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Visible light can break the FeÐCO bond in Fe(II) carbonmonoxy-myoglobin (MbCO) giving an

unligated product (Mb*) that is almost stable at T < 30 K. Fe K-edge polarized X-ray absorption

spectra (P-XAS) of the photoproduct (T = 20 K) of an oriented single crystal (0.2� 0.2� 0.3 mm) of

sperm whale MbCO (space group P21) have been collected. By rotating the crystal the X-ray photon

polarization vector has been oriented almost parallel (with an angle � = 23�) or perpendicular (� =

86�) to the heme normal of each myoglobin molecule. The crystal was continuously illuminated by a

white-light source during the data collection. The polarized data give novel information on the Fe-

heme electronic/structural rearrangement following photolysis. The XANES (X-ray absorption near-

edge structure) spectrum polarized in the direction close to the FeÐCO bond changes dramatically

after photolysis, exhibiting a shift of �2 eV, due to electronic relaxation of empty states of pz

symmetry, while more subtle changes are observed in the spectrum polarized along the heme plane,

sensitive to the heme-plane geometry. Changes in the pre-edge region can be interpreted to provide

insight into the electronic structure of the highest occupied and lowest unoccupied molecular orbitals

(HOMO±LUMO) in the MbCO! Mb* photochemical reaction at low temperature.
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1. Introduction

Visible light can be used in the laboratory to induce

photolysis of carbonmonoxy-myoglobin (MbCO), i.e. to

trigger the dissociation of the CO molecule from the Fe-

heme complex in the hydrophobic core of myoglobin (Mb).

This protein dynamic event has been addressed by many

theoretical (Case & Karplus, 1979; Sassaroli & Rousseau,

1986; Elber & Karplus, 1987; Vitkup et al., 1997) and

experimental (Austin et al., 1975; Alben et al., 1980;

Kuriyan et al., 1986; Powers et al., 1987; Phillips, 1990;

Steinbach et al., 1991; Quillin et al., 1993; Lim et al., 1997)

studies.

The dissociation process is represented in a simpli®ed

scheme by the three-well model

MbCO ! Mb* ! Mb �1�
in which MbCO is the starting main state of the protein, Mb

is the ®nal main state when the CO molecule is in the

solvent, and Mb* represent all the intermediate states when

the CO molecule is in the protein matrix. The crystal

structures of MbCO and Mb at a resolution of 1.15 AÊ

(Kachalova et al., 1999) show that CO dissociation at room

temperature is accompanied by concerted motions of the

iron, the heme and helices E and F. Multiple time-depen-

dent energy barriers affect the motion of the CO molecule

within the protein matrix, resulting in non-exponential time

dependence and non-Arrhenius temperature dependence

of the binding kinetics. At room temperature the photo-

dissociated CO molecule rebinds to the iron on the

microsecond time scale, so that fast detection techniques

have to be applied to reveal intermediate states before

recombination (Franzen et al., 1995; Srajer et al., 1996). At

T < 160 K the CO recombination is still fast but limited

within the closed heme pocket (geminate recombination)

(Scott & Gibson, 1997). At T < 30 K the CO rebinds very

slowly (Iizuka et al., 1974), by molecular tunnelling (Alben

et al., 1980), so that almost a 100% conversion to the

photoproduct can be achieved in the experimental time

window of standard techniques, but the protein matrix

remains frozen in the conformation of ligated MbCO.

X-ray diffraction studies of the cryogenic metastable

Mb* photoproduct of MbCO at T = 20 K (Schlichting et al.,
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1994) and T = 40 K (Teng et al., 1987) reported different

positions of the CO molecule in the heme pocket.

According to a later X-ray study (Teng et al., 1997) it has

been proposed that the different positions found corre-

spond to migration of the CO molecule. At the same time

the relaxation of the unligated Fe-heme towards the

structure of Mb is hindered by protein restraints at such a

low temperature, while at room temperature the relaxation

is almost complete (Franzen et al., 1995; Srajer et al., 1996),

so that low-temperature studies seem relevant to identify

the restrained parameters of the Fe-heme, directly linked to

protein motions. The X-ray data are partially in disagree-

ment concerning the extent of relaxation at low tempera-

ture: either about 70% according to Schlichting et al. (1994)

(the Fe atom moves out of the heme plane by 0.2 AÊ at T =

20 K, under continuous illumination by a white-light

source), or about 30% according to Teng et al. (1997) (the

Fe atom moves out of the heme plane by only 0.1 AÊ at T =

40 K, after a short laser illumination at 633 nm, and does

not relax further after prolonged illumination). These

discrepancies are hard to explain as they only differ in the

photolysis protocols.

A spectroscopic probe, the near-IR band III at 760 nm, is

believed to be sensitive to the ®ve-coordinated structure of

Fe-heme, and to the Fe-heme relaxation processes (Iizuka

et al., 1974). It has been assigned to a porphyrin (a2u) !
Fe(dyz) charge transfer transition. It is found at different

energy positions for Mb (758 nm) and Mb* (772 nm)

between 4.2 and 40 K. By increasing the temperature after

photolysis of MbCO at 10 K, the Mb* band exhibits kinetic

hole burning (i.e. a shift of the band following partial ligand

rebinding) between 50 and 120 K, stays fairly constant

between 120 and 150 K, and shifts towards the value of Mb

above 150 K. This last shift has been taken as evidence of

thermally induced Mb*!Mb relaxation. More recently, a

light-induced Mb* ! Mb relaxation has been reported

(Nienhaus et al., 1994), probed by a shift of the frequency of

this band in Mb* after extended illumination. As suggested

by the observed time and temperature dependence of the

Soret and Band III shifts in horse myoglobin, relaxation

dynamics at the heme occurs on a time scale of nanose-

conds, considerably faster than geminate rebinding;

however, a correlation has been found between the heme

relaxation rates and geminate rebinding rates measured on

different mutants, showing a connection between the

relaxation process and the protein function (Lambright et

al., 1991; Franzen & Boxer, 1997).

X-ray absorption spectroscopy (XAS) probes photo-

electron transitions from a deep metal core level to ®nal

unoccupied continuum states with selected symmetry

formed by interference between the outgoing photoelec-

tron wave from the metal centre and the backscattering

waves from neighbouring atoms (Pin et al., 1994). By the

EXAFS (extended X-ray absorption ®ne structure) spectra

one can measure, in principle, distances between the metal

centre and backscattering atoms with a 0.02 AÊ precision,

giving insight into the structure and dynamics of heme-

proteins in solution, and being suitable for studying gemi-

nate recombination at low temperature. Unfortunately the

EXAFS results reported so far on the low-temperature

photoproduct of MbCO in solution are controversial. By

the extracted ®rst-shell ®ltered data, measuring the varia-

tion of the average distance FeÐNp, a different degree of

Fe-heme relaxation has been outlined by various EXAFS

studies: in sperm whale MbCO in solution after photolysis

at T = 10 K (Chance et al., 1983; Powers et al., 1984) the

values of d(FeÐNp) = 2.01 � 0.02 AÊ in MbCO and d(FeÐ

Np) = 2.03 � 0.02 AÊ in Mb*CO were measured; another

EXAFS work (Teng et al., 1987) reported a distance d(FeÐ

Np) = 1.98� 0.02 AÊ in an MbCO dried ®lm sample, without

variations from this distance after photolysis at T = 5 K.

More recently, a different kind of analysis [global mapping

of structural solution, by Chance et al. (1995)] was used to

®t the full EXAFS spectrum of the photoproduct at 10 K of

horse MbCO (pH 9) after 5 min of illumination by a high-

intensity white-light source. Evaluation of these data

placed the FeÐNp average distance close to the value

found for Mb, in which d(FeÐNp) = 2.06 AÊ . Apart from

factors due to the different protocols and sample conditions

used in the EXAFS experiments, it is possible that some

error was due to intrinsic limitations of the technique when

applied in solution to determine the coordination number

of the Fe atom, and to solve the iron ®rst-shell distances,

convoluted in the ®rst Fourier peak. For example, previous

EXAFS works (Teng et al., 1987) made use of the method

of Eisenberger et al. (1978) to deconvolute the mixed ®rst

Fe coordination shell in MbCO and Mb*, making use, for

any atomic distance, of the same value of the threshold

energy E0 through which the electron wavenumber k was

calculated from the X-ray energy. The solution was sear-

ched by varying E0 over a reasonable range. However, by

looking, for example, at the polarized XANES spectra of

Mb* in x3, a shift of 2 eV should be applied to E0 between

the " // c spectra, that probe essentially d(FeÐNp), and the

" // a* spectra, that probe d(FeÐN"), so that different

values for the atomic distances could be expected.

Spectroscopic evidence of partial heme relaxation in

sperm whale Mb* is obtained by looking at the XANES

(X-ray absorption near-edge structure) region. The

absorption threshold of the spectrum of Mb is redshifted

relative to that of MbCO by about 2.5 eV while the spec-

trum of Mb* (at T < 20 K) is redshifted with respect to

MbCO by about 1 eV (Teng et al., 1987; Della Longa et al.,

1994). The absorbing Fe atom in both Mb* and Mb is ®ve-

coordinated, and has the same oxidation state and spin

state; in such conditions a redshift of a threshold going from

Mb* to Mb was explained, according to the Natoli rule

(Natoli, 1983), by a lengthening of the ®rst-shell distances

(Della Longa et al., 1994). Moreover, a relation between

the Fe-heme displacement and the XANES features has

been proposed (Chance et al., 1986; Miller & Chance, 1995)

by looking at the ligand ®eld indicator region (LFIR)

(7150±7250 eV) that attributed changes in this region to

focusing effects between the Fe absorbing atom and the
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backscattering pyrrolic rings of the porphyrin, leading to an

empirical formula correlating the LFIR ratio between two

peaks of this region and the Fe displacement: LFIR ratio =

(2.3 AÊ ÿ1 � Fe displacement) + 0.66.

The possibility of a P-XAS investigation on a small

protein crystal of opportune symmetry, at very low

temperature, adds original structural information on the

Fe-heme site of the MbCO photoproduct at low tempera-

ture. The use of both X-ray dynamic focusing onto the

0.2 � 0.2 mm size of the MbCO crystal, and a high-energy-

resolving 24-element array ¯uorescence detector, has

allowed the collection of polarized XANES spectra, and

preliminary polarized EXAFS spectra in the range k = 2±

13 AÊ ÿ1. Orienting the X-ray polarization vector either

along the FeÐCO bond or along the heme plane has made

it possible to distinguish changes of axial and planar

parameters of the Fe coordination sphere, and to re-inter-

pret previous XANES experiments in solution. Only

XANES results are discussed in the present paper.

However, solving quantitatively these ®rst shell parameters

by polarized EXAFS should be easier than by EXAFS in

solution. The parallel XAS investigation of hemeproteins

single crystals and solution samples can be greatly helpful

to support X-ray diffraction and other spectroscopic data

on this outstanding protein dynamics problem.

2. Materials and methods

2.1. Crystal preparation

Monoclinic (P21) single crystals of native sperm whale

myoglobin purchased before the ban were soaked for 8 h in

a thoroughly degassed and CO-saturated solution

containing mother liquor (3.25 M ammonium sulfate with

0.05 M phosphate buffer, pH 6.5) and 8 mg mlÿ1 Na-

dithionite. Distinct colour changes accompanied the

formation of Mb from met-Mb and MbCO from Mb.

Immediately before starting the experimental protocol a

crystal was suspended in a cryoprotectant solution

containing the same components and 20% glycerol, and put

in a quartz capillary in anaerobic conditions.

2.2. Crystal orientation and cryogenics

The quartz capillary containing the crystal was mounted

on a goniometric head and pre-oriented on a FAST

diffractometer at the Institute de Biologie Structurale

(IBS), close to the EXAFS beamline. The b-axis of the

monoclinic cell was oriented parallel to the axis of the

goniometric head. The position of the a-axis was marked

and the goniometric head was rapidly frozen in an open-

cycle helium cryostat previously lowered to 80 K. The

temperature of the crystal holder was monitored by two

platinum/carbon resistors. It was lowered below 200 K in

less than 1 min. Other MbCO crystals were subjected to the

same protocol (except freezing) to check for damaging

effects of the cryoprotectant along with the time spent

before lowering at low temperature. The quality of crystal

diffraction was found not to decay appreciably within the

®rst 24 h, which greatly exceeds the time required for our

experimental protocol before freezing.

A pictorial view of the crystal unit cell of myoglobin,

including the Fe-heme sites (with proximal histidine and

the CO ligand) of the two symmetry-related myoglobin

molecules, is represented in Fig. 1(a). The unit cell is seen

along a projection parallel to the b-axis. The b-axis was

oriented parallel to the rotation axis of the sample holder

of the cryostat and each angular position around the b-axis

was reached by a step motor having a formal accuracy of

0.01�. However, the real error depends on the accuracy by

which the initial direction of the a-axis was marked, eval-

uated as �2�.

2.3. Photolysis protocol

Polarized XAS spectra of the MbCO crystal were

acquired at T = 100 K by rotating the sample around the b-

axis, i.e. by changing the orientation of the polarization

X-ray vector "" from the "" // c orientation to the "" // a

orientation. Then the crystal was cooled at T = 20 K (see

Table 1) and photolysis was achieved using white light from

a ®bre-optic illuminator for about 3 h. A UV/V micro-

spectrophotometer was not available at the beam station,

Figure 1
(a) Pictorial view of the arrangement of the two Fe-heme sites
(including the proximal histidine imidazole and the CO ligand) in
the unit cell of an MbCO single crystal. The view is projected
along the b axis of the monoclinic crystal. (b) Geometry of the
heme normals and the photon polarization vector, applied on the
same origin, in the orthogonal crystal system a*bc.
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so we have only indirect indications that the crystal was

fully photolysed (>95%). These are as follows.

(i) At T = 20 K the steady state in photolysis kinetics

corresponds to almost 100% of photolysis.

(ii) The calculated optical density (OD) of our crystal

changes from OD = 192 at 420 nm to OD = 14 at 540 nm,

and to OD = 0.1 at 630 nm, so that ef®cient photolysis on

the sample is induced by photons between 500 and 600 nm.

The sample was maintained under illumination for the

duration of the experiment, like the protocol of Schlichting

et al. (1994). Before collecting P-XAS spectra, distinct

spectral changes in the "" // a XANES spectra at E =

7124 eV were monitored until a steady state was reached.

The kinetic curve of the X-ray absorption difference

[I7124(t) ÿ I(0)]/[I7124(1) ÿ I(0)] reached saturation in less

than 1 h with an integrated irradiation power density

(between 500 and 600 nm) of 5 � 10ÿ2 mW mmÿ2. The

same saturation limit I7124(1) at T = 20 K was obtained by

changing the intensity of irradiation.

2.4. Polarized XANES of myoglobin

With a structure that has a symmetry axis (symmetry C4,

approximately that of the Fe-heme site) it is advantageous

to calculate the XAS components linearly polarized along

the symmetry axis (the heme normal), Inormal, and along a

direction in the C4 plane (the heme plane), Iheme. Assuming

perfect C4 symmetry, for a certain angle � between the

polarization vector "" and the heme normal of one

myoglobin molecule, the polarized spectrum I� is given, as a

function of Iheme and Inormal, simply by

I� � Inormal cos2 �� Iheme�1ÿ cos2 ��; �2�

and for the two myoglobin molecules oriented with angles

�1 and �2 it will be equal to the sum I�1 + I�2.

A useful geometry to describe the polarized absorption

experiment in the case of the MbCO crystal is shown in

Fig. 1(b), in the a*bc orthogonal coordinate system of the

crystal. In this system, to rotate the crystal around the b axis

is equivalent to rotating the "" vector in the a*c plane. � is

the angle between the vector "" and the axis a*, taken as the

reference axis, and ' is the angle between both the heme

normals and axis a*. The two heme planes lie approxi-

mately in the bc plane (as seen in Fig. 1a), while the two

heme normal vectors n1 and n2 lie approximately in the a*b

plane. By rotating the "" vector on the a*c plane by an angle

�, one has

cos �1 � cos�"n1� � cos � cos ' � ÿ cos�2; �3�
hence the contributions I�1 and I�2 are equivalent for any

value of �, and the measured XAS spectrum at an angle �
with respect to the a* axis as a function of Iheme and Inormal

is

I� � Inormal cos2 � cos2 '� Iheme�1ÿ cos2 � cos2 '�: �4�
The angle ' is equal to 23� in our crystal; therefore one

obtains as extreme limits for polarization measurements

with our MbCO crystal,

I��0 � I"==a� � 0:85 Inormal � 0:15 Iheme; �5�

I��90 � I"==c � 0:005 Inormal � 0:995 Iheme: �6�

2.5. XAS measurement

X-ray absorption spectra have been collected at the

CRG-IF BM32 beamline of ESRF, Grenoble (France), in

the 2/3 ®lling mode, 150 mA. The monochromator at this

beamline is an Si(111) double crystal, in which the second

crystal is elastically bent to a cylindrical cross section. The

X-ray photon beam was vertically focused by an Ni±Pt

mirror, and dynamically sagittally focused in the horizontal

size onto the 0.2 � 0.2 mm2 spot of the MbCO crystal

distant 42 m from the source. A high-energy-resolving 24-

element array detector from EG&G Industries allowed the

collection of XAS in ¯uorescence mode. The number of

¯uorescence counts changed from �30 counts sÿ1 per

element (before the Fe K-edge) to �1000 counts sÿ1 per

element (after the edge), so that 3000±100000 counts per

energy point were obtained with a total collection time of

30±40 min for each spectrum. With such a photon statistic,

polarized XANES spectra and preliminary EXAFS spectra

(these latter not presented here) were acquired in the range

k = 2.5±13 AÊ ÿ1.

3. Results

The "" // a* (solid curve) and the "" // c (dotted curve)

polarized XANES spectra of an MbCO single crystal at T =

100 K are shown in Fig. 2. These spectra are quite similar to

those reported at room temperature by Bianconi et al.

(1985), showing that our cryogenic protocol did not damage

the MbCO crystal, and ruling out the presence of a relevant

percentage of met-Mb in the crystal. As stated in x2
[equations (5) and (6)], the "" // c spectrum contains a 99.5%

contribution from scattering pathways within the heme

Table 1
Photolysis protocol.

Crystal MbCO, P21, 0.2 � 0.2 � 0.3 mm
Cooling Cryostat liquid-He open ¯ow at ®nal

temperature of 20 K
Rapid freezing Cold He gas
Light source White light from ®bre-optic illuminator with

integrated power density between 500 and
600 nm of 5 � 10ÿ2 mW mmÿ2

Photolysis protocol Continuous. X-ray exposure after 3.5 h of
illumination

Total illumination time �500 min
Photolysis rate 0.001±0.1 sÿ1

Collection statistic Fluorescence, using 24-element Ge detector.
30±1000 X-ray counts sÿ1 per element,
i.e. 3000±100 000 counts per energy point.
N/S = 3 � 10ÿ3

Collection time �30±40 min per spectrum
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plane, while the "" // a* spectrum contains a 15% contri-

bution from scattering pathways within the heme plane and

an 85% contribution from scattering pathways along the

heme normal.

In the pre-edge region, two peaks P1 and P2 are distin-

guishable [although using X-ray focusing optics with the

Si(111) crystal limits the energy resolution], peak P1 being

polarized along the heme normal and peak P2 being

polarized on the heme plane. A small percentage of peak

P2 also appears in the "" // a* spectrum. Peak P1 is assigned

to a partially allowed (in an approximately C4v symmetry)

dipole transition from the core state 1s to an empty mole-

cular orbital with z2 symmetry, including the perturbed

Fe(dz2) orbital. Peak P2 has been assigned to a partially

allowed dipole transition to degenerate antibonding

molecular orbitals formed by mixing the CO(�*) MO and

the Fe(dxz, dyz) atomic orbitals (Cartier et al., 1992). Peaks

in the continuum (A, C, D and C2) are assigned to multiple-

scattering resonances due to interference between the

photoelectron wave created at the absorbing Fe site and the

waves scattered from neighbouring atomic potentials. The

strong peaks C and C2 are completely "" // a* polarized and

are predicted by the XANES theory to be due to focused

scattering on the FeÐCÐO and FeÐHis photoelectron

pathways (Bianconi et al., 1985) so they are highly sensitive

to the FeÐCÐO geometry (FeÐC distance and FeÐCÐO

tilting/bending angle); peak D and shoulder A are "" // c

polarized due to scattering on the heme plane; their

intensity should depend on heme doming effects in the

dissociation process.

The "" // a* polarized XAS spectra of MbCO (dotted

curve) and its photoproduct Mb* (solid curve) at T = 20 K

are reported in Fig. 3(a). Photolysis has dramatic effects on

this spectrum polarized near the heme normal. After

breaking the FeÐCO bond a completely new spectrum

appears with different values of edge position, and

prominent features. The "" // c polarized XAS spectra of

MbCO and Mb* are shown in Fig. 3(b). The effects of

photolysis on this spectrum, sensitive to the heme

geometry, are much more limited in the XANES region;

however, in the EXAFS region the maxima at about 7200

and 7270 eV are redshifted in Mb*, suggesting a change in

the frequency of the main oscillating component of the

EXAFS signal, in agreement with the expected partial

elongation of d(FeÐNp).

The "" // a* and "" // c polarized XANES spectra of MbCO

(dotted curves) and Mb* (solid curves) are shown in

Figs. 4(a) and 4(b). In the "" // a* polarization the absorption

edge of Mb* is redshifted by about 2.5 eV and one observes

the disappearance of the C and C2 peaks, and the appear-

ance of new features B0 (the shoulder at �7120 eV), B at

�7126 eV, B2 at �7132 eV and B3 at �7144 eV. The

intensity of peak P1 assigned to a 1s ! 3dz2 transition

lowers a little.

The "" // c XANES polarized spectra of MbCO and Mb*

are shown in Fig. 4(b) in the same way as in Fig. 4(a). A very

small energy shift (if any) of the absorption threshold

(<0.5 eV) is measured. The pre-edge peak P2 in MbCO,

Figure 3
(a) "" // a* polarized XAS spectra of MbCO (dotted curve) and its
photoproduct Mb* at T = 20 K (solid curve). (b) "" // c polarized
XAS spectra of the same samples.

Figure 2
"" // a* (solid line) and "" // c (dotted line) polarized XANES spectra
of MbCO at T = 100 K. Pre-edge peaks probe transitions to the
LUMO orbitals of the Fe-heme system. Peaks C and C2 are due to
focused axial scattering including the imidazole histidine and the
CO ligand. Peaks A and D probe heme plane distortions.
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assigned to 1s ! CO(�*) MO + Fe(dxz, dyz) transition,

decreases in intensity. A small increase of peaks A, D0, a

¯attening of peak D, and the disappearance of feature D2

are the other relevant changes.

The "" // a* polarized (solid curve) and "" // c polarized

(dotted curve) XANES of the 20 K Mb* photoproduct of

MbCO are shown together in Fig. 5, representing the

XANES characterization of the low-temperature photo-

product of MbCO.

The difference XANES spectra in the "" // a* (dotted

curve) and "" // c (dashed curve) polarization are shown in

Fig. 6. The calculated unpolarized difference spectrum

(obtained by a weighted sum of the polarized spectra) is

also plotted (solid curve). The ®gure allows us to compare

the present experiment with previous XANES experiments

in solution and to reinterpret them (see x4). It is note-

worthy that at E = 7119 eV the unpolarized difference

spectrum mirrors completely "" // a* transitions (peak B0),

while at E = 7127 eV (peak C) the unpolarized difference

spectrum mirrors the difference ("" // c)ÿ ("" // a*). Hence at

these two energy values the XANES spectrum of the

solution sample should contain independent structural

information. In contrast, in the energy region 7140±

7180 eV the unpolarized difference spectrum contains

unresolvable contributions from both the "" // a* and "" // c

polarized transitions.

4. Discussion

As described in x1, the absorption threshold of the spec-

trum of sperm whale Mb* in solution (T < 20 K) is

redshifted with respect to MbCO by �1.2 eV, while the

spectrum of Mb is known to be redshifted with respect to

Figure 5
"" // a* (solid line) and "" // c (dotted line) polarized XANES spectra
of Mb* showing the large XANES dichroism for Mb*. The "" // a*
polarized XANES spectrum probes the distance and orientation
of the proximal histidine.

Figure 4
(a) Blow-up of Fig. 3(a), displaying "" // a* polarized XANES
spectra of MbCO and Mb*. Photolysis has a dramatic effect on the
spectrum, including a redshift of 2.5 eV of the edge, the
disappearance of peaks C and C2, and the appearance of new
features B0, B and B2. (b) Blow-up of Fig. 3(b), displaying "" // c
polarized XANES spectra of MbCO and Mb*. Photolysis has a
large effect on peak P2, while the changes of peaks D0, D and D2

are more limited.

Figure 6
"" // a* (dotted curve) and "" // c (dashed curve) polarized XANES
difference spectra of Mb*±MbCO. Their weighted sum reproduces
the difference spectrum previously reported for a solution sample
(Della Longa et al., 1994).
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MbCO by �2.5 eV (Chance et al., 1983; Teng et al., 1987;

Della Longa et al., 1994). Mb* at 20 K contains a ®ve-

coordinated high-spin Fe(II)-heme, like Mb (Roder et al.,

1984; Schlichting et al., 1994). Therefore the XANES

differences between Mb* and Mb are interpreted in

structural terms. It is assumed that the full relaxation at T =

20 K of the Fe-heme conformation is not permitted due to

the low temperature. According to the Natoli rule (Natoli,

1983) the edge shift going from Mb* to Mb could be related

to the lengthening of ®rst-shell distances, i.e. lengthening of

d(FeÐNp). XANES difference data by XAS in dispersive

mode (Della Longa et al., 1994) have already been reported

for sperm whale MbCO in solution. By assuming propor-

tionality between the absorption threshold energy of

MbCO, Mb* and Mb, and the lengthening of the d(FeÐNp)

distance, d(FeÐNp) = 2.03 AÊ for Mb* was determined, a

value intermediate between 2.01 AÊ in MbCO and 2.05 AÊ in

Mb, reported by EXAFS. Della Longa et al. (1994)

underlined that this value could eventually be altered if a

non-linear relationship exists between the spectroscopic

observable and the interatomic distance. The polarized

data lead us to recognize that the relationship between the

energy shift observed in solution and the lengthening of

d(FeÐNp) is highly non-linear. In fact, the energy shift of

the absorption threshold observed in solution going from

MbCO to Mb* is almost totally due to the electronic

relaxation of the empty states with pz symmetry after

breaking of the FeÐCO bond (mirrored in the "" // a*

XANES, insensitive to the FeÐNp distance), so that the

criterion of proportionality cannot be used to estimate this

structural parameter.

Information on the electronic structure of the highest

occupied and lowest unoccupied molecular orbital

(HOMO±LUMO) of the Fe-heme complex is contained in

the pre-edge peaks P1 and P2. The bond with CO includes

both � bonding, �(CO) + dz2(Fe) (determining electron

donation from the CO � orbital containing two electrons to

the empty dz2 orbital of the low-spin ferrous iron), and �
bonding, �*(CO) + dxz,dyz(Fe) (determining back-donation

from the dxz,dyz iron orbitals containing four electrons to

the empty �* orbital of CO).

In the "" // a* polarization one expects the pre-edge

features to probe electron transitions from the Fe 1s core

level to the empty molecular orbitals with z selected

symmetry. As already noted, peak P1 is z-polarized and

therefore it probes essentially the dz2 orbital in low-spin

ferrous iron, or the FeÐCO � antibonding orbital [�(CO)

+ dz2(Fe)]* in MbCO (the HOMO±LUMO scheme is

depicted in Fig. 7a). Because the MbCO! Mb* reaction

involves a low-spin! high-spin transition of the iron, one

would expect peak P1 to decrease in intensity because the

electron occupation of the dz2 orbital changes from 0 to 1

(Fig. 7b). At the same time, however, one expects the d±p

mixing of the dz2 orbital to increase going from the pseudo-

octahedral coordination symmetry in MbCO to the square

pyramidal coordination symmetry in Mb*. This latter effect

should enhance peak P1. Looking at Fig. 4(a), the two

opposite effects seem to compensate resulting in a very

small decrease of intensity of peak P1.

In the "" // c polarization one expects the pre-edge

features to probe transitions from the Fe 1s core level to the

empty molecular orbitals with xy selected symmetry, i.e.

1s! dxy, 1s ! �*(porphyrin) and the � antibonding

orbital 1s ! [dxz,yz + �*(CO)]* (HOMO±LUMO scheme

in Fig. 8a). The depicted scheme is valid for a linear FeÐ

CÐO bond perpendicular to the heme plane. The CO

tilting or bending lowers the overlap between its �* orbital

and the iron dxz,yz orbitals and enhances the overlap with

the � and �* porphyrin orbitals that combine to form the �
bonding and antibonding MO. In the MbCO ! Mb*

reaction the � antibonding orbital disappears. As in the

case of the dz2 orbital the electron occupation of the dxy

orbital changes from 0 to 1, while the p±d mixing variations

imposed by symmetry changes are certainly smaller than

for the dz2 orbital. As a result, one expects a lowering of

peak P2 due to decreasing of empty d states of xy symmetry

(Fig. 8b).

The energy position of the LUMO orbitals in MbCO and

Mb*, as suggested by the measured shape of the pre-edge

features of polarized spectra, is shown in Figs. 9(a) and

9(b). An improvement in experimental resolution will be

necessary in order to better assign these features. The

Figure 7
HOMO±LUMO electronic structure concerning "" // a* transitions.
(a) Formation of � bonding and antibonding MO between low-
spin (LS) Fe(II) and CO in MbCO. (b) Changes in electronic
structure going from low-spin Fe(II) MbCO to high-spin (HS)
Fe(II) Mb*.
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possibility of probing the � antibonding orbital should be

important for studying the extent of the iron-to-ligand

electron back-donation via � bonding. According to the

X-ray structure of Kachalova et al. (1999) the FeÐCO bond

geometry has small deviations from a linear and perpen-

dicular orientation (tilting + bending angle of�12�), so that

both � and � bonding can occur in this geometry, in accord

with the actual interpretation of the pre-edge features, even

if, as suggested by the values of the FeÐC and CÐC bond

lengths found in the X-ray structure, 1.72 AÊ and 1.12 AÊ ,

respectively, the degree of electron back-donation is small.

As observed in x3 (Fig. 3b), the maxima at �7200 and

7270 eV in the EXAFS region of Mb* are redshifted rela-

tive to MbCO, suggesting a change in the main frequency of

the EXAFS signal, i.e. a partial elongation of d(FeÐNp).

Because changes at the edge are small (Fig. 4b), either

XANES is weakly sensitive to this parameter or the FeÐNp

distance variations are very limited. In the latter case, if the

residual ÿ1.3 energy shift observed in solution going from

Mb* to Mb is due to an increase in the d(FeÐNp) distance,

most of the differences should be mirrored in the "" // c XAS

spectrum. The analysis of "" // c polarized EXAFS will be

used to address this point in the future. The small differ-

ences observed in the "" // c XANES spectrum going from

MbCO to Mb* could be interpreted as spin/structure

rearrangement effects on the heme plane. In spite of

differences in the iron charge, we ®nd it useful to compare

these data with the XANES data reported on the thermal

spin transition in Fe(III)Mb+OHÿ in solution (Oyanagi et

al., 1987; Della Longa, Pin et al., 1998) because only spin/

structure effects are present, the ligand always being OHÿ.

It is noticeable to see very similar changes over all the

XANES range. The absorption threshold is shifted by

ÿ0.5 eV or less going from the low-spin to the high-spin

derivative of Mb+OHÿ, and the feature C2 at �7145 eV

(analogous to feature D2 in Fig. 4b) disappears. According

to a spin-resolved XANES simulation on Mb+OHÿ (Della

Longa, Girasole et al., 1998), spin effects and structural

effects are both present (i.e. unresolvable) in the range

7111±7130 eV, while purely structural effects dominate

above 7130 eV, including peak C2 in low-spin Mb+OHÿ.

The in¯uence of the Fe spin state on the XANES simula-

tions is due to changes in the local exchange-correlation

potential term Vex which, for electronic states with �-type

Figure 8
HOMO±LUMO electronic structure concerning "" // c transitions.
(a) Formation of � bonding and antibonding MO between low-
spin (LS) Fe(II), porphyrin and CO in MbCO. (b) Changes in
electronic structure going from low-spin Fe(II) MbCO to high-
spin (HS) Fe(II) Mb*.

Figure 9
Tentative assignment of electronic levels within the pre-edge
features P1 and P2 of experimental spectra, as indicated in the
®gures. Improvement in energy resolution will be necessary for a
de®nitive assignment of the features.
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spin, can be written as Vex,�(r) = ÿ6�[(3/4)��(r)]1/3. In this

expression ��(r) is a total local charge density of electrons

with spin �, and � is the exchange constant. According to

these simulations a very small (ÿ0.5 eV) energy shift of the

absorption threshold can arise as a spin effect. The same

analogy can be extended to feature D2. Its disappearance

on going from MbCO to Mb* should re¯ect symmetry

changes of the Fe(Np)4 coordination going from the low-

spin to the high-spin derivative, consequent to a small

displacement of the Fe atom along the heme normal.

The ligand effect is also strong in the LFIR region (7150±

7250 eV) of the " // a* spectrum; this result does not agree

with the hypothesis that changes in this region are due

simply to reorientation of pyrrolic rings, and with the

consequent proposed measure of the Fe displacement in

both six-coordinated and ®ve-coordinated heme deriva-

tives in solution in the same calibration curve (Miller &

Chance, 1995).

In this experiment we did not investigate the effect of

light on the Fe-heme structure. A more accurate study

using monochromatic light allowing the number of photons

absorbed per molecule to be quanti®ed would assess the

possible effects on the FeÐHis bond (Ahmed et al., 1991),

and would provide detailed information about tunnelling

effects (Ober et al., 1997) in the recombination process.

In summary, the overall XANES results in Mb* seem

consistent with the X-ray data of Teng et al. (1997),

reporting a small relaxation of the Fe-heme (�30%),

corresponding to an Fe-heme displacement of �0.1 AÊ . As

mentioned above, the energy shift of the absorption edge

going from MbCO to Mb* (�1.2 eV) is almost totally due

to ligand dissociation. However, an accurate study of the

thermally and light-induced changes in the polarized XAS,

and the comparison between polarized XAS of ligated and

unligated Fe-heme states, would lead to the measure of

other parameters probing selectively the heme relaxation.

If heme relaxation and ligand rebinding are two distinct

processes (Franzen & Boxer, 1997), polarized XAS

promises to be powerful in allowing the observation, in the

same experiment, of these complementary aspects of a

protein dynamic event. In such a way the present experi-

ment opens the way to a systematic EXAFS investigation

on the time- (over long times), temperature- (4±60 K), and

illumination-dependence of single parameters like d(FeÐ

Np), d(FeÐN") in the cryogenic unligated photoproduct.

We have already veri®ed the feasibility of the experiment

by collecting preliminary polarized EXAFS spectra in the

range 2±13 AÊ ÿ1. Polarized EXAFS could be applied to

check the controversial hypothesis of a proximal control of

the rebinding barrier, relying on changes in position of the

iron-histidine complex of the order of 0.1 AÊ or less. A

careful analysis of the ®rst Fourier peak in the polarized

EXAFS spectra should give precise values of the ®rst-shell

distances around the Fe atom to 0.02 AÊ . However, a

problem remains concerning data analysis. In our opinion

the de®nitely convincing EXAFS analysis applied to such a

dynamic problem should ®t simultaneously the angular-

resolved spectra, including (i) a correct curved-wave

EXAFS dichroism theory, (ii) multiple scattering contri-

butions, (iii) search for multiple excitation edges. Even

though any of these correction terms are separately

included in the available software packages, we are not

aware of a package including all of them.
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