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The photocycle and vibrational dynamics of bacteriorhodopsin in a lipid nanodisc microenvironment have been studied by steady-

state and time-resolved spectroscopies. Linear absorption and circular dichroism indicate that the nanodiscs do not perturb the

structure of the retinal binding pocket, while transient absorption and flash photolysis measurements show that the photocycle

which underlies proton pumping is unchanged from that in the native purple membranes. Vibrational dynamics during the

initial photointermediate formation are subsequently studied by ultrafast degenerate transient absorption spectroscopy, where

the low scattering afforded by the lipid nanodisc microenvironment allows for unambiguous assignment of ground and excited

state nuclear dynamics through Fourier filtering of frequency regions of interest and subsequent time domain analysis of the

retrieved vibrational dynamics. Canonical ground state oscillations corresponding to high frequency ethylenic and C-C stretches,

methyl rocks, and hydrogen out-of-plane wags are retrieved, while large amplitude, short dephasing time vibrations are recovered

predominantly in the frequency region associated with out-of-plane dynamics and low frequency torsional modes implicated in

isomerization.

1 Introduction

The light-driven proton pump bacteriorhodopsin (bR) consists

of an opsin apoprotein and a covalently bound retinal chro-

mophore, which in the light-adapted state adopts an all-trans

configuration1. Following absorption of a photon, the chro-

mophore isomerizes to a 13-cis configuration, and a photo-

cycle ensues resulting in the translocation of a proton across

the purple membrane. This initial isomerization reaction has

attracted continuous attention since the discovery of the sub-

picosecond kinetics of the isomerization event2,3. The vibra-

tional dynamics relevant to the isomerization process involve

ethylenic and single bond stretches, methyl rocking, hydrogen

out of plane (HOOP) modes, and low frequency torsions. The

decoherence of these modes is sufficiently long relative to the

timescale of the photoisomerization process that they can still

play a role in coherently driving the reaction. Recent weak

field coherent control experiments4,5 use such a framework to
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explain the enhancement or suppression of the quantum yield

of isomerization through coupling of the excitation field to ex-

cited state vibrational modes involved in isomerization.

However, the very assignment of excited state vibrational

modes remains controversial. Early experiments interpreted

the coherent vibrational dynamics observed in ultrafast tran-

sient absorption measurements of bR as a primarily ground

state effect6,7, attributed to coherent wavepacket motion gen-

erated through a resonant impulsive Raman process, and as

such are unrelated to the reactive dynamics. Subsequently,

similar measurements with sub-5 fs pump and probe pulses8

were analyzed under the exact opposite basis, that all the ob-

served vibrational dynamics originate from the excited state,

owing to the extremely short temporal profile of the excita-

tion pulse9. In part because of the incompatibility of these

two viewpoints, additional transient absorption10,11, infrared

emission12, femtosecond stimulated Raman13–15, and degen-

erate four wave mixing (DFWM)16 measurements have been

performed, each reaching somewhat different conclusions as

to the specific nature of vibrational dynamics following ultra-

fast excitation.

To clarify the assignment of vibrational modes, we have

employed lipid nanodiscs as the microenvironment in which

to embed bR. Lipid nanodiscs17 are a relatively new molecu-

lar platform for membrane-bound proteins (previously applied

to both monomeric and trimeric bR18, rhodopsin19,20, and

light-harvesting proteins21, among others22–24), consisting of
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Fig. 2 Steady state spectroscopy of trimeric bR in lipid nanodiscs.

a) The linear absorbance of nanodisc bR (solid line) is compared to

purple membrane bR (dashed line), and displays the characteristic

absorption maximum for light-adapted (all–trans) bR, while

showing an extremely low scattering baseline compared to the

purple membrane sample. The laser spectrum used for degenerate

transient absorption experiments to measure the ultrafast vibrational

dynamics of retinal during isomerization is shown filled in grey. b)

The circular dichroism spectrum of trimeric bR in lipid nanodiscs

features the characteristic biphasic response observed in the purple

membranes.

2.2 Time resolved spectroscopy

2.2.1 Decay-associated spectra. Ultrafast spectrally-

resolved transient absorption experiments to measure the pop-

ulation dynamics of bR were performed as described previ-

ously29. Briefly, ultrashort pulses used to excite the sample

were generated by a noncollinear optical parametric amplifier

(NOPA) at a central wavelength of 565 nm with 50 nm full

width at half maximum (FWHM) bandwidth, and were subse-

quently compressed to a transform-limited 20 fs by a Dazzler

(Fastlite) and folded SF11 prism pair compressor. A supercon-

tinuum probe beam was generated in a 2 mm sapphire plate

and compressed via multiple reflections on broadband chirped

mirrors (Layertec). The pump and probe beams, having a po-

larization difference at the magic angle, were focused by an

off-axis parabolic mirror into the sample, contained in a 400

µm pathlength rotation cell, where the sample OD was 0.25

at the absorption maximum of bR. Pump pulse energy at the

sample position was 20 nJ, and the instrument response func-

tion (IRF) was 40 fs, determined by spectral integration of

the nonlinear optical Kerr effect in a blank buffer cell. Tran-

sient absorption spectra were collected over the range [-0.5,

10] ps, with 20 fs time steps and an average of 128 differen-

tial measurements for each probe delay. Global analysis30 of

the transient absorption data was performed as described in

Appendix A of Ref. 4. Experiments were performed at room

temperature, with a halogen lamp continuously illuminating

the sample to maintain the light-adapted state.

2.2.2 Flash photolysis. Long timescale intermediates of

the bR photocycle were measured by time-resolved laser dif-

ference spectroscopy in the microsecond to second range, us-

ing a custom-built flash photolysis apparatus at room temper-

ature31. The photocycle was initiated by flashes of the 532 nm

second harmonic of a Nd:YAG Minilite II laser (Continuum),

with a pulse duration of 7 ns. The probe beam was generated

by an Oriel QTH source with a monochromator. The resulting

absorbance changes at selected wavelengths were recorded us-

ing an Oriel photomultiplier, amplifier with a 350 MHz band-

width, and a Gage AD converter (CompuScope 12100-64M).

Several hundred traces were averaged and converted into a

quasi-logarithmic timescale using in-house software. Global

multi-exponential fitting was performed using FITEXP32.

2.2.3 Ultrafast vibrational dynamics. To measure the

coherent vibrational dynamics during isomerization, the pump

and probe beams of the ultrafast transient absorption instru-

ment described above were replaced with a broadband pulse

(spectrum shown in Fig. 2a), compressed to ∼8 fs by a de-

formable mirror and prism compressor pair, as described pre-

viously33. The probe beam was generated via Fresnel reflec-

tion of the pump from a fused silica window (of similar inten-

sity to the supercontinuum probe used previously), and both

pump and probe beams were p-polarised. The IRF was de-

termined, as above, to be 15 fs. Sample parameters were un-

changed, while the excitation energy was decreased to 6 nJ.

Transient signals were collected, as above, over the range [-

0.5, 2] ps in 2.5 fs steps.

3 Photocycle in lipid nanodiscs

Absorption of a photon by the retinal chromophore in bR ini-

tiates a photocycle whereby the chromophore, initially in the

all–trans configuration, isomerizes about the C13=C14 bond to

the 13–cis configuration on an ultrafast timescale producing

the primary J and K intermediates. The remainder of the pho-

tocycle occurs on a much longer timescale (microseconds to

seconds), where the energy stored in the 13-cis retinal is trans-

ferred to the protein (resulting in the L intermediate), induc-

ing the Schiff base linkage between the retinal chromophore

and the amino acid Lys216 to become deprotonated (forma-

tion of the M intermediate), thus allowing a proton to migrate

across the purple membrane. The Schiff base is subsequently

reprotonated (decay of the M and growth of the N intermedi-

ates), followed by thermal isomerization (via the O intermedi-
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mildly acidic conditions of the nanodisc suspension35,36.

The multi-exponential global fitting of the kinetics confirms

the native-like character of the Schiff base deprotonation (for-

mation of the M intermediate) on the microsecond timescale.

The obtained time constants (1, 12, and 47 µs in a six expo-

nential approximation) are close to those known for the pur-

ple membranes under similar conditions and signify normal

transfer of proton from the Schiff base to its primary acceptor

in the L→M reaction. However, all the processes related to

the reprotonation of the Schiff base and resetting of the photo-

cycle (M→N→O→bR) in the millisecond time domain (with

the characteristic time constants of 3, 10, and 65 ms in the

six exponential approximation) are several fold slower than

the corresponding processes in the native bR37,38. This is not

uncommon for monomeric bR in detergents or upon reconsti-

tution into non-native lipids and does not imply any serious

abnormalities in the photocycle39,40.

We also confirmed that the nanodisc bR light adapts nor-

mally and does not produce intermediates from a 13–cis pho-

tocycle. First, the light adaptation was verified by the ∼10

nm redshift of the static absorption spectrum upon illumina-

tion with white light (recall Fig. 2a), reflecting production of

a light-adapted all–trans bR. Second, the photocycle kinetics

were monitored at 620 nm (Fig. 4) to verify the absence of the

so-called C intermediate, a product of 13–cis bR41,42, and no

positive absorption changes were observed at this wavelength,

confirming the complete light adaptation. Thus, the retrieved

kinetics of the late photocycle intermediates combined with

the normal light adaptation attest to the native behaviour of

bR in the lipid nanodisc microenvironment.

The observation of slower late photocycle kinetics for nan-

odisc bR trimers is somewhat puzzling given that the similar

effect in monomeric bR is attributed to the loss of protein-

protein interactions afforded by the wild type aggregations.

However, monomeric bR also exhibits spectral shifts in the

absorption maximum of the ground state, indicative of struc-

tural differences in the retinal binding pocket, and possibly in

the global folded structure as well. We observe no spectral

shifts in the nanodisc bR assemblies, but the slower kinetics

of the late photocycle may implicate structural difference in

the protein which do not affect the binding pocket, and, thus,

the ultrafast photochemistry. This interpretation is corrobo-

rated by recent structural solution NMR studies of bR in nan-

odiscs43, which show that while the retinal binding pocket is

effectively unchanged from the native structure in the purple

membranes when reconstituted in lipid nanodiscs, deviations

from the native fold in the EF loop region are observed. It

is this region which has been previously implicated as the lo-

cation of large conformational changes in the late photocycle

intermediates44,45, which may explain the deviations we ob-

serve in kinetics for the reprotonation of the Schiff base and

resetting of the photocycle on the millisecond timescale.

4 Vibrational dynamics

With confirmation that the ultrafast isomerization dynamics

of bR trimers in lipid nanodiscs reflect native behaviour, we

turn our attention to the assignment of excited and ground

state vibrational dynamics via conventional ultrafast transient

absorption measurements. Transient absorption spectra were

collected in the degenerate configuration using an ∼8 fs pulse

with the spectrum shown in Fig. 2a, having sufficient tem-

poral resolution and spectral bandwidth to excite and detect

all of the relevant high frequency vibrational modes associ-

ated with retinal isomerization, while simultaneously moni-

toring the ground state bleach, excited state absorption, and

photoproduct formation dynamics in a single measurement.

The result of this measurement is shown in Fig. 5 (top panel),

where we highlight the first picosecond following photoexci-

tation. At this high temporal resolution, coherent oscillations

reflecting vibrational dynamics of the retinal chromophore are

clearly visible over the entire temporal and spectral window

of the transient response.

Two spectral regions of interest are highlighted as single

wavelength traces in Fig. 5 (bottom panel, taken at the dashed

lines in the top panel) at 525nm and 630nm, reflecting the ex-

cited state absorption and photoproduct formation bands, re-

spectively. At the photoproduct absorption wavelength (red

trace), the ground state bleach signal gives way to the primary

photointermediate absorption on a ∼ 200fs timescale, and co-

herent oscillations modulate the transient spectral response at

this wavelength over the entire first picosecond shown here.

Dynamics at the wavelength associated with the excited state

absorption (blue trace) display an effectively instantaneous

absorptive feature which persists for ∼ 200fs before giving

way to the ground state bleach, with large amplitude oscilla-

tory features modulating the transient response. At both probe

wavelengths these features are observed to decay in amplitude

as a function of the probe delay.

To assign the oscillatory dynamics to either ground or ex-

cited state vibrations it is necessary to determine both their

frequencies and dephasing times. The most common method

employed for this purpose has been a sliding window Fourier

analysis of the time domain transients, where a short section of

the time domain data is windowed with a suitable (e.g. Han-

ning8,12, super-Gaussian10,16, or Blackman11) filter, and sub-

sequently Fourier transformed to reveal the frequencies of the

windowed oscillatory data. This approach, however, has in-

herent limitations: obtaining the frequency resolution required

to distinguish the many closely spaced vibrations of the reti-

nal chromophore necessarily results in a poor temporal reso-

lution. Conversely, maintaining a high temporal resolution to

accurately gauge the vibrational dynamics during isomeriza-

tion results in artifacts in the frequency domain16. It is also

difficult to treat the very earliest transient response using this
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Fig. 6 Retrieved time-domain vibrational transients from Fourier filtering of single wavelength traces. The top panels show the

background-subtracted data (solid coloured lines) for both the a) 630 nm and b) 525 nm single wavelength traces. The application of tapered

cosine windowing at various central frequencies in the Fourier domain is shown in the bottom panels, with the sum of all five filtered

transients shown in the top panel (as the superimposed dashed lines), highlighting the excellent agreement between the summation of filtered

transients and the raw data. Significantly higher amplitude vibrational transients are observed at the excited state absorption band at 525 nm,

and in almost all cases a beat pattern is observed, indicating multiple closely spaced frequencies underlying each trace. A notable exception is

the highest frequency oscillations at the 630 nm probe wavelength.

tion of the residuals of the fit are ≤ 3% of the signal maximum.

One example of this procedure is shown in Fig. 7, where the

oscillatory transients retrieved following the application of a

tapered cosine window at 1580 cm−1 for λ = 630 nm (top

panel, solid red line) are fit to a sum of nine damped sinusoids

(superimposed dashed black line), resulting in a std of resid-

uals of 2.01%. The corresponding power spectra for both the

filtered transients and the fit function are shown in the bottom

panel of Fig. 7, showing that the goodness of fit in the time

domain carries to the frequency domain, giving confidence in

this procedure to extract the relevant frequencies, amplitudes,

and dephasing times of the constituent vibrational modes.

The result of this analysis for all filtered vibrational modes

at λ = 630 nm are listed in Table 1, while the retrieved oscilla-

tions at λ = 525 nm are listed in Table 2. While there are many

weak but long-lived oscillations retrieved by the fit procedure

(and are evident in the power spectra), we are most interested

in those oscillations which dominate the vibrational response

at early times, and thus only report modes with initial ampli-

tudes Ai ≥ 0.1 mOD, a value which corresponds to approxi-

mately twice the noise floor of the time domain measurement.

The retrieved amplitudes and dephasing times show great vari-

ability between vibrations, and are the principle means we em-

ploy of classifying a mode as ground or excited state in origin.

In the case of long dephasing time modes, concurrence with

known ground state oscillations from resonance Raman scat-

tering47,48 are highlighted. The retrieved vibrations are out-

lined from high to low frequency.

4.1 High frequency stretches: 1400–1700 cm−1

630 nm. The dominant high frequency mode retrieved

from the oscillations at 630 nm (Fig. 7) is the canonical

ground state ethylenic stretch vibration at 1522 cm−1 with a

dephasing time of 459 fs, previously determined48 to be the

symmetric stretch of the doubled-bonded carbons along the

retinal polyene chain.

525 nm. The symmetric ethylenic stretching mode with a

dephasing time on the order of half a picosecond again figures

prominently at the probe trace at 525 nm, identical within er-

ror of the retrieved fit parameters to the vibration recovered in

the red. Unlike the response at 630 nm, however, additional
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Fig. 7 Top: filtered data (red trace) and a nine component fit

(dashed black line) to the highest frequency oscillatory transients at

the 630 nm probe wavelength from Fig. 6, with residuals of the fit

shown immediately below. Bottom: power spectra of both the

filtered data (red line) and the fit function (dashed black line).

modes with significant initial amplitude are present. We ob-

serve a combination band48 at 1544 cm−1 with a dephasing

time of 482 fs, and a large amplitude mode at 1633 cm−1 with

a short dephasing time of only 234 fs, a feature observed pre-

viously in transient IR spectroscopy of purple membrane bR50

in the frequency region associated with the C=N bond of the

Schiff base.

4.2 C-C stretches and associated rocks: 1050–1350 cm−1

630 nm. Four modes are retrieved in the frequency range

associated with single bond stretches and rocks. Two conven-

tional ground state oscillations are found at 1265 and 1198

cm−1, both with dephasing times on the order of 800 fs. From

previous Raman measurements48, the mode at 1265 cm−1 can

Table 1 Large amplitude vibrational modes recovered from time

domain analysis of Fourier filtered transients at λ = 630 nm.

νi, cm−1 Ai, mOD τi, fs φi, rad

1522 ± 2 0.51 ± 0.04 459 ± 84 4.1 ± 0.1

1265 ± 1 0.10 ± 0.01 711 ± 82 5.2 ± 0.1

1198 ± 1 0.11 ± 0.01 821 ± 81 4.8 ± 0.1

1171 ± 1 0.57 ± 0.02 277 ± 7 4.2 ± 0.1

1092 ± 5 0.75 ± 0.07 91 ± 7 3.8 ± 0.1

1008 ± 1 0.27 ± 0.01 604 ± 25 3.2 ± 0.1

854 ± 3 1.91 ± 0.07 65 ± 3 0.2 ± 0.1

606 ± 1 0.50 ± 0.04 146 ± 12 0.5 ± 0.1

554 ± 20 0.30 ± 0.16 455 ± 24 5.4 ± 0.5

419 ± 2 0.13 ± 0.01 345 ± 37 1.1 ± 0.1

313 ± 3 0.14 ± 0.09 664 ± 23 3.9 ± 0.6

297 ± 8 0.25 ± 0.07 373 ± 22 2.4 ± 0.3

been attributed to either a C11H rocking (observed at 1273

cm−1) or a lysine rock (observed at 1255 cm−1), while the

vibration at 1198 cm−1 has been identified as single bond

stretching of C14-C15 and C8-C9 coupled with C10H and C15H

rocking motion. Two short dephasing time modes are also ob-

served at 1171 and 1092 cm−1, with dephasing times of 277

and 91 fs, respectively. The mode at 1092 cm−1 has not pre-

viously been observed by Raman scattering, while the mode

at 1171 cm−1 has previously been assigned to C10-C11 and

C8-C9 stretches coupled to rocking motion due to C11H and

C12H.

525 nm. Oscillatory transients at this frequency range ap-

pear quite distinctly as a number of short dephasing time ex-

cited state modes. These are observed at 1097 and 1220 cm−1

with dephasing times of 217 and 267 fs, respectively. As for

the equivalent mode in the red, the retrieved vibration at 1097

cm−1 has previously not been observed, while the 1220 cm−1

mode is in the frequency region associated with C8-C9 stretch-

ing. Additional prominent modes having dephasing times be-

tween 500-800 fs are observed at 1281, 1165, and 1254 cm−1,

and can be assigned48 to the well known ground state os-

cillations resulting from C11H and C12H dynamics, C10-C11

stretches, and C12-C13 stretches coupled to lysine rocking dy-

namics, respectively.

4.3 Methyl rocking and HOOP modes: 700–1050 cm−1

630 nm. Vibrations in the frequency region associated with

in- and out-of-plane methyl rocking and hydrogen wags are

represented by two distinct modes: the ground state methyl

rock at 1008 cm−1 with a dephasing time of 604 fs, and a

short-lived mode (τ = 65 fs) at 854 cm−1, a mode which is

not consistent with any known ground state mode of bR.

525 nm. In contrast with the response at 630 nm, many

modes are retrieved at 525 nm. Of these, two modes are in
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Table 2 Large amplitude vibrational modes recovered from time

domain analysis of Fourier filtered transients at λ = 525 nm.

νi, cm−1 Ai, mOD τi, fs φi, rad

1633 ± 1 0.24 ± 0.02 234 ± 14 3.8 ± 0.1

1544 ± 2 0.22 ± 0.03 482 ± 54 3.3 ± 0.3

1522 ± 1 0.22 ± 0.03 606 ± 61 5.4 ± 0.1

1281 ± 1 0.22 ± 0.01 593 ± 20 4.4 ± 0.1

1254 ± 1 0.16 ± 0.01 616 ± 31 3.8 ± 0.1

1220 ± 1 0.48 ± 0.02 267 ± 8 3.2 ± 0.1

1165 ± 1 0.18 ± 0.02 786 ± 59 0.1 ± 0.1

1097 ± 2 0.51 ± 0.03 217 ± 11 4.9 ± 0.1

1008 ± 1 0.26 ± 0.07 815 ± 15 5.0 ± 0.1

971 ± 1 1.62 ± 0.07 189 ± 4 5.1 ± 0.1

940 ± 1 0.61 ± 0.03 355 ± 10 3.4 ± 0.1

882 ± 1 0.10 ± 0.01 866 ± 39 3.6 ± 0.1

869 ± 2 2.62 ± 0.08 75 ± 2 0.7 ± 0.1

834 ± 12 0.17 ± 0.02 768 ± 62 5.5 ± 0.5

734 ± 2 0.13 ± 0.05 435 ± 78 6.1 ± 0.4

564 ± 16 1.39 ± 0.27 64 ± 15 2.6 ± 0.2

354 ± 2 0.17 ± 0.04 465 ± 62 4.4 ± 0.2

328 ± 2 0.32 ± 0.06 345 ± 37 4.2 ± 0.2

293 ± 1 0.16 ± 0.02 742 ± 61 5.3 ± 0.1

226 ± 2 1.17 ± 0.09 298 ± 21 5.0 ± 0.1

195 ± 1 1.10 ± 0.08 247 ± 11 1.9 ± 0.1

good concurrence with those above. The methyl rock at 1008

cm−1 is also present at this probe wavelength, with a simi-

larly long dephasing time of 815 fs. We also retrieve a very

short-lived mode (τ = 75 fs) at 869 cm−1, again consistent

with the mode observed at 630 nm. An additional large ampli-

tude, short-lived mode is observed at 971 cm−1 (τ = 189 fs),

which is not readily assignable to a ground state oscillation.

Four longer dephasing modes are retrieved at 940, 882, 834,

and 734 cm−1, of which the first three are readily assigned

to dynamics resulting from the NH wag coupled to the lysine

residue, HOOP wags at C14, C12, and C11, and HOOP activity

at C11, C12, C15, and the lysine and NH bond, respectively48.

4.4 Low frequency vibrations: ≤700 cm−1

630 nm. Below 700 cm−1, five vibrations are retrieved

with sufficient amplitude to affect the early transient vibra-

tional dynamics. Two of these modes have dephasing times

in excess of 450 fs, at 554 and 313 cm−1, while the remaining

three modes have dephasing times indicating, perhaps, excited

state character. These are found at 606, 419, and 297 cm−1,

with dephasing times of 146, 345, and 373 fs, respectively.

While we know of no specific source for the assignment of

low frequency modes in bR, similar analysis of the low fre-

quency vibrations in all-trans retinal51 suggest that oscilla-

tions in this frequency range reflect delocalized chain bending

and ring torsional dynamics.

525 nm. Six modes are found below 700 cm−1 at the probe

wavelength associated with the excited state dynamics, and

these oscillations represent some of the largest amplitude vi-

brations of the retinal chromophore. These are modes at 564,

226, and 195 cm−1, all with short dephasing times indica-

tive of excited state dynamics at 64, 298, and 247 fs, respec-

tively. An additional lower amplitude and shorter dephasing

time mode is observed at 328 cm−1 (τ = 345 fs). Two longer-

lived vibrations are also retrieved at 354 and 392 cm−1, with

dephasing timess of 465 and 742 fs, respectively. While spe-

cific assignments are again not possible, the short-lived, large

amplitude modes observed here represent large scale skele-

tal torsions of the retinal molecule following absorption of a

photon, and have been observed previously in both transient

absorption10 and DFWM16 experiments.

4.5 Discussion

Quantifying the filtered transient vibrations confirms the ob-

servation that the probe region associated with the excited

state at 525 nm does indeed contain a greater number of large

amplitude, short dephasing time vibrational modes than the re-

sponse at 630 nm. Many of these vibrations are not observed

by techniques sensitive only to ground state vibrations such

as Raman scattering47,48. These vibrations are (for λ = 525

nm, where the excited state modes are more pronounced) ob-

served predominantly at 1633, 1220, 1097, 971, 869, 564, 226,

and 195 cm−1, frequencies which span the entire range from

the highest frequency double bond stretches to low frequency

collective torsional modes. Owing to the significant damp-

ing as a result of their short dephasing times, these modes

would not figure prominently in power spectral analysis of

transient response either, if the early delay times are neglected

due to the coherent artifact which arises due to pulse over-

lap effects at zero delay between the pump and probe pulses.

Due to the high optical purity of the nanodisc bR sample, we

are able to perform measurements at low excitation conditions

which minimize the coherent artifact, even for the short opti-

cal pulses used in the degenerate transient absorption measure-

ments here. This allows for analysis of even the earliest time

domain signals where the excited state vibrational dynamics

are maximal.

In addition to the short dephasing time excited state dy-

namics, we observe all of the conventional high frequency

ground state modes identified by previous ultrafast experi-

ments. These are the long-lived vibrations due to ethylenic

stretching at 1522 cm−1, C-C stretches and associated rock-

ing dynamics at 1281, 1198, and 1165 cm−1, and the in-plane

methyl rock at 1008 cm−1, which gives further confidence in

the Fourier filtering and subsequent time domain analysis for

extracting coherent vibrational dynamics observed in ultrafast

spectral measurements.
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Unlike the amplitudes and dephasing times which were

used in part to assign vibrations to either the excited or ground

state potential energy surface, we observe no obvious trend

in the retrieved phase values of the excited state modes about

which to comment. For the ground state modes, we observe

a similar relative phase shift for ground state modes52 as re-

ported by Kahan et al.10.

While in general there is good agreement between previ-

ous measurements of the vibrational dynamics of retinal in

bR following ultrafast excitation, we note three specific devi-

ations from previous assignments: the highest frequency ex-

cited state stretching mode attributed to the Schiff base C=N

bond at 1633 cm−1, the methyl rock oscillation at 1008 cm−1,

and the low frequency torsional modes at ∼200 cm−1.

First, the dynamics at ∼1640 cm−1 have previously shown

activity in transient IR measurements50 immediately follow-

ing resonant excitation of bR in the purple membranes, with

reactive modes showing a rise time of ≤ 500 fs at ∼ 1620

cm−1 and a long-lived ground state component at ∼ 1640

cm−1. More recently, sliding window analysis of the tran-

sient absorption of purple membrane bR11 indicated a C=N

stretch mode at ∼1640 cm−1 persisting for a mere 30 fs fol-

lowing photolysis, a timescale less than two periods of oscilla-

tion of the mode in question. In the present work, we retrieve

a mode at 1633 cm−1, and find it decays with a time constant

of 234 fs, in far better agreement with transient IR species ob-

served at ∼ 1620 cm−1 than with either the ground state mode

at ∼ 1640 cm−1 with a lifetime of over a picosecond, or with

the sliding window analysis of resonant transient absorption

signals with a 30 fs dephasing time. We do not observe a long

dephasing time mode at these frequencies, and we speculate

that the limitations imposed by the sliding window analysis

may play a role in the discrepancy between our results and

those of Yabushita et al.11

Second, the in-plane methyl rock at 1008 cm−1 identified

originally as a ground state mode in Raman scattering exper-

iments47,48 was recently identified as a possible excited state

vibration as a result of the spectral dependence of both the

amplitude and width of this mode in power spectral analysis

of DFWM signals16. In the present work the assignment is

strictly that of a long-lived ground state mode, having a de-

phasing time on average of ∼ 700 fs. The presence of short-

lived oscillations at a very similar frequency (971 cm−1 at the

probe wavelength of 525 nm), is perhaps a complicating factor

in the analysis by Kraack et al.16, where a significant coher-

ent artifact (exacerbated by the DFWM approach) required the

exclusion the earliest temporal delays from analysis.

Third, the low frequency oscillation on the order of ∼ 200

cm−1 identified previously in both the resonant regime10 and

more recently with a near IR probe53 are, in the present anal-

ysis, found to consist of not one dominant mode as was ob-

served with a sliding window analysis in the near IR, but two

closely spaced and roughly equal magnitude vibrations at 226

and 195 cm−1, with decay constants on the order of ∼ 250 fs.

This is in good agreement with the bandpass filtering results

of Kahan et al.10 in the resonant regime, whose approach in-

spired the present analysis. We also note with interest that the

mode we recover at 226 cm−1 is in excellent agreement with

the periodic oscillations retrieved from Wigner transformation

of the optimal pulse determined by closed-loop weak field co-

herent control experiments on purple membrane bR4, where

an enhancement of the isomerization yield of retinal in bacte-

riorhodopsin following excitation with shaped pulses was at-

tributed to a resonant interaction of the excitation field with

low frequency vibrations active in the excited state. We find

in the present analysis that the mode in question has a dephas-

ing time and amplitude consistent with excited state origin.

Finally, we find our experimental results at odds with the

model derived from femtosecond stimulated Raman spec-

troscopy13 where Franck-Condon active modes such as the

C=C and C-C stretches populate dark HOOP and torsional

modes via intramolecular vibrational energy redistribution

(IVR) on a ∼ 250 fs timescale. We find all of the coherent

oscillations have maximal amplitudes at a zero probe delay,

and find no evidence for a growth of vibrational transients at

non-zero probe delays. The short temporal IRF (15 fs, which

is shorter than a single period of even the 1633 cm−1 mode)

and the minimal nonresonant contribution during pulse over-

lap afforded by the weak excitation conditions and optical pu-

rity of the nanodisc sample give confidence that the earliest

transient signals are not contaminated by significant artifacts,

and we are thus required to hypothesize an alternative mecha-

nism for the population of these modes. One assumption com-

mon to the discussion of ground and excited state vibrational

dynamics is that excited state frequency differences can be ne-

glected47, but this has previously been shown to fail for cer-

tain modes in other carotenoids, such as the C=C stretch of

β -carotene54–56. It is thus plausible that the short dephasing

time vibrational dynamics we observe are excited state ana-

logues of ground state modes, with frequency shifts resulting

from changes of the retinal chromophore in the excited state.

5 Conclusions

Upon reconstitution of bacteriorhodopsin trimers into lipid

nanodiscs, we observe the characteristic linear spectral prop-

erties consistent with bR in the purple membranes, but with

significantly reduced scattering due to the nanodisc microenvi-

ronment. Time domain spectroscopy on an ultrafast timescale

to monitor the J and K photointermediate formation shows ki-

netics which are unchanged from the wild type purple mem-

branes as well. On the microsecond to millisecond timescale,

flash photolysis experiments reveal deviations from native ki-

netics for the later photointermediates involved in reprotona-
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tion of the Schiff base and resetting of the photocycle, but no

off-pathway intermediates were observed, indicating an other-

wise native-like photocycle.

The vibrational dynamics of the retinal chromophore were

subsequently studied by ultrafast degenerate transient absorp-

tion spectroscopy, where the modes were quantified using

Fourier filtering and subsequent time domain fitting of the re-

covered vibrational transients. The use of nanodiscs for em-

bedding bR was critical in this analysis. The dramatic reduc-

tion in scattering led to a greatly improved signal to noise

ratio even for the weak excitation conditions employed in

this study. The low fluence also effectively minimized non-

resonant distortions about zero delays, and it was this fea-

ture which enabled analysis of the vibrational dynamics over

the entire temporal window following photoexcitation. While

many of the recovered excited state modes were not immedi-

ately assignable to known ground state vibrations, the long-

lived modes were all assigned to vibrations identified by Ra-

man scattering of the purple membrane bR.

Given the uncertain assignments of the excited state vibra-

tional modes, we hope this inspires future work to compare

with these results, both experimentally using novel spectro-

scopies specifically designed to resolve excited state vibra-

tional modes56,57, and computational and theoretical work to

provide a better understanding of the excited state nuclear dy-

namics.

Note added in proof

Following submission of this paper, another transient absorp-

tion study of the vibrational dynamics in bacteriorhodopsin

was published by Liebel et al.58, with similar experimental re-

sults as presented here, but reach an alternative interpretation

based on IVR from Raman active stretch modes to initially

dark HOOP and torsional modes on a sub-50 fs timescale.

This interpretation is not supported by our analysis, as we ob-

serve population of the breadth of excited state modes imme-

diately following photoexcitation.
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