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Abstract. The ligand photodissociation of sperm whale
carboxymyoglobin (MbCOQO) at low temperature (15 K-
100 K) under extended illumination has been studied by
X-ray Absorption Near Edge Structure (XANES) spectros-
copy using the dispersive technique. XANES simulations
through the multiple scattering (MS) approach allow one
to interpret the spectroscopic data in structural terms, and
to investigate the Fe site structure configurations of the
states that follow the CO photodissociation as a function
of temperature. The Fe site in the photoproduct is unbound,
with an overall structure similar to the deoxy-form (Mb)
of the protein. The Fe site structure changes from T<30 K
(Mb*) to T>50 K (Mb**), revealing the existence of a
slower unbound state Mb**. A model is proposed which
includes the faster state (Mb*) as a planar porphyrin ring
with a displacement of Fe from the heme plane of less than
0.3 A, and the slower state (Mb**) with a domed heme.
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Introduction

Myoglobin is a standard system for protein dynamics
studies: a growing set of experimental data confirms the
existence, inside a main structural protein state, of differ-
ent substates (Parak et al. 1987; Frauenfelder et al. 1988;
Doster et al. 1989 a). The various conformations of both
bound and unbound myoglobin substates are expected to
control the ligand binding kinetics, depending on several
factors, such as protein sequence, solvent, pH, tempera-
ture.

An important goal in protein dynamics of myoglobin is
to get a satisfactory description of i) the conformational
landscape of the different equilibrium forms of the protein
(e.g. bound MbCO and unbound Mb) and ii) the structural
intermediates in the ligand binding process.
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The conformational landscape of MbCO begins to be
understood through the definition of a single conforma-
tional coordinate, the Fe—C-O angle. Fourier transform
infrared (FTIR) spectroscopy studies (Ormos et al. 1988)
of MbCO have identified three CO stretching frequency
bands, Ay, A, and A, in sperm whale, which can be re-
lated, through their linear dichroism in partial photolysis
experiments (Moore et al. 1988), to the CO tilting angle «
from the heme normal, resulting in a(Ay)=15°%=10°,
o (A)=28°+2° a(A3)=33°%4°. Each band after photo-
lysis exhibits a different non-exponential rebinding. The
existence of conformational substates explains why these
processes are non-exponential in time. Hence the A bands
probe the three main substates of tier O of the ground state.
Inhomogeneity of myoglobin at low temperature (each
molecule possessing a different tertiary structure and CO
binding rate coefficient) has been demonstrated by multi-
ple flash experiments (Austin et al. 1975) confirming the
importance of defining a conformational coordinate. The
Fe—C-O angle is certainly a good probe of the function-
ally important conformations at the Fe site; however the
existence of other Fe coordination geometries, that bind
the CO molecule giving the same bond angle, cannot be
excluded.

On the other hand, the conformational landscape of de-
oxy myoglobin Mb is still unclear. In a recent FTIR study
(Mourantet al. 1993), a characterisation of the photo prod-
uct states was reported by studying the CO stretching band
B, after flash photolysis below 100 K. However, the ob-
served substates reflect motion of CO in the heme pocket
and not conformational minima at the Fe site. Structural
heterogeneity of the Fe-N, (His™) bond in various hemo-
globin and myoglobin derivatives has been probed by a
study of the Raman active iron-histidine stretching mode
(Gilchet al. 1993), suggesting that this parameter is a good
conformational coordinate of the unbound protein.

An insight into the conformational landscape problem
is given by XANES (X-ray Absorption Near Edge Struc-
ture) spectroscopy. The XANES method is a probe of the
local structure (bond angles and geometry) around the Fe
site, characterised by a very fast coherence time (~107'3 ).
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Since atomic motions are slower than that, it gives the iron
site structure averaged over the protein ensemble, i.e. the
XANES signal is close to the conformation with the high-
est probability. The average bending angle o of sperm
whale MbCO both in solution and in the crystal was found
to be about 30° (Bianconi et al. 1985 b). Moreover XANES
probes the Fe site structure in the unbound Mb ensemble
as well as in the MbCO ensemble.

Flash photolysis on MbCO provides a classical physi-
cal method (Iizuka et al. 1974; Austin et al. 1975; Hong
et al. 1990) to investigate the ligand rebinding process.
These processes have been described by a three-well
model, with time-dependent barriers among three main
states, each one can have many substates (scheme(1)):

MbCO < Mb* < Mb (H

where Mb* indicates the protein conformations when CO
is dissociated but confined in the heme pocket, and Mb
indicates the deoxy-Mb conformations when CO is in
the solvent. Below about 180 K, in a 2:1 glycerol-water
solvent, a single non exponential recombination process,
Mb* — MbCO is reported from kinetic data (Austin et al.
1975). At such a low temperature, the ligand cannot exit
the protein and the binding occurs directly from the heme
pocket. Moreover, each protein molecule is frozen in its
local conformational minimum and no fluctuations
between substates occur (Elber and Karplus 1987). No lin-
ear dichroism of the CO stretching bands is found after
photolysis, indicating that the Fe—C bond is broken and
CO has moved away and is randomly oriented.

The Fe site structure of Mb and MbCO determined by
both X-ray crystallography (XRD) and EXAFS (Extended
X-ray Absorption Fine Structure) includes an average
Fe-N,=2.06 A in Mb and 2.01 A in MbCO for Mb (Ta-
kano 1977; Phillips 1981; Fermi et al. 1984; Kuriyan et al.
1986; Chance et al. 1983; Powers et al. 1984, 1987; Zhang
et al. 1989).

EXAFS studies carried out at low temperatures have
measured the variation of the averaged distance Fe—N
between the Fe and four pyrrolic nitrogens in sperm whale
carboxymyoglobin after photolysis. The experiments
show that the structure of the Fe heme complex in the low
temperature photo product is not completely relaxed in the
Mb configuration. A distance Fe-N,=2.03+0.02 A for
Mb* in frozen solutions at 4—20 K has been reported
(Powers et al. 1984). Another EXAFS study (Teng et al.
1987) reports a distance d (Fe~N)=1.98+0.02 A for a
MbCO dried film sample, without variations of this dis-
tance after photolysis at low temperature.

On the other hand, theoretical simulations (Sassaroli
and Rousseau 1986) and optical, infrared, and magnetic
susceptibility studies (Fiamingo and Alben 1985) have in-
dicated that the configuration of the heme in the Mb* photo
product is very close to the fivefold Fe site configuration
of Mb. Raman investigation (Rousseau and Argade 1986)
of the photo product structure compared with that of Mb
have shown a small expansion of the heme core size (the
distance from the heme centre to the pyrrolic nitrogens,
C—N,,) in the photo product.

Previous XANES studies have been performed with
very low energy resolution in which the fine details of the

XANES spectra were smeared out (Chance et al. 1983;
Mills et al. 1984; Teng et al. 1987). We have used the dis-
persive method to measure fast spectra with good signal
to noise ratio, and to extract structural parameters of the
photo product of sperm whale myoglobin. Evidence of the
existence of at least 2 substates under extended illumina-
tion at low temperature, and the definition of the average
structure of the intermediate states in the ligand binding
process, according to the multiple scattering (MS) theory,
are reported.

Materials and methods

Carboxymyoglobin was prepared as 7 mM samples in a
2:1 glycerol-H,O solution at pH 6.7 from sperm-whale
met-myoglobin from Sigma, by standard methods de-
scribed elsewhere (Antonini and Brunori 1971). A slight
excess of a concentrated solution of sodium dithionite was
added and finally CO was passed over the protein solution
for at least 30 min just before the experiment to obtain
MbCO.

The spectrometer of the dispersive line combines a fo-
cusing dispersive X-ray optical system including a trian-
gular bent crystal and a position sensitive linear detector
able to work under high flux conditions (Fontaine et al.
1989; Ascone et al. 1987). The polychromatic focus of this
system, with an image size of less than 400 wm, is fixed
at the sample, whereas the monochromatic focus (due to
the finite size of the source) lies at about twice the distance
of the polychromatic focus; here is put the array detector.
This system gives high energy resolution (less than 2 eV
with a Si (311) crystal) and high stability in the energy
scale, because there is no mechanical movement during
the data collection, so a high precision for the energy shift
of the absorption edge can be obtained. A reliability bet-
ter than 30 meV is achieved after temperature stabilisation
of the optical system (mainly of the bent crystal). An
X-ray flat fused quartz mirror at grazing incidence between
the sample and the detector works as a low pass filter to
remove harmonic contamination. The theoretical time
scale (2.7 ms) of the dispersive technique is given by the
faster frequency of the readout of the photodiode array to
handle the high proton flux. Each of the 1024 sensing ele-
ments is able to transform 4x10* 8-KeV X-ray photons
into 8.8 x 107 electron-hole pairs.

The difference spectrum Mb*/MbCO was measured ‘in
situ’, i.e. the signal recorded is always the transmitted in-
tensity, and after two runs a difference spectrum can be
obtained:

ATp(E) x]=1n [Ty —Lgand Y Invbco —Lgark ) (2)

in which Iy, and Iy« are the transmitted X-ray inten-
sities from the sample, before and after the illumination,
at the energy E, while I, is the intensity measured with-
out photon flux, i.e. the electronic noise (Eq. (2)). The data
collection time for each spectrum was 120 s. The meas-
ured change in the optical density at the 12 eV maximum
of the XANES difference spectra was Au=2x107>, for a
total absorption jump of 1 x 1072, The noise was kept lower
than 2x 10~*. The data are presented without any manip-



ulation. The zero of the energy scale is fixed at the Fe metal
K-edge defined as the first maximum of the derivative
spectrum (7111.2 V).

The MbCO sample solution in a 1 mm thick pure alu-
minium cell with mylar windows, oriented perpendicular
to the X-ray beam, was firstly cooled at 15 K in the dark
by a liquid He close circuit cryostat, in 3 h. The tempera-
ture at the sample was probed by a carbon resistor mounted
in contact with the cell. A XANES spectrum of the MbCO
sample was acquired at 15 K immediately before the start
of illumination. Then the sample was photolyzed by con-
tinuous illumination froma 12 V—-100 W QTH Oriel lamp
model n. 6333, using optical fibre optics. Then, consecu-
tively at each temperature (from 30 K to 100 K), further
XANES measurements were collected. At 15 K, the photo
product rebinds very slowly, and the time delay used is
sufficient to saturate the extent of photolysis. For T>40 K,
the recombination becomes fast, but under continuous il-
lumination it is possible to observe very slow states, as
well as states that accumulate by optical pumping.

The photolysis results are discussed through a compar-
ison with the XANES difference spectra between the equi-
librium forms Mb and MbCO. To compare the data, we
look at the spectral amplitudes normalised to the respec-
tive measured atomic absorption jump. There are two
sources of error in evaluating the normalised data ampli-
tudes: i) In the photolysis experiment, the extent of pho-
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tolysis could be less than 100%, giving measured ampli-
tudes reduced by the same percentage. The shape of the
difference spectrum is expected not to depend on the ex-
tent of photolysis, while its overall amplitude does. Ow-
ing to this systematic error, the photolysis experiment
gives a lower limit to the real values of the same peaks in
the Mb*—MbCO spectrum. The spectra (Mb*-MbCO) for
temperature =<30 K were found to be unchanged after
about 1 h of continuous illumination at 30 K. i1) In the data
analysis of the XANES of Mb and MbCO, the fitting pro-
cedures for the subtraction of the pre-edge and normaliza-
tion of the spectrum cause an error in the calculated ab-
sorption jumps, and hence in the amplitude of the XANES
peaks, of a few percent. Hence it is noticeable that, within
these limits, a superposition of the Mb-MbCO and
Mb*-MbCO spectrais obtained between 18 eV and 38 eV
(in the region of the features C1, D, D', C2 and E of Fig. 1
and Fig. 4, see below).

The XANES simulations in real space using the full
multiple scattering formalism were carried out using our
G4XANES procedure, assembled by merging and extend-
ing several pre-existing programs. The procedure, de-
scribed elsewhere (Della Longa et al. 1993; Liet al. 1991)
has been used to perform XANES simulations on differ-
ent kinds of compounds, e.g. crystals (Liet al. 1991), small
molecules (Palladino et al. 1993), and low symmetry metal
sites in proteins (Amiconi et al. 1989; Congiu Castellano

Fig. 1. Top: the structure of the Fe site in car-
boxy-myoglobin as extracted from crystallo-
graphic data (see the text). Bottom: sketch of
the Fe site structures in MbCO and Mb as ex-
tracted from the XRD and EXAFS (see the

Mb text)
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Table 1. Calculated MT parameters for MbCO

Cluster N of Atom ant Vmt
atoms (A) (eV)
Central atom Fe 1.06 21.6
I shell 1 C 0.86 214
4 N 0.81 21.6
2 shell 1 (0] 0.83 18.4

et al. 1991; Della Longa et al. 1993). The molecular po-
tential in the “‘muffin tin” (MT) form was set up by start-
ing with an idealised MbCO cluster with a perfect planar
porphyrin ring with D, symmetry and a linear Fe—C-0O
geometry. The molecular potential in the MT approxima-
tion has radial symmetry around each atom, up to its MT
radius, and it is constant in the interstitial volume between
the MT spheres, hence it is essential to minimise the dis-
continuities of the MT calculated potential between the
atomic MT spheres. The MT radii Ry, for each atomic
species and the value of the potential at each MT sphere
boundary, Vyr, are reported in Table 1. The final program
of the procedure (an extension of that of Durham et al.
1982) calculates E//z and E / xy polarised XANES spec-
tra and can handle clusters with no symmetry at all, as in
our case. The unpolarised spectrum is obtained by a 2: 1
weighted sum of the E/xy and E// z spectra.

The clusters used for the MS simulations include 32
atoms from the porphyrin ring, the proximal histidine and
the CO ligand, with the central Fe atom, and a first shell
including 4 pyrrolic nitrogens Np at 2.01 A for MbCO and
2.06 A for Mb (from EXAFS, as indicated above). The Fe
atom was put in the heme plane in MbCO, while in Mb it
was 0.45 A out of the heme plane, towards the proximal
histidine. In MbCO the C atom of the CO molecule was
putat 1.97 A, with an angle Fe—C~0 of 150 deg. The dis-
tance (Fe-N,) of the proximal histidine nitrogen was 2.1 A
in Mb and 2.3 A in MbCO. The residual coordinates come
from crystallographic data (Mb from Takano 1977, and
MbCO from Kuriyan et al. 1986). A sketch of the struc-
tures is shown in Fig. 1.

Results

By the dispersive technique, we measured directly the dif-
ference spectrum between the photo product Mb* and
MbCO in a temperature range between 15 K and 100 K
under continuous illumination. In order to interpret the
spectrum, it is necessary to refer to the same difference
spectrum between the two equilibrium forms Mb and
MbCO.

The difference spectrum Mb*-MbCO at 30K, in
Fig. 2, panel A, shows the same minima and maxima as
the spectrum of Mb~MbCO shown in panel B (solid line),
in which we compare the XANES spectra of the equilib-
rium forms MbCO (dotted curve) and Mb (dashed curve).
As is clear from the bottom figure, positive peaks in the
difference spectrum correspond to peaks in the Mb spec-
trum (A’, A, D, D’ and E), whereas negative peaks corre-
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Fig. 2. Lower panel. Solid line: Fe K-edge XANES difference
spectrum in sperm whale myoglobin [Mb—MbCO]. The spectra of
Mb (dashed curve) and MbCO (dotted curve) are also reported.
Higher panel. Fe K-edge XANES difference spectrum between the
photoproduct and MbCO at 30 K. The energy zero corresponds to
7111.2eV

spond to peaks of the MbCO spectrum (C; and C,). The
peaks C, and C, are due to focusing scattering on the
Fe—C-O-Fe photoelectron pathway (Bianconi 1985Db),
while the peaks D and D’ originate from scattering on the
heme plane and their intersities are expected to depend on
heme doming effects in the dissociation process. The high
energy region above 50 eV is called the Ligand Field In-
dicator Region (LFIR). The increase of LFIR between
50 eV and 60 eV has been related to Fe-heme displace-
ment (Chance et al. 1986). The peak A in the difference
spectrum Mb—MbCO corresponds to the energy red-shift
of 2.5 eV of the absorption edge, going from MbCO to Mb.
The amplitude of the peaks A" and A in the Mb*-MbCO
difference spectrum is about one half of the same peaks in
the Mb-MbCO difference spectrum, indicating a lower
red-shift of the absorption edge of Mb*, whose interpre-
tation 1s difficult, because at least 3 terms are known to in-
fluence this feature (Bianconi et al. 1985 a): 1) the change
of the average first shell distance, ii) the change of the co-
ordination number, and iii) the variation of the net charge
at the Fe site.

In Fig. 3 the simulation of the ligand effect in the MS
scheme is shown: the XANES calculations concern the
equilibrium forms of Mb (dashed line) and MbCO (solid
lines). The peaks C; and C, disappear as aresult of remov-
ing the CO molecule from the atomic cluster (bottom
curves, axial scattering). Moreover the MS theory predicts
an energy red-shift of about 1.8 eV of the absorption
threshold going from MbCO to Mb (upper curves, aver-
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Fig. 3. Simulation of the ligand effect on the XANES spectrum of
Mb: The MS XANES calculations of deoxy Mb (dashed line) and
MbCO (solid lines) are superimposed. Bottom curves: scattering
along the heme normal. Central curves: scattering in the heme plane.
Upper curves: Averaged curves simulating the unpolarized absorp-
tion. The ability of the MS approach to calculate XANES spectra as
a function of the size of the cluster and of the scattering orientation,
allows one to extract structural information from the spectra. The
peak A decreases with increasing the displacement Fe—Ct. At the
same time the energy shift in the e /xy calculation increases

aged scattering), due both to the increase of the Fe-N,, dis-
tance after the out-of-plane movement of the iron (centre
curves, heme scattering), and the increase of the density
of quasi-atomic p-states (features A” and A), as a conse-
quence of removing the CO molecule (bottom curves, ax-
ial scattering). According to this scheme, the residual en-
ergy shift of 0.7 eV observed in the experimental XANES
spectra is assigned to the reduction of the net charge at the
iron site.

In Fig. 4 the XANES differences spectra photo product
(T) -MbCO (15K) at T=15K, 30K, 40K, 60 K, 80 K
and 100 K under continuous illumination are shown. We

XANES difference

10 20 30 40 50 60
E -EO0 (eV)

Fig. 4. Fe K-edge XANES difference spectrum between the photo-
product at different temperatures, under continuous illumination,
and MbCO at 15 K. The temperatures reported are 15 K, 30 K, 40 K,
60K, 80K, 100 K
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Fig. 5. Lower panel: temperature dependence of the peaks A, D,
and C2 of the XANES difference spectrum between the photoprod-
uct and MbCO. Higher panel: Superimposed XANES difference
spectra of photoproduct. (30 K) - MbCO (15 K) and photoproduct
(60 K) - MbCO (15 K)

used the same spectrum of MbCO (15 K) as a reference,
to rule out the possibility that temperature effects on
MbCO could influence the analysis of the data. The same
features A’, A, C1, D, D’, C2 and E are always present, but
the line shape of the spectrum changes with temperature.
The intensity ratio between the peaks D and A is about 0.5
forT <30 K, and about 0.8 for T > 50 K. Moreover the peak
E at about 40 eV remains stronger than in the difference
spectrum of the equilibrium forms over all the tempera-
ture range. The XANES difference in the LFI Region is
always positive, confirming the displacement of the Fe
from the heme plane. At 100 K the rebinding rate becomes
faster than the acquisition time of the dispersive technique.
In Fig. 5 the temperature dependence of the spectral dif-
ference peaks A, C,, D in the lower panel, and the XANES
difference specira at 30 K and 60 K in the upper panel, are
superimposed, demonstrating the spectral transition be-
tween these temperatures.

Discussion
Photoproduct at T< 30 K

From the preliminary analysis reported in the preceding
section, the structure of the photoproduct Mb* at 30 K is
unbound, with a structure similar to that of the equilibrium
form of Mb. This XANES result is in contrast with the
EXAFS data of Chance et al. (1983) which showed that
the CO molecule in the photoproduct at very low temper-
ature (4 K) remains very close to the iron, so it is neces-
sary to explain why these two closely related techniques
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give different results. It seems reasonable that, for exam-
ple, owing to multiple scattering effects, the sensitivity of
certain spectral features to a particular structural parame-
ter could be different for XANES and EXAFS. The main
XANES evidence for a 5-coordinated Fe out-of-plane in
Mb* is the energy shift of the absorption edge (1.2 eV).
This evidence is reinforced by the possibility of having
underestimated difference data owing to a photolysis ex-
tent less than 100%. However, as regards the T'> 50 K pho-
toproduct (see below), if the CO molecule is 2.6 A away
from the Fe, as concluded by Powers et al. (1984), our re-
sult is not in conflict with it. Now we discuss in detail the
structure of the photoproduct according to the XANES data.

Fe~N, distance and Fe-heme displacement. The intensity
of the peak A is related to the energy shift of the absorp-
tion edge. In the Mb*-MbCO difference spectrum it is
0.18, lower (=50%) than in the difference spectrum
between the equilibrium forms Mb-MbCO (0.37) that cor-
responds to a red-shift of 2.5 eV. Using a criterion of pro-
portionality between the amplitude of the peak A, and the
edge shfit, we measure 1.2 eV for the red-shift of the ab-
sorption edge in the photoproduct Mb*, of which 0.9 eV
is the quantity assigned to structural effects. According to
MS theory, this energy shift corresponds to a lengthening
by 0.025 A of the Fe~N,, distance. This estimation based
on the criterion of proportionality leads to a good agree-
ment with the value of d (Fe~N,)=2.03 found by EXAFS
(Chance et al. 1983; Powers ct al. 1984) for Mb*. How-
ever it can be altered if a non-linear variation of the Fe net
charge, or partial photolysis, are considered (see the Re-
sults section). Considering a complete reduction of the Fe
net charge after photolysis, or no reduction at all, the en-
ergy shifts assigend to structural effects become respec-
tively 0.5 eV and 1.2 eV, giving alengthening of the Fe~N,,
of respectively 0.01 A and 0.033 A. The high energy part
of the spectrum, LFIR, beyond 50 eV, increases, confirm-
ing that the Fe atom exits from the heme plane. Having no
direct measure of the net charge effect, the XANES result
is consistent with a position of the Fe atom out-of-plane
by no more than 0.3 A, intermediate between the carboxy-
and the deoxy-configurations. A mechanism invoked to
account for the out-of-plane movement of the Fe atom is
the pseudo Jahn-Teller (PJT) effect (Bersuker and Stavrov
1988). According to the vibronic approach, after the break-
ing of the CO bond, the position of the five-fold coordi-
nated iron site becomes unstable with respect to out-of-
plane modes of A,, symmetry, because of PJT coupling
between the a,, () porphyrin orbital and the d,, ,Fe-N,
-anti-bonding orbital.

Iron spin state. The X ANES features above 5 eV probe de-
localized unoccupied electron p-states, and not the elec-
tronic configuration of the d-states of the iron. The unoc-
cupied d-states could be probed from the position and in-
tensity of two little pre-peaks P and P’ at about 0 eV (not
noted in our figures), that are interpreted as dipole forbid-
den 1s— 3d transitions, but their changes are too weak to
be visible in the difference spectrum. However, other
XANES features have been empirically related to the iron
spin state. Il Fig. 6, the derivative spectra of MbCO (solid
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Fig. 6. XANES derivative spectrum of MbCO (dotted curve) and
Mb (dashed curve) obtained by standard XANES scanning mode.
The solid curve represents the derivative spectrum of MbCO+
(Mb*-MbCO), obtained by summing the dispersive XANES dif-
ference between the photoproduct and MbCO at 30 K to the MbCO
spectrum

curve) and Mb (dashed curve) are presented, together with
the derivative of the spectrum obtained by the sum
MbCO + (Mb*-MbCO), which should give the Mb* spec-
trum on assuming 100% photolysis extent. The shape of
the derivative spectrum at the edge region is sensitive to
the iron spin state (Oyanagy 1987): LS Fe(II) MbCO has
a narrow absorption edge (FWHM =34 eV at the peak at
13 eV of the derivative spectrum), while HS (Fe(Il) Mb
has a larger peak (FWHM=6.5 eV at about 10 eV). Our
reconstructed Mb* derivative spectrum has an FWHM of
about 5.5 eV at the peak at about 12 eV, indicating a tran-
sition to an intermediate (dﬂ)3 » (dyy ), (d,, ), or HS (d,r)z,
(dey)", (d,2)", (dya y»)' configuration of the iron. For an
intermediate Fe spin state, a minor displacement with re-
spect to the (deoxy-like) HS state is predicted in the frame
of the vibronic approach; according to magnetic suscepti-
bility data (Roder et al. 1984); however, the iron in Mb*
at T>5 K should be in a HS state, magnetically indistin-
guishable from Mb.

Fe-His distance. Recently a peak between 5 and 10 eV of
the edge region of the XANES spectrum has been sug-
gested as a probe of the Fe—N_ distance in the six-fold co-
ordinated Fe site of dromedary nitrosyl-hemoglobin (Con-
giu Castellano et al. 1991). A similar trend is predicted
from MS simulations on the five-fold coordinated Fe site
in deoxy-myoglobin: a red shift of the peak A should be
related to the elongation of the Fe—N, distance (Della
Longa, unpublished observation). This information re-
quires a very careful analysis of the region between the
peaks A" and A, and the expected changes for a variation
of 0.1 A are within 2—3% of the absorption jump, within
the limits of the errors of our difference data. Hence no
significant variation of the Fe—N, distance can be inferred
from this experiment.

Photoproduct at T> 50 K

We observed changes in the XANES difference photoprod-
uct (T) — MbCO (15 K) spectrum on increasing the tem-
perature under continuous illumination (Fig. 4). The over-
all intensity of the difference spectrum decreases because



of the increasing rate of CO rebinding (Austin et al. 1975)
but we observe a non rigid decrease of the various fea-
tures. The peaks A and A" decrease markedly while the
peaks D and D’ exhibit small variations in the temperature
range between 30 K and 60 K. These changes obviously
reflect the changes in the absorption spectrum of the pho-
toproduct (T), because the same MbCO (15 K) spectrum
is always subtracted. The changes of the line shape of the
XANES spectrum can be explained by assuming that two
main substates of sperm whale Mb* exist at low temper-
ature, with two different rebinding rate coefficients. Be-
cause inhomogeneity of myoglobin at low temperature is
an accepted idea, they should be related to two MbCO sub-
states at low temperature.

We use the ratio D/A to identify the two states, being
D/A=0.5 for the faster state Mb* below 30 K, and
D/A=0.8 for the slower Mb** above 50 K. As shown
above, the intensity of peak A reflects the lengthening of
the Fe—N, distance due to the Fe-heme displacement (see
Fig. 2 panel b). According to MS theory (Fig. 3, centre
curves), and to polarised experiments on a MbCO crystal
(Bianconiet al. 1985b), the peaks D and D’ are due to heme
scattering, hence changes in the intensity of the D and D’
peaks should reflect doming effects, i.e. distortions of the
heme plane. Experimental evidence of such a correlation
has been reported for the ‘basket-handle’ Fe(II) CO bound
porphyririns (Cartier et al. 1992): the intensity of peak D
increases with the distortion of the tetrapyrrolic macrocy-
cle owing to the shortening of the basket handle side chain.

A structural mechanism related to this spectral transi-
tion includes an Fe atom slightly closer to the averaged
plane of the pyrrolic nitrogens in the slower state (deter-
mining a slower energy shift of the edge), and/or distor-
tions of the heme plane (enhancing the value of D and in
turn the ratio D/A).

Doming effects. Doming effects should play an important
role in the mechanism of the ligand binding to the iron site
of the protein. As proposed by Doster (1989b) the exis-
tence of two intermediate deoxy-like states, one of which
is faster, with an almost planar heme geometry, could ex-
plain the fact that the non adiabatic binding of CO is faster
than predicted, and similar to the average speed of O, bind-
ing, that should associate adiabatically. The conforma-
tional landscape of the low temperature photoproduct
emerging from our experiments includes a faster state Mb*
with an almost planar (carboxy-like) heme and a little Fe-
heme displacement, and a slower Mb** state with a dis-
torted heme. In the previous discussion on the PJT effect,
a D, point group symmetry of the porphyrin plane, and a
C,, symmetry of the Fe-heme system after photolysis were
assumed. However, owing to the strains from peripheral
substituents and protein-heme contact, distortions with
A\~ By~ and A, -type symmetry (Gouterman 1979), cou-
pled with perturbations localised at specific pyrrolic nitro-
gens and carbons are accessible to the porphyrin ring, as
shown by experiments on the depolarisation ratio and res-
onance excitation profiles of the Raman line v, (Schweit-
zer-Stenner and Dreybrodt 1992). Hence vibrational
modes of opportune symmetries can promote heme tran-
sitions between planar and domed conformations. The en-
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ergy difference between these conformational minima, ex-
tracted from this XANES experiment, should be very small
(about 30 cm™). This value is within the frequency range
observed in the structure sensitive heme macrocycle vi-
brational modes (for example band I: 1340-1390 cm™,
band I1: 1470-1505 cm™). At T<30 K, another possibil-
ity is that the sirain determined by the out-of-plane move-
ment of the iron after photolysis would be stronger to the
heme, in a protein matrix maintained in a CO-form that
contacts the heme more closely than in the deoxy-form
(although the distal pocket in MbCO is larger than in Mb,
90 Van der Waals contacts in MbCO against 74 in Mb are
reported by crystallography; Takano 1977).

It should be noted that in the binding mechanism pro-
posed by Doster the protein matrix should have the over-
all configuration of Mb, and not of MbCO, hence the struc-
ture determined by this XANES experiment could be not
directly related to the mechanism giving fast binding of
CO to myoglobin. However, it is likely that the presence
of the ligand in the heme pocket is the first step for the
conformational transition of the iron site in a CO-like form,
with a more planar porphyrin ring, that in turn accelerates
the average speed of binding.

Summary

In summary, a structural model of the intermediate states of
myoglobin can be inferred for the photodissociation process
at low temperature; when the light strikes the Fe site at low
temperature the CO moves away, remaining in the heme
pocket. An iron spin transition takes place, to an interme-
diate or HS configuration, causing the: out-of-plane move-
ment of the iron atom, through PJT coupling between the
ay,, (71) porphyrin orbitals and the d,,_,Fe—~N, anti-bonding
orbital. The average distance Fe—Np should be 2.03 f\, con-
sistent with EXAFS and Raman data. At temperatures be-
low 30 K, the conformation with the highest probability has
a planar heme moiety, frozen in a MbCO-like form: this is
the faster state Mb*. At temperatures above 50 K, a slower
domed conformation Mb** is revealed under extended il-
lumination. The equilibrium between the populations of
these two different main substates determines the kinetics
of the reassociation from the heme pocket at very low tem-
perature. Both of these states are different from the equilib-
rium deoxy-form Mb of the protein, when the CO molecule
has moved away from the heme pocket. A further mecha-
nism relating the exit of the CO molecule, protein relax-
ation, and structural modification of the iron site (via the
proximal histidine, and/or heme Van der Waals contacts) is
necessary to assume the definitive, equilibrium structure.
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