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Abstract Nuclear forward scattering of synchrotron ra-
diation is used to determine the quadrupole splitting and
the mean square displacement of the iron atom in de-
oxymyoglobin in the temperature range between 50 K
and 243 K. Above 200 K an abnormally fast decay of
the forward scattered intensity at short times after the
synchrotron ¯ash is observed, which is caused by pro-
tein-speci®c motions. The results strongly support the
picture that protein dynamics seen at the position of the
iron can be understood by harmonic motions in the low
temperature regime while in the physiological regime
di�usive motions in limited space are present. The shape
of the resonance broadening function is investigated. An
inhomogeneous broadening with a Lorentzian distribu-
tion indicating dipole interactions results in a better
agreement with the experimental data than the common
Gaussian distribution.
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Introduction

For many years, MoÈ ssbauer spectroscopy using 57Fe has
become a powerful tool in biophysics. In general, this

technique is used to study the electronic structure of the
iron in a compound. In proteins, valuable information on
the dynamic properties have been obtained. Using this
technique a large number of iron containing proteins
have been investigated (for reviews see: Parak and
Reinisch 1986; Debrunner 1993; Parak and Frauenfelder
1993). All these measurements have been performed us-
ing the conventional MoÈ ssbauer absorption technique. A
radioactive 57Co source decays and populates the
MoÈ ssbauer energy level in 57Fe, which emits c-rays of
14.413 keV energy within a bandwidth of 4.7 neV. The
energy of the c-rays can be tuned by several bandwidths
around the resonance energy using the Doppler e�ect by
moving the radioactive source. Under proper conditions
the c-rays can be resonantly reabsorbed by the 57Fe
atoms in the sample under investigation. The transmitted
intensity as a function of the Doppler velocity is referred
to as the conventional MoÈ ssbauer absorption spectrum
in the following. The electric and magnetic hyper®ne
®elds at the position of the iron nucleus are obtained
from the positions of the absorption maxima in the
spectrum. They give information on the surroundings of
the iron which are in¯uenced by the protein conforma-
tion. Dynamics can be investigated by analysing the
shape and the area of the absorption spectrum. It has
been shown that the mean square displacement, hx2i, of
the iron in myoglobin behaves solid-like at temperatures
below 180 K (Parak et al. 1982) and can be described by
a normal mode analysis (Melchers et al. 1996). At higher
temperatures, new types of motions occur, which cause
additional broad lines in the MoÈ ssbauer absorption
spectrum and a strong decrease of the Lamb-MoÈ ssbauer
factor. These protein-speci®c motions were interpreted
within the Brownian oscillator model as di�usion in a
restricted space (Knapp et al. 1983).

Synchrotron radiation o�ers a number of possibilities
to investigate protein dynamics. Phonon spectra of
myoglobin have been investigated by the phonon-as-
sisted MoÈ ssbauer e�ect (Achterhold et al. 1996; Keppler
et al. 1997). In 1991, another kind of MoÈ ssbauer spec-
troscopy was successfully demonstrated (Hastings et al.
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1991): nuclear forward scattering of synchrotron radia-
tion. The very intense, pulsed radiation emitted by a
synchrotron is used to excite the MoÈ ssbauer level in
57Fe. Since the lifetime of this energy level is rather large
(s � 141 ns), the radiation is reemitted with su�cient
delay to be discriminated from the promptly transmitted
intensity by suitable time-gated detector systems. Owing
to constructive interference the delayed radiation is
predominantly scattered in the forward direction. The
time dependence of this forward scattered radiation is
determined by the hyper®ne ®elds at the iron position
and the dynamics of the iron (for a review see Smirnov
1996). Therefore, these time spectra obtain in principle
the same information as conventional MoÈ ssbauer ab-
sorption spectra. However, the sensitivity of both tech-
niques di�er. For example, while broad lines, re¯ecting
the protein-speci®c dynamics, reveal themselves in the
region of large velocities in the MoÈ ssbauer absorption
technique, they occur at short times in the time domain
MoÈ ssbauer spectroscopy. In the absorption experiments,
the broad lines are not separable from the merely
transmitted radiation. In the time domain experiment,
the counting rates at short times are large and the fast
drop-o� due to broad lines is clearly separable from the
ordinary later time course. The development of third-
generation synchrotrons has made it now possible to
perform nuclear forward scattering on samples with very
low 57Fe content, such as proteins. This work presents
measurements on deoxymyoglobin obtained with this
new technique.

Materials and methods

The heme group of sperm whale myoglobin (Sigma) was
extracted with 2-butanone at pH 2.3 and substituted by
hemin enriched in 57Fe according to Teale (1959). The
resulting metmyoglobin solution was puri®ed with a ca-
tion exchange chromatography column (SP-sepharose)
on Pharmacia FPLC equipment. Metmyoglobin crystals
were grown in the space group P21 with the batch method
at pH 6.8 from a solution containing 3.2 M (NH4)2SO4

and 50 mM Na3PO4. The myoglobin concentration in
the crystallisation batches was 30 mg/ml. The crystals
were collected and washed with a solution containing
3.4 M (NH4)2SO4 and 50 mM Na3PO4 adjusted to pH
6.8. The crystals were deoxygenated and reduced by a
stepwise addition of sodium dithionite until a 20-fold
excess was reached. The deoxymyoglobin crystals were
cleaned from super¯uous bu�er on the surface and ®lled
in a plastic sample holder. The reduction and the ®lling of
the sample holder was performed under an argon atmo-
sphere. Immediately after the sample preparation a
conventional MoÈ ssbauer spectrum was taken to control
the complete reduction of the sample.

The experiments were performed at the undulator
beamlines 3ID at the Advanced Photon Source (APS)
(Alp et al. 1994) and BL11/ID18 at the European

Synchrotron Radiation Facility (ESRF) (RuÈ �er and
Chumakov 1996). In these facilities, ultrarelativistic
electrons are kept in a storage ring in a closed orbit. The
time width of each synchrotron pulse is less than 0.1 ns.
The measurements were performed in the ``6 + 22
singlets'' mode of the APS and ``16-bunch'' mode of the
ESRF. The distance between two bunches is 176 ns in
the ``16-bunch'' mode. The spacing between the 22
singlets, which were exclusively used in the experiment at
the APS, is 147.7 ns. The electrons produce intense
X-rays due to acceleration while traversing an undulator
optimised to emit radiation of 14.413 keV energy of
some hundred eV bandwidth. This radiation, which has
the same time structure as the electrons in the storage
ring, is monochromised to a very small bandwidth in the
order of meV magnitude around the MoÈ ssbauer energy
to reduce radiation damage in the sample and over-
loading of the detector system. The X-ray pulses pass the
sample, which is placed in a liquid helium cryostat. The
promptly transmitted intensity and the delayed forward-
scattered radiation are detected by an avalanche
photodiode (APD) (Baron 1995), which is placed
downstream in the forward direction. The time resolu-
tion of the APD is better than 1 ns; the e�ciency for the
14.4 keV radiation is about 25% for a perpendicular
incidence. A fast timing electronics based on a time to
amplitude converter (TAC), an analog to digital con-
verter (ADC) and a PC-based multichannel analyser
(MCA) is used to acquire the data. A reference timing
signal from the synchrotron bunch clock synchronises
the electronics with the electron bunches of the ring. In
order not to overwhelm the signal processing electronics,
the prompt signal is gated by a logic coincidence unit.

For the measurements at the APS the energy width of
the beam was 0.85 meV (Toellner et al. 1997). The in-
tensity of the forward scattered radiation was recorded
in the time window between 25 ns and 118 ns after the
prompt X-ray ¯ash. Nuclear forward spectra of deoxy-
myoglobin crystals were taken at 14 di�erent tempera-
tures in the temperature range between 50 K and 243 K.
Some of the spectra are shown in Fig. 1. The measuring
time for each spectrum was increased with increasing
temperature owing to a decreasing Lamb-MoÈ ssbauer
factor. While the spectrum at 50 K was taken within
15 min, the measuring time for the spectrum at 243 K
was 3 h. The whole dataset was obtained within 30 h.

For the experiments at the ESRF, another sample of
deoxymyoglobin crystals was used. Here, the energy
width of the incoming beam was 4.4 meV. The delayed
intensity was recorded in the time window between 10 ns
and 152 ns. The measuring time for each spectrum was
approximately 65 min. The spectra are shown in Fig. 2.

Results

The synchrotron pulse with an energy width in the meV
region excites all allowed 57Fe MoÈ ssbauer transition
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energies in the sample coherently, so that their interfer-
ence has to be taken into account for data evaluation.
We characterise the amplitude of the electromagnetic
wave by its magnetic component B. The transmitted
wave is then Btr. Measuring the nuclear forward scat-
tering as a function of time t, one obtains the intensity:

I�t� � Btr�t�B�tr�t� �1�
where

Btr�t� �
Z

Btr�x�exp�ixt�dx �2�

We have now to calculate Btr�x�. For the further anal-
ysis of the measured spectra a rather simple approach is
chosen (van BuÈ rck et al. 1992), where the sample is
characterised by a nuclear refractive index n�x�. This
can easily be visualised. The incident beam travels
through the sample and interferes with the waves scat-
tered by the 57Fe nuclei. Using the Fresnel zone con-
struction, one sees that one half of the spherical waves of
the ®rst Fresnel zone contribute to the forward scatter-
ing from each slice of the sample. The change of the
transmitted wave in a slice of the sample becomes

dBtr � BtrikfNdnN �3�
where fN is the nuclear forward scattering amplitude of
57Fe, nN the number of 57Fe/cm2 and k the wavelength of

the 57Fe radiation. For one single isolated resonance fN
becomes

fN � ÿ k

4p
r0f

Cnat

2

�h�xÿ x0� � i Cnat

2

�4�
Here �hx0 is the resonance energy of the MoÈ ssbauer
transition, r0 � 2:56� 10ÿ18 cm2 its resonant cross sec-
tion and Cnat � 4:7� 10ÿ9 eV its natural halfwidth; k is
the wavevector of the radiation and f the Lamb-MoÈ ss-
bauer factor of the sample. After crossing the investi-
gated material with the geometrical thickness d the
transmitted wave becomes

Btr � B0exp ik 1� kfNnN

kd

� �
d

� �
�5�

where B0exp�ikd� is the incoming wave transmitted
without interaction. Note that the phase factor de-
pending on the sample thickness d disappears when an
intensity is measured. Comparing the k-vector within the
medium, kMed, and the vacuum wavevector k one ob-
tains the nuclear refraction index n�x�:

n�x� � kMed

k
� 1� kfNnN

kd
�6�

Fig. 1 Nuclear forward scattering spectra of deoxymyoglobin crystals
at selected temperatures measured at the APS. Solid line: least squares
®ts using Eqs. (1), (2), (7) and (9) and a distribution function of
Lorentzian shape of width D � 1:2Cnat. Dashed line: least squares ®ts
using Eqs. (1), (2), (7) and (9) and a Gaussian distribution function for
inhomogeneous broadening of width D � 1:2Cnat

Fig. 2 Nuclear forward scattering spectra of deoxymyoglobin crystals
measured at the ESRF. The data acquisition took approximately 65
min for each spectrum. Solid line: least squares ®ts using Eqs. (1), (2),
(7) and (9) and a distribution function of Lorentzian shape of width
D � 1:2Cnat. Dashed line: least squares ®ts using Eqs. (1), (2), (7) and
(9) and a Gaussian distribution function for inhomogeneous
broadening of width D � 1:2Cnat. The data acquisition at 295 K
shows that the background radiation and detector noise contributes
less than 7 counts per channel at times larger 10 ns
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The amplitude of the wave transmitted by the medium
can now be written:

Btr�x� � B0 exp�in�x�kd� �7�
From Eqs. (4) and (6) the refractive index n�x� for one
single isolated resonance becomes

n�x� � 1ÿ T eff

2kd

Cnat

2

�h�xÿ x0� � i Cnat

2

�8�

where the e�ective thickness Teff is de®ned by
T eff � nNf r0. In deoxymyoglobin the electric quadru-
pole interaction yields two resonances separated by the
quadrupole splitting �hDxQ. Furthermore, one has to
take into consideration that each protein molecule may
be frozen in a slightly di�erent conformational substate
(Frauenfelder et al. 1988). Therefore, the iron atom of
each molecule is situated in a slightly di�erent environ-
ment and the resonance energies are a little shifted. This
e�ect yields a temperature-independent inhomogeneous
line broadening in conventional MoÈ ssbauer absorption
spectroscopy. The inhomogeneous broadening is treated
according to Smirnov (1996) and Shvyd'ko et al. (1998).
The refractive index n�x� is convoluted with a broad-
ening function F �x� of Lorentzian or Gaussian shape
with full width, D, at half maximum (FWHM). Taking
into account the quadrupole splitting and inhomoge-
neous broadening, the refractive index for deoxymyo-
globin can be written in the following way:

n�x� � F �x� 
 1ÿ Teff

4kd

Cnat

2

�h�xÿ x0 � DxQ

2 � � i Cnat

2

 "

�
Cnat

2

�h�xÿ x0 ÿ DxQ

2 � � i Cnat

2

!#
�9�

It is interesting to note that a shift of the absolute energy
value of the resonances, leaving the quadrupole splitting
unchanged, causes a phase shift of the forward scattered
®eld amplitude Btr�t�, but does not change the forward
scattered intensity. Therefore, x0 can be neglected.

The refractive index de®ned in Eq. (9) was used to
evaluate the data. The FWHM of the broadening
function was kept ®xed D � 1:2Cnat. This D value has
shown to be reasonable for proteins by conventional
MoÈ ssbauer absorption spectroscopy (Parak et al. 1982).
The parameters DxQ; Teff and E0 were determined by
least squares ®ts of the spectra using Eqs. (1), (2), (7)
and (9). Some of the ®tted spectra are shown in Figs. 1
and 2. The ®ts using a broadening function of
Lorentzian type are in better agreement with the ex-
perimental data than the ®ts using a Gaussian broad-
ening function. The temperature dependence of the
quadrupole splitting �hDxQ of deoxymyoglobin obtained
from these ®ts (assuming a Lorentzian broadening) is
shown in Fig. 3. The quadrupole splittings assuming a
Lorentzian or a Gaussian broadening agree within
0.02 mm/s. The hx2i values have been evaluated from the
e�ective thickness Teff assuming a linear temperature
behaviour below 180 K and a broadening of Lorentzian
shape. The results are shown in Fig. 4. The mean square
displacements hx2i determined from the measurements
at the APS increase dramatically at temperatures above
200 K, as known from conventional MoÈ ssbauer spec-

Fig. 3 The temperature dependence of the quadrupole splitting of
deoxymyoglobin. Filled squares: data obtained from nuclear forward
scattering using Eqs. (1), (2), (7) and (9) measured at the APS. Filled
circles: data obtained from nuclear forward scattering using Eqs. (1),
(2), (7) and (9) measured at the ESRF. Stars and crosses: data
obtained from conventional MoÈ ssbauer absorption spectroscopy
(stars: Parak et al. 1987; crosses: Eicher et al. 1974)

Fig. 4 Temperature dependence of the mean square displacement,
hx2i, of the iron in deoxymyoglobin. A distribution of Lorentzians
with FWHM D � 1:2Cnat is assumed for data evaluation. Filled
squares: experiments performed at APS and evaluated between 25 ns
and 118 ns using Eqs. (1), (2), (7) and (9). All other hx2i values are
determined from the measurements performed at the ESRF. Filled
circles: Eqs. (1), (2), (7) and (9) are used to evaluate the data between
25 ns and 118 ns. Open circles: Eqs. (1), (2), (7) and (9) are used to
evaluate the data between 10 ns and 152 ns. All other least squares ®ts
are obtained taking into account additional broad resonances using
Eqs. (1), (2), (7) and (10). The data are evaluated between 10 ns and
152 ns. Diamond: Cb � 10Cnat at 222 K. Triangle: Cb � 15Cnat at
222 K. Cross: Cb � 20Cnat at 222 K. Star: Cb � 25Cnat at 222 K.
Solid line: least squares ®t to a ®rst-order polynomial of the hx2i values
taken at the APS at temperatures below 180 K. This way the hx2vi
values are determined
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troscopy. However, the hx2i values measured at the
ESRF seem to follow a linear temperature dependence
up to 222 K.

In order to understand this di�erent behaviour one
has to compare the two experimental series. A broad-
ening function of Lorentzian shape is assumed in the
following. While at the APS the data collection starts at
25 ns, it starts at 10 ns at the ESRF. If the spectra taken
at the ESRF and APS are evaluated in the same time
range between 25 ns and 118 ns, the hx2i values of the
two series agree (Fig. 4). At temperatures below 200 K
these ®ts of the spectra measured at the ESRF are very
satisfactory in the whole time window between 10 ns
and 152 ns. However, the agreement between ®t and
experimental data taken at the ESRF at 222 K is very
poor at times shorter than 20 ns (compare Fig. 5). As
mentioned in the Introduction, broad MoÈ ssbauer lines
would reveal themselves at short times. In order to check
if additional broad lines have to be taken into account,
we introduced one more resonance of width CB at the
position of each resonance resulting in a refractive index
n�x�:

n�x� � F �x� 
 1ÿ Teff

4kd

Cnat

2

�h�xÿ x0 � DxQ

2 � � i Cnat

2

("

�
Cnat

2

�h�xÿ x0 ÿ DxQ

2 � � iCnat

2

� s
CB

2

�h�xÿ x0 � DxQ

2 � � i CB

2

 

�
CB

2

�h�xÿ x0 ÿ DxQ

2 � � i CB

2

!)#
�10�

For the data evaluation a scaling factor

s � exp k2�hx2i ÿ hx2vi�
� �ÿ 1 �11�

was used. hx2vi is the part of the mean square displace-
ment which is caused by vibrational motions. The hx2i
and the hx2vi values are taken from the data evaluation of
the spectra from 25 ns on. While hx2i represents the total
mean square displacements, the hx2vi values have been
determined by a linear regression of the hx2i values from
T � 50 K to T � 180 K. The hx2vi values at higher tem-
perature were obtained by a linear extrapolation. Taking
into account broad lines of widths in the range
10Cnat < Cb < 30Cnat for data evaluation, the least
squares ®t to the spectrum taken at the ESRF at 222 K
is improved signi®cantly. This is shown in Fig. 5. The
®ts using additional broad resonances of widths in the
range 10Cnat < Cb < 30Cnat are of similar quality, but
the obtained values for the e�ective thicknesses Teff dif-
fer. The resulting hx2i values for di�erent Cb values are
shown in Fig. 4. Assuming Cb � 15Cnat at 222 K, best
agreement between the results of the measurements at
the APS and ESRF is achieved. The mean square dis-
placements agree very well with the hx2i values obtained
with conventional MoÈ ssbauer spectroscopy (Parak et al.
1982). Applying the same procedure to the spectra
measured at the APS, nothing is changed. Least squares
®ts taking into account additional resonances of widths
in the range 10Cnat < Cb < 30Cnat are of same quality as
the ®ts neglecting the broad resonances. Furthermore,
the values obtained for the e�ective thicknesses and the
quadrupole splittings agree.

Discussion

Our ®rst result of this study is that nuclear forward
scattering of synchrotron radiation yields the same result
as conventional MoÈ ssbauer absorption spectroscopy but
in a measuring time which is at least a factor of 10
shorter. This advantage helps us to obtain more accurate
data and to investigate under conditions where conven-
tional absorption spectroscopy may fail. Even in this
®rst attempt to investigate the dynamic properties of a
protein we improved our understanding of protein dy-
namics. In conventional MoÈ ssbauer absorption spec-
troscopy the measured Lamb-MoÈ ssbauer factors, and so
the mean square displacement of the iron, is strongly
in¯uenced by the analogous parameter of the radioactive
source. In addition, the dynamics in the laboratory
frame is measured so that vibrations of the equipment
itself must carefully be avoided. In contrast, in the pre-
sent nuclear forward scattering investigation, solely the
dynamics of the protein is measured. Also the measured
time dependence of the forward scattering, according to
the linewidth in the absorption experiment, is solely
determined by the protein itself. Moreover, it is clearly
shown that additional broad lines are necessary to in-
terpret the nuclear forward scattering at short times and
elevated temperatures. Using successfully the scaling

Fig. 5 Nuclear forward scattering spectrum of deoxymyoglobin taken
at the ESRF at 222 K evaluated in the time range between 25 ns and
152 ns. Dashed line: least squares ®t using Eqs. (1), (2), (7) and (9).
Solid line: least squares ®t with an additional broad line of
Cb � 15Cnat using Eqs. (1), (2), (7) and (10)
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factor s of Eq. (11) for the contribution of the broad
lines implies that they are caused by quasielastic scat-
tering processes. The quasielastic scattering accounts
completely for the di�erence of hx2i and hx2vi. Therefore,
the present results support strongly the picture that
protein dynamics below 200 K is dominated by har-
monic processes which can be described by normal
modes (Melchers et al. 1996). In the physiological rele-
vant temperature regime, normal modes are insu�cient
to understand protein dynamics. Some degrees of free-
dom of the system are responsible for the di�usive mo-
tions in limited space which are protein speci®c and
essential for the functional properties. For the future, a
reduction of the detector system dead time is desirable in
order to analyse the functionally important broad lines
in more detail.

Inhomogeneous line broadening is normally taken
into account by a Gaussian distribution of Lorentzians.
It re¯ects the conformational substates (Frauenfelder
et al. 1988), i.e. small structural di�erences of the indi-
vidual molecules. In MoÈ ssbauer absorption spectrosco-
py on myoglobin we were not able to di�erentiate
between a Gaussian distribution and a possible Lorentz
distribution of Lorentzians. Astonishingly, the present
experiments favour clearly a Lorentzian distribution of
Lorentzians. While Gaussian distributions account for
statistical di�erences in the environment, Lorentzian
distributions are only known for distributed dipolar in-
teractions (Stoneham 1969). A possible origin could be
an interaction of the nuclear spin of the iron with the
spins of the surrounding H nuclei. In this context we
want to draw attention again to the exceptional advan-
tage that the nuclear forward scattered intensity of
synchrotron radiation is almost exclusively determined
by the properties of the sample under investigation and
not by parameters of the MoÈ ssbauer radiation source.

In both MoÈ ssbauer techniques the inhomogeneous
broadening complicates the extraction of the parameters
which characterise the dynamics. For the time depen-
dence of the nuclear forward scattering intensity, I(t),
Smirnov (1996) showed that the following relationship is
valid for Lorentzian broadened resonances and for rel-
atively short times, e.g. small e�ective thicknesses:

I�t� / exp ÿ Teff

4
� D

Cnat
� 1

� �
Cnatt

�h

� �
�12�

The width D and the e�ective thickness Teff in¯uence the
forward scattered intensity in a similar way. It was not
possible to determine Teff and D separately. In ®ts of the
time spectra using a Lorentzian broadening function
the width D � 1:2Cnat has been used. With proper ex-
perimental conditions this problem can be solved un-
ambiguously. The nuclear forward scattering spectra of
deoxymyoglobin show an oscillatory behaviour in time,
which is caused by interference between the two reso-
nances. This beat is referred as the ``quantum beat'' in
the literature (Tramell and Hannon 1978). In general,
time spectra are additionally modulated by so-called

``dynamical beats'', which are determined by the e�ec-
tive thickness Teff (Kagan et al. 1979). In our experi-
ments this beating is not observed because the
accessible time window was too small. The ®rst mini-
mum of the ``dynamical beats'' is exclusively deter-
mined by the e�ective thickness Teff (Smirnov 1996). At
50 K the e�ective thickness is Teff � 23 for our mea-
surements at the APS. The ®rst minimum is situated at
180 ns and a time window up to 200 ns after the
prompt pulse should be su�cient to determine D and
Teff independently in this case. If a larger time window
for the measurements would be available, so that as a
result this ®rst minimum would occur inside this time
window, the e�ective thickness could be determined
from this minimum and therefore D and Teff could be
obtained independently.
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