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ABSTRACT. The protein response to retinal chromophore isomerization in the visual pigment rhodopsin is
studied using picosecond time-resolved UV resonance Raman spectroscopy. High signal-to-noise Raman
spectra are obtained ugira 1 kHz Ti:Sapphire laser apparatus that provig&sps visible (466 nm)

pump and UV (233 nm) probe pulses. When there is no time delay between the pump and probe events,
tryptophan modes W18, W16, and W3 exhibit decreased Raman scattering intensity. At longer pump
probe time delays of-5 and+20 ps, both tryptophan (W18, W16, W3, and W1) and tyrosine ¢Y1
2xY16a, Y7a, Y8a) peak intensities drop by up to 3%. These intensity changes are attributed to decreased
hydrophobicity in the microenvironment near at least one tryptophan and one tyrosine residue that likely
arise from weakened interaction with thfeionone ring of the chromophore following cis-to-trans
isomerization. Examination of the crystal structure suggests that W265 and Y268 are responsible for
these signals. These UV Raman spectral changes are nearly identical to those observed for the rhodopsin-
to-Meta | transition, implying that impulsively driven protein motion by the isomerizing chromophore
during the 200 fs primary transition drives key structural changes that lead to protein activation.

Knowledge of the initial response of a protein to an elucidate these early events. Here, we report the first
activating agent or event is required to derive a mechanistic structural study of the protein conformational changes
understanding of protein function. In the case of the visual associated with the primary photochemical event in vision
pigment rhodopsin, absorption of a single visible photon by using picosecond time-resolved UV resonance Raman vi-
the antagonist 11-cis retinal chromophore results in the brational spectroscopy.

formation of a highly energetic activated all-trans photo-  viprational structural studies of biomolecules have greatly
product (). This stored energy is transduced into global advanced since the introduction of UV resonance Raman
protein conformational _cha_nges at the MetdMeta Il stages (UVRR)! spectroscopy3-5). When the excitation wave-
that trigger the G-protein visual cascad@p. (The mechanism  |ength is tuned between195 and 260 nm, strong resonance
by which the photoisomerization reaction induces protein Raman scattering from the peptide backbone and aromatic
conformational changes is not understood, largely due to theamino acids provides vibrational information on local protein
lack of high temporal resolution structural tools that can structure and environmental changes. This technique has been
used, for example, to study rhodopsin protein struct@je (
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dynamics have been performed using nanosecond pump _ o8
probe (1—14) and microsecond rapid flowlb, 16) tech- 1 50 M amino acid solutions
niques. Until now, the fastest UVRR probe of protein 20 067
structural changes in response to a stimulus has been limited
to ~10 ns (L1—14). This time resolution is long relative to
many microscopic chemical reaction processes in proteins,
such as the 200 fs isomerization reaction in rhodopki), ( 15
so much mechanistic information is yet to be revealed.
Previous spectroscopic studies of the vibrational structural 8
changes in the early events in rhodopsin photochemistry have§
typically relied upon cryogenic trapping of intermediates. <
The first intermediate, bathorhodopsin, has been extensively ] P
studied using FTIR spectroscopyl&-22) and exhibits .
protein changes such as carbonyl stretch shifts arising from 057
E122 and D83 741, 22), changes in hydrogen bonding of ]
several water molecule®?), alterations in cysteine-SH . x5
and backbone amide\H stretches8), a shift in the T118 0.0~ ST
O—H stretch £3), and modifications in amide | and amide 300 400 500 600
I modes @0). A number of these changes are isomer-specific Wavelength (nm)

(18, 19, 21), indicating that direct proteiachromophore Ficure 1: Absorption spectrum of rhodopsin with indicated pump

interactions may be responsible for the alterations. While and probe wavelengths. Inset, absorption spectra of the aromatic
these changes are observed in cryogenically stabilized inter-amino acids tryptophan, tyrosine, and phenylalanine.

mediates, our previous room temperature visible resonance
Raman study of chromophore dynamics showed that the
bathorhodopsin chromophore .structures. are i.den'FicaI at Iow7 mL was used for each time delay as well as for the probe-
and room temperature24). This comparison implies that only spectrum

the immediate protein response consists of a localized move-— ' )
ment of binding pocket residues due to impulsive interaction ~ Picosecond UV Resonance Raman Apparafte pico-
with the isomerizing chromophore. While additional tech- S€cond time-resolved laser system has been described in
niques have elucidated global protein changes associated wit/fl€tail elsewhere3@). The picosecond oscillator was tuned
later rhodopsin intermediate®, 26), especially the Meta  © 781 nm, and the frequency-doubled, 1 kHz amplified
Il signaling state of rhodopsir6( 27, 28), there remains a pu_lses were focused into a Raman shifter filled with 1100
lack of understanding of the earliest events in physiologically PSi Of H2 gas. The 1st Stokes output at 466 nm was separated

relevant ambient temperature protein activation and how they oM higher order Stokes lines by a quartz prism before being
relate to the long-time activation events. collimated and passed through &% x 3 mm type | BBO

crystal for second harmonic generation. The resulting 233
nm probe beam was separated from the 466 nm pump beam
by a second quartz prism, and passed through either a fixed
(pump) or variable (probe) delay arm. The pump polarization
was rotated 547relative to the probe polarization before

233 nm
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E 233 nm

nce

220 240 260 280 300 320
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lates were removed with a 0.22n syringe filter. A total of

We report here the use of picosecond UV resonance
Raman spectroscopy to monitor mode-specific alterations of
specific aromatic residues in response to the photoexcitation
of rhodopsin. A visible pump pulse initiates chromophore

isomerization, while a UV probe pulse selectively enhances . . - . ;
scattering from aromatic amino acids of the protein (Figure the two beams were recombined with a UV/visible dichroic

1). Our time delays probe the vibrationally hot, initial P€2@msplitter. The pump beam had a pulse width2fl ps,
photorhodopsin productAt = 0 ps) and the thermally and the cross-correlation between visible pump and UV probe

relaxed bathorhodopsirh{ = 5 and 20 ps) intermediat29). p_ulses was-4.0 ps. Tempora_l ov_erlap was determined by
Tryptophan Raman scattering changes are observed on a tim@!fference frequency generation in a type | BBO crystal.
scale that is instrument-response limited, suggestive of an The pump power at the sample point was%mW, and
impulsively driven, localized protein response that is coin- resulted in maximum photolysis of rhodopsin. The optimum
cident with the 200 fs isomerization reacticd®¥); tyrosine ~ probe power of 0.80.9 mW was determined by a UV power
and tryptophan changes continue to appear and grow up todependence experiment, which indicated that the probe signal
20 ps. The magnitude and extent of these changes arewas linear up to at least 1.1 mW. Both beams were focused
compared with previous UVRR difference spectra of Meta onto the flowing sample using 60 and 200 mm cylindrical
| (6) to ascertain the global importance of these initial events. lenses in a 135backscattering collection geometry. Focused
spot sizes were 5@ 300um for the probe beam, and 80
MATERIALS AND METHODS 300 um for the pump beam. The sample flowed vertically
through a 75m i.d./150um o.d. quartz microcapillary from
Sample PreparatiorRhodopsin was isolated from bovine an ice-cooled, pressurized sample chamber. A linear flow
retinae using sucrose flotation, followed by sucrose density rate of 0.5 m/s was achieved with 115 psi of das, and
centrifugation, and then purified on a hydroxyapatite column this rate was sufficient to ensure fresh sample for each pump
(30, 31). Samples used in these picosecond UVRR experi- + probe interrogation. This single-pass, microcapillary flow
ments were concentrated (Amicon Centriprep-30) to a final system has been used in previous UVRR experimes)is (
500 nm absorbance of-2.2/cm, and amysdAseo ratio of and is ideal for these rhodopsin experiments because of the
1.8-2.0 (150 mM phosphate, 1% Ammonyx-LO). Particu- minimal sample volume required for good S/N ratiess(
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mL/h) as well as absence of photodamaged protein ac-
cumulation.

Raman scattered light was collected by an F/1.4 quartz
achromat and focused by an F/4 quartz lens onto the entrance
slit of a prefilter coupled to a single spectrograph (Spex
500M). The high-throughput, Littrow prism prefilter ef-
fectively rejected stray background due to Rayleigh scattering 100 -
and visible fluorescence, while maintaining low dispersion
(33). The spectrograph was equipped with a 1200 gr/mm,
500 nm blazed grating operating in second order, and
scattered photons were detected with a back-illuminated CCD 50
detector (Roper Scientific LN/CCD-1100PBUVAR). Re-

(2]
ported vibrational frequencies were determined with ethanol ©
to an accuracy of- 5 cn?, and the spectral band-pass was % 0
<23 cntl. The instrument response was determined with a %
calibrated deuterium lamp (Hamamatsu L1403) and found é’ 8

to vary <13% across the entire spectral window.
Picosecond UV resonance Raman spectra were acquired
with four different pump-probe time delays of-5, 0, +5, 6
and +20 ps. Ten minutes of probe-only data followed by
10 min of pump+ probe data for each of the four time delays
were acquired. After these initial 50 min of data acquisition, 4+ h
fresh sample was placed in the sealed chamber, the flow rate MWMWWWWMWMWM
was remeasured, and another 50 min of probe-only and pump MWWWMMMW
+ probe data were acquired. This process was repeatéd 4 2 k
times to yield final 46-50 min spectra for probe-only, and WMMWWWWMWW

pump-+ probe at—5, 0,+5, and+20 ps time delays. The
pump—probe delays were randomized throughout the experi- O N e e e o
ment, and the experiment was repeated on a separate day to 500 1000 1500 2000 2500 3000 3500

verify that the difference features were reproducible.

Raman shift (cm™)

Ficure 2: Data workup procedure for picosecond UVRR experi-
RESULTS ments. The nearly identical curves (a) thru (e) are 50 min UV

. . resonance Raman spectra due to the probe beam only, as well as
Unprocessed picosecond UVRR spectra are presented incattering from both pump and probe beams with time delays of

Figure 2(a-f). The decrease in signal of the water stretch in —5, 0, 5 and 20 ps, respectively. Curve (f) is a probe-only Raman
the rhodopsin solution relative to pure buffer solution is due spectrum of the buffer solution. The large feature-8300 cnt®
to absorption of the Raman scattered photons by the pro»[eincorresponds to the water stretch. Spectrum (g) contains scattering

: : due to rhodopsin only (probe-only minus buffer) and has been
sample. Signal from the buffer solution and quartz were divided by 25. Spectra (h) thru (I) are 10 min difference spectra

removed from a probe-only spectrum to reveal signal due generated by calculating purtprobe minus probe-only spectra
to rhodopsin only, shown in Figure 2g; all but the amide | for —5, 0, 5, and 20 ps delay, respectively. Spectra in the lower
peak (1657 cmt shoulder) and~2900 cn1! feature in this ~ panel have been offset for clarity.
spectrum can be assigned to tryptophan and tyrosine residues
based on comparison with 233 nm excitation UVRR spectra the 1617 cm* Y8a Ls—Ba, mixing mode of tyrosine3, 34).
of aqueous amino acid solutions (data not shown). Repre-As the pump and probe delay increases-tps, additional
sentative 10-min difference spectra are displayed in Figure difference features due to tyrosine begin to appear at 850
2 (spectra k) for the four time delays. In all difference ~ and 1202 cm'* from the Fermi resonance Y& 2xY16a and
spectra, the water stretch was used as an internal standardf7a modes, respectivel8). At a longer delay oft20 ps,
This is a reasonable subtraction reference peak since Ramaihe tryptophan and tyrosine difference features become more
scattered photons from the water stretch appea2&®2 nm, Intense.
which lies in a flat portion of the rhodopsin absorption curve  The observed intensity decreases for isolated tryptophan
(Figure 1) and is therefore unaffected by shifts in absorption and tyrosine peaks are quantified and plotted in Figure 4 for
maxima. the W18, W16, W3, YH 2xY16a Fermi doublet, and Y7a
Final difference spectra are presented in Figure 3, along withmodes. These changes are calculated relative to the respective
the rhodopsin-only spectrum. As expected, there are no dis-counts in the rhodopsin probe-only spectrum. Error in the
cernible difference features at the negative time delay®f  difference spectra arises from shot noise, and is lesszthan
ps. When the pump and probe beams are overlapped0.5% & 1 o) for all peaks. AtAt = 0 ps (pump and probe
however, pump-induced negative difference features appeatbeams are overlapped), there is a greater than 1% decrease
at 762, 1017, 1562, and 1619 cinThe features at 762, in tryptophan intensity, but no corresponding change in
1017, and 1562 cnt are attributed to the W18, W16, and tyrosine intensities. This observation provides direct evidence
W3 totally symmetric modes of tryptophan, respectively, that a local tryptophan residue responds instantaneously to
while the feature at 1619 crmharises from the W1 L—Bjy, the isomerization. Significant (12%) tyrosine changes
mixing mode of tryptophan, with possible contribution from appear at+5 ps. These tryptophan and tyrosine intensity
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Ficure 3: Picosecond UV resonance Raman difference spectra
elucidating protein structural changes in the first 20 ps of vision.
The rhodopsin spectrum is divided by 30. Tryptophan and tyrosine

features are labeled according to 8f
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Ficure 4: Intensity changes of UVRR peaks relative to probe-
only counts as a function of pumjprobe time delay. Relative
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Ficure 5: Structure of the 11-cis retinal chromophore binding
pocket in rhodopsin viewed from the cytoplasmic si@i§)(Labeled
amino acid residues are within 4.5 A of the prosthetic group. Atoms
correspond to retinal carbons (purple), residue carbons (green),
oxygen (red), nitrogen (blue), sulfur (yellow), and hydrogen (grey).
As a result of isomerization about theC;» bond, the distance
between the chromophore and W265 on helix 6 increases, placing
W265 in a less hydrophobic environment.

DISCUSSION

Our results provide the first picosecond time-resolved
structural data on the protein response to photon absorption
by a prosthetic group. Specifically, tryptophan and tyrosine
residues undergo changes in the first picoseconds following
the 11-cis to all-trans photoisomerization of the retinal
chromophore. Given this rapid protein response, the residues
responsible are likely in the close vicinity of the chro-
mophore. Figure 5 presents a structural model of the binding
pocket of rhodopsin from a recent X-ray crystal structure
(35), including amino acids and water molecules located
within 4.5 A of the 11-cis retinal chromophore. W265 is
located 3.7 A from thgs-ionone ring plane and the retinal
Cs atom, while Y268 is located 3.8 A from the;&Cio
region of the chromophore backborg5). NMR (36), FTIR
(23), and mutant37) studies suggest that these two aromatic
amino acids interact with the polyene chain. Both W265 and
Y268 are highly conserved in the opsin protein family, and
mutation of either of these residues results in a blue-shift in
chromophore absorption as well as reductions in pigment
regeneration and transducin activati@s,(37, 38). It appears
that the main functions of W265 and Y268 are to help define
the retinal binding pocket as well as to directly participate
in the early stages of protein activation. Y191 and Y178 may
also play important roles in positioning the chromophore
since they are locateet3.9 and 5.0 A from the &methyl
group, respectively. On the basis of these distances, it is most
reasonable to attribute the changes observed in the picosec-
ond UVRR data of Figure 3 to W265 and Y268, and possibly
Y191. It will however be important to confirm this assign-
ment with site-specific mutants in the future.

Tryptophan Changes at Early Tim€he protein response
to photoisomerization in the photorhodopsin stage (ptmp
probe time delay of 0 ps) is dominated by changes in

tryptophan and tyrosine integrated intensities are displayed in the tryptophan, presumably W265. There are five tryptophan

top and bottom panels, respectively. The pufppobe cross-
correlation is indicated by the dotted curve in the top panel.

changes gain amplitude up te3% as the time delay
increases tot-20 ps.

molecules in rhodopsin; the observed-2% decrease in
Raman intensity at O ps indicates that the resonance Raman
cross-sections, if assigned to a single trp residue, decrease
5—10% during the formation of photorhodopsin. Since the



Accelerated Publications Biochemistry, Vol. 42, No. 18, 200%173

0 ps negative features arise from A-term enhanced modesof chromophore motion is consistent with low-temperature
(34, 39), the observed decreases in scattering cross-sectior-TIR studies of bathorhodopsin which showed that the 11-
may be attributed to a drop in resonance enhancement atis to all-trans isomerization caused perturbations in residues
the probe wavelength. The 233 nm probe lies on the steeplocated on the opposite side of tfigonone ring relative to
red side of the deep UV absorption curve (see Figure 1), soW265, such as E1229), T118 3), and possibly C167
a blue shift would be sufficient to explain the negative Raman (18) and 1189 b1).
difference features. While we are not aware of UV absorption  Tryptophan and Tyrosine Changes at Later Tindgdeast
difference spectra of bathorhodopsin which extend to the one tyrosine residue also exhibits reduced Raman cross-
probe wavelength of 233 nm, a combination of an absorption sections, but with a delayed response(ps). The lack of
blue shift and perhaps reduced hyperchromism has beentyrosine frequency changes suggests that the decreased cross-
reported in the later intermediate38( 40, 41). Our data sections arise from a blue shift of the absorption maximum
support a picture in which the UV spectral blue-shift, arising of presumably Y268. Y268 is in a less polarizable environ-
from no more than two tryptophan88), occurs as rapidly  ment and hence, more distant from the chromophore in
as the all-trans photoproduct is formed, in the photorhodopsin bathorhodopsin; the fact that this change in microenviron-
stage. ment occurs on the same time scale as chromophore
The absorption maxima of tryptophan and tyrosine residuesvibrational cooling,~3 ps @9), suggests that chromophore
may shift due to specific intermolecular interactions, such relaxation and tyrosine environmental changes are coupled.
as changes in hydrogen bonding, or general environmentalln fact, the observed decreases in Raman cross-sections are
effects, such as alteration in the local index of refraction. In also consistent with an increase in molecular temperature of
the case of hydrogen bonding, the nature and direction of Y268 and W265 (52), suggesting that these residues may
the shift depend on whether the residue acts as a proton donoact as acceptors for the excess energy as the all-trans
or acceptor42—44). For tryptophan and tyrosine, a decrease chromophore undergoes intermolecular vibrational energy
in proton donating character, or weakening of the hydrogen transfer. The greater intensity changes at 20 ps imply that
bond, will cause the absorption maxima to shift toward higher W265 and Y268 continue to move away from the ring
energy 43). Such a change in hydrogen bonding should be portion of the chromophore following isomerization. Since
reflected in the Raman difference spectra. The W17 8772cm both W265 and Y268 are located on helix 6, these data are
band is a sensitive marker of-NH hydrogen bonding; a  consistent with a picture of decreased chromophbdix
weakened hydrogen bond in bathorhodopsin should result6 interactions within the first several picoseconds following
in a frequency increases of the W17 peak and, hence, giveisomerization. The observation that helix 3 residues, such
rise to a derivative feature in our difference spec#8§).( as E122 and T118, undergo structural changes when bathor-
Figure 3 shows no such feature, indicating that the indole hodopsin is trapped at 77 K22, 23) suggests that the
N—H group does not undergo changes in hydrogen bonding chromophore experiences enhanced interaction with helix 3
in photo or bathorhodopsin. This is consistent with the crystal residues while its association with helix 6 residues weakens.
structure, which indicates an absence of an obvious hydrogenFinally, the absence of observable frequency shifts for
bonding partner for W265 withi 4 A of theindole N—H tryptophan or tyrosine residues implies that the hydrogen
group. bonded networks involving Y19236), Y268 (23, 35), and
This analysis suggests that W265 is driven into a different Y191 (23) remain intact up to 20 ps.
microenvironment immediately following chromophore Implications for Protein Actiation. Surprisingly, our
isomerization. A decrease in solvent polarizability or hy- picosecond UVRR difference spectra of photorhodopsin (0
drophobicity causes the absorption maxima of thell, and ps) and bathorhodopsin (5 ps) are nearly identical to those
Bap tryptophan transitions to shift to higher energh?,(43, of the later intermediate Meta B)Y (see Figure 6). These
46). For example, a number of studies on protein systemsremarkable spectral similarities imply that tkey tyrosine
have revealed decreased cross-sections of tryptophan Ramaand tryptophan structural changes needed to form Meta |
peaks as the local hydrophobicity decreags47, 48). On are initiated early in the photorhodopsin staggerhaps as
the basis of the 510% decrease in tryptophan Raman cross- fast as 200 fs following photon absorptiofhe reduced
sections for photorhodopsin, we conclude that WR6iH a Raman cross-sections for Meta | and photo- and bathor-
less polarizable esironmentfollowing formation of the hot hodopsin are consistent with a steric trigger model for Meta
all-trans photoproduct. This is consistent with the idea that | formation, in which strong nonbonded interactions of the
the distance between thgionone portion of the retinal  isomerizing chromophore with the nearby binding pocket
chromophore and W265 increases following isomerization, results in increased interaction with residues on helix 3 and
disrupting the close interaction between W265 and the ring, decreased interaction with residues on helix28, 63, 54).
shown in Figure 5. This picture of isomerization-induced The steric trigger may be initiated in the following manner:
changes in local interaction is consistent with linear dichro- the -ionone ring of the chromophore is driven into close
ism measurements, which demonstrated that the retinalcontact with nearby helix 6 residues the chromophore
absorption dipole shifts~8—11° following isomerization, isomerizescausing an immediate steric repulsion and motion
and this shift occurs primarily in the membrane pla#d, ( of the chromophore away from helix 6 and toward helix 3.
50). As shown in Figure 5, W265 and tlfieionone ring are This direct, impulsive steric interaction may be due to the
in a stacked conformation, and both are perpendicular to theCs-methyl group on thg-ionone ring clashing with W265.
membrane plane3f). The photoinduced isomerization likely  The resulting all-trans chromophore is highly distorted in
results in chromophore motion that is parallel to the the binding pocket55) due to interactions primarily with
membrane planet@, 50) (but away from W265) and results  helix 3 residues. Interactions between then@thyl group
in a less polarizable environment around W265. This picture and T118, as well as between E122 andghenone ring,
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| |

| | Rhodopsin - Bathorhodopsin (5 ps) |

WWW

Rhodopsin = Meta | (1 ms)

Wig——
W1/YBa

—Wi6——

TII['III!'[1II'I|IIII|I'III|IIII|IIII|IIII[IIII|III||

800 1000 1200 1400 1600

Raman shift (cm)

Ficure 6: Comparison of rho-to-photo (0 ps), rho-to-batho (5 ps),
and rho-to-Meta | (1 ms) UVRR difference spectra. The Meta |
species was stabilized in digitonin at pH 7.7 and the spectrum was
acquired with a 20 Hz Nd:YAG lasel). The relative intensity
decreases of the W18, W16, and W1/Y8a peaks in Meta | are
5—6%.

are likely. This specific proteinchromophore steric interac-
tion is evidently crucial for rhodopsin function since
modification or removal of either the s&nethyl group or
the -ionone ring destabilizes the highly energetic bathor-
hodopsin intermediate and significantly lowers transducin
activity (26). As the chromophore relaxes to form the planar
blue-shifted, lumirhodopsin and Meta | intermediates, helix
6 continues to move away from the chromophore, as

evidenced by the decreased tryptophan Raman cross-sections

for Meta | relative to photo- and bathorhodopsin (Figure 6).
Finally, large rigid-body motion of helix 6 signifies formation
of the activating Meta Il state2{). Our results elucidate the
role of impulsively driven protein motion in this activation
process and indicate that a significant fraction of the protein
rearrangement necessary for Meta | formation is initiated in
the primary event to form photorhodopsin.

Rapid responses to photoactivation have been reported for

other proteins. An ultrafast change in protein structure was
reported for the all-trans to 13-cis isomerization reaction in
bacteriorhodopsin (bR) using femtosecond IR spectroscopy.
In this case, the backbone amide | intensity decreased in
~500 fs following photon absorption, and this change was
interpreted in terms of a shift in backbone absorption cross-
section or orientation in response to isomerizatta).(Other
proteins, such as light harvesting complexés) (and
myoglobin 68), exhibit fast, low-frequency, global protein
motion following photon absorption or ligand dissociation.
However, it is not known how or if these delocalized,
collective motions are linked to functional protein activation
in these other systems.

SUMMARY

Our UVRR data provide the first structural snapshots of
the earliest picosecond events in rhodopsin protein activation.

Accelerated Publications

The time scale for tryptophan Raman intensity changes is
instrument-response limited, indicating that at least one
tryptophan residue, presumably W265, undergoes a change
in microenvironment immediately upon formation of the
primary photorhodopsin product. Further decreases in tryp-
tophan as well as tyrosine Raman intensities appear as the
chromophore cools to form bathorhodopsirb(ps) and are
attributed to decreased interaction between the chromophore
and helix 6 residues W265 and Y268. The close frequency
and intensity correspondence of the long-time (20 ps)
changes with those observed for Meta6) (ndicates that

the steric trigger which leads to global motion of helices 6
and 3 63) is driven by the primary event. Collectively, our
results demonstrate that impulsively driven protein motion
that occurs on a subpicosecond to picosecond time-scale
plays a critical role in the activation pathway for rhodopsin.
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