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X-ray absorption fine structure (XAFS) data were obtained from frozen aqueous solutions (10 K) of horse heart
ferri- and ferrocytc. Models of the structure about the Fe center were refined to optimize the fit between the
observed XAFS in the range ® k < 16.3 A" and the XAFS calculated using both single-scattering (SS) and
multiple-scattering (MS) calculations. The bond lengths obtained are more accurate and precise than those
determined previously for cyt from various species using X-ray crystallography. The-Rebond lengths are
1.98-1.99 A for both oxidation states of cyt The Fe-S bond of ferricytc (2.33 A) is significantly longer than

that of ferrocytc (2.29 A). The small changes in the bond lengths are consistent with the small reorganizational
energy required for the fast electron-transfer reaction ofccyt

Introduction fluorescence spectra from severdype cytochromes. One-shell
. . analyses yielded average-Fd bond lengths of 1.971.99 A
Cytochromec (cyt ) is a small heme protein (MW 12.384)  anq Fe-S bond lengths of 2.292.32 A, with estimated errors

that functions as a biological electron-transfer agent. It consists ot apout 0.020.03 A®

of a single polypeptide chain and a prosthetic heme group and  gecause no crystal structures of sufficient resolution to permit
provides a pathway for the transfer of electrons from €yt the detection of small structural changes between ferri- and
reductase to cyt oxidase in the mitochondrial respiratory chain ferrocyt ¢ are available, it was decided to examine the
(oxidative phosphorylation). The protein participates in oxida- jfferences in the coordination site of the two oxidation states
tion—reduction reactions with the heme iron alternating between rom a single species with MS XAFS analyde3uch MS XAFS

the oxidized (ferric, F€) state and the reduced (ferrous,'Fe  apajyses with restrained and constrained bond angles and
state. In the native protein, histidine 18 and methionine 80 of istances for heme proteins and porphyrins were described in
the protein chain are bound as axial ligands to produce a six- getail in the early 1990%.10 The current studies on cgtwere
coordinate Fe center. Crystallographic studies of horse hearty|so of interest as a precursor for using XAFS to examine
ferricyt ¢ culminated in 1971 in a 2.8-A-resolution structure onformational changes in cgtand to study their NO adducts
determination that defined the general folding characteristics giong the lines reported for myoglobin (M) The new Fe-

of this class of proteih.No further analyses appeared until 1981, ligand distances are compared with those obtained by X-ray

when the three-dimensional structure of tuna ferracytas crystallography, antecedent SS analyses, and SS analyses of our
refined at a resolution of 1.5 Aln 1990, the three-dimensional own XAFES data.

structure of horse heart ferricyt was refined at 1.94-A
resolution® Recently, the structures of horse heart ferri- and Experimental Section
ferrocytc have also been determined by high-resolution NMR Sample Preparation.Horse heart cyt (Sigma) was used without

spectroscopy. further purification. Native ferricyt was dissolved in sodium phosphate
The macromolecular crystallographic and NMR results puffer (0.1 M, pH 6.9), and its concentration was determined using

reported to date have not determined-figand bond lengths  the following molar absorptivitiesesio = 106.1 mM™ cm™, ess =

of the cytc with sufficient accuracy and precision to identify ~ 11.2 mM* cm%.22

small heme stereochemical differences that might accompany Ferrocytc was prepared by reducing the ferric form with a 6-fold

a change in oxidation state. X-ray absorption fine structure molar excess of aqueous 0. This involved deoxygenating

(XAFS) spectroscopy is capable of detecting such differences. — — -

XAFS spectroscopy has been used to obtain average -metal ®) gﬂﬂ%ﬁ%% ?"SES'SEE%TQH’ P.; Kincaid, B.Afnu. Re. Biophys.

ligand bond lengths from proteins in solution with an accuracy (6) Korszun, Z. R.; Moffat, K.; Frank, K.; Cusanovich, M. Biochemistry

of better than 0.02 &.In 1982, Korszun et al. obtained XAFS 1982 21, 2253-2258.
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solutions (Ar) of ferricytc and NaS;O. in buffer prior to mixing them ;7 5C33
under Ar. The concentration of native ferroaytvas determined on *
the basis of:es16 = 129.1 MM cm™, es50 = 27.7 mMt cm1.12 \
The final concentrations of the freshly prepared ferri- and ferrocyt L(C3 ey
c solutions, after the addition of glycerol (AR grade) to produce a 40% \ - / -
vlv glycerol/water mixture, were 7.1 and 4.3 mM, respectively. The L. S30
solutions were syringed into 14@- Lucite XAFS cells (23x 2 x 3
mm) with 63.5x¢m Mylar tape windows, frozen in a liquidth-hexane o Nigjv-\,;
slush bath to form a homogeneous glass, and stored in liguijatibi o ;ﬁ B \/\,f:——-—-‘ ~
to inserting them into the liquid He cryostat for data collection. For e T Fe  NA
ferrocytc, the glycerol was deoxygenated (Ar) and all manipulations L — ____“'—1\/ e S
were performed under Ar. [ — -
Data Collection. Fe K-edge X-ray absorption spectra were recorded l
at the Stanford Synchrotron Radiation Laboratory (SSRL) on the ‘ {\?5
unfocused beamline 7-3, using a Si(220) double-crystal monochromator ) / by
detuned 50% at 8243 eV. Data were collected for ferri- (39 scans) and “y
ferrocytc (21 scans) as fluorescence spectra in the region-68283 \ - N28

eV using a 13-element Ge array detector. To monitor photodecom-
position of the samples during data collection, individual scans were
energy-calibrated and compared using the programs XAS-C@lseud
EXAFSPAK ! If a shift in the edge of0.5 eV was observed, either
the sample was translated to place the X-ray beam on a fresh spot or
a new sample was used. A constant temperature of 10 K was maintained
using an Oxford Instruments continuous-flow-liquid-helium CF 1208
cryostat. All spectra were energy-calibrated using an Fe foil standard,
with the first inflection point of the foil spectrum assigned as 7111.2
eV.15

The scans obtained for each ferri- and ferracyitere averaged using
weights based on the signal-to-noise ratios, and monochromator glitches
were removed. A background correction was applied by fitting a third-
order polynomial to the postedge absorbance and subtracting it from C19 C20
the data® A three-region spline was fitted to the XAFS region and  Figyre 1. Starting model for cyt.
was then subtracted. The data were normalized to an edge jump of 1.0

and were compensated for decreasing absorbance past the edge. structures from the Cambridge Structural Database Sy&tefhe
XAFS Model. In heme proteins, atoms up & A from the Fe center geometry of the starting model is shown in Figure 1.
may make significant MS contributions. This distance generally Data Analysis. The model-fitting calculations were performed by
captures all of the atoms of the porphyrin core and any exogenous means of the program XFIF,which incorporates ab initio calculation
ligands. For the MS analyses, the model for the Fe center irccyt of the XAFS using the SS (version 4.68nd MS (version 6.01) of
comprised an unsubstituted Fe porphyrin, the imidazole ring of a FEpp26 XEIT uses nonlinear least-squares fitting to vary model
histidine side chain, and the four atoms of the methionine side chain. parameters to optimize the agreement between the observed and
The porphyrin model that was uséd is based on average bond gjculated XAFS.
distances and angles from six-coordinate [Fe(tetraphenylporphyrinato-  |n xFIT, restraints, which specify targets for relationships between
(2-))] structures® 2 The porphyrin was constrained to be planar and  model parameters, are used to incorporate prior information into an
maximally symmetric. Although this model ha_s fewer adjustable _analysis?* The weight of each restraint expression is given by
parameters than one based on the unsymmetrlqal natural prosthetiGyhere the parametekesis given in Table S1 (Supporting Information)
group, protoporphyrin IX, the bond lengths obtained from the two ang js analogous to an estimated standard deviation. Thus, the larger
models have been shown to be the same within experimental error forthe value ofg,es the greater the freedom of movement of the bond
other heme proteins:® The bond lengths and angles for the imidazole  |ength or angle from the specified value. The valueigfis chosen to
(ImH) ligand were taken from ImH in [Mn(ImH)Cl>-4H,0 22 The bond ensure that bond lengths and angles stay within the normal bounds
lengths and angles for the side chain of the methionine group were foynd within ligands and hence prevents a chemically unreasonable fit
obtained from a statistical analysis of 541 entries of similar X-ray crystal i, the data. The weight of the XAFS data relative to the restraints in
the fitting procedure is given by a separate weighting faetoihe
(13) George, M. J.XAS-Collect: A Program for X-ray Absorption higher the value ofv, the lower the importance placed on maintaining
Spectroscopy Data Collectipuersion 1.2; SSRL: Stanford, CA, 1995.  the restraints during the fitting procedéfélhroughout the refinements,

(14) George, G. N.; Pickering, I. EXAFSPAK: A Suite of Computer  wwas fixed at 8, giving differences between the refined and ideal values
Efggrgg for Analysis of X-ray Absorption Spec¢t&RL: Stanford, of the restraints close to the specifieds values.
(15) Zhéng, Y:; Paviosky, M. A.; Brown, C. A.; Westre, T. E.: Hodgson, The bond lengths and bond angles within the porphyrin ligand were

K. O.: Solomon, E. I.J. Am. Chem. Sod.992 114 9189-9191. tightly restrained to the geometry of the modelk{= 0.01 A and 2

(16) Rich, A. M. Determination of Fe-Ligand Bond Lengths and Angles for bond lengths and bond angles, respectively). Weaker restraints were
in Hemeproteins Using X-ray Absorption Spectroscopy. Ph.D. Thesis, placed on the bond lengths and angles between the pyrrole rings to
University of Sydney, 1997. allow them to move closer to, or further away from, the Fe atom

an EinMe?t-r;\oéjlg%ﬁz?%&%g%{uz-ggsgel‘inz%;'; Longa, S. D.; Bianconi, (;  — 0,02 A and 2 for bond lengths and bond angles, respectively).

(18) Mashiko, T.; Reed, C. A.; Haller, K. J.; Kastner, M. E.; Scheidt, W. For all atoms except those in the imidazole ligand, the Deftyaller
R.J. Am. Chem. S0d.981, 103 5758-5767.

(19) Scheidt, W. R.; Lee, Y. Btruct. BondingBerlin) 1987, 64, 1—70. (23) The Cambridge Structural Database Syste@ambridge Crystal-
(20) Mashiko, T.; Reed, C. A.; Haller, K. J.; Scheidt, W.IRorg. Chem lographic Data Center: Cambridge, U.K., 1996.
1984 23, 3192-3196. (24) Ellis, P. J.; Freeman, H. Q. Synchrotron Radiatl995 2, 190-195.
(21) Radonovich, L. J.; Bloom, A.; Hoard, J. 1. Am. Chem. Sod.972 (25) Mustre de Leon, J.; Rehr, J. J.; Zabinsky, S. I.; Albers, RPIgs.
94, 2073-2078. Rev. B 1991, 44, 4146-4156.

(22) Garrett, T. P. J.; Guss, J. M.; Freeman, HACta Crystallogr., Sect. (26) Rehr, J. J.; Albers, R. C.; Zabinsky, SPhys. Re. Lett. 1992 69,
C 1983 C39 1027-1031. 3397-3400.
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Figure 2. (a) Edge and (b) enlarged preedge spectra otcyt 0 1 2 3 4 5

Distance (A)

factors,o?, were restrained to increase with each bond away from the Figure 3. (a) XAFS and (b) Fourier transform amplitude of XAFS
Fe atom ¢2 = 0.001 &) to reflect the expected increase in static and for ferricyt c.
dynamic disorder as the distance of the scatterer from the absorber
increased’ For the imidazole ligand, the Deby#Valler factors were c. The symmetry-forbidden 1s- 3d transitions £7112 eV)
restrained to increase in the orde(N25) < 0*(N28, C29)< 0*(C26, occur at slightly higher energy for the ferricgtcompared to
C27). This order results from the greater effect of the in-plane rocking ferrocvt c. The intensities are similar for these two oxidation
vibrational modes on the second-shelH&26 and Fe-C27 distances ytc. -
than on the third-shell FeN28 and Fe-C29 distances and the low g'gites butfare st?]mewhat hllgherfffor '[_I:;Jerrouztfqrmstta from

scans from three sampies ot terri ere obtained. From

amplitude of the internal ring vibratioris. ‘ )
Unless stated otherwise, constraints were applied to keep thethe firstto last scan on each of two spots for each sample, shifts

porphyrin group in they plane and the imidazole in thez plane to in the edge position of up to 0.5 eV were observed, consistent
ensure that the fit was well overdetermined. Such constraints are with significant photoreduction.
justified because it was shown previoudyat the XAFS is insensitive Analysis of Photoreduction. To investigate the effect of

to small movements of the Fe out of the heme plane or rotations and photoreduction on the analysis of the ferricyiXAFS analyses

tilts of t_he imidazole ring. ‘_I'he S atom of the methionine group was \yare performed on the averaged data for 16 scans (edge shift
constrained to be perpendl_cu_lar to the p(_)rphyrln plane, but the other less than 0.2 eV), those for 23 scans (edge shift less than 0.3
atoms were free to move within the restraints. A table of restraints and eV), and those for all 39 scans (edge shifts up to 0.5 eV). While

constraints is given in the Supporting Information (Table S1). . .
Error Estimates from Noise in the Data. Monte Carlo analyses  he lowesRvalue was obtained with the average of all 39 scans,

were conducted to estimate the rms deviations in final parameters arisingthe threshold energy for excitation of the core electry,
from the noise in the dafd-2° For all refinements reported in this paper, decreased by 0.6 eV compared to that obtained when data from

two consecutive sets of 1& 16 Monte Carlo cycles were executed the 16 scans with lowest edge shift were used (Table 1). The
using the procedures described previotlsk? in which the effect on final analysis used the data from these 16 scans only, being
the bond lengths and angles obtained from different fits to the variation most reliable for ferricyt c. The data from all 21 scans for
in the XAFS from the r_10ise ir_1 the (jata were exa_mined. The res_ulting ferrocyt ¢ were used since there was no edge shift within
rms errors were combined with typical systematic errors to obtain the experimental error£0.08 eV).
final error estimates. SS and MS AnalysesThe XAFS data for ferri- and ferrocyt
¢ were refined using both SS and MS calculations. The SS
o analyses used only the first-shell atoms, consisting of the pyrrole
The Edge and Preedge RegionFigure 2a shows the Fe N (N,), the imidazole N (), and the methionine S atoms. Al
K-edge XAS spectra of ferri- and ferroogt The preedge region  the model atoms have significant MS contributions and were
is enlarged and is shown in Figure 2b. There isdneV shift  sed in the MS analyses. The results of the SS and MS analyses
to lower energy of the edge transition from ferricyto ferrocyt and the literature values from the prior SS analyses of ferri-
and ferrocytc are listed in Table 1. For the MS analyses, the

(27) Ellis, P. J. Structural Studies of Metalloproteins Using X-ray Absorp- ; :
tion Spectroscopy and X-ray Diffraction. Ph.D. Thesis, University of observed and calculated XAFS, the corresponding Fourier

Results

Sydney, 1995. transforms, the residuals, and the window functions used in the
(28) Hammersley, J. M.; Handscomb, D. ®lonographs on Applied  Fourier filter for ferri- and ferrocyt are shown in Figures 3
Probability and Statistics, Monte Carlo MethodShapman & Hall: and 4, respectively. The refined atomic positional coordinates

London, 1965. . . .
(29) Spiegel, M. R.Schaum’s Outline of Theory and Problems of fOr both forms of cytc are contained in the Supporting

Probability and StatisticsMcGraw-Hill: London, 1975. Information (Tables S2 and S3). The bond lengths and bond
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Table 1. Fe-Site Dimensions in Ferric and Ferrous Cytochranfes Determined by MS and SS XAFS Analyses

Fe—ligand distances (A)

DebyeWaller Factors? (A2) other refinement parameters

protein XAFS analysis FeNp Fe—N. Fe-S No N, S Eo (eV) S? R (%)
ferricytc previous S$ 1.47(3)
previous S8 1.98(1) 2.31(2)
SS 1.98(2) 1.98(2) 2.33(2) 0.001 0.001 0.001 7122.7 0.79 225
Mse 1.98(2) 1.98(3) 2.33(2) 0.002 0.002 0.002 7126.5(5) 0.95(2) 16.3
Msd.e 1.98(2) 2.01(3) 2.33(2) 0.002 0.001 0.002 7126.2(5) 0.97(2) 15.8
msef 1.98(2) 2.01(3) 2.33(2) 0.002 0.001 0.002 7125.9(5) 0.96(2) 14.4
ferrocytc previous SS 1.47(3)
previous S8 1.99(1) 2.31(3)
SS 1.99(2) 1.99(3) 2.28(2) 0.001 0.001 0.003 7121.9 0.81 18.4
MS 1.99(2) 2.00(2) 2.29(2) 0.001 0.002 0.003 7125.3(2) 0.96(2) 125

2SS analyses of horse heart ¢yin 197934 The value shown is without a phase shift correctib8S analyses of tuna heart @yin 1982° The
guoted errors are probably much lower than the actual eff@ata from 16 scans that were least affected by photoreduction (average shift from
first scan<0.19 eV).4 Data from 23 scans (average shift in edge from first se@r29 eV).¢ The Debye-Waller factor of atom C33 is unreasonable
(>0.03 A9).  Data from all 39 scans (average shift in edge from first se@50 eV).
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Figure 4. (a) XAFS and (b) Fourier transform amplitude of XAFS

for ferrocytc.

2.31 A for both oxidation states of ¢yt In this work, the Fe-S
distance in the ferric form (2.33 A) is longer than that in the
ferrous form (2.28 A).

The models obtained from the MS analyses gave good fits
to the observed XAFS, witR values of 16.3% and 12.5% for
ferri- and ferrocyt, respectively, and the Deby&Valler factors
are all low. The Feligand bond length values are very close
to those obtained from SS analyses and are in good agreement
with the crystal structures, but the FBl. bond length (1.98 A)
for the ferric form is a little shorter than those in the crystal
structures. The bond lengths and angles for therRethionine
moiety obtained from MS analyses are in excellent agreement
with the crystal structures.

Effect on the Fe-Ligand Distances of the Methionine
Geometry Restraints. Test refinements were performed to
determine the effect of varying the geometry restraints applied
to the methionine group. The refinedHgand distances were
insensitive to these restraints. Removal efGand C-S—C
bond length and bond angle restraints had no effect on the Fe
ligand bond lengths (Supporting Information, Table S5). When
the bond length and bond angle restraints on the methionine
were removed, some of the<€S bond lengths were unreason-
able; however, if only the bond angle restraints were released,
the fit remained reasonable and+&-C and C-S—C angles
did not vary much between the two oxidation states.

Effect on the Fe-Ligand Distances of Tilting the Imid-
azole Group. The imidazole ring was tilted by up to 30
perpendicular to or within its plane, and the models were refined

angles obtained from the MS analyses are compared with theto convergence (Supporting Information, Table S6). These
X-ray crystal structures from the Brookhaven Protein Data Bank changes have no effect on the-H¢, and Fe-S bond lengths,

in Table 280 Summaries of X-ray crystallographic data for ferri-

but the in-plane tilt has a significant effect on the-fi¢

and ferrocytc from various species are presented in Tables 2 distance (maximum change of 0.05 A).

and S4, (Supporting Information), together with a determination

of the precision of the atomic coordinafés.

Error Estimates. The statistical errors from the Monte Carlo
calculationd*27for ferric cytc were 0.0035 A for FeN,, 0.013

The Fe-N distances obtained from SS calculations are in A for Fe—N,, and 0.0025 A for FeS. For ferrous cyt, the

good agreement with those reported previo@siyhile the XRD
and XAFS structures are not significantly different, the-iRg

errors were 0.0014 A for FeN,, 0.0033 A for Fe-N,, and
0.0016 A for Fe-S. These statistical errors were combined with

bond length (1.99 A) of the ferrous form is shorter than that a conservative systematic errot=@.02 AP2 to obtain the

obtained from the crystal structure (2.04 A), and the-Re
distance (1.98 A) of ferricyt is also shorter than that obtained
from the X-ray crystal structure analysis (2.04 3previous
SS analysésindicated that the FeS bond length was about

(30) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F.;
Brice, M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; Tasumi,

M. J. Mol. Biol. 1977, 112, 535-542.

(31) Cruickshank, D. WMacromolecular RefinemenSERC Daresbury

Laboratory: Warrington, U.K., 1996; pp +22.

estimated errors contained in the Table 1.

Degree of Determinancy.The number of parameters being
refined,p, compared to the number of independent poiNts,
can be calculated to give the degree of determinaNgp, If
this ratio is less than 1, the fit is underdetermined and a unique
fit is not possible, whereas a ratio above 1 gives an overdeter-
mined problem, which can be used to give a reliable fit. To

(32) Gurman, S. 1. Synchrotron Radiatl995 2, 56—63.
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Table 2. Structural Data from MS XAFS Fits and X-ray Crystal Structures from the PDB for Ferri- and Femocyt
Fe-Np, Fe-N. Fe-S S-C31 S-C32 C32-C33 Fe-S—- Fe-S— C31-S— S30-C32-

species  PDBentty (A) A B A A A C31 (deg) C32 (deg) C32 (deg) C33(deg) R(%) o(x)®
Protein Ferricyt
horse heart  this work 1.98 198 233 181 1.81 1.50 108 108 101 110 16.3
1HRC 1.99 204 232 181 1.79 1.57 115 109 102 116 17.9 0.19
1CRC (Ay 1.98 1.96 2.02 1.81 1.83 1.49 106 125 95 110 17.7 0.57
1CRC (Bf 2.01 217 266 1.78 1.85 1.50 106 150 95 115 17.7 0.57
rice embryos 1CCR 2.00 2.04 235 1.80 1.83 1.53 110 108 111 110 19.0 0.18
tuna heart 3CYT (O) 2.07 196 228 181 1.79 1.51 112 117 102 113 20.8 0.42
3CYT ()¢  2.03 2.04 226 1.77 1.79 1.49 114 120 105 110 20.8 0.42
Protein: Ferrocyt
horse heart  this work 1.99 200 229 182 181 1.50 109 109 101 110 125
bonito 1CYC 1.80 2.60 2.49 1.44 150
tuna heart 5CYT 2.04 1.98 2.31 1.80 1.81 1.54 115 116 105 115 17.3 0.085

a pDB = Brookhaven Protein Data Baik.? Uncertaintyo(x) in the position of an atomy(x) = 1.0(N/P)2C~3d.,nR, whereP = no. of degrees
of freedom= (no. of independent reflections no. of variables); see Table S4There are two asymmetric molecules in the unit cell.

ensure that the problem is overdetermined for heme proteins, distances determined are within experimental error of those
constraints and restraints are required where the valdé isf found using X-ray crystallography. The most important aspect
given by of the MS analysis is the small difference in the bond lengths

and Fe-methionine angles between the two oxidation states.

N, = 2(Ar)(AK)/ + Z[D(N —2)+1] (1) Thg resultant small_inner-sphere r_eorganizati_onal energy is a
major reason for this metalloprotein undergoing fast electron

. . . . . . transfer, as required for its physiological role.
whereD is the number of dimensions in which the refinement ) ; )
takes place (2 for the planar porphyrin and imidazole units and  While the major discrepancy between the XAFS and X-ray
3 for the methionine group) anil is the number of atoms in bond Ien.gths is the value for t_heFEzI6 bond Iength in the ferric
the unit. The model used in these calculations, together with form, this may be a reflection of the quality of the X-ray
the largek range (16.3 A?) of data used in the fit, results in a structure. The d|ffract|on precision indicator (Dplhas. beqn
well-overdetermined MS XAFS fit\/p = 1.7). This fitis much ~ Proposed by Cruickshank to estimatg(x), the uncertainty in
better overdetermined than those reported in the literature for the position of an average atom for the XRD data. Although
heme proteins in the early 19990 largely due to improve- the average uncertainty in the bond lengths are greater than the
ments in the sensitivity of detection of XAFS, which enables average uncertainty in the positional parameters, the.feond

data to be collected and analyzed over a laigeange. lengths are better defined than the average bond lengths; hence,
the DPI has been used as an indication of the precision in these
Discussion bond length<.While such an estimate is necessarily empirical,

it is reasonable, given the large variations in the bond lengths
determined in different structural determinations for a given
protein, as has been analyzed in some depth for met- and deoxy-
Mb.” For the XAFS-derived Feligand bond lengths listed in
Table 1, the probable errors were calculated from both random
and systematic errors, with the latter dominating. Using a
conservative consensus value 0.02 A for the systematic error
componeng? overall probable errors in the range 0-0203 A
were obtained for the Fdigand distances derived from the MS
XAFS analyses. The general conclusion from Table 2 is that
the best of the crystal structures have-figand bond length
esd’s of >0.1 A. The esd’s are in fact sufficiently large that,
despite the range of values for each bond length, none of the
bond lengths differs significantly from the values determined
by XAFS analyses, nor are they precise enough to obtain reliable

XANES. Although the edge features of both oxidation states
of cyt c are similar, there are some characteristics of the preedge
region that distinguish them. There is a weak preedge feature
with a shoulder at lower energy for the ferricyt c that is a
consequence of the low-spin ferric complex having a large
number of one-electron allowed final statéd{g, ‘Tig 5Tig,
1T,q and®Tyg).32 Experimentally, théA 4 final state is at lower
energy (7110 eV) and is observed as a shoulder to the higher
intensity peak containing contributions from tHg g, 3T1g, 1T2g,
and3T.q final states. For the ferrocyt, a feature on the rising
edge of the spectrum at7115 eV is observed. This arises from
the configurational mixing between the one-electron allowed
2E, state and higher energy two-electriity excited staté3—3%

The difference in the energy of the edge-i% eV and, together

with the preedge results and the UV/vis spectra, shows that the; s X
protein was fully reduced >90%). This is important in information as to the extent of bond length changes during

establishing that the small differences observed in the bond €l€ctron transfer. Another problem with ascertaining bond length
length data were not due to incomplete reduction. changes in XRD data is that, in the structures of horse heart

XAFS. The resulting values R (the difference between the ~ nd tuna heart ferricyt, each has two asymmetric molecules
observed and calculated XAFS) of the MS analyses for ferricyt 1N @ unit with quite distinct FeN. bond lengths, i.e. 1.96 and
¢ (16.3%) and ferrocyt (12.5%) are low, reflecting the high  2-17 A for horse heart ferricyt and 1.96 and 2.04 A for tuna
quality of the XAFS data and the fit to the data. With the heart ferricytc (Table 2). This may be an artifact of the XRD
exception of the FeN. bond length for ferricytc, the bond results, as the XANES results at 10 K clearly show that thgre
would be extensive photodamage at the Fe center for the ferricyt

(33) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson, C during XRD data collection, which was performed at much

34) K. k?h'; Sdolomon, E. 1J. Am. Chem. S0d.997, 119, 6297-6314. higher temperatures than the XAS data collection. The low

34) Labhardt, A.; Yuen, CNature1979 11, 150-151. ;

(35) Liu, H. J.: Sono, M.: Kadkhodayan, S.. Hager, L. P.: Hedman, B.: Debye-Waller factors and th_e e_x_cellent fit to the XAFS data
Hodgson, K. O.: Dawson, J. H. Biol. Chem.1995 270, 10544 show that there are not significant amounts of a second

10550. coordination geometry in the XAFS samples. SS analyses of
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XAFS data (0< k < 11 A1) on a range of cyt protein$ and show small differences in the bond lengths, consistent with
showed a similar small change in bond lengths, as observednear-zero reorganizational energy terms required for the fast
here using higher quality data and MS analyses. The small electron-transfer properties of ferricgtand ferrocytc.
differences between the F&l, and the Fe-N. bond lengths

mean that even MS analyses of the XAFS data cannot reliably lia
distinguish between them. The small decrease in theSHgond
length in going from Fe(lll) to Fe(ll) is consistent with important
m-back-bonding contributions in ferrocygt since such a bond
would normally be expected to be shorter in the higher oxidation
state. The importance of suetiback-bonding effects is con-
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The tilt within the Fe-Im plane is close to zero for the
average of three high-resolution aystructures (Table 2). This
is in agreement with the XAFS results where tiltssdf0° cause
unrealistic Debye Waller factors (Table S6).

Conclusions.Precise and accurate +kgand bond lengths ) ) ) _
(particularly for Fe-N;) can be obtained from MS analyses of Supportlng Information Available: Tables_ of constraints and
heme protein XAFS data. The bond lengths obtained are more'estraints for the parameters of cytochrowefinal refined atomic

. ) . positional coordinates and X-ray crystallographic data for ferric and
accurate than those determined from X-ray crystallographic dataferrous cytc, and parameters used in the calculations of the DPI. This

material is available free of charge via the Internet at htpp://pubs.acs.org.

(36) Texcan, F. A.; Winkler, J. R.; Gray, H. B. Am. Chem. S0d.998
120, 13383-13388. IC990395R





