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1 | INTRODUCTION

Abstract

Spontaneous Raman is a well-established tool to probe molecular vibrations.
Under resonant conditions, it is a largely used method for characterizing the
structure of heme-proteins. In recent years, advances in pulsed laser sources
allowed to explore vibrational features with complex techniques based on non-
linear optical interactions, among which is stimulated Raman scattering (SRS).
Building on its combined spectral-temporal resolutions and high chemical sen-
sitivities, SRS has been largely applied as a probe for ultrafast, time-resolved
studies, as well as an imaging technique in biological systems. By using a fre-
quency tunable, narrowband pump pulse jointly with a femtosecond white light
continuum to initiate the SRS process, here we measure the Raman spectrum of
a prototypical heme-protein, namely deoxy myoglobin, under two different elec-
tronic resonances. The SRS results are compared with the spontaneous Raman
spectra, and the relative advantages, such as the capability of our experimen-
tal approach to provide an accurate mapping of Raman excitation profiles, are
discussed.

KEYWORDS
chemical physics, heme-proteins, nonlinear optics, resonance Raman spectroscopy, stimulated

Raman scattering

tional response is achieved by tuning the Raman excitation
wavelength to match the energy of an allowed electronic

The study of molecular vibrations is pivotal for the under-
standing of physical and biochemical processes, allowing
to extract structural and dynamical information. A power-
ful technique for this purpose is spontaneous Raman (SR),
which is widely applied for the investigation of complex
molecular systems and condensed matter. Large (up to
10% times) and mode specific enhancement of the vibra-

transition of the system.!'3l Namely, resonance Raman
spectroscopy (RRS) enables to selectively isolate vibra-
tional contributions arising from differen chromophores,
providing detailed information with structural resolution
also in low cross section or low concentration compounds.

In this respect, heme-proteins represent one of the most
relevant examples. They are characterized by two main
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visible absorption bands associated with 7 — z* tran-
sitions, namely, the Q band (~550nm) and the Soret
band (~400 nm). Exploiting the resonance enhancement
allowed for detailed studies on the structural arrangement
of these proteins, as testified by seminal works where the
Raman modes have been correlated to specific nuclear
motions.I* 3 Different aspects influence how the reso-
nance enhancement depends on the photon wavelength,
related to both the vibrational mode frequency!®8! and
to the electronic resonance.!”-% 1% The structural charac-
terization has allowed to investigate ligation, oxidation,
porphyrin core size, spin state of the central metal atom,!*!
exploiting isotope substitution,''! point mutations,!?!
cryogenic conditions,'*! dependence on solvent pH,!4!
and composition.['*]

Moreover, the aim to understand the different processes
that modulate the specific function of heme-proteins,
such as the mechanisms ruling ligand binding and
allosteric regulation, has motivated great efforts towards
time-resolved studies. In fact, both ligand photolysis and
thermal relaxation in the heme moiety take place over
ultrashort timescales, from fractions to tens of picosec-
onds. Down to a few picoseconds, the vibrational evolution
can be tracked by single pulse techniques as transient
Resonance Raman Scattering!'®! and pump-probe exper-
iments as in time-resolved resonant Raman.!'”> 18 These
methods, however, become ineffective in the exploration
of subpicosecond temporal realms,!'>>2% due to the fun-
damental restrictions dictated by the Fourier transform
limit.

Recently, the development of nonlinear optics has
allowed to conceive new vibrational spectroscopies based
on pulsed lasers.[?°-2°! In particular, broadband stimulated
Raman spectroscopy (SRS)I?°-28] interrogates the sample
through the joint action of a pair of overlapped Raman
pulse (RP) and probe pulse (PP) at different wavelengths.
When the difference of their wavelengths equals a Raman
active mode, the SRS effect modifies the intensity and the
spectral profile of the detected PP, providing high intensity
coherent signals. For instance, this technique is intensively
used in microscopy to select different species in a label-free
configuration.??! Notably, the probed Raman features are
engraved onto the highly directional PP, and hence, SRS
provides an efficient suppression of the incoherent fluores-
cence background, which, on the contrary, often plagues
RRS spectroscopies overwhelming the Raman signatures.
SRS is a heterodyne detected technique, ie, the Raman
signal is retrieved as a gain on the top of the PP spectral pro-
file, at odds with the SR homodyne detection. Therefore,
although in SR the radiation-matter interaction gener-
ates new spectral components (positive peaks) emerging
over the dark noise, the SRS gain can result in more
complex profiles, with positive or negative amplitudes. In

particular, the SRS components that are blueshifted with
respect to the RP have no spontaneous anti-Stokes Raman
counterpart,3%! with profiles evolving from negative losses
to positive gains through dispersive lineshapes as a func-
tion of the resonance condition.*- 321 On the contrary, the
redshifted SRS signal typically shows positive profiles anal-
ogous to the Stokes bands detected in SR. Moreover, in SR
spectroscopy, the red and blue sides of the spectrum cor-
respond to Stokes and anti-Stokes processes, respectively.
Importantly, this is not the case for SRS: the SRS red-blue
side ratio is indeed insensitive to the local temperature.[3°!
For these reasons, in order to provide a direct comparison
of spontaneous and stimulated Raman techniques, in the
next sections we will focus only on the red side of the SRS
spectrum.

In our experiments, the narrowband RP has a 3-ps
time duration and the femtosecond PP extends over the
400 to 700-nm region. After the SRS interaction, the PP
pulse containing the Raman gain is dispersed onto an
optical multichannel analyzer. Such a pulse scheme has
several important advantages: (a) a simultaneous detec-
tion of the whole vibrational manifold, (b) a spectral res-
olution comparable with SR, (c) the suppression of any
fluorescence background, due to the highly directional
nature of the PP, (d) the possibility to turn SRS into fem-
tosecond SRS, 26:33-35] by simply adding an ultrashort
excitation pump pulse, which triggers a photochemical
process of interest. Thanks to the different temporal and
spectral properties of the pulses, femtosecond SRS repre-
sents an ideal tool to study structural changes in ultra-
fast photophysical and photochemical processes, provid-
ing both femtosecond time precision and high spectral
resolution. 2835371

Here we report the application of stimulated resonance
Raman scattering (SRRS) on heme-proteins, tuning the
RP at wavelengths matching the two dominant electronic
transitions in the visible absorption (Soret and Q bands).
In particular, we select a heme-protein model for studying
the tertiary protein motions, namely, myoglobin (Mb),38!
which possesses the key elements for understanding the
molecular cooperativity exhibited by hemoglobin in the
transport of oxygen.

Beyond assessing the spectral equivalence with RRS,
understanding the SRRS response at different electronic
and vibrational resonances is of primary importance for
both ultrafast!’®l and imaging!*! applications.

2 | EXPERIMENT

2.1 | Experimental setup

The two beams needed for the SRRS experiment are syn-
thesized from a Ti:sapphire laser, which generates 3.6 mJ
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FIGURE 1 Stimulated Raman spectra at different time delays
between probe pulse and Raman pulse in cyclohexane. The
decrease of cross section reducing the pulses time overlap is
testified by colormap (a). However, for negative time delays (ie, for a
probe pulse preceding the Raman pulse) the spectral resolution
increases, as emphasized by the normalized spectra in the (b) panel.
In particular, for At < —1 ps, two close vibrational wavenumbers
(1,442 and 1,464 cm™!) can be distinguished

of 40fs pulses at 800 nm with 1kHz of repetition rate.
The femtosecond PP is a white-light continuum obtained
by focusing a small portion of the laser fundamental into
a sapphire crystal. The generation of a narrowband RP
is the key point for obtaining stimulated Raman spec-
tra with high-frequency resolution finely tunable across
an arbitrary electronic resonance. In our case, the RP is
synthesized from a two-stage optical parametric ampli-
fier (OPA) that produces tunable near-infrared pulses, fol-
lowed by a spectral compression stage based on frequency
doubling in a 25-mm-beta barium borate crystal.l*?] An
additional cleaning of the spectral frequency is performed
by a double-pass (2f) spectral filter, which enables at the
same time to reduce the pulse linewidth and to increase
its time duration (as expected by Fourier transform limit),
rectifying its temporal profile.[*!-42) RP with central wave-
lengths of 557 nm, ~15cm™! of bandwidth, and 439.5 nm,
with a width of ~10cm™!, have been used for measur-
ing SRRS spectra in resonance with the Q and Soret
bands, respectively. For both the resonance conditions,
the RP energy has been set at 600 nJ. Both pulses were
linearly polarized, with parallel PP and RP fields. The
two pulses were focused noncollinearly (~10°) on the
sample. The PP is frequency dispersed by a spectrome-
ter onto a Charge-Coupled Device device, able to perform
single-shot acquisitions. A synchronized chopper blocks
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alternating RPs in order to obtain the Raman gain using
successive PPs. Indicating the PP spectrum with and with-

out the presence of the RP as Ip(w) and II(JO)(m), the Raman
Ip(w) -1
@) .

Notably, the time aelay At between the two pulses plays
a crucial role in determining intensities and lineshapes
of SRRS spectral features. As experimentally shown in
Figure 1a for liquid cyclohexane, the signal is enhanced
when the arrival time of the PP slightly precedes the RP.
On the other hand, the spectral resolution increases as
At decreases. This effect can be rationalized by consid-
ering the nonlinear nature of the SRS signal, generated
by three light-matter interactions.!! After being stim-
ulated by the simultaneous presence of RP and PP, the
oscillating vibrational coherence dephases with its char-
acteristic time until a third interaction with the RP gates
it, leading to the signal emission. The effective time win-
dow in which the vibrational coherence evolves, and hence
the effective spectral resolution of a SRS experiment, is
defined by the residual duration of the RP after the coher-
ence generation. For this reason, the spectral resolution
keeps increasing as the effective window is extended, or
equivalently as At decreases, reducing the gating of the
vibrational coherence. On the other hand, the intensity
of the SRS peaks is affected by two concurring terms: the
amplitude of the RP at the PP arrival time and the length
of the effective time window.[*}| Due to these two com-
peting factors, the maximum signal intensity appears at

gain is obtained as
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FIGURE 2 Raman gain of stimulated resonance Raman
scattering experiment in deoxy myoglobin tuning the Raman pulse
wavelength to match the Soret (a) and the Q bands (b). As opposed
to the nonresonant cyclohexane stimulated Raman spectroscopy
measurement shown in Figure 1, myoglobin spectra are accompa-
nied by Raman pulse-induced absorption changes of the probe
pulse, which we remove through a baseline subtraction routine, as
detailed in the main text. The baselines, obtained by a smoothing
algorithm, are represented by red lines
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slightly negative time delays. For these reasons, a mechan-
ical delay line is used to scan At, in order to optimize
the trade-off between the spectral resolution and peak
intensity.

2.2 | Sample preparation

Horse heart Mb was purchased from Sigma-Aldrich.
The freeze-dried protein was dissolved in degassed 0.1 M
phosphate buffer (pH 7.5), initially in the Fe(III) oxida-
tion state (“ferric” Mb), which is the stable air-exposed
form. The Mb solution was prepared anaerobically in a
transmission cell under a pure nitrogen atmosphere to
prevent exposure to atmospheric oxygen. A sodium
dithionite solution was added to reduce the heme group
to the Fe(II) oxidation state (“deoxy form”). The sam-
ple was allowed to flow anaerobically through the trans-
mission cell during the experiment by means of a peri-
staltic pump, so as to guarantee a fresh sample at every
laser shot (1KHz). The thickness of the sample was
0.5mm, and the concentration was 150 yM and 1.6 mM
for the measurement at Soret band and at Q band, respec-
tively. All the Raman measurements were performed at
room temperature.

3 | RESULTS AND DISCUSSION

The results of SRRS measurements on deoxy Mb in the
Soret and Q bands are reported in Figure 2 as blue lines.
Critically, transmission changes induced by the RP portion
that precedes the short PP and additional nonlinear contri-

butions from both the solvent and the Mb can lead to broad
background signals. For this reason, the SRRS gain usually
appears on the top of a baseline, which has to be further
removed in order to isolate the Raman contributions. Con-
sidering the richer frequency dependence of the Raman
signatures with respect to that of the background,4-!
we can extract the corrected SRRS spectrum dividing the
Raman gain by an iterative spline interpolation performed
on the data.l*”] As a first step, the spline is performed on
the full spectral range, and the regions that deviate from
it up to a positive fixed threshold are defined as those
influenced by Raman effects. Then, a similar spline pro-
cess is iteratively applied to the spectral regions marked as
non-Raman in the previous step, and an analogous proce-
dure is used to identify the region that has to be excluded in
the next step. The baseline that has been removed from the
data, shown by the red lines in Figure 2, has been obtained
iterating 4 times the spline procedure.

The resulting SRRS spectra of deoxy Mb in resonance
with the Soret band are reported by the red lines in
Figure 3. The narrowband (~10cm™) nature of RP guar-
antees a spectral resolution analogous to that of the
RRS measurements from previous works.!> 12l We find a
very good agreement between the peak positions in our
data and the vibrational wavenumbers reported in liter-
ature. Specifically, we observe a dominant contribution
of v4 and v; modes, which exhibit the A;, symmetry.*!
As shown in Figure 4, by tuning the RP at 557nm,
we probe the Q band-resonant SRRS spectrum. In anal-
ogy with the RRS measurements, performed under sim-
ilar resonance conditions,?! peak intensities are affected
by the change in RP wavelength. In particular, a large

Raman Intensity

3

Raman Gain X10

1400 1600

1200

Wavenumber/cm™!

FIGURE 3 Stimulated resonance Raman scattering (SRRS) spectra obtained with the Raman pulse at 439.5 nm (red line). The SRRS bands
are compared to those obtained by resonance Raman spectroscopy (RRS) at 441.7 nm in the low!’?! and high[®! wavenumber range (black

lines). The most intense bands are highlighted by blue dashed lines and labeled by Abe notation
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FIGURE 4 Stimulated resonance Raman scattering (SRRS) spectra obtained with the Raman pulse at 557 nm (red line). The SRRS result is
compared to those obtained by resonance Raman spectroscopy (RRS) at 565 nm reported in Franzen et al.¥l (black line). The most intense
bands are highlighted by green dashed lines and labeled with Abe notation

cross section enhancement of the modes with Bjg and
Ayg symmetry (vip-»g) is revealed, whereas modes with
Ay, symmetry (as vs, v, and vs) appear less intense.
As sketched in Figure 5, in the Raman processes, the
excitations of vibrational coherences are sensitive to the
mode-specific coupling to the electronic transition that
makes different vibrational modes undergoing diverse res-

onance enhancements. % 1048, 4]
For both the probed resonance conditions, the SRRS

spectra show a general agreement with the RRS data. The
latter are reported as black lines in Figures 3 and 4,
for the spectral regions available in the literature.l> % 12!
A careful inspection of the Raman shifts and mode
intensities (extracted as the area of fitted Lorentzian
profiles and reported in Table 1) reveals significant devi-
ations in the relative amplitudes and small shifts in the
peak positions.

In SR spectroscopy, the emitted radiation is typically
collected at 90° with respect to the pump pulse, with-
out selecting any polarization component. Measuring the
emitted Raman photons with polarizations only parallel
(1)) or orthogonal (I, ) to a vertically polarized PP can be
exploited to measure the depolarization ratio p = II—l.[SO]

In our SRRS experiments, performed in forward collec-
tion, only the photons with polarization parallel to the
PP undergo stimulated Raman effect. Therefore, when
the PP and RP have parallel polarizations, the SRRS sig-
nal corresponds to the I, intensity detected in an SR
experiment. For this reason, a direct comparison of the
peak amplitudes should take into account the depolar-
ization ratio p, with the intensity ratio of the SR and
SRRS amplitudes scaling as IIR% = 1+ p. In Table 1,

SRRS

the validity of such a scaling is verified, using depolar-
ization ratios measured in Bangcharoenpaurpong et al.l®!
and Franzen et al.%) Significant deviation of —+2— from

IRRS/ISRRS
unity are found, as reported in Table 1, likely induced by

the slightly different RP wavelengths of RRS and SRRS
experiments (441.7 and 565nm for the RRS and 439.5
and 557 nm for the SRRS, for Soret and Q band-resonant
Raman spectra, respectively) and p extrapolation, mea-
sured at 568 and 434 nm. Both p and the Raman peak cross
section depend indeed on the RP wavelength across the
absorption profile.[]

The similarity between spontaneous and stimulated
Raman spectra can be rationalized evaluating the opti-
cal signals through perturbative expansion of the polar-
ization in powers of the radiation-matter interaction
Hamiltonian.?!- 3! The use of a diagrammatic framework,
developed to represent in a compact way different nonlin-
ear optical processes, *2! shows that both spontaneous and
stimulated Raman scattering arise from the third-order
nonlinear susceptibility y®.[2!] Under nonresonant con-
ditions, it is well established that SR and SRS signals can
be expressed as a function of the same y® [22] and they
are accounted for by the same terms in the diagrammatic
theory.[53! For this reason, the SRS spectrum, in the region
redshifted with respect to the narrowband RP, gives the
same information of its spontaneous counterpart,31- 41> 54l
albeit that the two effects are generated through differ-
ent radiative processes. On the contrary, when the RP is
tuned in resonance with an electronic transition, besides
intensity enhancements, spectral features in SRRS possibly
experience lineshape modifications due to the specific con-
ditions in which the experiment is done (mismatch from



Journal of

FERRANTE ET AL.

o | _RAMAN
WILEY-gpECTROSCOPY

TABLE1 Mode assignment, peak positions, intensities, and depolarization ratios (p) for Raman-active modes in deoxy myoglobin
recorded under Soret and Q bands resonant excitations. Dashes indicate that the corresponding Raman band has not been observed in the

measurements.
Soret Q band
VSRRS VRRS Isgrs  Irrs P = 17;) VSRRS VRRS Isgrs  Irrs P = 1;1,3
rrs/Isers ers/Isrrs
Mode (cm™) (cm™) (cm™) (cm™)
Vo His 213 220 81 147 015 06
Vo 247 242 8.4 1.1
¥s 298 300 7.2 438
Vg 341 339 2.7 1.3
8(CyC.Cq) 370 370 5.0 28 013 20
8(CyCaCy)s 405 405 2.8 14
8(CyCaCy), 435 435 11 1.0
- 490 482 2.0 1.4
Yoz 499 498 11 1.7
Va1 550 544 0.8 0.3
vy 672 673 12.9 15.0 0.16 1.0 676 8.1
- 721 717 0.5 0.9 - ;
vs 734 731 0.4 0.8 ; ;
Vis 749 755 0.7 2.1 754 52
Viy 774 777 1.1 3.0 ; ;
Ve 786 788 1.5 1.1 786 1.5
- 806 1.2 - -
- - - 971 1.2
Vs 1,115 1.9 1,115 1,114 3.6 3.4
- 1,133 2.3 1,135 1,133 9.8 5.4
- - - 1,176 1,175 4.7 1.3 0.42 5.2
vis - - 1,210 1,209 54 88 048 09
Va1 - - - - 1,305 1,300 4.9 5.2 1.41 2.2
Voo - - - - 1,337 1,338 2.2 3.4 0.77 1.1
Va 1,353 1,357 17.5 20.5 0.17 1.0 1360 1363 4.1 1.6 0.37 3.5
- - - - - 1,397 1,398 1.0 0.8 0.64 1.9
- - - - - - - - - 0.65
- 1,428 1,427 1.1 0.6 1,424 1,431 1.1 4.2
- 1,446 1,455 0.5 3.1 - - - -
V3 1,467 1,473 2.2 0.9 - - - - 0.24
Vag 1,520 1,525 1.3 1.5 1,518 1,522 3.6 5.5 0.61 1.0
Vi1 1,550 1,556 1.9 6.0 1,544 1,548 20.6 24.1 0.81 1.5
Vig 1,561 1,565 2.2 3.9 1,561 1,563 1.2 3.9 1.00 0.6
- 1,587 1,591 0.5 1.3 1,578 1,584 1.5 5.1 0.52 0.5
Vio ; ; ; ; 1,604 1,610 6.3 93 047 1.0
Ve_c 1,616 1,620 2.6 6.1 1,616 1,627 1.6 1.2

Note. The stimulated resonance Raman scattering (SRRS) spectra are compared with resonance Raman spectroscopy (RRS) results extracted from the spectra in
Spirol3], Franzen et al.l°!, and Hu et al.[?], and the intensities have been estimated as the area of the specific Raman bands. The RRS reported in Figures 3 and 4
have been normalized at the intensity of the v, v;, and v, modes, for the Q band-resonant and low and high wavenumber region Soret band-resonant spectra,

1+p
Irrs/Isrrs
band and in Franzen et al.l! for the Q band.

respectively. The ratio

the “full” resonant wavelength, shape of the absorption
spectrum, Condon factors, vibronic coupling, or multi-
mode effects) and to additional diagrams, representing
different matter—fields interactions with no spontaneous
analogues. Notably, although the specific dependence of

reported in the table has been calculated using the depolarization ratio p reported in Bangcharoenpaurpong et al.!®! for the Soret

the SRRS blue side lineshapes on the RP wavelength and
absorption spectrum has been recently addressed,!*5-57!
the nature of the spectral profiles in the red side of an
SRRS spectrum is currently debated.[** 57-3] In particular,
the presence of peak shifts and dispersive shapes under
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FIGURE 5 Concept of resonant Raman enhancement under
distinct electronic excitations in deoxy myoglobin. The v; band is
coupled to the Soret electronic transition, and hence, efficient
coherent stimulation of this mode is achieved by the joint action of
a ~440 nm Raman pulse and a redshifted probe pulse. On the
contrary, the vy, is electronically coupled to the Q band, and hence,
it undergoes a resonant enhancement upon an excitation with a
Raman pulse tuned at ~540 nm

specific electronic resonances has been advanced.! In
our SRRS measurements, performed in resonance with the
two different broad electronic levels in the visible range
of Mb, no dispersive features have been observed. These
observations hence indicate that SRRS is a powerful tool
to extract the Raman excitation profiles in heme-proteins,
which can be directly compared to the ones obtained by
continuous-wave RRS measurements.

4 | CONCLUSIONS

Using a narrowband (10-15cm~! of bandwidth), fre-
quency tunable RP, we measured the SRRS spectra of
deoxy Mb, in resonance with the two main absorption
bands in the visible, the Q and Soret bands. We found an
excellent agreement between our measurements and SR
data, achieving at the same time an efficient suppression
of fluorescence background.

In the last years, spectral profiles of SRS bands upon
resonant conditions have been the focus of an intense
debate. Lineshape modifications, such as dispersive or
broad profiles, can potentially hamper the spectral inter-
pretation. On the basis of the present observations and on
Ferrante et al.'%! and Batignani et al.,l’”! this seems not
to be the case in Mb, for which sharply positively peaked
SRRS features have been reported. A crucial advantage
of the presented SRS experiment is represented by the
possibility of continuously tuning the RP wavelength,**]
allowing a fine mapping of the Raman excitation profiles
along the sample absorption bands, as recently shown in
Batignani et al.[%]

_RAMAN
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Our results substantiate the potential of this technique
as a competitive candidate for the vibrational characteriza-
tion of complex macromolecules. Moreover, the extension
of SRS to the domains of microscopy!?®! and time-resolved
studies!'® 47- 6% boosts its significance as a state-of-the-art
spectroscopic tool for the biochemical and material
sciences.
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