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Abstract Protein dynamics can be characterized by the
mean square displacements of the individual atoms of a
molecule. This concept is extended to X-ray absorption
spectroscopy (XAS) of proteins where the physical in-
formation in the Debye-Waller factor is in general ne-
glected. In a first step, a procedure for the investigation
of the temperature dependence of XAS spectra has been
developed for a small iron compound. Subsequently,
experiments have been performed on met-myoglobin. It
is shown that the mean square displacements of XAS are
smaller than those obtained by Mdssbauer spectroscopy
and far smaller than crystallographic mean square dis-
placements. This behavior is explained by the different
sensitivity of the methods. XAS measures a relative
mean square displacement between the absorbing and
backscattering atoms only. A comparison with mean
square displacements calculated from normal modes
shows that static displacements contribute significantly.
It becomes obvious that the atoms of the active center
show a high correlation of their motions.
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Introduction

The determination of the three-dimensional structure is
an optimal starting point for the study of proteins. Ac-
quiring precise data on the coordinates of the atoms is
an important step for gaining information on these
systems. However, for a deeper understanding of the
function it is essential to study the dynamics. In recent
years a lot of facts on protein dynamics has been accu-
mulated. Data obtained from different techniques can be
included in the discussion of, for example, X-ray struc-
ture analysis (Frauenfelder et al. 1979; Parak et al.
1987), Mossbauer studies (Parak and Frauenfelder 1993;
Parak et al. 1981), neutron scattering (Doster et al.
1989), optical spectra (Di Pace et al. 1992), or Rayleigh
scattering of Mossbauer radiation (Krupyanskii et al.
1982). X-ray absorption spectroscopy (XAS) is a tech-
nique which is now accepted as an important tool to
display structural properties of proteins (Lee and Pendry
1975). It is mainly used to investigate the structure of
active metal centers which cannot be or have not yet
been investigated by X-ray structure analysis. Often it is
used to study the effects of structural changes within the
protein due to changes in the oxidation state or in pH
(see Scherk et al. 1996). The XAS data analysis contains
a Debye-Waller factor-like term which so far has often
been reduced to just a “fitting parameter” (Beni and
Platzman 1976), but is nowadays realized to be a valu-
able source of information (Dimakis and Bunker 1998;
Poiarkova and Rehr 1999). Up to now this physical
parameter was studied only in the case of “simple”
molecules with few degrees of freedom [see for example
Bohmer and Rabe 1979; Diop and Grisenti 1995 (for
crystals); Stern 1987; Zhang et al. 1991 (for biomole-
cules)]. In principle, this factor opens up the possibility
to study thermal fluctuations and static disorder which
are displayed usually by the mean square displacements,
<x?>, of the atoms.

Mean square displacements have been investigated
for a long time. For small inorganic or organic
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molecules the dynamics is mainly determined by the
ionic or covalent binding of the atoms. Biomolecules,
however, show a more complex behavior. The dynamics
of myoglobin has been observed by Mossbauer spec-
troscopy (Parak and Formanek 1971; Parak et al. 1982).
In deoxy-myoglobin above 180 K a dramatic increase of
the mean square displacements, <x>>?, of the heme
iron was found. Mdssbauer spectroscopy labels the
protein dynamics on the position of the iron. All mo-
tional modes which couple to the Fe contribute to the
<x?>7 values. X-ray structure analysis yields infor-
mation on all atoms if a refinement of individual mean
square displacements, <xj2>X, is performed for each
non-hydrogen atom j (Artymiuk et al. 1979; Frauenfel-
der et al. 1979; Parak et al. 1987). The measurements are
done on crystals containing typically 10'° molecules.
Dynamic as well as static structural differences to the
average structure contribute to <x>>X. In order to
separate the static and dynamic parts of the <x?>X
values, the temperature can be lowered to freeze out the
dynamics and obtain a value for the static contribution.
Temperature-dependent studies on met-myoglobin
crystals have been performed over a wide temperature
range (between 80 K and 300 K) and showed a linear
decrease with temperature (Parak et al. 1987).

In this paper the XAS Debye-Waller factor is treated
as a physical quantity and not as a purely fitting pa-
rameter. XAS spectra of an iron compound with a
molecular weight of 574.8 Da were measured at 20, 40,
70, 100, 150, 200, and 250 K. In addition, Mdssbauer
measurements of the same substance have been per-
formed in the temperature range from 8 K to 280 K and
the X-ray structure was solved at 150 K. These experi-
ments were used to obtain a principle understanding. As
a second step, experiments were performed on a met-
myoglobin sample. The XAS spectra of met-myoglobin
were taken at 40, 115, 185, and 260 K. A comparison of
the results obtained by different techniques shows that
the XAS Debye-Waller factors yield important comple-
mentary results. It should be stressed from the very
beginning that XAS Debye-Waller factors measure only
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Fig. 1 X-ray structure of [Fe(bbimae)acac]ClO4 (Nazikkol 1996).
The atom numbers indicated here are referred to in the text

mean square displacements of the neighbors of the iron
with respect to the iron.

Materials and methods

For XAS experiments on Fe, the iron compound [Fe(bbi-
mae)acac]ClO, [Cy3H,sCIFeNsO;] was synthesized (Nazikkol
1996). It has a molecular weight of 574.8 g/mol and, apart from the
ClO, and Fe, it consists of 31 non-hydrogen atoms. The Fe*" in
the molecule center is six-fold coordinated by three oxygen and
three nitrogen atoms (see Fig. 1). The material is produced in a
microcrystalline, dry state. M3ssbauer spectra were measured in a
standard sample holder in an Oxford cryostat from 8 K to 280 K.
The <x?>7 values were obtained from the absorption area using
the thin absorber approximation (Parak et al. 1982). For the X-ray
structure determination a crystal was grown and measured at
150 K. The refinement was accomplished with SHELXL-93
(Sheldrick 1993).

The XAS was performed on the beamline D2 of the EMBL
outstation at the DORIS storage ring, Hamburg. The sample was
diluted with boron nitride (BN) in a ratio 1:5 to provide an ab-
sorption change Apx at the edge jump which is not too pronounced
(Apx smaller than 1). A Si(111) double crystal monochromator was
used to scan the synchrotron X-ray energies, allowing an energy
resolution better than 1 eV. During the measurement the (111)
reflection was detuned to reject higher harmonics. A mirror was
used after the monochromator. The sample was cooled in a cryo-
stat to the temperatures 20, 40, 70, 100, 150, 200, and 250 K. The
K-edge spectra of the iron were recorded in absorption mode in a
region up to 1400 eV above the absorption edge at 7112 eV (see
Fig. 2). Individual scans were summed to improve statistics to al-
low an interpretation of the XAS spectra up to high energies. A
large energy range is necessary since the widths and amplitudes in
real space are determined by the effective k space — which represents
the measured energy range — in which XAS occurs with significant
amplitudes (Bohmer and Rabe 1979). The energy calibration was
performed using the known reflections of a silicon crystal (Pettifer
and Hermes 1985). The XAS data were analyzed by standard
procedures used at the EMBL outstation, Hamburg (Nolting and
Hermes 1992). The atomic absorption background was subtracted
using a five-point cubic spline fit (see Fig. 3).

In the k3y(k) plot, as well as in the Fourier analysis, a decrease
in intensities at higher temperatures can clearly be observed. The
refinement of the XAS spectra was performed with the program
package EXCURV92 (Binsted et al. 1991, 1992; Gurman 1988;
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Fig. 2 Normalized absorption spectrum of [Fe(bbimae)acac]ClO4
at 20 K. Inset: original absorption spectrum



Gurman et al. 1984, 1986; Joyner et al. 1987). In this process, all 31
atoms of the model compound were included in the calculation of
the XAS spectra and arranged in scattering units. Multiple scat-
tering up to three scattering processes was included. No Fourier
filtering was used which could give rise to truncations and loss of
information. The spectra were analyzed in k space (Lytle et al.
1989). The coordinates of the individual atoms were extracted from
the X-ray structure analysis and kept constant during the analysis
of the spectra. No refinement of the coordinates of the atoms was
necessary to interpret the XAS spectra. Only the <x?>*S (in the
EXCURV92 program referred to as A-values: A =2<x?>XAS) of
the atoms were determined in a least squares fit using a Marquardt
fitting routine where the theoretical curve was iteratively adjusted
to the experimental data (as well as the exact energy of the Fermi
energy level Er). The <x?>*AS is included in the fitting routine in
the exponential term exp[-2k> < x?>XAS]. This term represents the
effect of thermal motion of the atom (Beni and Platzman 1976) or
structural disorder. To reduce the number of parameters and to
avoid over-interpretation, the <x?>XAS of atoms at similar geo-
metric positions were combined and only varied together (A1,
A2=A3, A4= A5, 46, A7, AS=A9, A10=A12, A11, A13=A14,
A15=A16, A17, A18=A19, A20=A21, A22=A25, A23=A24,
A26=A27 and A28 = A29= A30= A31; the number after A refers
to the atom number in Fig. 1). Together with the parameter EF,
this yields 18 fitted parameters. Mainly the atoms which are directly
coordinating the iron center were adjusted individually (atoms 1—
6). The so-called AFAC value, which accounts for amplitude losses
due to shake up and off processes, was fixed to 0.85. In these
processes, energy is deposited into excitation of electrons other
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Fig. 3A, B Comparison of the XAS spectra of the iron compound
at different temperatures: 7=20 K (full circles), T=250 K (open
squares). A k>-weighted spectra; each third data point is given.
B Fourier transformed spectra with equal window parameters
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than the absorbing one so that this absorption no longer contrib-
utes to the XAS amplitude. This value was obtained after extensive
testing and was chosen to avoid negative A4-values. Theoretical
calculations propose a value of 0.69 (Teo 1986), which yields A4-
values at negative and therefore unphysical values.

Small crystals of met-myoglobin were grown according to the
method of Kendrew and Parrish (1956). The sample was frozen in
liquid nitrogen and equilibrated at the temperatures 40, 115, 185,
and 260 K during the XAS measurements. The XAS spectra were
taken again at the beamline D2 of the EMBL outstation at the
DORIS storage ring, Hamburg. The same experimental setup was
used as described above. The spectra were taken from 6900 eV to
8100 eV in the fluorescence mode using a 13 Nal scintillation
counter array. Individual scans were added until the total number
of fluorescence counts above the absorption edge accumulated to
about 800,000 for each temperature spectrum (except 260 K). A
modified strategy was used in measuring the spectra. To determine
Debye-Waller factors, a good resolution at high energies is desir-
able. Therefore, the energy difference between two neighboring
data points was kept constant. This results in an increased density
of data points in the high k range after the transformation of the
energy to k-space and yields, therefore, better statistics. After
background subtraction the data points were redistributed to be
equidistant on the k-scale. The measurement time was not in-
creased dramatically by this approach, as it would have been if
simply more scans had been taken.

Figures 4 and 5 show the original XAS spectra as well as the
background subtracted spectra. The atomic absorption back-
ground was subtracted using a four-point cubic spline fit. The
temperature effect can be seen especially in the Fourier transform
of the XAS spectra (compare Fig. 5b). The first maximum clearly
decreases.

The data were refined using the program EXCURV92 (Binsted
et al. 1991, 1992; Gurman 1988; Gurman et al. 1984, 1986; Joyner
et al. 1987). All atoms of the active center known from the X-ray
structure (compare Fig. 6) are included, e.g. the porphyrin heme (24
atoms), the imidazole of a histidine (5 atoms), and a water molecule
modeled by an oxygen atom (“XAS 30”"). The AFAC value was set
to the value used in the previous experiment. The strategy was again
to use the coordinates of the X-ray structure analysis and to perform
a refinement of the Debye-Waller factors only. In contrast to the
small iron compound, it proved to be impossible to use the X-ray
coordinates of the X-ray structures directly. The XAS spectra could
not be reproduced correctly with these coordinates (see Fig. 7a and
b). The radial positions are either insufficient to suit the XAS
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Fig. 4 Normalized fluorescence spectrum of met-myoglobin
microcrystals at 7=40 K (solid line) and T=260 K (dashed line).
Inset: magnification of the first two oscillations of the XAS fine
structure
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Fig. 5A, B Comparison of XAS spectra of met-myoglobin at the Fig. 7A, B XAS spectra at 115 K. Dashed line: a reduced pyrrole
temperatures 40 K (filled circles) and 260 K (open squares). —Ting geometry is fitted (“XAS 127); solid line: all atoms which are
A k3-weighted spectra; each third data point is given. B Fourier extrélctegi from the X-ray structure are fitted (“XAS 307).
transformed spectra (exactly the same window parameters for both A k’-weighted spectra. B Fourier transformed spectra
temperatures)

analysis or systematic errors have a pronounced effect which did not
N2 C1 take place during the measurement of the iron compound (see Ta-
ble 2). The main problem might be that the phase functions are
calculated ab initio using Hedin-Lundquist potentials (Lee and Beni
1977). They might be not suitable enough in this case and might not
reflect the protein phases correctly. In order to succeed in the fol-
lowing analysis, the A-values were fixed first and the radial distances
of the imidazole, the four pyrrole rings contained in the heme, and
the oxygen were constrained refined as well as a tilting angle of each
group (Binsted et al. 1992). This angle was practically not changed
compared to the original X-ray structural data. After the geometry
at all four temperatures provided a satisfying fit of the spectra, the
coordinates were fixed and only the 4-values were varied. The latter
are again combined in eight groups, reflecting similar positions in
the complex (compare atom numbers given in Fig. 6; for the histi-
dine A1 = 42, A3 = A4, A5 and the heme A6 = A7 = A8 = A9,
A10 = A15 = 420 = A25, =All =A14=416= A19=A424=
A26 =A29, A=12=A13=A17T=A18= A22 =A22 =427 =
C28 030 A28, A30). Parameters for the first coordination shell are printed
c27 bold. The combination of A4-values into groups prevents specific
factors to account only for noise in the spectra, while other factors

Fig. 6 The active center of met-myoglobin as obtained from X-ray are damped out.
crystallography. The atom numbers indicated here are referred to In a second approach, a pyrrole ring with one methine group
in the text was extracted from the X-ray structure and weighted with a factor




of 4 (“XAS 12”). The imidazole ring and the water were not al-
tered. This structure is constrained refined and subsequently, after
fixing the structure, the A-values are varied in eight groups
(A1= A2, A3= A4, A5, 4xA6, 4xA10, 4xA11= A14, 4xA12= A13,
A30). Figure 7 shows the final fitting results for the 115 K spectra
for both approaches. Both techniques yield approximately the same
quality in the fits.

Results

In this paper the mean square displacements measured by
different methods are compared on a small iron com-
pound and on met-myoglobin. To avoid confusion we
talk only about mean square displacements <x”>. The
experimental method is indicated as upper index where X
characterizes X-ray structure determination, XAS the X-
ray absorption spectroscopy, y the Mdssbauer spectros-
copy, and NM the normal mode analysis. We use:

<x* >X=B/(87%); <x*>¥=4/2=¢" (1)

where B is the crystallographic B-factor, and 4 and o are
the commonly used parameters of XAS (Beni and
Platzman 1976; Binsted et al. 1991, 1992; Gurman 1988;
Gurman et al. 1984, 1986; Joyner et al. 1987). In optical
absorption experiments a considerable fraction of the
variance of the broadening of the Gaussian lineshape
<720pl of the Soret band arises from line broadening due
to coupling of the electronic transition with low-fre-
quency vibrational modes (Cupane et al. 1995). The
< x>>°P! can be deduced from azopt according to Mel-
chers et al. (1996).

Mean square displacements in the iron compound

The coordinates given by the X-ray structure are very
accurate, with uncertainties of less than 1%, e.g.
smaller than 0.01 A (Nazikkol 1996; see Table 1). With

Table 1 Results for the iron compound. For the first shell atoms
the radial distance, R;, from the absorbing iron atom was used as
obtained from the crystal structure (second column). For the atoms
the <x?> values at different temperatures are given. Columns 3-9
refer to XAS measurements and column 10 to the X-ray structure
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these coordinates the XAS spectra were fitted without
any adjustment. It is a strong justification of the XAS
technique that these spectra can be understood with
the exact coordinates obtained from the X-ray struc-
ture. The EXCURV92 program, for example, uses ab
initio phase and potential calculations which obviously
satisfy the required accuracy. Only a few parameters
have been varied to simulate the spectra using the
constraints theory given above (an energy offset and
the A-values, see Materials and methods section). The
main problem of the refinement lies in the correlation
of the parameters. Mean square displacements of at-
oms sited at the same distance from the absorbing
atom tend to compensate each other’s contributions.
This means that if one of these atoms is forced to a
very small <x?>XAS_ the contribution of another one
is almost canceled (huge <x*>**%). This makes nec-
essary a correlation to <x?>%AS of individual atoms
which have similar structural positions. However, this
procedure cancels individual contributions of single
atoms as such. Particularly for atoms which are at a
distance more than 3 A away from the iron atom, the
experimental statistics are too poor to separate indi-
vidual contributions of atoms even for the model
compound. The competition between noise and the real
backscattering contribution is not negligible. In addi-
tion, multiple-scattering contributions from the first
and second shells dominate in the Fourier transform at
about 4 A (compare Fig. 3). Therefore, only the atoms
in the first coordination shell will be discussed in detail.
The best fit for a XAS spectrum is obtained at tem-
peratures around 150 K. If one goes to lower temper-
atures, as well as to higher ones, the R-value of the
refinement increases. It is not surprising that the co-
ordinates of the atoms fit the 150 K spectrum in the
best way since the structure was determined at this
temperature. It also means that the resulting mean
square displacements at higher and lower temperatures

determination. <1-6> gives <x?>> values averaged over the at-

oms 1 to 6. <x>> values obtained by Mdssbauer spectroscopy are
added in the line below. The last two lines give the R-factor of the
XAS fits and the fitted Fermi energies, Ef, for the XAS experiments
at different temperatures

Atom R ;(A) <x*> (A?
XAS X-ray
20K 40 K 70 K 100 K 150 K 200 K 250 K 150 K
Fe 0.000 - - - - - - - 0.0213
0, 1.901 0.0007 0.0008 0.0009 0.0008 0.0020 0.0024 0.0030 0.0233
0, 1.942 0.0008 0.0010 0.0013 0.0017 0.0015 0.0020 0.0014 0.0322
05 2.049 0.0008 0.0010 0.0013 0.0017 0.0015 0.0020 0.0014 0.0297
N, 2.078 0.0018 0.0019 0.0019 0.0019 0.0033 0.0040 0.0064 0.0211
Ns 2.088 0.0018 0.0019 0.0019 0.0019 0.0033 0.0040 0.0064 0.0211
N 2.303 0.0015 0.0013 0.0018 0.0021 0.0033 0.0054 0.0100 0.0201
<1-6> - 0.0012 0.0013 0.0015 0.0017 0.0025 0.0033 0.0048 0.0241
Méssbauer 0.0050 0.0063 0.0090 0.0115 0.0160 0.0211 0.0265 -
< x>
Riaet 44.16 38.58 40.21 38.42 38.70 4533 46.18 -
Er (eV) —6.746 —6.766 ~6.788 ~6.788 ~6.582 -6.595 —6.337 -
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contain static contributions which reflect differences of
the structure at the measured temperature from the
structure at 150 K. In any case, these contributions are
not very large; for example, if one obtains a shift of
Ax=0.01 A it gives a contribution of 0.0001 A2t
<x*>.

The results of the analysis of the model compound
are shown in Fig. 8 and given in Table 1. The <x*>%
for the six nearest atoms to the iron at 150 K are in the
range between 0.020 and 0.032 A? with an error smaller
than 0.001 A2 In generdl one can observe that the at-
oms with the smallest <x?> are sited in the center of
the molecule, which means around the iron atom. The
further an atom is located away from the iron, the bigger
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Fig. 8 Model compound: mean square displacements for the
different atoms measured by different techniques as a function of
temperature. X-ray structure determination: Fe (star), O, (filled
diamond), O, and O3 (open circles), Ny and Ns (open square), Ng
(filled square). Mossbauer mean square displacement of Fe
(crosses). Dashed line: least squares fit by a hyperbolic cotangent
function. XAS mean square displacements for first shell atoms: O,
and Ng (filled triangles), O,/O; and Ny/Ns (open triangles)

Table 2 Structural parameters of the first shell atoms used in re-
fining met-myoglobin; X-ray denotes the X-ray structures (Parak
et al. 1987); in “XAS 30” the refinement of all 30 atoms of the
active center are included; in “XAS 12” are fitted only 12 atoms,

2>X in general. The <x?>7 value at 150 K is

only about 20% smaller than the <x?>X for the iron
atom. Compared to these results, the <x?> XS values
are almost a factor of 5 smaller than those determined
by Modossbauer spectroscopy (compare Table 1). They
show an increase with temperature from 0.001 A? at
20 K to 0.005 A2 at 250 K for the averaged first coor-
dination shell. The errors of the fit are estimated to be
£0.001 A%,

is the <x

Mean square displacements in met-myoglobin

Owing to the size of a protein, the derived values have
greater uncertainties than those of a simple complex.
Again, only the first coordination shell is discussed
(from the histidine the atom Ns, the four pyrrole ring
nitrogens Nig, N5, Nog, Nos, and the water Os;q; see
Table 3). The XAS analysis shows an increase in the
average distance of the pyrrole ring nitrogens with
higher temperatures, whereas the distances of the water
molecule and the histidine nitrogen stay approximately
at the same distance (see Table 2). This behavior is re-
vealed in both evaluation approaches applied, e.g. the fit
with all individual atoms as well as with one pyrrole ring
weighted with a factor of 4. In contrast to the X-ray
structure investigations, all pyrrole nitrogens seem to be
located at similar distances from the iron atom. This fact
can be deduced empirically from examination of the first
Fourier maximum, which is apparently not split (com-
pare Fig. 5b). In the X-ray structure at a certain tem-
perature the distances of the pyrrole ring nitrogens from
the iron atom can differ by up to 0.18 A. Nevertheless,
in addition to this observation, a systematic difference
can be detected between XAS and the X-ray structures:
the iron-pyrrole ring distance is on average always about
0.03 A larger in the XAS investigation; the effect can be
seen in Fig. 7b in the position of the first Fourier max-
imum.

with four times the contribution of one pyrrole ring (here R); the
angles TH,, TH 3, TH 3, TH,3, and TH,g display the orientation of
the ligands, Ry, is the fitting index as given in Binsted et al. (1992);
Er is the offset of the absorption energy

40 K 115K 185 K 260 K

X-ray XAS 30 XAS 12 X-ray XAS 30 XAS 12 X-ray XAS 30 XAS 12 X-ray XAS 30 XAS 12
React - 29.43 28.59 - 29.26 28.44 - 31.94 30.75 - 4530  45.65
Er (eV) - -6.65  —6.82 - -7.02  -6.82 - -6.85  -7.23 - =572 -6.50
Rs (A) 2.205 2.125 2.115 2.267 2.135 2.120 2.172 2.139 2.130 2.224 2.120 2.120
Rio (A) 2.004 2.013 2.017 1.969 2.022  2.023 2.003 2.022  2.031 1.970 2.037 2.044
Ri5 (A) 1.915 2.035 - 1.976 2.026 - 1.997 2.021 - 2.009 2.053
Ry (A) 2.098 2014 - 1.986 2.031 - 2.000 2030 - 1.988 2.053
R>s (A) 1.920 2.024 - 1.946 2.031 - 2.001 2.044 1.998 2.044 -
R30 (A) 2.065 2.107 2.098 2.126 2.109 2.109 2.236 2,102 2.109 2.195 2.101 2.101
TH, (°) 94.4 98.6 - 94.5 97.1 - 94.6 98.5 - 96.3 98.2
THy; (°) 328 33.5 - 31.8 33.6 - 34.6 329 - 348 36.3
THys (°) 58.8 58.8 - 56.9 58.8 - 59.1 55.8 - 59.5 58.5
THy; (°) 1443 143.1 - 1443 142.5 - 145.8 143.1 - 143.4 142.9
THy (°) 119.2 119.3 - 118.9 120.1 - 119.6 119.0 - 119.5 119.4




The <x>>*AS values averaged over the first shell
atoms change from 0.002 A% at 40 K to 0.007 A2 at
260 K (see Table 3). Similar results are obtained by both
refinement methods applied, e.g. whether all atoms are
included explicitly or a reduced geometry is used. In the
latter case a static disorder contribution to < x?>XAS,
which results from the averaging over the individual
pyrrole ring distances, should be increased. Since all
different pyrrole rings are located at similar distances
from the iron center (see Table 2), this contribution
seems to be negligible. The error bars of such an inves-
tigation stretch over a broad range. For the atoms of the
first coordlnatlon shell they can be estimated from the fit
as +0.001 A? for the pyrrole nitrogens and +0.005 A?
for the histidine nitrogen or the water molecule. This
means that even for the nearest atoms the errors are in
the range of the values themselves. For atoms which are
located at greater distances from the iron, this statement
is even more valid, particularly if the contribution of
these atoms to the XAS amplitude is close to the noise
level of the measurement.

For comparison, Mdssbauer experiments have been
performed on met-myoglobin. The obtained mean
square displacements show a fairly linear temperature
dependence below about 200 K and a clear increase
above this temperature.

Recently, data from temperature-dependent X-ray
structure determinations of met-myoglobin have been
analyzed by a normal mode refinement (Parak et al.
1999). This method allows the separation of internal
modes of motions from translation, libration, and
screwing (Kidera and Go 1992). Figure 9 gives the mean
square displacement of the iron atom, caused only by
internal motions.

Discussion

In order to obtain physical information on the dynam-
ical properties of molecules, several experimental meth-
ods have to be applied. In this paper, different
techniques are compared which are available to study
the mean square displacement, <x>>. We assume that

Table 3 Mean square displacements for met-myoglobin are given
at dlfferent temperatures. In the first column the Mdssbauer
<x?>>7 values are displayed. Columns 3-6 show the XAS
< x?>*AS yalues of the first-shell atoms of met-myoglobin, where

all 30 atoms of the active center are included (“XAS 30”) in the
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the experimentally obtained mean square displacements
are isotropic and, thus, the validity of the relation:

<P>=<x¥*>+<y>+<E>=3<>

(2)

In both the iron compound and in met-myoglobin the
<x?>XAS values are well below the <x?>7 and
<x?>% values, which comes from the following fact:
< x?>XAS measures exclusively the relative mean square
displacement between the absorbing atom and a back-
scattering atom j along the connecting vector R; (Beni
and Platzman 1976; Sevillano at al. 1979). Only relatlve
motions or d1sp1acements between the absorbing and the
backscattering atoms have to be taken into account. It
has to be emphasized that TLS motions (translation,
libration, screwing), which move the molecule like a
rigid body, do not contribute to <x*>*A5 TLS mo-
tions do not change the distance of the iron from the
neighboring atoms. The approximation used in the fol-
lowing is valid for vibrations which are described by a
harmonic Hamiltonian. In this case the necessary en-
semble average can be calculated. If ug. represents the
displacement of the absorbing iron atom, u; the dis-
placement of the backscattering atom j, the mean square
relative displacement can be written as

< X2 SIS [(up)eg)? >=< (upeer)” >

+ < (wjer)’ > =2 < (urcep(ujer) > 3)
with ez = R;/|R;|. This equation represents the mean
square displacements of the absorbing iron and the
backscattering atoms, which are projected on their
connecting vector. Any common displacement from the
average position, which is characterized by the third
term, is subtracted. XAS measures the projection of the
motional mode on the vector ez which is a unit vector
from the absorbing to backscattering atoms independent
of the orientation of the molecule towards the incoming
beam. Thus, the first term on the rlght -hand side of
Eq. 3) becomes < (uppeg)? >=< |upe| cos’a >, where o

is the angle between ez and wup.. Let us discuss some
relevant cases. If one assumes an isotropic distribution
of motional modes, e.g. there exist modes with the same
amplitude |ug.| in all space directions, again a spherical

2 XAS

refinement. The <x“> values of the atoms Ny, Nys5, Nyg, Njs
are combined. ““Ligands average” is the average over atoms 5, 10,
15, 20, 25, and 30 as shown in Fig. 9. Columns 7-10 give the results
of the <x2>XAS refinement, where only 12 independent atoms
were included (“XAS 12”) in the refinement

T (K) <2>7(A?) <2 >XAS (R2)
Fe XAS 30 XAS 12

N5 N]o, N15 030 Ligands N5 N](), N15 030 Ligands

Nsp, Nos average N>p, Njs average
40 0.0026 0.0018 0.0019 0.0043 0.0026 0.0017 0.0023 0.0030 0.0023
115 0.0063 0.0033 0.0023 0.0044 0.0022 0.0024 0.0025 0.0032 0.0027
185 0.0121 0.0044 0.0025 0.0047 0.0029 0.0028 0.0027 0.0050 0.0035
260 0.0334 0.0062 0.0032 0.0125 0.0073 0.0062 0.0032 0.0125 0.0073
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Fig. 9 Met-myoglobin: mean square displacements determined by
different techniques as a function of temperature. XAS values for
the nearest neighbors of iron: refinement XAS 30 (open triangles),
refinement XAS 12 (filled triangles). Mossbauer mean square
displacement of iron in met- myoglobln (czosves) Crystallographic
mean square displacements <x>>X of the iron for the internal
motions (full circles). Normal mode analysis: iron in met-
myoglobin (solid line), iron-histidine modes (dashed line)

average is performed and < |up|cos’a >=
(1/3) < |ug)* >=< x> >. In the case of strong aniso-
tropic motion, this assumption no longer holds. If there
is only one dominant motional direction, so that we can
neglect all other motions, the result becomes
2 2 2 2
< (uper)” >=< |up|” > cos’a.  Thus  <(upcer) >
ranges between zero for a mode which is perpendicular
to e and 3<x>>7 if the mode is parallel to er. The
same considerations have to be taken into account when
discussing the last two terms in Eq. (3). Additionally, if
ug. = u;, the resulting < x?>XAS pecomes zero since the
correlation term cancels the first two contributions. For
a strong correlated motion against each other (ug. =-u;),
the maximum  possible value is  obtained
6<x? >’+6<x >). The <x?>*AS yields half of that
value if |up.| = \uj\ o=0, and if there is no correlation at
all between the motion of the absorbing and the back-
scattering atoms. However, the last two cases seem to be
unrealistic for two atoms which are bound in a large
complex.

The <x?>>%*A5 also accounts for static disorder
varying the distance of the iron to its neighbors. This is
particularly the case when a number of atoms sur-
rounding the iron are represented by one single shell.
The deviation of the actual position of the atoms enters
directly into <x?>*A5_ For the myoglobin sample the
porphyrin ring was simulated by one single pyrrole ring
with weight factor 4. An assumed deviation of the smgle
nitrogens to the fitted distance of 0.02 A results in an
addition to <x>>*AS 6f 0.0004 A2, which is practically
negligible. It is at least a factor of 5 less than the ob-
tained values at 40 K. However, this is not necessarily
always the case. Here, it is assumed that the pyrrole ring
is highly symmetric.

The information from XAS on the mean square dis-
placement needs to be compared to already available
data. In Mossbauer spectroscopy the < x?>" measures
all dynamical processes which occur on a time scale
faster than 141 ns, the lifetime of the Mdssbauer °'Fe
nucleus (Md&ssbauer 1987; M&ssbauer and Sharp 1964).
Moéssbauer absorption spectroscopy is only sensitive to
the motions of the iron atom in the direction of the
incident beam. In a powder sample a spherical average
over each motional mode is accomplished, which yields
a factor of 1/3, e.g. the <x?> is measured rather than
the <r*>.

The mean square displacements, < x*>*, determined
by X-ray crystallography are obtained from the inten-
sities of the Bragg reflections. All atoms of the crystal
contribute coherently. The scattering occurs instanta-
neously. Therefore, the <x?>% values represent all
displacements of an atom from its average position in
the unit cell. Static contributions and dynamics on all
time scales are not distinguished. The different sensitiv-
ities of the methods reflect themselves in the different
<x*> values obtained from the experiments. TLS
motions contribute and have to be separated by normal
mode refinement (Parak et al. 1999).

We first discuss the small iron compound. At 150 K
the <x?> % value is only slightly larger than the <x>>"?
value of the iron (compare Fig. 8). Since the <x>>7?
value stems from dynamical contributions only, one can
conclude that structural disorder plays no important
role in this compound. All molecules in the crystal have
a nearly identical structure. The mean square displace-
ments obtained from Modssbauer spectroscopy can be
fitted with a cotangent hyperbolic law according to:

<x*>(T)=

%coth(hw/ZkBT) =<x}> (4)
where mpg,. is the mass of iron, % and kg are the Planck
and Boltzmann constants, and  is a characteristic fre-
quency. This fit proves that only harmonic motions are
involved. The comparison of X-ray and Mdssbauer data
shows that most of the mean square displacements stem
from motions. The small <x?>*%5 values are reason-
able since only relative motions or displacements with
respect to the iron are involved. A comparison with the
<x?>7 values proves that the total motion of the iron
with respect to the laboratory system is mainly caused
by common displacements together with the next
neighbors. Astonishingly, the absolute < x?>*S values
are close to those of myoglobin. As we shall discuss
below, this means that static displacements also con-
tribute.

In the case of myoglobin, the situation is more
complicated. Proteins can exist in different conforma-
tional substates (Austin et al. 1975). Therefore, in X-ray
crystallography, <x?>>% can be decomposed into three
contributions:

Mg

<x?>X —<x >—|—<x >+<xTLS>

(5)



The <x?,> part reflects internal motions within the
molecule. The <x?,> term accounts for different con-
formational substates. In each substate the structure
might differ a little from the average structure. A specific
molecule may be frozen in a conformational substate or
jump between substates; in both cases the mean square
displacement is increased by <x%,>. Finally,
<x%p1s> reflects the fact that a protein as a whole may
be displaced with regard to its averaged position in the
crystal. In small compounds like our iron compound,
<x’t1s> is neglected.

The difference in <x?>7 and <x*>* for the iron in
myoglobin is much larger than in the small iron com-
pound. This is due to the mentioned conformational
substates. Note that, in Fig. 9, only the internal modes
at the position of the iron are given. The contribution of
TLS is already subtracted from the original <x*>%
values.

For deoxy-myoglobin it was shown (Melchers et al.
1996) that the <x*>7 values of the iron can be ex-
plained by normal modes at temperatures below 180 K.
This yields, in Eq. (4), <x?,>=<x’>7=<x?*>"M
Recently, the normal mode analysis was also performed
on met-myoglobin (Parak et al. 1999). As shown in
Fig. 9, the agreement with the low-temperature M&ss-
bauer mean square displacements of met-myoglobin is
astonishingly good. Above 200 K, protein-specific mo-
tions become activated and give rise to the protein-spe-
cific increase of <x®>7. They can be understood as a
diffusion in limited space; see Cohen et al. (1981), Parak
et al. (1981), and Parak et al. (1982).

For the calculation of EXAFS Debye-Waller factors,
various techniques are in use (Dimakis and Bunker 1998;
Poiarkova and Rehr 1999). In the following we use the
normal modes to analyze the <x?>>*AS values. Mel-
chers et al. (1996) provides the normal mode k of the
atom i with the energy 7Zw;, mass m; and the elgenvector
d. The mean square displacement <x?>™M s then in
the classical approximation:

kT

<(x; )2 M — (d ) (6)
wk

If one wants to calculate the relative <x?>>"M from

this expression, the contributions of the individual
modes have to be summed. In the case of a directed
motion along a vector eg (in XAS the unit vector from
the absorbing Fe to the backscattering atom /) this sum

becomes:
1 k.T k. T
2 NM _ k B k B
<X} FeRel _g Z dFe\/ > —d; \/miwz €r
(7)
The phase relation in the motion between the ab-

k=T, My W)
sorbing and the scattering atoms is maintained. The
normal mode analysis yields in total 6219 frequencies,
which correspond to the normal motions of the protein.

2
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About five low-frequency modes account for over 30%
of the <x*>™ (711cm™!, 831 cem™, 926 cm™’,
10.85 cm™!, 12.19 cm™!). The rest of the <x?>>™M jg
produced by the vast majority of the modes, with each of
the modes contributing a very small part to the
<x?>™M_ This picture changes drastically if one
observes the relative <x?>>~Mp . taking into account
only the relative motions between the iron and its
ligands. Between the iron and the histidine there exists
not even one remaining freqzuency which would con-
tribute more than 2% to <x~> """ g.. Apparently, the
iron and the histidine move essentially in phase. Between
the iron and the porphyrin ring there exists only one
normal mode at 10.85 cm™', which accounts for about
10% of the <x*>NMp.. This frequency represents
the only motion between the iron and the porphyrin
ring. The rest of the normal modes form a quasi-
isotropic background, which produces the major part
of < X2 > NMRel.

We first compare < x> gnd <x?>NMp o which
both are a result of the normal mode analysis since only
normal mode displacements of the neighbors of the iron
with respect to the iron ( <x>>~Mp.)) can be compared
with <x?>XAS_ The majority of the motions of the
active center are correlated motions where the iron and
the neighbor atoms move practically in phase. There are
hints from the XAS experiments that the motions nor-
mal to the heme plane between the iron and the histidine
are more pronounced than inside the heme plane, since
the <x?>%*A5 of Ns is bigger than those of Ny, Njs,
N,g, or N»s (see Table 3). The iron seems to be strongly
fixed within the borders defined by the porphyrin ring.
This is in good agreement with results from Mossbauer
spectroscopy (Afanas’ev et al. 1987; Nazikkol 1996). It
is, however, rather difficult to make more detailed con-
clusions. The large errors of the individual <x?>XAS
values limit the interpretation. While the normal mode
analysis accounts quite well for the total motion of the
iron, determined by Mdssbauer spectroscopy, the rela-
tive mean square displacements calculated from the
normal mode analysis are much smaller than the ex-
perimentally obtained <x?>>%*AS values (see Fig. 9).
This shows that static distortions contribute signifi-
cantly. This is again a hint that conformational substates
are important.

Protein-specific motions reveal themselves by the
strong increase of <x”>7 above 180 K. The <x?>XAS
values do not show such behavior. According to Parak
et al. (1982), quasi-diffusive motions of segments of the
protein molecule are activated above 180 K. Such mo-
tions are highly correlated and do not contribute to
< 2> XAS

The XAS values can also be compared to optical
ones. In the case of myoglobin, optical spectroscopy
observes only the relative motion of the iron atom with
respect to the heme plane (Melchers et al. 1996). The
optical mean square dlsplacements range from 0.001 A?
at 40 K to 0.003 A% at 250 K in the case of deoxy-
myoglobin. This is far below the <x?>*%5 values. Here
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we see again that the <x*> is strongly influenced by
conformational substates, yielding the term <x’y> in

Eq. (9).

Conclusions

2 o XAS 2

For a comparison of <x“> values with <x“>
values obtained by other methods, one has to have in
mind that only relative displacements between the iron
and it nearest neighbors contribute to <x?>XAS,
Compared with < x?> % values the <x?>**5 values are
significantly smaller in both compounds. This reflects
the fact that X-ray Debye-Waller factors are sensitive to
all displacements, including displacements which do not
change the relative distance of the iron from its neigh-
bors. If all <x?>*AS displacements came from dynamic
effects, they should be smaller than <x?>7 and equal to
<x?>™M_ . However, in myoglobin they are signifi-
cantly larger. This shows that static disorder strongly
contributes as a consequence of conformational sub-
states in proteins.
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