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ABSTRACT: X-ray methods based on synchrotron technology have the promise of providing time-resolved
structural data based on the high flux and brightness of the X-ray beams. One of the most closely examined
problems in this area of time-resolved structure determination has been the examination of intermediates
in ligand binding to myoglobin. Recent crystallographic experiments using synchrotron radiation have
identified the protein tertiary and heme structural changes that occur upon photolysis of the myoglobin-
carbon monoxide complex at cryogenic temperatures [Schlichting, I., Berendzen, J., Phillips, G., & Sweet,
R. (1994)Nature 371, 808-812]. However, the precision of protein crystallographic data (∼0.2 Å) is
insufficient to provide precise metrical details of the iron-ligand bond lengths. Since bond length changes
on this scale can trigger reactivity changes of several orders of magnitude, such detail is critical to a full
understanding of metalloprotein structure-function relationships. Extended X-ray absorption fine structure
(EXAFS) spectroscopy has the potential for analyzing bond distances to a precision of 0.02 Å but is
hampered by its relative insensitivity to the geometry of the backscattering atoms. Thus, it is often unable
to provide a unique solution to the structure without ancillary structural information. We have developed
a suite of computer programs that incorporate this ancillary structural information and compute the expected
experimental spectra for a wide ranging series of Cartesian coordinate sets (global mapping). The programs
systematically increment the distance of the metal to various coordinating ligands (along with their
associated higher shells). Then, utilizing theab initio EXAFS code FEFF 6.01, simulated spectra are
generated and compared to the actual experimental spectra, and the differences are computed. Finally,
the results for hundreds of simulations can be displayed (and compared) in a single plot. The power of
this approach is demonstrated in the examination of high signal to noise EXAFS data from a photolyzed
solution sample of the myoglobin-carbon monoxide complex at 10 K. Evaluation of these data using
our global mapping procedures placed the iron to pyrrole nitrogen average distances close to the value
for deoxymyoglobin (2.05( 0.01 Å), while the distance from iron to the proximal histidine nitrogen is
seen to be 2.20( 0.04 Å. It is also shown that one cannot uniquely position the CO ligand on the basis
of the EXAFS data alone, as a number of reasonable minima (from the perspective of the EXAFS) are
observed. This provides a reasonable explanation for the multiplicity of solutions that have been previously
reported. The results presented here are seen to be in complete agreement with the crystallographic results
of Schlichting et al. (1994) within the respective errors of the two techniques; however, the extended
X-ray absorption fine structure data allow the iron-ligand bond lengths to be precisely defined. An
examination of the available spectroscopic data, including EXAFS, shows that the crystallographic results
of Schlichting et al. (1994) are highly relevant to the physiological solution state and must be taken into
account in any attempt to understand the incomplete relaxation process of the heme iron for the Mb*CO
photoproduct at low temperature.

Structural information on thesolution states of biomol-
ecules has been of paramount importance in determining

biological function, andstructural spectroscopictechniques
have been instrumental in defining these structure-function
relationships for many years. The application of techniques
like resonance Raman, FTIR, EPR, NMR, and X-ray
spectroscopy to solution samples of biomolecules has
revolutionized our understanding of the structure-function
relationships controlling biological chemistry.Time-resolVed
methodsof structural spectroscopy have been particularly
valuable in investigating the dynamics of key structures. A
major objective of time-resolved structure-function studies
is to gain a better understanding of the structure of
intermediate states and thus elucidate the nature of dynamic
changes in structure that bridge the static end points provided
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by crystallographic or thermodynamic analysis. Crystal-
lographic structural information is not precise enough to
characterize small bond lengths changes (<0.2 Å) that are
often significant in regulating protein reactivity. In this
paper, we provide a logical extension to the prior uses of
theoretical multiple scattering codes wherein EXAFS1 ex-
perimental data can be compared to a series of potential
structural solutions. The advantage afforded by the programs
we have developed is that a number of potential solutions
are simultaneously compared in an even-handed fashion, and
both the errors intrinsic to the fit and potential multiple
minima can be easily visualized.
The biological process of interest is ligand binding to

myoglobin, which has been intensely studied by the biophys-
ics community. This is due, in part, to its intrinsic interest
as a carrier of oxygen in the heart muscle (Wittenberg &
Wittenberg, 1989) as well as its role as a model protein for
examining both the chemistry of heme proteins (Chance,
1986; Springer et al., 1994) and theories of protein dynamics
in general (Austin et al., 1987; Frauenfelder & Wolynes,
1985; Srajer et al., 1986). The binding of ligands to
myoglobin involves both an outer barrier, where the ligand
must traverse the protein matrix, and an inner barrier at the
heme. Below 160 K the ligand cannot escape from the
protein matrix (Austin et al., 1975), so the rebinding reaction
can be characterized by the following:

Photolysis effects a conversion from A states (ligand on)
to B states (ligand off), with the ligand trapped in the vicinity
of the heme. Elapsed time or increases in temperature lead
to rebinding of the ligand with the heme and thus, re-
formation of A states. Below 20 K, when the ligand is
carbon monoxide (CO), 100% conversion to B states is
achieved with little rebinding (Alben et al., 1982; Iizuka et
al., 1974). The A states (different conformations of liganded
MbCO) are characterized by the infrared stretching frequency
of the bound CO ligand as it is sensitive to the CO bond
strength. These frequencies are observed in the range of
1920-1970 cm-1 (Caughey et al., 1981; Makinen et al.,
1979). The rates of interconversion between the different
A states at temperatures below 160 K are so low that
interconversions between the A states are not observed as a
result of photolysis and recombination cycles (Ansari et al.,
1987; Chance et al., 1987). The B states, generated by
photolysis of the myoglobin-carbon monoxide complex
(MbCO), also have (weak) infrared signatures seen from
2120 to 2140 cm-1 (Alben et al., 1982). The variation in
infrared properties of the different A and B states are
assumed to arise from distinct interactions of the CO ligand
with the distal heme pocket residues. In fact, site-directed
mutagenesis of the His E7 and Val E11 residues provides
considerable alteration in infrared properties of both A and
B states, and these alterations are reasonably correlated with

changes in the polarity of the heme pocket (Braunstein et
al., 1993; Quillin et al., 1995; Ray et al., 1994; Springer et
al., 1994).
Understanding the structure of B states using a variety of

spectroscopic techniques has been of long-standing interest
(Chance, 1993), since these states represent a potential way
station for the ligand along its functional trajectory, es-
sentially providing a frozen snapshot of the reaction between
the well-established end points. The visualization of this
snapshot became a reality with the recent crystallographic
determination of the MbCO photoproduct (Mb*CO) at 20
K to 1.5 Å resolution (Schlichting et al., 1994). The exciting
features of this structure were (1) the ligand was located in
the heme pocket 3-4 Å from the iron atom essentially
parallel to the heme and (2) the proximal histidine-iron
coordinate had moved close the deoxy structure but was
essentially relaxed only 75% toward the deoxy coordinates.
This provided reasonable structural interpretations for both
the infrared signature of the B states, which are close to the
free gas value of the CO stretching frequency (Alben et al.,
1982; Ansari et al., 1987), and the high-spin (S) 2), out-
of-plane spectroscopic assignment for the iron atom based
on optical, Mossbauer, magnetic susceptibility, and X-ray
absorption spectroscopy (XAS) data (Chance, 1993; Iizuka
et al., 1974; Marcolin et al., 1979; Miller & Chance, 1995;
Roder et al., 1984; Spartalian et al., 1976). In addition, recent
time-resolved photoselection spectroscopy experiments have
provided additional details about the CO ligand geometry
in the bound state and its trajectory upon photolysis (Lim et
al., 1995).
Multiple scattering EXAFS codes have been developed

to evaluate the complex scattering interactions of natural
ligands in metalloproteins. The relevant applications have
steadily grown, from simulations of scattering groups like
simple histidines to complex porphyrin macrocycles (Black-
burn et al., 1988; Co & Hodgson, 1981; Hasnain & Strange,
1990; Knowles et al., 1989; Liu et al., 1994; Mustre de Leon
et al., 1991; Nordlander et al., 1993; Rehr & Albers, 1990;
Rehr et al., 1991, 1992; Strange et al., 1987; Westre et al.,
1994). We chose to utilize the FEFF program version 6.01,
which has had considerable testing and success relative to
known structures (O’Day et al., 1994). The development
of refinement techniques coupled to multiple scattering codes
(Binstead et al., 1992), where crystal structure data (generally
from a database of small molecule data) are explicitly utilized
to reduce the number of degrees of freedom in the structure,
allows the entire EXAFS spectrum as opposed to Fourier-
filtered shells to be analyzed to provide a solution. This
technique is also frequently utilized to refine protein crystal
structure data (Brunger, 1987). Such refinement procedures
differ from multiple scattering based fitting procedures,
where models are generated using the multiple scattering
formalisms and then used in nonlinear least squares fitting
procedures to provide the “best fit” to the experimental data.
However, both methods provide excellent simulations of the
unfiltered EXAFS data in the range of the wave vector (k,
Å-1) from 4 and higher.
We have further explored constrained refinement (Bin-

stead, 1992), focusing on global mapping where a grid of
hundreds of simulations are directly compared to the
experimental data with minimal use of nonlinear least squares
fitting procedures to find the interatomic distances. Each
simulation is performed with different interatomic distances.

1 Abbreviations: CO, carbon monoxide; EXAFS, extended X-ray
absorption fine structure; MbCO, myoglobin-carbon monoxide com-
plex; Mb*CO, photolyzed myoglobin-carbon monoxide complex; Ne,
proximal histidine nitrogen; Np, pyrrole nitrogen; XAS, X-ray absorption
spectroscopy.
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The advent of fast, inexpensive Pentium and Power PC
computers makes such calculations within the reach of any
laboratory. The emphasis of our approach is to map the local
and global minima and provide a detailed visual picture and
error analysis in the comparison of alternative structures. The
three-dimensional structural coordinates utilized in the
simulations are based on crystal structure models derived
from structural databases. Thus, a particular geometry for
the metal site is incorporated in this choice. Alternative
structures with different geometries can also be selected,
processed, and compared. This makes the structural as-
sumptions about the site explicit, and they must be justified
on the basis of ancillary structural information. Our suite
of programs (called AUTOFIT 1.0) start with the selected
structure file, vary selected bond distances, compare the
resultingab initio simulations to the experimental data, and
compute and plot a figure that displays 400-500 alternative
solutions simultaneously. We settled on a pseudo-three-
dimensional representation whereinx andy values represent
particular bond distances that are varied (for example, iron-
histidine nitrogen and iron-pyrrole nitrogen distances), while
the color of the intersecting squares indicates the adequacy
of the fit. Yellow indicates the best fit of the grid, ranging
to red, blue, green, and black.
Several previous EXAFS investigations (Chance et al.,

1983; Powers et al., 1987; Teng et al., 1987) have provided
conflicting values for the iron-pyrrole nitrogen distances
and the distance to CO in the heme pocket. We utilized
global mapping methods to investigate the possible reasons
for the variations in observed solutions. We also collected
new experimental data that are extremely high in signal-
noise so that the fitting can be carried over ak range of 4-15
Å-1. In addition, the intermediate state has been verified
with respect to sample occupancy by low-temperature optical
spectroscopy before and after EXAFS data collection. The
results presented here demonstrate that the EXAFS spectra
can accurately determine a number of important structural
parameters for heme proteins; however, the presence of
multiple minima invites caution in the structural interpreta-
tions.

METHODS

Sample Occupancy. Horse skeletal muscle myoglobin was
purchased from Sigma. MbCO was prepared at 0.5 mM
concentration, and the sample was adjusted to pH 9.0 with
100 mM potassium phosphate buffer as described previously
(Miller & Chance, 1994, 1995). We have recently shown
that, at low temperature, horse skeletal muscle myoglobin
exhibits a single A state at pH 9.0 [A1, 1946 cm-1 (Miller
& Chance, 1995)] and a single B state subsequent to
photolysis (unpublished observation). Thus, we consider it
preferable for these investigations. It should be noted that
each previous determination of the B-state structure may have
inadvertently utilized a different population of substates. The
crystallographic result (recombinant sperm whale) is likely
based on an A0 substate (Zhu et al., 1992). The EXAFS
investigations of Powers et al. (1987) used sperm whale
MbCO at pH 6.4, which has a mixture of A1 and A0 states,
while those of Teng et al. (1987), which utilized a dried
MbCO film, were also likely based on the A0 substate
(Brown et al., 1983). The different A states give rise to
different B states, and the effect of this on the results of
these different investigations is of significant interest. Opti-

cal and infrared characterizations of the low-temperature
photoproduct states were carried out as described previously
(Miller & Chance, 1994, 1995) and are briefly repeated here.
The sample (0.5 mM, 0.5 mm thickness) was mounted in a
low-temperature cryostat (Janis ST-4B) which was interfaced
to a Lakeshore temperature controller (Model 805). Samples
were cooled via a liquid helium transfer line. The cryostat
was fitted with mylar windows to allow the X-ray beam to
pass while still maintaining vacuum for the cryogenic
cooling. Optical spectra were taken using a Hewlett Packard
diode array spectrometer (Model HP8452A). The data
collection time was 0.1 s for each spectrum to prevent
photolysis of the sample by the spectrometer’s deuterium
source lamp. A reference spectrum of air was taken; then a
spectrum of the MbCO sample at 8 K in the cryostat was
taken. This is shown in Figure 1. The sample was then
photolyzed for 5 min on each side using a high-intensity
white light source (CUDA Products, Inc., Model I-150).
Another spectrum was recorded. The photoproduct spectrum
(Mb*CO) is also shown in Figure 1. This spectrum is
equivalent to a deoxymyoglobin spectrum taken under the
same conditions and is consistent with 95-100% photolysis
(Chance et al., 1990; Miller & Chance, 1995). The cryostat
could be moved easily from the UV-vis spectrometer to its
aligned location in the X-ray beam while maintaining
cryogenic conditions. These procedures assured that the
X-ray measurements were carried out on well-characterized
samples.
Dynamical Focusing Monochromator. Maximizing the

signal to noise of X-ray spectroscopic data requires maxi-
mizing the effective count rate (Warburton, 1986):

whereNA is the number of counts above the X-ray edge and

FIGURE 1: On-line optical monitoring of EXAFS sample. The
spectra of the sample before and after photolysis are shown. The
data collection time was 0.1 s for each spectrum to prevent
photolysis of the sample by the spectrometer’s deuterium source
lamp. A reference spectrum of air was taken; then a spectrum of
the MbCO sample at 8 K in the cryostat was taken (solid line).
The sample was then photolyzed for 5 min per side using a high-
intensity white light source. A spectrum of Mb*CO was recorded
(dotted line). This spectrum is equivalent to a deoxymyoglobin
spectrum taken under the same conditions and is consistent with
95-100% photolysis (Chance et al., 1990; Miller & Chance, 1995).

Neff ) (NA + NB)
2/(NB) (1)
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NB is the number of counts below the edge. This formula
explicitly acknowledges the degradation of the XAS spec-
troscopy signal caused by increasing backgrounds. The
development of energy-resolving detectors as common place
tools has reducedNB considerably for typical experiments;
however, the count rate limitations of the detectors limit the
NA values that are attainable (Cramer et al., 1988; Warburton,
1986). Due to the need to assure adequate photolysis and
optical monitoring of the myoglobin sample, we settled on
a concentration of 0.5 mM. At metal concentrations less
than 1 mM the ratio of signal to background needs to be
improved for high signal to noise data to be acquired. To
increase the available X-ray flux to optimize these experi-
ments, hardware modifications were made to the X-ray
spectroscopy beamline X-9B at NSLS.

The monochromator on beamline X-9B at the National
Synchrotron Light Source is a double crystal design.
Horizontal focusing can be achieved by replacing the flat,
second crystal with a thin crystal which is mounted in a
bending stage and is elastically bent to a cylindrical or conical
cross section (Habenschuss et al., 1988). The crystal has
steel ribs (0.6 mm thick) glued to the back side of the crystal
at a spacing of 3 mm in order to reduce the effect of
anticlastic bending (Sparks et al., 1982). The Si(111) crystal
is 65 mm wide and can collect up to 3.9 mrad of synchrotron
radiation in the horizontal direction. The horizontal focal
size ranges from 0.3 to 0.7 mm full width at half-maximum.
The smallest focal sizes are observed at the highest X-ray
energies and shortest monochromator to focus distances
(focal lengths). The current X-ray energy range for the
sagittal focusing monochromator is 4.0-11.9 keV. An 800
mm long nickel mirror collects all of the vertical divergence
from the source and can provide vertical focusing when
elastically bent to an elliptical cross section. However, for
these experiments the mirror was flat and held at an angle
of 4.5 mrad to reject higher harmonics. The measured X-ray
flux at the beamline with the sagittal monochromator
installed, primary apertures (X-ray beam defining slits before
the optics) and the hutch apertures (X-ray beam defining slits
after the optics) fully open, and the mirror set at an angle to
provide harmonic rejection is in the range of 1.8-3.1× 1011

photons s-1 per 100 mA of beam current per 3.9 mrad of
horizontal acceptance per 0.1% bandwidth for 6-11 keV.
The experiments of this paper were carried out with vertical
slits set at 1.5 mm and approximately 2× 1011 photons s-1

of beam flux. This is four times the flux delivered to the
specimen over the alternative flat crystal monochromator (for
a typical sample size of 15 mm width).

For these spectroscopic experiments, since the sample was
6 mm in diameter, only a 1 mm focus was maintained on
the sample. The sample was mounted at the usual 45°
incidence, and the germanium detector viewed the sample
at 90° relative to the incident X-ray beam. A calibration
channel with an iron foil was also utilized to account for
any energy shifts in the monochromator. Due to the high
flux, incident count rates on the detector were high enough
to cause dead time losses that were significant (Cramer et
al., 1988). The detector incident count rate was reduced to
40 000 counts s-1 channel-1 by placing a vacuum flight tube
in front of the cryostat and guard slits in front of the sample.
In addition, the detector was carefully shielded with lead.
The small, well-defined beam and a detection geometry close

to ideal (90°) for all channels of the 13-element detector
improved theNeff. TheNeff for the experiments was increased
3-4-fold relative to the running conditions with the flat
crystal monochromator.
Sixteen EXAFS scans of the Mb*CO photoproduct sample

were collected on four separate samples. The pre-edge, edge,
and near-edge data were acquired as described previously
(Chance, 1986; Miller & Chance, 1995). The EXAFS data
were collected in equally spaced points ink space separated
by 0.05 Å-1 from k) 2.0 tok) 15.0. The signal averaging
was weighted linearly ink, so that 2 s per point was used at
k ) 2 and 15 s per point was used atk ) 15. Each scan
lasted about 45 min. Thek3-weighted and background-
subtracted data are shown in Figure 2 (ten of the best scans
were coadded).
FEFF Simulations, Structural Refinements, and Error

Analysis. FEFF 6.01 was licensed from the University of
Washington. Structures were examined using the CHEMX
molecular modeling program (CHEMX is developed and
designed by Chemical Design Ltd., Oxford, England) on a
Silicon Graphics Indigo computer. The structural coordinates
for Mb*CO were kindly provided by Dr. Joel Berendzen;
refinements were final for the atoms within 5 Å of the heme.
The Mb*CO crystal structure formed the basis for the FEFF
EXAFS simulations that were used at each point of the grid.
This is the key starting point for our suite of programs
(AUTOFIT 1.0). The Mb*CO structure file contains the
Cartesian coordinates of all the atoms [with the central metal
in the (0,0,0) position] as well as the appropriate connectivity
information. This file is limited to those atoms at a distance
of 5 Å or less from the central metal, since these are the
only atoms that provide a significant EXAFS backscattering
signal. In this case, we used the Mb*CO coordinates for
the structure file; however, a number of alternatives could
have been employed. This structure file explicitly incorpo-
rates the geometric assumptions about the site, for example,
the iron displacement and histidine tilt and orientation. Thus,
for EXAFS problems where the geometry is not known,
several structure files would be selected for evaluation that
encompass the set of reasonable assumptions and each would
be examined separately.
The programs move particular iron ligands and their

associated higher shells as structural units under user control.
Particular atoms and the structural units associated with them
are varied while all other atoms are left unaltered. Once
the structural coordinates have been calculated, an appropri-
ate FEFF input file is generated. Further details of the
programs will be presented elsewhere; copies of the program
are available from the corresponding author. In short, the
program automatically generates a series of structures and
their ab initio simulations. These are then compared to the
experimental EXAFS data on the basis of information
provided in a series of parameter files that appear to the user
as menus. The output is saved and converted to plotted
formats as seen in Figures 4 and 6-8.
The FEFF 6.01 simulations were carried out on Gateway

P5-60 or P5-90 computer systems, with the following flags
enabled. Core hole 1) K edge;S02 (amplitude reduction
factor)) 0.85;Rmax) 5 Å; NLEG) 5 (up to five scattering
paths with total distancese5 Å were evaluated). The
Debye-Waller factors were set to zero for the FEFF
simulations. Unique potentials were assigned to Fe, N, O,
and C atoms. Further details of the simulations are discussed
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in Results and Discussion. Data processing, where specified,
was carried out using a PC-based Bell Labs EXAFS package
compiled with Microsoft FORTRAN 77 (Rowlett et al.,
1994; Scheuring et al., 1994). For Figures 4 and 6-8 the
experimental data and the simulations werek3 weighted,
Fourier transformed, filtered from 0.8 to 4.8 Å, back-
transformed, and processed by using the Bell Labs EXAFS
package. All evaluations of∑R2 were carried out in the
range of 4-15 Å-1. A series of 400 simulations takes 10-
12 h of computation on the Pentium PCs.
The EXAFS data resulting from the FEFF simulations are

k3 weighted, compared to the experimental data, and the sum
of residuals squared is calculated:

In cases where particular shells are emphasized, and the data
is Fourier filtered, identical data ranges and filter windows
were utilized for the FEFF simulation and the experimental
data. For each grid position the∑R2 is minimized with
respect to∆E0 and∆σ2 values in a one atom type refinement
to assure that a stable solution is obtained; the values were
permitted to vary up to 10 eV and 0.01 Å2, respectively
(Chance, 1986; Chance et al., 1992; Lee et al., 1981; Rowlett
et al., 1994). In practice, the maximum values observed for
these parameters were typically half these limits for the
simulations reported here. Thus, the Bell Labs package was
essentially used mainly to process data with equivalentk
grids and to compute sum of residuals squared.
Figure 3a shows the structural coordinates for the Mb*CO

photoproduct after cutting out all atoms further than 5 Å
from the iron atom. Notice that this excludes the vinyl and
other peripheral groups of the heme, and it includes only
the imidazole parts of the proximal histidine, the nitrogen
from the distal histidine (His E7), and a carbon atom from
valine (Val E11). Thirty-four atoms overall are included in
the simulation of this structure. Figure 3b outlines software
steps that automatically calculate the grid with user-defined
ranges and increments.
Error analysis is carried out by a variation of the methods

outlined by Lytle et al. (1989) and further developed in depth
by Powers and Kincaid (1989). The number of degrees of
freedom of EXAFS data,Ndf, is calculated as follows (Lee
et al., 1981; Powers & Kincaid, 1989):

Thus, for a∆r of 4 Å and ak range from 4 to 15 Å-1 the
refinement of nearly 30 independent parameters can be
supported. For Fourier-filtered data, the number of free
parameters in the fit (Nff) is simply the number of degrees
of freedom (Ndf) in the filtered data minus the number of
parameters (Np) in the fitting procedure:

The error for a particular parameter (of particular interest
are the bond distances) can be evaluated by examining the
systematic variation of that parameter with respect to the
behavior of the sum of residuals squared (∑R2) around the
minimum value such that when∑R2 increases by a factor of
[1 + (1/Nff)], the error limit has been reached. This equation
adjusts the error limits appropriately if theNff value is high
(due to an excess of free parameters in the filtered data

relative to the number of parameters in the fit) so that small
changes inΣR2 become significant. We have modified the
equation so that when the sum of residuals squared increases
to

the error limit is reached. The number of degrees of freedom
are 28 for Figures 4 and 6-8. There are two distances varied
on each grid, and each intersection point is minimized with
respect toE0 and∆σ2; thus the effective number of refinable
parameters (Np) is 4, and the error limit is reached when
∑R2 increases 15% above the minimum value for Figures 4
and 6-8. In practical terms this means errors in the iron-
pyrrole nitrogen average distance of(0.01 Å and errors in
the iron-histidine nitrogen distance of(0.04 Å, which are
reasonable on the basis of previous analysis and the signal
to noise of the data (Chance, 1986; Powers et al., 1987).

RESULTS AND DISCUSSION

Global Mapping of the Mb*CO Structure by EXAFS. The
EXAFS spectrum predicted from the crystallographic coor-
dinates for the Mb*CO photoproduct was calculated and is
compared to the experimentally collected data in Figure 2.
A cursory examination shows a mismatch in the phase
relationships, with the experimental data exhibiting a higher
overall frequency than the simulation, implying that the
crystallographic coordinates have an overall average of the
interatomic distances that is too short to adequately model
the data. In addition, the amplitude of the simulation is
nearly 2 times too large. A longer average distance from
iron to the pyrrole rings would be predicted to reduce the
amplitude of the simulation and increase the frequency,
allowing a better match to the experimental data. In order
to refine the structure to better model the EXAFS data, the
positions of atoms were varied in a systematic fashion.
Figure 3a shows the original structure as provided by
crystallography and the atoms that are included in the
simulation. The calculation of the global grid was carried
out according to the overall procedure outlined in Figure 3b.
The FEFF program calculates scattering paths for photo-

∑R2 ) ∑i{(k
3Ìi)experimental- (k3Ìi)simulation}

2 (2)

Ndf ) (2× ∆r × ∆k)/π (3)

Nff ) Ndf - Np (4)

FIGURE 2: k3-weighted, background-subtracted raw experimental
data for Mb*CO (dotted line) compared to FEFF simulation using
the crystallographic coordinates of Schlichting et al. (1994) (solid
line). A cursory examination shows a mismatch in the phase
relationships; in addition, the amplitude of the simulation is 2 times
too large.

∑R2minimum× [1 + (Np/Ndf)] (5)
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electron ejections that involve single and multiple scattering
paths of<5 Å. The amplitude and phase for each path is
calculated. In order to simulate the EXAFS spectrum from
the structural coordinates for every point on the grid, nearly
200 scattering paths were examined and calculated; paths
that had curved wave amplitudes at less than 3% of the major
contributor were discarded.
The simulations of Figure 4 represent a grid where the

iron-histidine distance was varied from 2.10 to 2.30 Å in
0.01 Å increments while the four iron-pyrrole nitrogen
distances were varied as a unit from 2.00 to 2.10 Å in
increments of 0.005 Å. A sharp, well-defined minimum is
observed at an iron-pyrrole nitrogen distance of 2.05( 0.01

Å and a histidine distance of 2.20( 0.04 Å. These results
are in agreement with the crystallographic results, even if
the crystallographic errors are assumed to be as small as(0.1
Å, which is unlikely. The comparison of the FEFF simula-
tion of the minimum solution to thek3-weighted experimental
data is shown in Figure 5. This is a distinct improvement
over Figure 2 and represents a very good fit for a data range
of 4-15 Å-1. It should be clearly noted that these structural
results were obtained with virtually no fitting at all. Only
Debye-Waller andE0 parameters were refined in a one atom
type procedure to yield indicated fit. Thus, we are using a
minimumof free parameters to fit the data. We could provide
a smaller∑R2 and an even better match to the experimental
data using the traditional method of fitting individual Fourier-
filtered contributions (or the unfiltered EXAFS spectrum)
with a series of models that explicitly include the multiple
scattering and with multiple fitting parameters for each shell.
The advantage of the grid-mapping technique is that we can
explicitly compare different structural solutions in an even-
handed manner with far fewer fitting parameters.
In Figure 6, we expand the grid (outlined in Figure 4) to

include a much wider range of simulated distances, including
distances that are outside the range of crystallographic error.
Thus, the iron-pyrrole nitrogen distance is varied from 1.95
to 2.15 Å in increments of 0.01 Å and the iron-histidine
distance from 1.75 to 2.70 Å in increments of 0.05 Å. Figure
6 shows two clear local minima and a third fainter minimum.
Each of these minima can be seen as a diagonal feature
extending from the upper left to the lower right, all centered
at iron-pyrrole nitrogen distances of 2.03-2.05 Å and at
iron-histidine distances of 1.90, 2.20, and 2.50 Å.
What is the source of these alternative solutions and which

of them represent the correct iron-histidine distance? Based
on ∑R2 alone, the minimum centered at an iron-histidine
distance of 1.90 Å can be ruled out since the∑R2 value is
40% higher than the global minimum, where the error limits
are at∑R2 values 15% higher than the minimum. However,
the minimum centered at an iron-histidine distance of 2.50
Å has an∑R2 value that is only 10% higher than the global
minimum; thus it cannot be excluded on this basis. However,
this value of 2.50 Å is 0.25 Å longer than the crystallographic
value and implies aVeryweak iron-histidine bond, incon-
sistent with Raman data (see below). This pattern of multiple
minima for the iron-histidine distance is a consequence of
the distance dependence of the phase of the sinusoidal
EXAFS oscillations. The frequency of the oscillations is

FIGURE 3: (a, left) The original structure as provided by crystal-
lography and all the atoms that are included in the simulation are
shown. This view was created by deleting all atoms outside a
sphere defined by a radial distance 5 Å from iron. The ejected
photoelectron in an EXAFS experiment has a mean free path that
precludes observing atoms further removed from the central
absorber. (b, right) This scheme shows the overall simulation
procedure.

FIGURE 4: Simulation grid for the Fe-histidine and Fe-pyrrole
nitrogen distances with increments for the Fe-histidine distance
of 0.01 Å and increments for the pyrrole nitrogen distances of 0.005
Å. The Fe-CO distance was held fixed at the crystallographic
distance. Simulations that are statistically valid are predominantly
yellow in color; when substantial red shading is seen,∑R2 increases
15% or more above the minimum, and the error limit is reached.
Thus, the error in the Fe-histidine distance is(0.04 Å while the
error in the iron-pyrrole nitrogen average distance is(0.01 Å.

FIGURE 5: k3-weighted, background-subtracted raw experimental
data for Mb*CO (dotted line) compared to FEFF simulation (solid
line) using the coordinates suggested by the minimum in Figure 4.
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2kr, and these distance solutions represent “multiples” of a
fundamental oscillation that come “in phase” periodically
(about every 0.3 Å). Such “multiple minima” are often
encountered when analyzing Fourier-filtered data (Lee et al.,
1981). However, such multiple minima have never been
shown for the fitting of heme protein spectra.
We also analyzed the effect of moving the CO ligand on

the simulations. These results are shown in Figure 7, where
the CO distance is varied beyond the range of the crystal-
lographic error for the CO distance and where the histidine
is varied in a relatively narrow range. A clear minimum is
found at a distance of 3.6 Å, identical to the crystallographic
value. A second minimum is seen at a distance of 4.1 Å
with an∑R2 value 10% higher than that of the alternative
minimum, while an increase of at least 15% would be
required to rule the minimum out. The CO ligand observed
in the heme pocket by crystallography has one atom at 3.6
Å and the second atom at 4.1 Å. Thus, the minimum at the
longer distance is likely due to the backscattering signal from
the second atom. It should be noted that both methods are
insensitive to whether the O or the C ligand is closer to the
heme. However, this result indicates that assigning a unique
position for the CO ligand by EXAFS alone is difficult.
In order to evaluate other possible solutions, including

those that have been suggested by previous investigators,
we performed simulations that span a greater range of bond
distances (Figure 8). A number of different solutions are
seen, although none provide fits better than the minimum
congruent with the crystallography data. It is likely that the
CO backscattering signal is too small compared to the noise
of the data to have its position uniquely defined by EXAFS

alone. Examination of the individual FEFF scattering paths
shows that the total CO signal is only 6% of the amplitude

FIGURE 6: Simulation grid for the Fe-histidine and Fe-pyrrole
nitrogen distances with increments for the Fe-histidine distance
of 0.05 Å and increments for the pyrrole nitrogen distances of 0.01
Å. Three minima are seen; the best minimum is the one seen in
Figure 4; however, the difference in∑R2 between this minimum
and the one centered at a longer histidine distance is statistically
insignificant. The latter is ruled out on the basis of the crystal-
lographic and Raman data.

FIGURE 7: Simulation grid for the Fe-histidine and Fe-CO
distances with increments for the Fe-histidine distance of 0.01 Å
and increments for the iron-CO distance of 0.05 Å. Two minima
are found; the one with the CO ligand further from iron is not ruled
out by the statistics.

FIGURE 8: Simulation grid for the Fe-histidine and Fe-CO
distances with increments for the Fe-histidine distance of 0.05 Å
and increments for the iron-CO distance of 0.15 Å. Several
statistically valid minima are observed along the grid line where
the Fe-histidine nitrogen distance is 2.20 Å. The two best solutions
are at the crystallographic position of Schlichting et al. and 0.6 Å
shorter.
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of the single scattering pyrrole nitrogen signals (when it is
at the crystallographic distance). The many atoms of the
pyrrole ring provide conflicting signals to make the place-
ment of the CO ligand by the EXAFS alone problematical.
Spectroscopic Characterization of Mb*CO. In Table 1,

the numerous attempts to accurately define the structure of
the Mb*CO intermediate are summarized. This structural
data must be put in the context of the available spectroscopic
information on Mb*CO, as well as its ability to explain the
reactivity (e.g., rebinding rate) of the species. The first
successful attempt to characterize Mb*CO was made by
Yonetani and co-workers over 20 years ago (Iizuka et al.,
1974). They utilized the near-infrared region of the spectrum
to search for a deoxy-like band of the Mb*CO photoproduct.
Their success led to close examination of this absorption
band, which was assigned as a porphyrin a2u(π) f iron dyz
transition (Eaton et al., 1978; Makinen & Churg, 1982). Thus,
it was deemed sensitive to iron displacement, and the general
conclusion was that Mb*CO was “deoxy-like” in its structure,
although this could not be accurately quantitated. Mossbauer
results confirmed the high-spin,S ) 2 nature of Mb*CO
(Spartalian et al., 1976), and this in conjunction with known
crystallographic results on model compounds supported a
structure near that of deoxy model hemes, which had iron
substantially out of the plane and an expanded heme core
with elongated Fe-Np distances [reviewed in Jameson and
Ibers (1994)].
Concurrent development of resonance Raman spectros-

copy, which examined a number of heme proteins and their
model compounds (Spiro & Burke, 1976; Spiro et al., 1979;
Spiro & Strekas, 1974; Stong et al., 1980), was followed by
examination of the Mb*CO state (Powers et al., 1987;
Rousseau & Friedman, 1988). Table 2 shows several
experimental results of significance. First,ν2, the “core-
size” marker, is slightly broader for Mb*CO and shifted 2-3

cm-1 further than deoxymyoglobin compared to the fre-
quency for MbCO (taken at the same temperature). The core
is defined as the distance between the four pyrrole nitrogen
atoms; as this distance expands, theν2 line decreases in
frequency. A semiquantitative relationship exists with the
core expanding 0.002 Å/cm-1 (Spaulding et al., 1975).
Although this cannot be directly used to measure iron-
pyrrole nitrogen distances, especially in cases where the iron
is displaced from the heme plane, it implies that the iron-
pyrrole nitrogen distances of Mb*CO are longer than for
MbCO and likely to be in the range of 2.03-2.05 Å
(Jameson & Ibers, 1994). This is consistent with the EXAFS
results presented here.
Second,ν4, the oxidation state marker for Mb*CO, is

shifted only 1 cm-1 from the deoxy value. The higher
frequency for ligand-bound globins for this marker is related
to depletion of theπ antibonding orbitals. Thus, Mb*CO
has little bonding (electronic) interaction with the CO ligand
in the heme pocket. Third, the proximal histidine stretching
frequency is shifted by 6 cm-1 to higher frequency relative
to the value for deoxymyoglobin at the same temperature.
Although this might argue for a stronger bond from iron to
the proximal histidine nitrogen, such an interpretation
requires no change in force constant, where in fact such a
change is predicted due to increased tilt in going from
Mb*CO to deoxymyoglobin (Rousseau & Friedman, 1988).
Since Raman is extremely sensitive to structure, spin-state
changes, and bonding, these data require a significant heme
core expansion (and increases in iron-pyrrole nitrogen
distances and iron displacement), significant change in charge
density, and substantial relaxation of the iron relative to
MbCO, with a final structure near that of deoxy-Mb. It
should be added that the ability to observe the near-infrared
band III and the proximal histidine stretching frequency for
Mb*CO presumes a deoxy-like structure, since no similar
near-infrared transition exists for MbCO and the resonance
enhancement for the Fe-Ne stretch in MbCO is assumed to
be small (e.g., the band has not been observed; Table 2).
On the basis of these data, we can assess to what extent

the results of Table 1 meet these requirements and the
possible reasons for the discrepancies. The earliest EXAFS
results (Chance et al., 1983) have Fe-Ne and Fe-Np

distances that are identical within the error to the results seen
here and are in agreement with the solution Raman data.
The reported distance to the CO ligand (∼2 Å) is likely
inconsistent with the infrared stretching frequency of the CO
ligand (B state) for Mb*CO as well as the value ofν4 in the
resonance Raman. The presence of the ligand within van
der Waals contact distance would be assumed to significantly
perturb these vibrational frequencies. Figure 8 shows that
a position for the CO ligand quite near the heme iron, as
seen in Table 1, is not one of the better possible solutions;
however, it is at a sharp local minimum. The EXAFS results
of Teng et al. (1987) give Fe-Np distances inconsistent with
those reported here or with the solution Raman data. On
the basis of our examination of their near-edge data,
substantial photolysis was achieved and an intermediate was
trapped that shows motion of the iron out of the heme plane.
However, the EXAFS data show significant differences
between the spectra of deoxy and Mb*CO. Since the sample
was a concentrated MbCO film, the data were high in signal
to noise; however, the dried film may have influenced the
results. The EXAFS data of Powers et al. (1987) are

Table 1: XAS and Crystal Structure Parametersa for Mb*CO by
Various Investigators

complex Fe-Ne (Å) Fe-Np (Å) Fe-CO (Å) Fe-Ct (Å)

4 K Mb*CO XASb 2.22 2.03 1.97 0.27
40 K Mb*CO XASc 2.20 2.045 2.58 NDk

5 K Mb*CO XASd 2.19 1.97 2.3 ND
10 K Mb*CO XASe 2.20( 0.04 2.05( 0.01 3.6( 0.05j 0.27h

40 K Mb*CO
crystal dataf

2.11( 0.1 1.98( 0.1 2.7 0.1

20 K Mb*CO
crystal datag

2.25( 0.1 1.98( 0.1 3.6( 0.1 0.27

deoxy-Mb-XASc,d 2.05-2.1( 0.05 2.06( 0.02∞ 0.35h,i

a Fe-Ne ) iron-histidine nitrogen distance; Fe-Np ) iron-pyrrole
nitrogen average distance; Fe-CO) distance from iron to the carbon
of CO; Fe-Ct is the iron out of heme plane displacement.bChance et
al. (1983).c Powers et al. (1987).d Teng et al. (1987).eThis work.
f Teng et al. (1994).g Schlichting et al. (1994).hMiller and Chance
(1995). i Srajer et al. (1988).j Multiple minima are seen for this
parameter based on the XAS data alone; see Figures 7 and 8 and text.
kND is not determined.

Table 2: Summary of Resonance Raman and Near-IR Frequencies
(cm-1) of Myoglobin Complexes

complex ν2 ν4 νFe-His band III

deoxy-Mb 1563a 1353a 227a 13149b

Mb*CO 1560a 1352a 233a 13063b

MbCO 1590a 1375a none none
a Powers et al. (1987); Rousseau and Friedman (1988).b Chance

(1993).
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consistent with the results presented here in terms of the Fe-
Ne and Fe-Np distances. With respect to the position of
the CO ligand, the results of Teng et al. and Powers et al.
are consistent with the local minimum seen at ca. 2.5 Å from
iron.
Table 1 also compares the results reported here to the two

crystallographic results that are available. The Fe-Ne

distance for the structure of Schlichting et al. (1994) is
virtually identical to that provided by solution EXAFS. The
Fe-Np average distance is longer, based on the EXAFS
results, and is quite consistent with the results suggested by
examination ofν2, the core-size marker. A minimum for
the Fe-ligand (CO) distance is also seen by EXAFS, which
is in agreement with the crystallographic results (which is
also the best fit to the data). Overall, the differences are
well within the respective errors of the two techniques. By
contrast, the structural data provided by Moffat and co-
workers (Teng et al., 1994) are inconsistent with the solution
Raman, near-IR, and X-ray spectroscopy near-edge data that
suggest an iron position with respect to the heme plane
substantially displaced toward the proximal histidine side of
the heme, almost to the deoxy value. This difference may
be related to the functional properties conferred by the
monoclinic space group of this crystal, or due to incomplete
photolysis, with the structure based on an average of MbCO
and Mb*CO conformations. In any case, even if the
structural result is correct for the monoclinic crystal, it cannot
be deemed relevant to the physiological solution state of the
protein.
In conclusion, the crystallography results of Schlichting

et al. (1994) are in complete agreement with the EXAFS
results presented here within their respective errors. The
greater precision of the EXAFS allows the bond lengths to
be precisely defined, and these EXAFS results are consistent
with Raman data collected previously. The crystallographic
data allow discrimination between the multiple minima that
would not be discernible by analysis of the EXAFS alone.
An examination of the available spectroscopic data shows
that the crystallographic results of Schlichting et al. are highly
relevant to the physiological solution state and must be taken
into account in any attempt to understand the incomplete
relaxation process of the heme iron for the Mc*CO photo-
product at low temperature (Rousseau & Friedman, 1988).
The structural data provided by Teng et al. (1994) are likely
to be in error. The automated FEFF and crystallography
approach that we outline here is likely to have a number of
interesting future applications. The increased availability of
crystal structures will provide accurate geometric models that
can be further refined using EXAFS data. The ability to
clearly visualize the possible solutions as provided by the
AUTOFIT 1.0 suite of programs also gives an even-handed
view of the structure and the error in bond distances.
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