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Vibrational energy flow in hemeproteins has been examined by picosecond time-resolved anti-Stokes resonance
Raman spectroscopy. By taking advantage of the extremely short nonradiative excited state lifetime of heme in the
protein (<< ps), excess vibrational energy of 20000-25000 cm ' was optically deposited selectively at the heme site.
Subsequent energy relaxation in the protein moiety was investigated by monitoring the anti-Stokes Raman intensities
of heme and tryptophan residues. Our results demonstrate that the present technique is a powerful tool for studying the
vibrational energy flow in proteins.
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Fig.1 Macroscopic (A) and microscopic
measurements of “heat” energy dissipation.
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Fig.2 (A) Time-resolved resonance Raman spectra on the
Stokes side of photodissociated MbCO for time delays from 25
to 50 ps. The time-resolved resonance Raman difference spectra
were obtained by subtracting the probe-only spectrum from the
pump-probe spectra with an appropriate factor. Spectral
intensities were corrected for absorbance changes by using the
intensity of the 980 cm ' band of sulfate ions present in the
solution. Stokes spectra of the equilibrium deoxyMb and MbCO
are depicted for comparison. (B) Time-resolved resonance
Raman spectra on the anti-Stokes side of photodissociated
MbCO for time delays from 25 to 50 ps. The spectra are
represented as difference spectra relative to the probe-only
spectrum. (From Ref. 25. Reprinted with permission from
AAAS)
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Fig.3 (A) Temporal profiles of intensities of the Stokes v,
(squares) and v, (circles) bands. The solid and broken lines are
the best fit to a step function (assuming instantaneous rise and
very slow decay) for the v, and v; bands, respectively. (B)
Temporal profile of absorbance AA of deoxyMb at 435 nm after
excitation at 540 nm. The cross correlation traces between the
pump and probe pulses are depicted by a dotted line. (C)
Temporal profiles of anti-Stokes intensity of the v4 band (circles).
The solid lines are the best fit to a double-exponential decay
convoluted with the instrument response function, and the
obtained decay time constants were 1.9+0.6 (93%) and 16£9 ps
(7%). The broken line is the best fit to a single-exponential
decay convoluted with the instrument response function, and the
obtained decay constant was 2.3+ 0.8 ps. (From Ref. 25.
Reprinted with permission from AAAS.)
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Fig.4 Time-resolved anti-Stokes UVRR spectra of ferric
cytochrome c¢ for time delays from -5 ps to 100 ps. Probe and
pump wavelengths are 230 and 405 nm, respectively. The top
trace is the probe-only spectrum corresponding to the
anti-Stokes UVRR spectrum of ferric cytochrome ¢ divided by a
factor of 2. The other spectra are time-resolved difference
spectra generated by subtracting the probe-only spectrum from
the pump-probe spectrum at each delay time. The asterisk
represents the sulfate band at 983 cm ' as an intensity standard.
The accumulation time for obtaining each spectrum is 116 min.
(Reprinted with permission from Ref. 28. Copyright 2013
American Chemical Society. )
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Fig.5 Temporal intensity changes of the anti-Stokes (a) W18
and (b) W16 bands in the range of -5 to 50 ps upon S, (405 nm)
excitation. Circles indicate the band intensity measured at each
delay time relative to the band intensity in the probe-only
spectrum. Solid lines are the best-fits to a double exponential
function of the form I;[exp(— t/rdecay) — exp(— t/Trise) |
convoluted with the instrument response function. (Reprinted
with permission from Ref. 28. Copyright 2013 American
Chemical Society.)
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Fig.6 Myoglobin mutants used for time- and space-resolved
mapping of energy migration in protein. Green spheres represent
tryptophan residues introduced as the probe molecule for the
energy migration. Pink and red spheres represent the heme group,
the heater molecule.
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Fig.7 Time-resolved anti-Stokes UVRR spectra of ferric
myoglobin for time delays from -5 ps to 50 ps. Probe and pump
wavelengths are 230 and 405 nm, respectively. The top trace is
the probe-only spectrum corresponding to the anti-Stokes UVRR
spectrum of ferric myoglobin divided by a factor of 2. The other
spectra are time-resolved difference spectra generated by
subtracting the probe-only spectrum from the pump-probe
spectrum at each delay time.
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Fig.8 Temporal intensity changes of the anti-Stokes W18 band
in the range of -5 to 25 ps upon photoexcitation. Circles and
triangles indicate the band intensity of Trp28 and Trp68 mutants,
respectively, measured at each delay time relative to the band
intensity in the probe-only spectrum. Solid lines are the best-fits
to a double exponential function of the form
I [exp(— t/Tdecay) — exp(— t/Trise)| convoluted with the
instrument response function.
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