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Abstract Oxy- as well as deoxymyoglobin exhibit a
pronounced temperature dependence of the quadrupole
splitting of the heme iron as detected by conventional
Mossbauer spectroscopy. With nuclear resonant for-
ward scattering (NFS) of synchrotron radiation, which
can be viewed as Mdssbauer spectroscopy in the time
domain, it is shown that this spectroscopic behavior,
although it is phenomenologically similar in the two
cases, is based on completely different physical mecha-
nisms. It is demonstrated that stochastic fluctuations of
the iron electric field gradient in MbO,, which are due
to the dynamic structural disorder of the FeO, moiety,
are the reason for the temperature-dependent alterations
of the coherent quantum beat pattern in the NFS spectra
of MbQO,, in contrast to deoxyMb where transitions
between orbital states of iron take place. This subtle
spectroscopic difference cannot be inferred from con-
ventional M&ssbauer spectroscopy.

Keywords Nuclear resonant forward scattering -
Oxymyoglobin - Dynamic structural disorder

Abbreviations EFG: electric field gradient - Mb: myo-
globin - M SD: mean square displacement - NFS: nucle-
ar resonant forward scattering

Introduction

Myoglobin (Mb) has intensively been studied because of
its important physiological role as an oxygen storage
protein. Mb is an iron heme protein with one heme
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group per molecule. An oxygen molecule can be bound
reversibly to the heme iron. Conventional Mdssbauer
spectroscopy has provided information about the elec-
tronic structure of this bond (Bade and Parak 1978;
Spartalian and Lang 1980; Maeda et al. 1981).
Oxymyoglobin (MbO,) as well as deoxymyoglobin
(deoxyMb) exhibit a pronounced decrease of the quad-
rupole splitting AEq with increasing temperature, as
detected by conventional M&ssbauer spectroscopy (Boso
et al. 1984). In deoxyMb the pentacoordinate heme iron
is in the spin quintet (S=2) electronic configuration,
which allows transitions between various electronic
configurations within the t,, subspace with increasing
temperature, thus giving rise to a decrease of AEq
(Eicher et al. 1976). For MbO,, in contrast, it is known
that the net spin of the iron oxygen moiety is zero, but it
is not so certain whether the iron and the dioxygen
themselves are diamagnetic with S=0 or whether the
iron is in the ferric low-spin state with S= ' coupled
antiparallel with the spin doublet of peroxide, O,. The
latter case of a formal Fe'"-O, bond would give the
possibility to explain the rather large quadrupole split-
ting of 2.3 mm s ' at 4.2 K and also its strong temper-
ature dependence, as has been done by Bade and Parak
(1978) in the framework of ligand field theory. MO
calculations by Herman and Loew (1980) have con-
firmed this model in so far as one of the d electrons of
iron is found to be asymmetrically delocalized so much
that a Fe'''(d%)-O, description seems to be appropriate.
However, as far as the spin state of the FeO, moiety is
concerned, it is a true diamagnetic singlet while the first
excited “antiferromagnetic” singlet is 13,500 cm ' above
this diamagnetic ground state. The asymmetric delocal-
ization can describe the large absolute value of the
quadrupole splitting as well as its variation with tem-
perature, but not the asymmetric broadening of both
lines of the quadrupole doublet which is observed with
increasing temperature. There exists strong evidence
that some dynamic structural disorder of the
FeO, moiety is the reason for the temperature depen-
dence of the quadrupole splitting, as suggested for FeO,



“picked-fence” porphyrins by X-ray and conventional
Mossbauer studies (Spartalian et al. 1975; Schappacher
et al. 1987). Even though steric hindrance prevents this
type of disorder in MbQO,, a restricted structural disorder
of the terminal O-atom was proposed also for MbO, by
Phillips (1980). However, other than with the picket-
fence model, the interpretation of Mdssbauer spectra
taken of the native protein has not yet been carried out.
In the present work we present temperature-dependent
studies of oxygenated Mb by means of nuclear resonant
forward scattering (NFS) of synchrotron radiation.

In NFS the decay of collectively excited states of the
iron nuclei, i.e. of the so called “‘nuclear exciton” (van
Biirck et al. 1992; Kagan 1999), is observed. Stochastic
fluctuations of hyperfine parameters, e.g. of the electric
field gradient (EFG), destroy the coherence within the
nuclear exciton and thus give rise to a faster decay of the
intensity of the time-delayed NFS with increasing tem-
perature (Smirnov and Kohn 1995). This drop in in-
tensity is a more reliable indicator for the presence of
dynamic molecular properties than any changes of the
lineshapes in conventional Mdssbauer absorption spec-
tra, because the lineshape can be influenced easily by
insufficiencies of the experimental setup. It is therefore
expected that one can distinguish between the two cases
mentioned above, the static EFG in deoxyMb and the
dynamic EFG in MbO,, by NFS.

Materials and methods

The samples of Mb were prepared as described by Keppler et al.
(2000). The deoxyMb had a pH of 6.5 and the MbO, a pH of 7.8.
The experiments were performed at the beamline BW4 of the
Hamburg synchrotron laboratory (Hasylab). The measurements
were carried out in the “2-” and ““5-bunch” mode. The time spacing
between two bunches is about 500 ns in “2-bunch” and 200 ns in
“5-bunch” mode. The radiation, which has the same time structure
as the positron bunches in the storage ring, was monochromatized
to a very small bandwidth of the order of some meV at the
Moéssbauer energy E, of 14.4 keV. This had been done in order to
avoid overloading of the detector and to reduce radiation damage
in the protein. The X-ray pulses were transmitted through the
sample, which had a size of 12 mmx2 mm (widthxheight) and was
placed in a liquid helium cryostat. The time-delayed signal from the
sample was then detected by fast APD detectors (Baron 1995),
analyzed by fast electronics and recorded with a computer.

The simulations of the spectra were performed with the pro-
gram package SYNFOS (Haas et al. 1997, 2000a), which allows the
simulation of NFS spectra including powder averaging as well as
paramagnetic relaxation and fluctuation of the EFG (Leupold and
Winkler 1999; Haas et al. 2000b). For the fitting of the experi-
mental spectra with SYNFOS, an appropriate routine was devel-
oped. The goodness-of-fit was judged by the non-weighted
equation:

N
2 2
X :Z(Y;_g(a»ti)) (1)
i=1

with Y; being the measured count rate in channel i corresponding to
the delay time ¢, and g(a, t;) being the value of the simulated
spectrum with parameter vector a at time #;; for instance: a=(AEq,
tcff)'

The experimental background (noise) was determined as
0.03 Hz. By scanning the sample with a narrow synchrotron beam
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(about 1 mmx0.3 mm) the homogeneity of the effective thickness
was determined as +2.5%. Though the homogeneity of the sample
was shown to be relatively high, care was taken that at each tem-
perature the synchrotron beam was hitting the sample at the same
position. In the case of stochastic fluctuations, the parameters
“effective thickness™ and “‘relaxation rate’ are strongly correlated
in the fit. Therefore a model for the temperature dependence of the
effective thickness has been used. In this model the effective
thickness z.¢ is the product of a temperature-independent factor C
and the Lamb-Mdssbauer factor f{T):

tegr = C - f(T) 2)
The temperature-dependent f-factor is generally given by
S(T) = exp(—k(x*)) (3)

with k representing the wave number of the radiation and (x°) the
mean-square displacement (MSD) of iron. In the Debye model,

AT) is approximated by:
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with Er = E?/2mc? being the recoil energy if m is the mass of the
iron atom. In this approach, only the parameter 0 is needed to
describe the variation of the effective thickness with temperature. C
is yielded by a low-temperature spectrum, e.g. at 7=3.2 K.

Results and discussion
Deoxymyoglobin

Figure 1 shows NFS spectra of our deoxyMb sample in
the temperature range 3.2-230 K. The simple quantum
beat pattern of the measured intensity over the delay
time reflects the fact that the Fe nucleus is subjected only
to a quadrupole interaction which amounts to
AEG=2.17T mm s'. With increasing temperature the
frequency of the quantum beats decreases, which reflects
the decrease of the quadrupole splitting of the heme
iron. The envelope of the spectra is mainly determined
by the effective thickness of the sample. For small ef-
fective thicknesses the envelope can be approximated by
an exponential decay of the measured intensity with time
(Haas et al. 1997). Therefore on the semi-logarithmic
scale shown in Fig. 1 the slope of the envelope provides
the effective thickness (see dashed line for 7=3.2 K).
The slower decay with increasing temperature corre-
sponds to a decrease of the effective thickness or, which
is equivalent, to an increase of the MSD with tempera-
ture. The Debye model according to Eq. (4) was used to
describe this behavior. All measured spectra were fitted
simultaneously to derive the parameters 0p and AEq. In
contrast to AEqg, which is allowed to vary with temper-
ature, C and 0p are kept constant over the whole tem-
perature range. An initial value for C was obtained by a
fit of the low-temperature spectrum taken at 7=3.2 K
with Op fixed to 200 K, as suggested by conventional
Mossbauer measurements. In the final fit, C had to be
changed slightly because of a small readjustment of Op
that turned out to be necessary in the fits. The spectrum
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Fig. 1. Measured NFS spectra of deoxyMb at temperatures as
indicated. The solid lines are the simulations obtained with
SYNFOS using the Debye model for the effective thickness as
described in the text

at 230 K was discarded in the fit procedure because
above 200 K the effective thickness decreases drastically
owing to a significant softening of protein-specific modes
(Keppler et al. 2000).

From the simultaneous fit of the spectra in the tem-
perature range 3.2-200 K the Debye temperature was
determined as 0p=215 K, while AEg proved to be a
temperature-dependent quantity as shown in Fig. 2.
This behavior of AEq obtained here from NFS mea-
surements is in agreement with the results from con-
ventional Mdssbauer spectroscopy (Kalvius and Parak
1977), except for the fact that the NFS values for AEq,
are systematically 0.1 mm s ' smaller. Since the cali-
bration of our time spectra rests on the bunch-clock
signal of the storage ring, we believe that the error
margin of our values is less than 1%. The small dis-
crepancy of the absolute values, however, does not in-
validate the conclusion of Kalvius and Parak (1977) that
a temperature-dependent Boltzmann population of ex-
cited orbital states of the heme iron is responsible for the
temperature variation of the quadrupole splitting.
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Fig. 2. The temperature dependence of the quadrupole splitting of
deoxyMb as obtained from the NFS measurements

MbO,

The conventional Mossbauer spectrum of our MbO,
sample taken at 4.2 K is shown in Fig. 3. Besides the
fingerprint spectrum of MbO,, additional subspectra
from impurities are visible: 20% metMb and 5%
deoxyMb. These additional components must also be
allowed for in the NFS simulations of the measured
NFS spectra of the MbO, sample in the temperature
range 3.2-200 K. The parameters for deoxyMb were
taken from the analysis discussed above. In order to take
the metMb contribution into account, the effect of
paramagnetic relaxation (Winkler et al. 1979) was im-
plemented into SYNFOS (Leupold and Winkler 1999;
Haas et al. 2000b). For this purpose the relaxation
model of Bizzarri et al. (1995) for the transition proba-
bilities was used and the corresponding parameters for
metMb were taken from their work.

In a first step we have analyzed the NFS spectra of
our MbO, sample in the temperature range 3.2-200 K
by allowing only the AEq of MbO, to be fitted. In this
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Fig. 3. Conventional Mdssbauer spectrum of the MbO, sample at
42K



first attempt we have calculated the time-delayed quan-
tum-beat structure of the weighted MbO, (75%), met-
Mb (20%) and deoxyMb (5%) contributions, assuming
the Debye model for the effective thickness of all three
components. A reasonable fit was obtained either at the
high-temperature end (at 200 K) or at the low-temper-
ature beginning (at 3.2 K) of our series; however, all
spectra in the full temperature range could not be fitted
simultaneously (results not shown). Therefore in a sec-
ond approach the effective thickness 7. besides AEG was
also treated as a free parameter. With this procedure a
reasonable fit of all spectra in the range 3.2-200 K was
obtained; the goodness-of-fit * (Eq. 1) goes down to
84,822 in this case, which has to be compared with
7> >120,000 obtained in the first step of our analysis.
The surprising result of this second approach is that 7.
increases with temperature (Fig. 4), which obviously
cannot be correct, because the f-factor grows only if {x*)
decreases (see Eq. 3), which should not be the case with
increasing temperature.

The obtained result forced us to look for a physically
more plausible mechanism in MbO, that would influ-
ence the NFS spectra in the same way as an increase of
the effective thickness does. Large effective thickness
causes a fast decay of NFS intensity with delay time.
Relaxation has a similar effect on NFS spectra, because
dynamic processes cause a dephasing of originally co-
herent electromagnetic waves and therefore these waves
are extinguished at longer delay times (Smirnov and
Kohn 1995). The artificial increase of the effective
thickness with increasing temperature in MbO, (Fig. 4)
therefore provides strong evidence that relaxation plays
a role. Studies of the FeO, moiety in picket-fence por-
phyrins suggest that relaxation due to dynamic struc-
tural disorder of O, takes place. This structural disorder
was also detected by X-ray diffraction, which shows two
or three positions of the terminal O-atom, depending on
the kind of picked-fence used (Schappacher et al. 1987).
Different positions of the terminal O-atom with respect
to the heme iron cause different EFG tensors. The
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Fig. 4. Effective thickness and AEq as obtained from the fit of the
MDbO, spectra without consideration of relaxation
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obtained temperature-dependent quadrupole splitting
derived from conventional Md&ssbauer spectra of FeO,
in picked-fence porphyrins is a result of stochastic fluc-
tuations of the EFG. It is most likely that the situation
in MbO, is completely equivalent; this would explain
not only (1) the decrease of the AEg in MbO, but also
(2) the fast decay of NFS intensity over the delay time
with increasing temperature.

The X-ray structure of MbO, also exhibits a struc-
tural disorder of FeO,, with two different positions of
the terminal O-atom (Phillips 1980). The projection of
the O-O bond on the heme plane is rotated by about 40°
in position 2 compared to 1. Conventional Mossbauer
studies on single crystals of MbO, have shown that the
principal component V,, of the EFG tensor lies in
the heme plane and is oriented along the projection of
the O-O bond onto this plane (Maeda et al. 1981). If the
terminal O-atom is located in position 2, the EFG
should be of the same magnitude as in position 1, but the
EFG tensor is rotated accordingly. Therefore the phys-
ical picture which we have to envisage is that the EFG
fluctuates between two orientations with a rate that de-
pends on temperature. Assuming that the asymmetry
parameter n of the EFG in both positions is zero, as in
the case of the model compounds, only the rotation
angle f between the two EFG tensors must be consid-
ered as structural parameter. Considering that n # 0 for
the individual EFGs has only a little influence on the
analysis, the ratio of the occupation probabilities p; , of
the two positions of the terminal O-atom is given by the
Boltzmann factor, with AE being the energy difference
between these positions:

- — exp -
i ks T

In the final approach we have fitted the NFS spectra
of the MbO, sample in the temperature range 3.2-200 K
simultaneously by:

(5)

1. Treating metMb and deoxyMb as decribed above.

2. Using the Debye model also for the temperature de-
pendence of the effective thickness 7.; of our MbO,
sample.

3. Letting the EFG tensor fluctuate in MbO, between
two positions.

This analysis implies the presence of two tempera-
ture-independent parameters, i.e. the rotation angle f
and the energy difference AE, and one temperature-de-
pendent parameter, i.e. the rate wy,, by which transitions
between positions 1 and 2 occur in the average. The
inverse transition rate w,; follows from the principle of
detailed balance (Winkler et al. 1979):

(6)

The Debye temperature 0p was held fixed at 215 K.
The result of the global fit of all NFS spectra of MbO, is

P1-Wi2 = p2-wai
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shown in Fig. 5. Varying Op in the interval 200-250 K
does not change the goodness-of-fit y* significantly.
From Table 1 it is obvious that the obtained fit pa-
rameters 5, AE and the EFG transition rate are not very
sensitive to Op.

The variation of the goodness-of-fit > was analyzed
by varying f in the range 30-55° while keeping 0p at
215 K. With increasing angle f§ the energy difference AE
between the two EFG orientations 1 and 2 increases
from the value 0 (for f=30°) to about 188 cm ' (for

0 50 100 150 200 250 300 350 400

T= 200K

counts

T T

0 50 100 150 200 250 300 350 400
time [ns]

Fig. 5. Measured NFS spectra of the MbO, sample. The solid lines
result from a simultaneous fit of all experimental spectra, including
fluctuations of the EFG tensor. The temperature dependence of the
effective thickness is approximated by the Debye model with
0p=215 K

Table 1. Goodness-of-fit y?, angle  and energy difference AE
obtained from the fit at the corresponding Debye temperature 6p

Op (K)

200 215 250
I 87,704 87,670 87,640
B 40.5 40.4 40.5
AE (cm™) 111 111 113

B=755°). The parameter 5> reaches a minimum at f~40°
(Fig. 6). It is worth noting that this value agrees with the
result of the X-ray structure determination for MbO,
(Phillips 1980), where the angle between the two alter-
native projections of the O-O bond on the heme plane is
also found to be about 40°.

The temperature dependence of the EFG transition
rates can be interpreted in terms of a low-temperature
tunneling plus an activation process to be described by
the expression:

E
wia(T) = wy exp (- kﬁ) T wr (7)

The fit of the data (Fig. 7) yielded wy=10"s",
wT:1107 s! and an activation energy Ex of 260+ 35
cm

One may suppose that our findings are in disagree-
ment with the most recent X-ray structure of MbO,
published by Vojtéchovsky et al. (1999), which exhibits
only one position for the terminal oxygen atom at a
temperature of 100 K. Actually, the second position
should be populated at 100 K by about 17%, if the
energy difference between the two positions is chosen
as 111 ecm ' according to the fit of our NFS measure-
ments. This apparent disagreement can be explained by
the high oxygen pressure (100 bar) which had been
applied to the myoglobin crystals in that work before
the structure of MbO, was determined by X-ray dif-
fraction. It is possible that owing to the high oxygen
pressure the crystal water molecules are expelled out of
the heme pocket. This is indicated by the fact that
additional peaks are found in the electron density map,
which are assigned to molecular oxygen. Phillips (1980)
proposed that exactly the presence of crystal water is
responsible for partial occupation of the second posi-
tion by the terminal oxygen atom, as the water mole-
cules displace the terminal oxygen atom out of its
preferred position into the alternate position even
though it is higher in energy.
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Fig. 6. Dependence of the goodness-of-fit * and of the energy
difference AE on the angle f5, which rotates the EFG from position
1 into position 2 (fp=215 K)
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Fig. 7. Arrhenius plot of the EFG transition rates for 0p =215 K.
The solid line is a fit by the expression in Eq. 7

A comparison with the energy barrier quoted by
Keller and Debrunner (1980) for the two-state confor-
mational relaxation observable in the temperature range
200-245 K reveals that these are protein-specific mo-
tions which are obviously active in that temperature
range.

Conclusion

We have successfully applied NFS using synchrotron
radiation to demonstrate that the FeO, moiety in MbO,
undergoes thermally activated structural disorder, i.e.
the terminal O-atom in FeO, jumps among two possible
positions which causes stochastic fluctuations of the
EFG. Since the relaxation rate and the quadrupole
precession frequency are of the same order of magnitude
in the temperature range 3-200 K, the coherent quan-
tum beat pattern of the NFS spectra is measurably af-
fected by the dynamic structural disorder of the FeO,
moiety.

In addition, we have shown that temperature de-
pendences of the quadrupole splitting of MbO, and
deoxyMb, though being phenomenologically very simi-
lar, are based on completely different physical mecha-
nisms.
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