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Protein Dynamics in Photosystem II Complexes of Green Plants Studied by Time-Resolved
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We have studied the protein dynamics of three subcore reaction-center complexes of photosystem II: the
isolated reaction center (RC), the core antenna CP47, and the CP47 RC complex by means of time-resolved
hole-burning in the red wing of their Qy-absorption bands. The dependence of the “effective” homogeneous
line width Γ′hom on temperature T between 1.2 and 4.2 K suggests that optical dephasing in these proteins is
determined by two-level systems (TLSs), as in doped organic glasses. By contrast, the increase of Γ′hom as a
function of delay time td (between burning and probing the hole) from 10-5 to 105 s, caused by spectral
diffusion (SD), differs from that in glasses and is characteristic for each complex. CP47 RC does not undergo
any SD over 10 decades in time for T e 4.2 K, i.e., Γ′hom ) constant at a given temperature. Although CP47
and the RC do not show SD for td e 1 s, they do for longer delay times, with Γ′hom increasing logarithmically
with td. The onset and amount of SD appear to be correlated with the mass of the protein. We conclude that
only slow motions, related to TLSs located at the more flexible surface of the protein (with a broad and
continuous distribution of rates R < 1-3 Hz), contribute to SD at long delay times and that the whole protein,
or a substantial part of it, is involved in SD. Fast, local fluctuations associated with a rigid, crystalline-like
inner protein core are responsible for “pure” dephasing at short td.

1. Introduction
One of the aims of studying conformational dynamics of
proteins is to get further insight into their structure-function
relation. Proteins in their native state have a well-defined tertiary
structure and are ordered like crystalline systems. But to perform
a biological function they have to be flexible and adapt their
structure to that function, i.e., they have to undergo conformational changes. Proteins, indeed, assume a large number of
slightly different structures, called conformational substates
(CSs), separated by energy barriers that can be crossed either
by tunneling or thermal activation. Thus, they exhibit structural
dynamics by going from one CS to another.1,2 Because the
distribution of energy barriers is broad, the dynamics of proteins
cover a wide range of time scales. The corresponding multidimensional energy surface, called the energy landscape (EL),
has a rugged structure superimposed on a deep well.3 ELs are
reminiscent of two-level systems (TLSs) in glasses,4,5 but the
difference is that proteins have structures in which the CSs are
supposed to be hierarchically organized;6 glasses, by contrast,
are randomly disordered.
Because individual protein molecules occupy different CSs
and the electronic transition frequency of a pigment bound to
the protein depends on its conformation, the optical absorption
spectrum of an ensemble of molecules of a given protein is
inhomogeneously broadened. The “flipping” from one CS to
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another within the inhomogeneous band can be studied by
following the shift of the optical resonance frequency as a
function of the experimental time scale. This process, which is
called spectral diffusion (SD), causes an increase of the
“effective” homogeneous line width Γ′hom with time. SD yields
information on the conformational dynamics of proteins through
the distribution of fluctuation rates P(R). Laser line-narrowing
techniques, like photon echoes and spectral hole-burning, are
ideal tools to investigate spectral diffusion in pigment-protein
complexes.
Thus far, only a few studies have been reported on protein
dynamics at low temperature by means of optical spectroscopic
methods: three-pulse photon echoes,7-10 infrared vibrational
echoes from 60 to 300 K,11 temperature-cycling hole-burning
in the 100 mK range10,12,13 and between 4 and 70 K,14 and lowresolution transient hole-burning from 180 to 300 K.15 The
proteins investigated were Zn mesoporphyrin IX substituted
myoglobin8-10 and cytochrome c,7 wild-type myoglobin,11 and
free-base10,12-14 and Zn15 protoporphyrin IX substituted myoglobin. The photon-echo results of refs 7-10 obtained in a time
span between 10-10 and 10-1 s suggested that only a limited
number of sharp fluctuation rates are active at low temperatures,
in contrast to a continuous distribution of rates found for
glasses.16-18 Although the nature of the molecular mechanism
was not revealed by these photon-echo experiments, it was
believed that the discrete relaxation rates observed for myoglobin
correspond to conformational fluctuations that involve motions
of many atoms and possibly of the whole protein.8
Here we present results on the protein dynamics of three
subcore complexes of photosystem II (PS II) of green plants
between 1.2 and 4.2 K obtained by high-resolution time-resolved
spectral hole-burning (HB) covering 10 orders of magnitude in
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Figure 1. Trap distributions in the absorption spectra of the RC, CP47,
and CP47 RC complexes at 1.2 K. The CP47 RC complex has two
traps corresponding to the RC and the CP47 components.20

time, from 10-5 to 105 s. The systems studied are the isolated
reaction center (RC), the CP47-core antenna, and the CP47 RC
complex.19 The HB experiments were performed on their “trap”
pigments, i.e., pigments not involved in energy transfer and,
therefore, characterized by narrow holes. Their widths at
temperature T f 0 are determined by the fluorescence decay
time of a few nanoseconds. The spectral distributions of these
trap pigments, shown in Figure 1 together with the absorption
spectra of the three complexes, have been previously determined.20
The PS II consists of a light-harvesting complex called LHC
II21 and a central core.19 The latter includes the reaction center
RC,22 where primary charge separation occurs, and several core
antenna complexes.23 The isolated RC is the smallest subunit
of PS II that shows photochemical activity. It consists of the
D1 and D2 proteins, the cytochrome b559 polypeptide, and the
psbI gene product. The proteins bind six chlorophylls a (Chl
a), two pheophytins a (Pheo a), and one or two β-carotenes.24
The RC has a molecular mass of ∼110 kDa. The core antenna
CP47 is a monomeric protein attached to the RC with a
molecular mass of ∼70 kDa. It comprises probably six
hydrophobic transmembrane-spanning R helices25 that bind 1315 Chl a molecules26,27 and two β-carotenes. The largest
complex, CP47 RC,28 contains 21-23 pigments and has a mass
of ∼180 kDa.
The paper is organized as follows. In the next section, the
sample preparation, the time-resolved hole-burning (HB) technique, and the procedure to determine Γ′hom are described.
Persistent and transient holes (which decay with the triplet
lifetime of about 1 ms) were observed. In the time region where
both types of holes can be detected, their widths are equal and,
therefore, independent of the HB mechanism.16,30 Results are
then presented on optical dephasing and spectral diffusion of
the trap pigments in the three complexes. It will be shown that
although Γ′hom follows a temperature dependence characteristic
for organic glassy systems, its functional dependence on delay
time differs from that in glasses and is specific for each protein.
For short delay times, the behavior is crystalline-like;31-34 for
long delay times there are slow, glasslike motions.
2. Experimental Section
2.1. Sample Preparation. We have used the same samples
as those in ref 20: the PS II subcore complexes CP47 RC, and
CP47 and the RC, prepared as described in refs 24, 35, 36. Prior
to the low-temperature measurements, the complexes were
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Figure 2. Pulse sequence used in high-resolution time-resolved HB
experiments. The delay time td between burning and probing a hole is
defined in the plot (top figure). The pulse sequence consists of three
steps, as described in the text.

diluted in a buffer to an optical density OD ≈ 0.1 and stored at
77 K when not used.20 The samples were cooled from room
temperature to 77 K in about 10 min by keeping the cuvette
(thickness 3 mm) in an empty 4He-bath cryostat of which the
outer mantle was filled with liquid nitrogen. Glasses of good
optical quality were obtained in this way. Cooling from 77 to
4.2 K was achieved in a few minutes by filling the cryostat
with liquid helium. The temperature of the sample, varied
between 4.2 and 1.2 K, was controlled by the vapor pressure
of 4He and measured with a calibrated carbon resistor in contact
with the sample. The accuracy in the temperature determination
was better than 0.01 K.
2.2. High-Resolution Time-Resolved Hole-Burning (HB).
The pulse sequence used in these experiments consists of three
steps (see Figure 2):16,30 (i) To obtain a baseline before burning,
a probe pulse at low intensity is applied during which the
frequency of the laser is scanned over the spectral region of
interest (see lower part of Figure 2). (ii) To create a hole, a
burn pulse at higher intensity (about 100 to 1000 times) is
applied during which the frequency of the laser is fixed. (iii)
To monitor the hole after a given delay time td, a second probe
pulse at low intensity is applied during which the frequency of
the laser is scanned again over the same spectral region as before
burning. The profile of the hole is obtained by subtracting the
signals of the first and third pulses. The holewidth is followed
for delay times varying between 10-5 and 105 s.
Two types of lasers were used, depending on the time scale.
For delay times shorter than 200 ms, we used one of two currentand temperature-controlled single-mode diode lasers (Toshiba
TOLD 9140, Pmax ) 20 mW), depending on excitation
wavelength. One of these diode lasers has an emission wavelength at room temperature of 690 nm and the other of 685
nm. We used the first at Tlaser ≈ 20 °C (λ ) 690 nm) and the
second at Tlaser ≈ -10 °C (λ ) 682 nm). The bandwidth of
these diode lasers is ∼3 MHz. For delay times longer than 200
ms, a cw single-frequency dye laser (Coherent 599-21 with
an intracavity assembly, bandwidth Γlaser ≈ 2 MHz, dye DCM)
pumped by an Ar+ laser (Coherent, Innova 310) was used. The
speed of the frequency scan of this dye laser is limited by
piezoelectric-driven mirrors to ∼100 MHz/ms, which is 104105 times slower than that of diode lasers.
For delay times shorter than 30 s, the burn and probe pulses
were obtained by means of two acoustooptic modulators
(AOMs, Isomet 1206C, center frequency ) 110 MHz) in series
(suppression of laser intensity through the AOMs when switched
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off was better than 106). For delay times longer than 30 s, no
AOMs were used and the intensity of the probe pulse was
reduced by using an optical density filter. The area of the laser
beam on the sample was A ≈ 0.5 cm2.
Burning-power densities in the range from P/A ≈ 50 nW/
cm2 to 5 mW/cm2 were used, with burning times varying from
tb ) 10 µs to 30 s. Thus, burning-fluence densities varied
between Ptb/A ≈ 3 nJ/cm2 and 10 mJ/cm2. The holes were
detected in fluorescence excitation with a cooled photomultiplier
(PM, EMI 9658R). To separate the fluorescence signal from
the scattered laser light, a few long-wavelength pass filters were
used (Schott RG 715, total thickness ≈1.2 cm) such that λdet g
715 nm. The fluorescence excitation signals from the sample
before and after burning were stored in two different channels
of a digital oscilloscope (LeCroy 9360, bandwidth 300 MHz).
The signals were averaged in different ways, depending on delay
time. For delay times shorter than 30 s, a sequence of probeburn-probe cycles (see Figure 2) was applied with an appropriate repetition rate e10 Hz. After each cycle, the frequency of
the laser was slightly shifted (by about twice the holewidth) to
obtain a fresh baseline for each hole to be burnt. Transient holes,
which live about 1 ms (see below), were averaged 103 to 104
times. For persistent holes with 1 ms e td e 30 s, the signals
were averaged 50-100 times with the digital oscilloscope. If
longer averaging is used, the signal of the baseline region
decreases due to the presence of previously burnt holes. For
delay times longer than 30 s, the signals were averaged point
by point about 1000 times. In this case, the pulse scheme of
Figure 2 was only used once and not cycled through.
The transient holes observed for delay times shorter than ∼5
ms result from temporary population storage in the triplet state.
The lifetime of the triplet state can be obtained by measuring
the area of a transient hole as a function of delay time td. In the
RC, the hole decays in 1.6 ( 0.1 ms; in the CP47 it decays in
0.6 ( 0.05 ms. These values are in good agreement with the
triplet lifetimes reported in the literature, obtained by other
methods.36,37
2.3. Determination of the “Effective” Homogeneous Line
Width from the Hole Width. Γ′hom is determined in the
following way: first, the holes burnt during a time tb and probed
after a delay time td are measured as a function of burningfluence density Ptb/A and their profiles fitted with Lorentzian
curves. The holewidths Γhole are then extrapolated to Ptb/A f
0 to eliminate the effect of power broadening. This yields a
value Γhole,0(tb,td). Since the laser bandwidth Γlaser ≈ 2 MHz ,
Γhole ≈ a few 100 MHz to a few GHz, we neglect Γlaser. For td
> tb16,38

Γhole,0(tb,td) ) Γ′hom(tb) + Γ′hom(td)

(1)

To determine Γ′hom, we first perform a hole-burning experiment at delay time td ) tb. In this case, Γhole,0(tb,tb) ) 2Γ′hom
(tb). Inserting Γ′hom(tb) from this equation into eq 1 yields

1
Γ′hom(td) ) Γhole,0(tb,td) - Γhole,0(tb,tb)
2

(2)

For td < 30 s, we often used tb ≈ td so that eq 2 reduces to
Γ′hom(td) ) 1/2Γhole,0(tb,tb).20 The general expression of eq 2 has
to be used whenever td > tb. Note that for td . tb, Γ′hom(td) ≈
Γhole,0(tb,td) and not equal to one-half the hole width.
3. Results and Discussion
3.1. Temperature Dependence of Γ′hom. Figure 3a shows
the temperature dependence of the “effective” homogeneous line

Figure 3. (a) Temperature dependence of Γ′hom for the red-most
absorbing trap pigments in the three complexes studied, at td ≈ 200 s.
Γ′hom follows a T1.3(0.1 power law for all three complexes and
extrapolates to Γ0 ) (2πτfl)-1 ) 40 ( 10 MHz for T f 0, with τfl )
4 ( 1 ns, the fluorescence lifetime of chlorophyll-like molecules. (b)
Temperature dependence of Γ′hom of the trap pigments of the RC at
682 nm for delay times td between 10 µs and 5 h. All curves follow a
T1.3 power law for a given delay time and extrapolate to Γ0 ) (2πτfl)-1
for T f 0, with τfl being the fluorescence lifetime of the pigment. The
coupling constant a(td) increases with delay time for td g 1 s. For delay
times td < 1 s, all data points fall on the same curve, implying that
there is no spectral diffusion in this time span (see also Figures 4a and
5).

width for the trap pigments of the three subcore complexes
CP47, RC, and CP47 RC between 1.2 and 4.2 K for td ≈ 200
s. The complexes were excited at the maximum of their trap
distributions, which is at 682 nm for the RC against 690 nm
for CP47 and CP47 RC. The three curves extrapolate, within
the error bars, to the same value Γ0 ) (2πτfl)-1 ) (40 ( 10)
MHz for T f 0, with τfl ) 4 ( 1 ns, the fluorescence lifetime
of the “trap” pigments.20,29 They exhibit a T1.3(0.1 power law
dependence up to at least 4.2 K, which suggests that the
pigment-protein interactions in these complexes are similar to
those in organic amorphous systems at low temperature30,33,34,39
and determined by two-level-systems (TLSs).4,5,16,17 It is
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interesting that picosecond vibrational echoes measured on
myoglobin between 60 and 180 K obey the same power law.11
One could think in first instance that this T dependence is
determined by the surrounding glass (glycerol and buffer) in
which the proteins are embedded. We have verified, as will be
shown below, that this is not the case because the delay time
dependence of Γ′hom for the proteins is very different from that
in glasses.
Although the T dependence of Γ′hom is of the same form for
all complexes, the coupling constant a(td) (see eq 3) is different.
For the isolated RC and CP47, this might be due to differences
in the protein environment. Since the red-most trap pigment of
the CP47 RC complex appears to be the same as that of CP47,20
we would expect the value of a(td) for CP47 RC to be equal to
that of CP47, which is not true. Another possibility might be
that the differences in a(td) are due to a change in the coupling
strength of the pigments to the protein in CP47 RC after
chemical separation of CP47 and RC. It would be surprising,
however, that this would lead to an increase of the coupling
constant by almost a factor of 2. A third possibility is spectral
diffusion, i.e., an increase of the value of Γ′hom with delay time
caused by structural relaxation of the protein. We will show
below that this is the correct explanation.
Figure 3b shows Γ′hom versus T data for the trap pigments of
the RC for delay times between 10 µs and 5 h. Each curve
follows a T1.3(0.1 dependence with a coupling constant a(td) that
increases with delay time. The results demonstrate that spectral
diffusion does indeed occur in this complex but apparently not
for delay times shorter than 1 s. This behavior is different from
that in doped glasses, where we have observed SD to occur
over 15 orders of magnitude in time, between 10-10 and 105
s.16,17,38 In the presence of spectral diffusion (SD), Γ′hom can be
expressed as16,38,39

Γ′hom ) Γ0 + a(td)T1.3(0.1 ) Γ0 + [aPD + aSD(td)]T1.3(0.1
(3)
where aPD is the “pure” dephasing contribution to Γ′hom which
accounts for fast fluctuations of the optical transition within
the 4 ns lifetime of the pigment; aSD is the delay time-dependent
contribution to Γ′hom responsible for spectral diffusion. The
functional dependence of aSD on delay time yields the distribution P(R) of relaxation rates R in the protein. However, for delay
times shorter than about 1 s, all data follow the same curve
and, apparently, spectral diffusion does not occur in the RC
complex at short times! This behavior is very different from
that in doped glasses, where SD occurs over at least 15 orders
of magnitude in time.16-18,38,40
3.2. Delay-Time Dependence of Γ′hom. Let us now look at
the variation of Γ′hom with delay time in more detail. Data for
the RC are shown in Figure 4a on a logarithmic scale. For a
given T e 4.2 K, Γ′hom is constant between a few microseconds
and ∼1 s, like in crystalline systems. In the latter, Γ′hom only
increases with temperature but not with td.33,34 However, from
td ≈ 1 s up to 5 h, Γ′hom appears to increase logarithmically
with td, as found for glassy systems.16-18 Thus, for td < td,0 ≈
1 s, the results seem to be determined by pure dephasing, i.e.,
by fast, local fluctuations. We infer from these results that the
protein is rigid and behaves like a crystal in the direct
surrounding of the excited pigments. The onset of SD at a delay
time td,0 ≈ 1 s and the logarithmic delay-time dependence of
Γ′hom suggest that only slow fluctuations are involved in
conformational relaxation at low temperatures, implying that
protein motions in the RC have a broad and continuous
distribution 1/R of low-frequency rates R with a cutoff at ∼1
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Figure 4. (a) Γ′hom versus log td for the trap pigments of the RC at 1.2,
2.8, and 4.2 K. Γ′hom is constant from td ≈ 10-5 s up to td ≈ 1 s at a
given temperature. This behavior is presumably determined by pure
dephasing (PD) (see also Figure 5). For td > 1 s and up to at least 5 h,
Γ′hom appears to increase linearly with log td. The slope or amount of
spectral diffusion (SD) increases with temperature. (b) Γ′hom vs log td
for the red-most trap pigments of CP47 (circles and solid line) and
CP47 RC at 690 nm (triangles and dashed line) at 1.2 and 4.2 K.

Hz. These motions probably take place at the interface between
the protein and the buffer-glycerol glass, where there is more
flexibility in the structure. As shown in Figure 4a, the delay
time td,0 at which the onset of SD occurs does not depend on
temperature below 4.2 K, which we interpret as an indication
that protein modes with rates larger than 1 Hz are not thermally
activated.
Figure 4b shows the delay-time dependence of Γ′hom for the
CP47 and CP47 RC complexes, at 1.2 and 4.2 K. Qualitatively,
the results for CP47 are similar to those obtained for the isolated
RC (see Figure 4a), but quantitatively they show differences.
The onset of SD in CP47 starts at a somewhat shorter delay
time (td,0 ≈ 300 ms) than in the RC (td,0 ≈ 1 s). We interpret
this result as CP47 having protein motions with a slightly higher
cutoff rate (∼3 Hz) than the RC. Another difference is that for
td > td,0 the slope dΓ′hom/dlogtd at a given temperature is steeper
for CP47 (protein mass ∼70 kDa) than for the RC (∼110 kDa),
indicating that the amount of SD is larger for CP47. Surprisingly,
CP47 RC (∼180 kDa) shows no spectral diffusion over the
whole time range investigated, from 10-5 to 105 s. It appears,
therefore, to be rigid (only having fast, crystalline-like fluctuations) at T e 4.2 K. This is an interesting result because CP47
RC, which is larger than CP47, was excited at the same
wavelength (λ ) 690 nm) as CP47, which, contrary to CP47
RC, shows SD. The results suggest that spectral diffusion in
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Figure 5. Coupling constant a(td) as a function of log td for the trap
pigments of the three PS II subcore complexes studied, the purple
bacteria subunit B820,42 and the glass MTHF doped with BChl a.16 At
td ≈ 200 s, there are two data points (open and closed triangles) on the
horizontal line. They correspond to holes burnt in different trap
distributions of the CP47 RC complex: CP47 at 690 nm (open triangle)
and RC at 682 nm (closed triangle). The value of a(td) for the glassy
system extrapolates to aPD for td ≈ τfl ≈ 10-9 s.

these pigment-protein complexes involves the whole complex
or a substantial part of it.
3.3. Comparison of Spectral Diffusion in the Three PS II
Subcore Complexes with Doped Organic Glasses. In Figure
5 we have plotted the coupling constant a(td) ) aPD + aSD(td)
as a function of log td for the three protein complexes together
with results obtained for another protein (B820, see section 3.4)
and for a doped organic glass (bacteriochlorophyll a (BChl a)
in methyltetrahydrofuran (MTHF)16). The values were obtained
from curves similar to those in Figure 3b, and with help of eq
3. It is striking that the slopes in Figure 5 appear to be correlated
with the mass or size of the protein and not with the number of
pigments in these proteins (8 in RC, ∼14 in CP47, and ∼22 in
CP47 RC). For CP47 RC we have plotted two data points at td
) 200 s for different wavelengths. The open triangle is the a(td)
value for the trap of the CP47 component within CP47 RC,
which was obtained from the temperature dependence of Γ′hom
at 690 nm.20 The closed triangle corresponds to the trap of the
RC component in CP47 RC and was obtained from the
temperature dependence of the holewidth at 682 nm.20 Since
the data point for excitation at 682 nm does not deviate
significantly from the horizontal line drawn through the 690
nm data points of CP47 RC, we conclude that the SD behavior
is characteristic for the entire complex or a large part of it and
does not depend on the particular trap pigment actually excited.
For the doped organic glass, we have chosen BChl a in
MTHF because BChl a is similar to Chl a and MTHF is a
“normal” glass.16 The td dependence of the coupling constant
a(td) is quite different for the glass as compared to that for the
protein complexes. For the glass, Γ′hom R log td between at least
10-9 s and 105 s; also, there is significantly more SD in the
glass than in the PS II subcore complexes. The observations
made for MTHF are equally valid for other organic glasses.16,18,39
If we extrapolate the coupling constant a(td) for BChl a in
MTHF to short delay times, it reaches its aPD value at td ≈ τfl
≈ 10-9 s.16 This value is equal to the a(td) value to which the
three protein curves merge at td e td,0 ≈ 300 ms to 1 s. We
assume here that pure dephasing, which is determined by fast,
local fluctuations, remains as the only dephasing mechanism
in the proteins for td < td,0; i.e., there is no spectral diffusion in
these complexes at short times.
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If we assume that the amount of spectral diffusion (SD) is
proportional to the pigment-protein interactionsprobably of a
multipolar type (∝1/rn with n g 3)sand to the number of twolevel systems present at the surface (∝r2), we conclude that SD
∝ 1/rn-2, i.e., the slope da/dt should decrease with the size of
the protein and, for a constant density, also with the mass, as
experimentally observed.
3.4. Comparison with Other Photosynthetic Proteins and
Myoglobin. The correlation which we have found between the
amount of SD and the mass of the protein suggests that the
entire protein or a large part of it is involved in the slow
fluctuations. The rate and the amplitude of such motions
presumably decrease with an increase of the mass of the protein.
Qualitatively, very similar SD results to those presented here
have been found in our group for the B820 dimer and the B777
monomer subunits of the LH1 light-harvesting core complex
of purple bacteria.41,42 The dashed curve in Figure 5 represents
data for B820. For this complex the amount of SD is much
larger and the onset of SD occurs at shorter delay times than in
the PS II subcore complexes of green plants, probably because
B820 is a much smaller protein (mass ∼12 kDa).
The SD results on the photosynthetic protein complexes
discussed here differ from those reported for substituted
myoglobins obtained by other techniques. In particular, Zn
mesoporphyrin IX substituted myoglobin investigated by threepulse photon echoes between 10-10 and 10-1 s, at temperatures
between 1.7 and 23 K, shows several steps in the dependence
of Γ′hom on log td that shift to shorter delay times with
increasing temperature according to an Arrhenius law.8-10 These
results were interpreted in terms of sharp and well-defined
relaxation rates thought to play a role in these proteins. On the
other hand, temperature-cycling hole-burning experiments on
free-base protoporphyrin IX substituted myoglobin in the 100
mK region carried out on a much longer time scale (between
minutes and 10 days) suggested a smooth increase of the
holewidth with time.12,13 We are planning experiments to find
out whether the differences are due to the nature of the proteins
involved or to the different techniques and time scales used.
4. Conclusions
We have shown that protein dynamics at low temperature
can be studied by high-resolution time-resolved hole-burning
covering 10 orders of magnitude in time, from microseconds
to many hours.
The “effective” homogeneous line width yields a T1.3(0.1
power law in the range 1.2-4.2 K for any given delay time, as
in doped organic glasses, indicating that TLSs are responsible
for the dephasing. The dependence of Γ′hom on td, however, is
quite different. While glassy systems show a linear dependence
of Γ′hom on log(td) over at least 15 orders of magnitude
(between ∼10-9 and 105 s), this is not true for photosynthetic
protein complexes. For delay times td e 300 ms, Γ′hom remains
constant at a given temperature and the protein dynamics are
reminiscent of that in crystalline systems: only pure dephasing
takes place, i.e., only fast, local fluctuations during the excitedstate lifetime occur. For td g 300 ms, spectral diffusion may
set in depending on the protein. CP47 RC does not undergo
SD within the time span investigated here, i.e., there are no
conformational changes at T e 4.2 K in this protein and only
fast, local fluctuations typical of a rigid system occur. The
smaller RC and CP47 complexes do show spectral diffusion
for delay times td g 1 s and g300 ms, respectively. Thus, slow
motions involving the entire protein or a substantial part of it
take place in these systems at low temperatures. The SD
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behavior at delay times longer than td,0 appears to be similar to
that in glasses: the distribution of low-frequency relaxation rates
is very broad and continuous, P(R) ∝ 1/R, and has a cutoff
frequency of 1-3 Hz. This behavior is different from that
reported for Zn-substituted myoglobin by three-pulse photon
echoes.8,9
The amount of SD, furthermore, appears to be correlated with
the mass of the protein and probably involves TLSs active at
the more flexible protein-buffer/glycerol interface. The inner
part of these proteins is probably rigid at low temperatures.
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