sample aliquot at a
given pump-probe delay was gently stirred after every ~5to 10 pump laser shots
and replaced with a fresh sample aliquot after generally ~30 to 60 pump laser
shots in total. In addition, a fresh sample aliquot was always used when varying
the pump-probe delay. Under these experimental conditions, the AOD bands
recorded for a sample aliquot at a given pump-probe delay persisted across
several pump laser shots, at least the duration over which the aliquot was used,
and displayed reasonable consistency in both the AOD band magnitude and
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shape for each pump laser shot that was averaged. All picosecond time-resolved
measurements were conducted at room temperature under dim red light.

Data Analysis. For the picosecond time-resolved measurements (from picoseconds
to nanoseconds), the AOD spectra at various pump-probe delays were computed
using a custom-written MATLAB program based on the corresponding probe and
reference spectra recorded with and without the pump pulse.The approximate “time
zero" delay stage position, when the pump and probe pulses temporally overlap in the
sample cell, was experimentally determined and utilized to calculate the correspond-
ing set of pump-probe delay times. Computation of the picosecond AOD kinetics at
a given probe wavelength was performed in MATLAB with the Curve Fitting Toolbox.

For the nanosecond time-resolved measurements with probe #1 (from nano-
seconds to microseconds), the set of AOD transients at all detected probe
wavelengths were computed based on the corresponding probe intensities
before and after the pump pulse at time zero. Subsequently, the exponential
fittings (one-term or two-term, depending on the specific probe wavelength)
of the transient AOD kinetics at each probe wavelength were performed in
MATLAB with the Curve Fitting Toolbox. The computed set of AOD kinetic
exponential fits, across the range of scanned probe wavelengths, were then
utilized to determine the corresponding fitted transient AOD spectra at various
pump-probe delay times.

Forthe nanosecond time-resolved measurements with probe #2 (from micro-
seconds to seconds), the recorded probe spectra, with and without the pump
pulse, were utilized directly in the BWSpec (B&W Tek) software to derive the cor-
responding AOD spectrum at a given pump-probe delay time. Computation of
the microsecond to millisecond AOD kinetics at a given probe wavelength was
similarly performed in MATLAB with the Curve Fitting Toolbox.

Data, Materials, and Software Availability. All study data are included in
the main text.
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