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Far-Infrared Emission by Boson Peak Vibrations in a Globular Protein
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The Raman- and neutron-scattering spectra of proteins and supercooled liquids display a co
feature at low frequency, the boson peak. We elucidate its microscopic nature in relation to biolo
activity and the glass transition. Our experiments show that optical pumping of a heme protein
to nonthermal emission in the far-infrared related to boson peak vibrations. The vibronic relax
of the heme group channels energy into far-infrared modes which are damped with tempe
and hydration. The results are consistent with a viscoelastic model of boson peak excita
[S0031-9007(99)08836-5]
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One of the basic questions of biomolecular dynam
ics concerns the statistical time correlation of structur
and functional variables [1,2]. Most globular proteins a
composed of one or several functional sites which a
shielded from the surrounding solvent by a highly folde
and closely packed polypeptide chain. However the b
logical activity of these molecules also involves the e
change of substrate and product molecules between
protein interior and the solvent, which requires a limite
degree of structural flexibility. Several normal mode stu
ies suggest that the conformational path between open
closed forms of these proteins proceeds via a few de
calized low-frequency modes in the range below 20 cm21

[3,4]. The corresponding vibrational frequencies fall i
the range of fast dissipative processes which raises dou
whether such oscillations can persist for several periods

The Raman- and neutron-scattering spectra of hydra
proteins generally exhibit a broad central line with a wea
shoulder between 15 and 30 cm21 [5,6]. With decreasing
temperature [7,8] or degree of hydration [9] the centr
line narrows, while the shoulder develops into a broa
peak. These results could be reproduced qualitativ
by molecular dynamics simulations [10,11] of a sing
myoglobin molecule, suggesting an assignment to
tramolecular modes. The peak proved to be unspecific
protein structure and folding but can be easily perturb
by changes in hydration or solvent composition.

In this Letter we draw attention to the remarkable sim
larity of the Raman- and neutron-scattering spectra of p
teins with those of supercooled liquids and glasses [1
The conspicuous broadband in unstructured systems
been called the “boson peak” [13] and is a characteris
feature of low molecular weight glasses which is not o
served in the spectra of the corresponding single crysta
Early explanations were based on the concept of disord
induced scattering [14]. A recent model describes
system of coupled classical oscillators with spatially flu
tuating nearest neighbor force constants [15]. Molecu
simulations [16] and neutron-scattering experiments [9]
proteins indicate a damped librational character of sid
chain oscillations at low frequencies. Thus the broa
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band can be understood as a manifestation of the ela
limit in the viscoelastic behavior of liquids. Generalize
hydrodynamics accounts for the finite relaxation time
dissipative processes [17]: The friction coefficient be
comes frequency dependent, decreasing at high frequ
cies. In molecular hydrodynamics the dynamic structu
factor Ssq, vd for each modeq with frequencyVsqd is
the imaginary part ofSsqdFsq, vd, where [8,18]

Fsq, vd  2
v 1 V2sqdMsq, vd

v2 2 V2sqd 1 vV2sqdMsq, vd
. (1)

Ssqd denotes the static structure factor.Msq, vd repre-
sents a generalized friction which can be decomposed i
a Newtonian frictionnsqd  V2sqdgsqd and a relaxing
partmsq, vd,

Msq, vd  igsqd 1 msq, vd . (2)

In neutron-scattering experiments one directly probes t
dynamical structure factor which contains coherent a
incoherent contributions. The incoherent cross secti
of the protein hydrogens dominates the scattering, wh
leads to an approximatelyq independent line shape of the
spectra at low frequency [19].

Figure 1 shows the neutron-scattering functionSsq, vd
at q  1.7 Å21 of lyophilized myoglobin at 150 and
300 K and a spectrum of D2O-hydrated myoglobin at
180 K for comparison. The experiments were perform
with the time-of-flight spectrometer IN 6 at the Institut
Laue-Langevin in Grenoble using a neutron waveleng
of 0.51 nm. To compensate for a harmonic temper
ture dependence the low temperature spectra were sc
to 300 K using the Bose occupation factor,nsv, T d 
1yfexpsh̄vykBTd 2 1g. The spectra superimpose abov
3 meV as expected of harmonic behavior. The da
at 150 K display a well-defined minimum between th
resolution-limited elastic peak atv  0 and the maxi-
mum of the boson peak at 2.5 meV. Note that the spe
trum of the hydrated system has less intensity at lo
frequency in relation to the dehydrated case. We ass
this difference to strong protein-water hydrogen bon
which depress the librational motions of the polar sid
© 1999 The American Physical Society 2987
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FIG. 1. Quasielastic neutron-scattering spectra of d
myoglobin at 150 and 300 K and a two mode fi
to the viscoelastic model of Eq. (1). Parameter
F1s150 Kd  1.2, F1s300 Kd  0.7, F2  2, t

21
1,2 s150 Kd 

0.09 meV, t
21
1,2 s300 Kd  0.18 meV, g1  0.7 meV21, g2 

0.55 meV21, V1  1.9 meV, andV2  2.8 meV; a constant
of 0.09 was added and the components were weighted
0.7 (1) and 1.5 (2). Data of hydrated myoglobin at 180 K a
shown for comparison.

chains. Increasing the temperature to 300 K leads
quasielastic broadening of the central line filling the min
mum between the central line and the boson peak. T
quasielastic intensity evolves at the expense of the ela
central line and not by an apparent softening of the bos
peak vibrations. To probe whether a viscoelastic mod
can account qualitatively for the temperature evolution
the spectra, we adjust the theoretical curve [Eq. (1)]
150 K using a superposition of two modesV1, V2.

For simplicity we also assume aq-independent
Lorentzian line shape for the spectrum of the frictio
kernel, msvd  2Fysv 1 iytd which is equivalent to
Maxwell’s viscoelastic model of liquids.F denotes the
area of the Lorentzian andt is the correlation time of the
relaxing friction. t is adjusted to 7 ps which correspond
to the width of the resolution-limited elastic line. To
model the spectrum at 300 K we adjustt to 3.5 ps. F
was reduced from 1.2 to 0.7 consistent with some mo
softening. The other parameters were kept consta
The resulting spectrum reproduces the 300 K data rat
well. Note that the low-frequency vibrationV1 is much
more affected by the relaxing friction than the secon
mode atV2. The model mimics a common observatio
with boson peak spectra which display nearly harmon
temperature dependent high frequency wings.

Boson-type modes were seen with some heme prote
directly in the time domain: In genetically modified bac
terial reaction centers damped oscillations in the nucle
coordinates of an excited state were recorded at low te
peratures. The Fourier analysis revealed the presenc
a low-frequency component at 15 cm21 [20], which was
attributed tentatively to structural modes. The oscillato
behavior disappeared above the glass temperature of
2988
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solvent. However with deoxy-myoglobin underdampe
oscillations at 75 cm21 using optical femtosecond pulse
were reported to persist at room temperature for seve
periods. The feature was assigned to a doming mode
the planar heme group [21,22]. Most interesting, Aus
et al. [23] could perturb the reaction rate of CO with th
heme group of myoglobin using the far-infrared radiatio
of a free electron laser which was tunable from 45
55 cm21. The nonthermal rate enhancement disappe
above the glass temperature of the solvent. In princip
the kinetic perturbation could result from specific excit
tion of heme doming modes, but this assignment wou
leave the requirement of low temperatures unexplain
Alternatively one could consider a tight coupling betwe
vibronic relaxation of the heme and structural modes
the boson peak region which become overdamped at h
temperatures.

We address the question of damping directly by e
ploiting the suggested coupling of the heme to structu
modes of myoglobin. We excite the iron porphyrin b
visible light in theQ-band region at 532 nm. The elec
tronic excited state decays on a subpicosecond time s
by vibronic relaxation; the fluorescence of iron porphyri
is strongly quenched [21]. A fraction of the energy wi
excite low-frequency protein modes which, depending
the degree of damping, may exhibit radiative decay in t
far infrared (FIR). The FIR channel competes with fa
dissipative processes. The emitted FIR intensity can t
serve as a sensitive monitor of viscous damping in the
son peak region.

In the relevant wavelength range, 200–500mm broad-
band, fast pyroelectric transducers can be employed
detectors. The main drawback is their poor sensitiv
(0.25 mAyW, Molectron P1-15). To discriminate the sig
nal from a slowly varying FIR background, we excit
the protein using the spatially expanded 10 ns pulse
a frequency-doubled Nd:YAG laser at 532 nm. To sele
the FIR signal, we use a bank of filters: (1) a 3 mm thi
fused silica substrate which carries the sample. Fused
ica is transparent in the visible and near infrared up
4.5 mm and again in the FIR,150 to .1000 mm [24,25].
(2) A 1 mm thick germanium plate which is transpare
in the near (.1.9 mm) and far infrared serves to elimi
nate the green light of the laser pulse. (3) To block t
near infrared we employ0.1 mm of carbon blackened
polyethylen foil, transparent from 25 to.1000 mm [26].
The resulting low pass filter has a transmission of 7
above 150mm and less than1025 at shorter wavelengths
measured with a Bruker IFS 113v FT-IR spectromet
After amplification, the signal is monitored and averag
(100 shots) with a digital oscilloscope (LeCroy 9310).

Films of metmyoglobin (horse muscle) were prepar
by drying 200ml of a concentrated protein solution
(1 mM, phosphate buffered topH 7.6) on the substrate
plates in a desiccator containing silica gel. Hydrat
samples (0.35 gyg) were by obtained storing the films
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four days at 90% humidity over a saturated sodiu
chloride solution. At 532 nm, the optical absorption o
the samples was 75%. Thus 32 mJ of the 43 mJ la
energy were absorbed by the sample. The result
heating effect of the sample does not exceed 3±C.

Figure 2 shows the sensor response for a dry myoglo
film. The emission is prompt and occurs only durin
the 10 ns of the exciting laser pulse. This result is
be expected considering that the lifetimes of the prote
structural modes are in the range of a few picosecon
The time signature demonstrates that we are observin
nonthermal effect. A prompt temperature step by 3±C
as mentioned above would produce a step in the therm
emission. Furthermore, our signal is by serveral orde
in magnitude larger than the one expected as an up
limit of such a temperature increase according to t
Stefan-Boltzmann law. We also carefully eliminated th
possibility of leakage of green light hitting the detecto
and the contamination by electronic noise. We subtra
a “dark” spectrum from the data to remove electr
interference. Neither the empty cell with all the window
nor carbon black as a sample produced any sign
Further the observed peak amplitude of the detected sig
changes in a reproducible manner when the temperat
is cycled. To measure the total emitted FIR energy w
integrated the sensor response with a short time cons
(150 ns) to overcome the limited sampling rates100 3

106 samplesysecd of our oscilloscope. The inset shows
how the peak amplitude of the integrated signal, whic
is proportional to the total emitted FIR energy, varie
with temperature and hydration. The detector-amplifi
system was calibrated with attenuated light pulses
known energy (Ophir joulemeter) in the visible range
The detector sensitivity is wavelength independent.

Figure 3 shows the energy ratio of the FIR emission re
tive to the absorbed energy of the incident laser pulse. F
the dry sample this fraction remains constant at tempe
tures below 200 K. The FIR intensity decreases abo
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FIG. 2. Detector signal for dry myoglobin at 130 K. The
inset shows the integrated signal, whose peak amplitude
proportional to the emitted FIR energy, for dry and hydrate
myoglobin at 120 and 320 K and for the denaturated sample
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200 K reaching a level of 50% at 320 K. The samp
was then hydrated to 0.35 gyg and reexamined afterward
in the same setup. At 300 K we observe approximat
the same signal as in the dehydrated case, which incre
slightly with decreasing temperature. At low temperatur
however, we find that the FIR signal of the hydrated pr
tein levels off at a significantly lower value. Furthermor
an exposure of the hydrated sample to temperatures ab
320 K leads to a decrease in the signal. Optical insp
tion of reference samples shows that the protein denatu
in this temperature range. These results can be unders
in the context of neutron-scattering studies of dry and h
drated myoglobin: The boson peak is depressed in
hydrated system by strong protein-water hydrogen bo
at low temperatures (Fig. 1). This implies a reduced
brational amplitude which is consistent with a lower FI
intensity observed for hydrated myoglobin below 200
Above 200 K the neutron-scattering spectra exhibit
creasing quasielastic broadening as displayed in Fig. 1
a particular temperature [8,9]. The assignment of t
effect to a particular molecular process is not straig
forward. However, the FIR emission decreases with
creasing temperature. This result together with the mo
calculations presented in Fig. 1 support a viscoelastic li
broadening mechanism. We thus assume that the radia
decay competes with dissipative processes. To estim
the radiative fractionfr we relate the vibrational frequenc
Vr  0.5yps to the rate of dissipative decaykdiss. For the
latter we assume an Arrhenius temperature depende
kdiss  k0 expf2HysRT dg,

fr  F
Vr

Vr 1 kdiss
. (3)

F denotes the vibronic coupling coefficient assumed
be independent of temperature. The fit shown in Fig
yields an activation enthalpyH of 11 (62) kJymol

FIG. 3. Ratio of the total emitted FIR energy to absorb
laser energy for dry and hydrated myoglobin films. The arro
shows how the signal of the hydrated sample decreases wi
1 h at 320 K. The ratio was calculated from the calibrat
detector response taking filter transmission and beam geom
into account.
2989
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and logfk0ys1 s21dg  13.6 s60.5d for the dissipative
process. These numbers are consistent with the br
ing of a single hydrogen bond and similar to those d
rived in the analysis of the neutron-scattering spectra
hydrated myoglobin [7]. The decrease in FIR intensit
observed with dry and hydrated myoglobin in the tem
perature range above 220 K suggests a similar degree
viscoelastic damping. One might expect that the additio
of water enhances the damping efficiency. The unfoldin
experiment supports this view: Denaturation of the hy
drated protein exposes the heme and buried side chain
water which leads to the observed loss in FIR intensity
320 K. The nearly identical FIR intensities may indicat
that intramolecular friction and water, to a lesser exten
control the damping of excitations in the boson peak r
gion in the native protein.

To summarize, we provide evidence that the vibron
relaxation of an optically excited state of a heme prote
leads to radiative decay in the FIR below 70 cm21. Since
the lowest known intramolecular vibrational frequenc
of the heme is the doming mode at 75 cm21 [21],
our results point to a tight coupling of low-frequency
structural modes and librational modes of the heme
a whole. The coupling mechanism may explain in pa
why FIR irradiation allows one to modify the ligand
binding kinetics at low temperatures [23]. Our analys
supports the relevance of viscoelastic damping of mod
in the boson peak region which may have implication
on similar spectral features of supercooled liquids [27
The experiment also shows that a pulsed FIR sour
can be built with optical lasers using the coupling of
chromophore to boson peak modes. The transformat
efficiency in our setup was in the range of1025.

The project was supported by grants of the Deutsc
Forschungsgemeinschaft (Do.241y2) and the German
Bundesministerium für Forschung und Technolog
(03DO4TUM0). Technical support by H. Schober (In
stitut Laue Langevin, Grenoble) and FIR-transmissio
measurements by U. Schneider and F. Mayer (Univers
of Augsburg) are gratefully acknowledged.
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