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Determination of Iron —Ligand Bond Lengths in Horse Heart Met- and Deoxymyoglobin
Using Multiple-Scattering XAFS Analyses
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School of Chemistry, University of Sydney, Sydney, New South Wales 2006, Australia
Receied Naember 18, 1997

XAFS data in the range & k < 14.5 A1 have been obtained from frozen aqueous solutions (10 K) of horse
heart myoglobin (Mb) in the Fe(lll) (aqua-met) and Fe(ll) (deoxy) forms. The structures of the Fe sites have
been refined using both single-scattering (SS) and multiple-scattering (MS) analyses. The XAFS MS analyses
yield more precise Feligand bond lengths (estimated error 0-@203 A) than those determined crystallographically
(estimated errors0.1 A). For met-Mb, the MS analysis results in an averageNfg@yrrole) distance of 2.05

A, an Fe-N(imidazole) distance of 2.17 A, and an-F@(aqua) distance of 2.08 A. For deoxy-Mb, the MS
analysis results in FeN(pyrrole) and Fe-N(imidazole) distances of 2.06 and 2.16 A, respectively. The final
XAFS Rvalues are 18.8% and 17.8% for met- and deoxy-Mb, respectively. The robustness of the refinements
was tested by varying the starting models, constraints, restraints mamdjes.

Introduction

Myoglobin (Mb) is a small protein (17.6 kDa) consisting of
a single polypeptide chain of 153 amino acid residues and a
protoporphyrin IX (heme) prosthetic group. It functions in
cardiac muscle to store oxygenjj@nd to facilitate its diffusion
from blood capillaries to the mitochondd&. The heme is
linked to the protein by a covalent bond from the iron atom to
an imidazole nitrogen (N of the proximal histidine. In vivo,
the iron atom is maintained in the ferrous (Fe(ll)) state, being
high-spin five-coordinate in deoxy-Mb and low-spin six-
coordinate in oxy-Mb, where the sixth position is occupied by
O,. Invitro, O, causes the autoxidation of oxy-Mb to met-Mb
in which the iron atom is high-spin ferric (Fe(lll)) and the sixth
ligand is watef:2

Sperm whaleRhyseter catodgmmet-Mb was the first protein
for which a complete 3-dimensional crystal structure was deter-
mined? Takano subsequently reported the first refinements of
the sperm whale met-Mb and deoxy-Mb structures at 2.0 A
resolution®> More recent refinements have yielded structures
of sperm whale met-Mb and deoxy-Mb at resolutions ranging
from 1.4 to 2.0 A (Table 1§ Other species for which the

crystal structures of met-Mb have been reported are horse hear

(Equus caballus 1.9 A resolution common seal Fhoca
vitulina; 2.5 A) 2 sea hare4plysia limacina 1.6 A) 19 pig (Sus
scrofg 1.75 A)1! loggerhead sea turtleC@retta caretta 2.0
A),12 and yellowfin tuna Thunnus albacaresl.74 A)3
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M. J. Mol. Biol. 1989 205, 529-544.

XAFS spectroscopy has the capacity to probe the structure
around the Fe atom with higher precision than that accessible,
until recently, by protein crystallographs1> Under favorable
conditions, XAFS analyses of metalloproteins yield distances
accurate to 0.020.02 A5 A recent development has been the
use of ab initio multiple-scattering (MS) calculations instead
of the earlier single-scattering (SS) analyses using the plane-
wave approximation and empirically derived amplitudes and
phase shifts. MS processes involving three or more atoms are
important in determining the XAFS contributions of distant
shells and become particularly important at lawalues or in
cases where three atoms are approximately collitfdr The
effects drop off very rapidly for intervector angles smaller than
~15C. In heme proteins, atoms up & A from the Fe center
may make significant MS contributions. This distance generally
captures all of the atoms of the porphyrin core and any
exogenous ligané?

Heme proteins for which SS XAFS analyses have been
reported include sperm whale Mb22 and hemoglobié Here
we report MS XAFS analyses of horse heart met- and deoxy-
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Table 1. Summary of Crystallographic Data for Sperm Whale and Horse Heart Met- and Deoxy-Mb

i no. of bond lengths (A) range of (X PDBY
protein pH (A Nb Fs cd Re Fe-Nyav) Fe-N. Fe-OH, Fe-Np(A) (A) ref entry
met-Mb
sperm whale 5.75 2.0 1383 9017 nla 0.172 2.04 2.17 2.10 0.14 h 0.28 4MBN
sperm whale 4.0 2.0 1418 7156 0.826 0.200 1.91 2.50 2.25 0.38 0.42 7 1vXB
horse heart n/a 1.9 1401 6035 0.616 0.155 2.01 2.26 2.29 0.07 0.40 8 1YMB
sperm whale 5.0 1.7 1404 13807 0.976 0.156 2.01 2.10 2.11 0.08 0.11 7 1VXE
sperm whale 6.0 1.7 1454 13856 0.979 0.140 1.99 2.15 2.17 0.10 0.10 7 1VXH
deoxy-Mb
sperm whale 5.75 2.0 1382 8788 nla 0.179 2.07 2.17 0.18 h0.246 5MBN
sperm whale 4.0 2.0 1377 7235 0.841 0.177 1.90 2.20 0.14 0.34 7 1VXA
sperm whale 5.0 1.7 1430 13882 0.980 0.153 1.98 2.28 0.04 0.11 7 1VXD
sperm whale 6.0 1.7 1434 12785 0.900 0.157 1.95 2.31 0.08 0.13 7 1VXG
spermwhale 8.4 1.4 1667 264281.000 0.1758 2.02 2.10 0.12 0.07 6 1MBD

a dmin = resolution of data? N = number of atomsS no. of F ’'s = number of independent X-ray reflections included in the refinement of the
crystal structured C = completeness of data number of independent X-ray reflections included in the refinement, expressed as a fraction of the
number of reflections theoretically accessible in the resolution range of thesdata.crystallographic residual.ow(x) = diffraction precision
indicator (DPI)= uncertainty in the position of an average attfn,(x) = 1.00\N/P)*2C~3d,;,R, whereP = number of degrees of freedom
(number of independent reflectiorsnumber of variables). If the positional coordinatey, zand the isotropic displacement paramédief each
atom are refined, the number of variabtegiN. 9 PDB = Brookhaven Protein Data Bafik." AssumesC (completeness of data) 0.95. Personal
communication from Professor S. E. V. Phillips.

/ i

Mb. The new Fe-ligand distances are compared with values C C
obtained by X-ray crystallography, antecedent SS XAFS / /
analyses, and SS analyses of our own XAFS data. N N N
Experimental Section ‘ “

Fe e

Sample Preparation and Data Collection. Horse heart Mb (Sigma)

was purified by chromatography on a Whatman CM-32 column at 4 Fe °
°C using a phosphate buffer solution (5 mM N&t,; 6.6 mM NaH- (a (b) (© ']
PO, pH 7) as the eluent. The Mb thus obtained was dialyzed against

distilled water and was concentrated using Amicon ultrafiltration cells. N

The concentrations of Mb were estimated spectroscopically for met-
Mb in 0.1 M phosphate buffer (pH 6.8) using the following molar
absorptivities: x50 = 3.37 x 10* M1 cm'%; €408 = 1.6 x 10P M1 Figure 1. Examples of paths contributing to the XAFS in a four-atom
cmY; andess = 1.02 x 10* M~2cmrL.28 Deoxy-Mb was prepared in  System: (a) single-scattering (two legs); (b) multiple-scattering (three
a septum-crimped vial by reduction of met-Mb with deoxygenated (Ar) 1€9s); (¢) multiple-scattering (four legs); (d) multiple-scattering (five
aqueous sodium dithionite (Fluka;95:5% NaS,04/H.0; dried and legs).

stored over KOs in the dark) using syringe techniques on an Ar line. . . n . .
The resulting final concentrations of the freshly prepared solutions were A background correction was applied by fitting a third-order polynomial
4.1 and 3.2 mM for met-Mb and deoxy-Mb, respectively, after glycerol to the pre-edge region, extrapolating it into the XAFS region, and

(AR grade, Ar-degassed in the case of deoxy-Mb) was added to prc)ducesubtractin_g it from the data. A three-region spline was fitted to the
a 40% viv glycerol/water mixture. This glycerol concentration was XAFS region and was then subtracted. The data were normalized to

the minimum required to form a homogeneous glass upon freezing. @1 €dge jump of 1.0 (where the edge jump denotes the underlying
The solutions were syringed into 144- Lucite XAFS cells (23x 2 intensity of the edge after subtracting the XAFS) and were compensated
« 3 mm) with 63.5¢m Mylar tape windows. This operation was for decreasing absorbance past the edge. The background-subtracted,
conducted in a nitrogen-filed glovebag. Immediately after their N°rmalized and compensated dalta were convigtkd;pace,_wherk
preparations, the samples were frozen in a liquid nitragéekane is the photoelectron wavevectdr, {2md(E — Eo)] " wherefi is h/2z,
slurry. meis the mass o_f 'the electrohy is the threshold energy for thes

X-ray absorption spectra were recorded at the Stanford SynchrotronCom'nuumstrans't'on’ ané& — Eo is the energy of the photoelectron
Radiation Laboratory (SSRL) on the unfocused beamline 7-3 (3 Gev, 9enerated: _ o _
95-55 mA), using a Si(220) double-crystal monochromator detuned Dgﬁmuon qf Terms. Several terms used in the foIIov.vmg.dlscussmn
50% at 7993 eV to minimize harmonic contamination. Data were '€quire definition. The XAFS¥(K)) is the sum of contributions from
collected as fluorescence spectra using a 13-element Ge array détector, Many scatteringaths (Figure 1). Each path is a route by which a
For each sample, 122 scans were recorded from 6790 to 7990 eV. photoelectron may proceed from the absorber to neighboring atoms
In the case of met-Mb, the sample cell was moved whenever and back to the absorber. The step from one atom to the next along a

photoreduction was apparent, to expose a fresh portion of protein to Path is called deg. The effectve lengthof a path is half the total
the beam. A constant temperature of 10 K was maintained using an distance traveled by the photoelectron (for SS this is the abserber
Oxford Instruments continuous-flow liquid-helium CF 1208 cryostat. Scatterer distance). Thmportance factorof a path is defined as
The energy was calibrated using an Fe foil standard, assigning the first 20
inflection point to an energy of 7111.2 &V. fk_ lx(K)| dk

The scans for each protein were averaged using weights based on =0

the signal-to-noise ratios, and monochromator glitches were removed._l_he final k values for met- and deoxy-Mb were 15.0 and 14.5.A

respectively. Although the importance factors are calculated by the

(22) zhang, K.; Reddy, K. S.; Bunker, G.; Chance,Moteins: Struct.,

Funct.. Genet1991 10, 279-286. program FEFF 6.0%5 these they do not include the effects of the
(23) Handbook of Biochemistry and Molecular Biolog§rd ed.; CRC

Press: Cleveland, OH, 1976; Vol. Il. (25) zhang, Y.; Pavlosky, M. A.; Brown, C. A.; Westre, T. E.; Hedman,
(24) Cramer, S. P.; Tench, O.; Yocum, M.; George, GNNcl. Instrum. B.; Hodgson, K. O.; Solomon, E. 0. Am. Chem. Sod992 114,

Methods Phys. Res., Sect1888 A266 586-591. 9189-9191.
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| Table 2. Constraints and Restraints Used in the Refinements of

\ c / met- and deoxy-Mb, Using the TPP Model
C HD cic
74 e | o X Debye-Waller Factor Restraims
s D\” C /cm 0%in > (0% +0.002){0.003 0% > (001 + 0.002){0.00%
\C.,D/Nf’ Nl 0%cha > (0%cia + 0.002){0.00%F  ¢% > 0.001{0.000% for all i
VAR 4 \ 0%an > (0%cia+ 0.002){0.003 o2 < 0.08{0.0% for alli
Ch /‘F‘2 CHe——o Fe 0201 > (0%ne2 + 0.002){0.003
S A E/Cé Lu Debye-Waller Factor Constraints
VNG Nl \ e e 0°na = 0% = 0%p = 0%\
% C\ ! B\//cm \\ i 0%qi is the same wherie= 1A, 4A, 1B, 4B, 1C, 4C, 1D, 4D
4A / 1B
o \CHB c c— 0%cHB = 0%cHa = 0%cHD = O%cHe
| 0% is the same wherie= 2A, 3A, 2B, 3B, 2C, 3C, 2D, 3D
0%ca = 0%s2
Figure 2. Molecular structure of the TPP model used in MS XAFS 0%ns1 = 0%y
analyses, viewed from the distal side of the heme pocket. The atoms Bond Length Restraints
are labeled according to the Brookhaven Data Bank convefftithe
model includes all non-H atoms of the imidazole ring and porphyrin N(A)—C(1A) f 1.384 é{0.0]} N;_C;fl'&w é{0.0J}
ligands withh 5 A of the Featom. The sixth position may be left vacant N(A)-C(4A) ~ 1.384 A{0.03 N2—C*~ 1.371 A{0.04

C(1A)-C(HA) ~ 1.393 A{0.03  C<—N° ~ 1.336 A{0.01}

(as in the deoxy adduct) or occupied by ligands such 83 (ds in the C(4A)—C(HB) ~ 1.393 A{0.02 C?—Cr ~ 1.347 A{0.01

met form). C(LA)-C(2A) ~ 1.439 A{0.0]  N*—C’~ 1.346 A{0.03
, _ C(3A)—C(4A) ~ 1.439 A{0.01}
temperature factors (&), whereas the XFIT program do&® This C(2A)—C(3A) ~ 1.341 A{0.03
program multiplies the importance factors by the temperature factor
of each atom along a path. Therefore, the longer a path and the larger Bond Angle Restraints
the number of atoms along it, the lower are the values of the importance C(1A)—N(A)—C(4A) ~ 105-2; {1 CI—N2-C"?~ 104.8 {1}
factors and the calculated contribution to the scattering intensity. N(A)—C(1A)~C(2A) ~ 110.T {1} N2—C%2—Cr ~ 109.8 {1}

XFIT Data Analysis. The model-fitting calculations were per- m(ﬁ):g(‘l"ﬁ):g(ga) illlzoslé{lz} ’C\l:;:gl__,\’;ﬁlffolggf {ll}
formed by means of the program XF¥128 In this program, a non- NEA%—CE4A§—CEHB§ ; 125.6’ Ezi CA—NL—C7 ; 107 '7, {{1}}
linear least-squares procedure is used to fit the model parameters to C(LA)—C(2A)—C(3A) ~ 107.3 (1 '

the observed XAFS. XFIT incorporates ab initio calculations of C(2A)—C(3A)—C(4A) ~ 107.3 {1}

the XAFS using the programs FEFF 4206or SS and FEFF 6.G% C(1A)-C(HA)—C(4D)~ 124.0 {2}

for MS. The parameters that were varied in order to optimize the

agreement between the observed and calculated XAFS were the co- ) Symmetry Constraints

ordinatesx, y, z of all atoms in the model in relation to an arbitrary z, = 0fori = all pyrrole YcHa = Xcha

set of Cartesian axes, the Deby@aller factorss?, a scale facto&y?, andmesocatoms XCHD = TXcHA

and E,. Both the observed and calculated XAFS were Fourier fil- NG~ Yng = ~Xna Yerp = ~Xcrp

tered?” Thek windows used for the XAFS analyses are shown inthe YN0 = XA 0 XcHe = ~XcHs

figures. The goodness-of-fit parameRwas calculated as described 2 _ N~ Yorc=Yows

by Ellis and Freema®. The statistical errors in the final parameters X = Xe = 0 Xean = Yeac Yess = Xczc
Y ) p Xcap = Yci1a; Ycap = Xcia XcoB = —Xcs3B; Yc2B = Yc3B

arising from the noise in the data were estimated by Monte Carlo
analyseg’

Xc1p = —Xcap; Ycip = Ycap Xc3a = —Xcac, Ye3a = Ycac
Xcac = —Xcia; Yeac = Ycia Xc2A = Xc3a; Yeoa = —Yeaa

Two Models for the Fe Site in Myoglobin. To assess the extent Xc1c = Xcac, Yeic = —Ycac Xcop = Yeon, Yean = Xcaa
of model bias in the XFIT analyses, two different models were used t0  Xcag = Xc1p; Ycas = —Ycip Xc2p = —Xcap; Yeap = Yeap
initiate the calculations. The first model (PP-IX model) comprised all  Xcis = —Xcag; Yc18 = Ycss Xc2c = Xcac Yeoc = —Ycsc
non-H atoms of the ImH ring of the 1-methylimidazole (1-MelmH) Xcaa = Xci1a, Yeaa = —Ycia YNe2 = Yeer = Yes2 = Ynor = Yo, = 0
and protoporphyrin I1X (PP-IX) ligands withi5 A of the Featom in XcHB = ~YcHB Xne2 = 0
[Fe(1-MelmH)(PP-1X)]CHOH-H,0% (Figure 2). Inthe second model ~ XcHA = Xchs Fe-N“?—C* = Fe-N?-C*

(TPP model, where TPP= mesetetraphenylporphyrinato(2), the aThe quantities in the bracg$ are the values ofiesas defined in
porphyrin dimensions (excluding those of the phenyl substituents) were the text.

taken from a consensus structure for 6-coordinate Fe(TPP) complexes,
while the dimensions of the coordinated imidazole were typical values
found in, e.g., the crystal structure of [Mn(Imgii}l,:4H,0.32 The TPP

model has been shown to reproduce accurately the X-ray crystal

structures of Feporphyrin model complexed. While the PP-IX model
was more closely related to the heme group of Mb, the TPP model
introduced fewer variables because of its higher symmetry (see Tables

- 2 and 3).
(26) §3e9h7r;‘3]46]6 Albers, R. C.; Zabinsky, SPhys. Re. Lett. 1992 69, Restrictions on Multiple-Scattering Paths. As a practical measure,
(27) Ellis, P. J_;.Freeman' H. Q. Synchrotron Rad1995 2, 190-195. the MS refinement calculations for met- and deoxy-Mb were restricted
(28) XFIT for Windows '95 Australian Synchrotron Research Program: to paths with an effective length5.0 A, not more than five legs, and
Sydney, 1996. ) an importance factoe2% compared with the most important path
(29) Mustre de Leon, J.; Rehr, J. J.; Zabinsky, S. I.; Albers, RPIGs. (Fe—~N,—Fe). There were approximately 150 such path§G% of
Rev. B 199], 44, 4146-4156. the total number) for the TPP model and approximately 552006
(30) Little, R. G.; Dymock, K. R.; Ibers, J. Al. Am. Chem. Sod.975 -
97 4532-4539. of the total number) for the PP-IX model. A repetition of the

(31) The bond distances and angles for the MS XAFS model were taken refinements including all paths with an effective length.1 A and
from Scheidt and Lee (Scheidt, W. R.; Lee, Y.Struct. Bonding up to six legd* produced identical values for the Fkgand bond
(Berlin) 1987, 64, 1-70) and were the averages of values in a number lengths, confirming that the restrictions on the number of paths had
of Fe(TPP) complexes (Mashiko, T.; Reed, C. A.; Haller, K. J.; not affected these results.

Scheidt, W. RInorg. Chem1984 23, 3192-3196). The complexes
contributing to the averages were [Fe(THTPP)} THT, [Fe(PMS)-
(TPP)J", and [Fe(GIm)(TPP)(THT)}CsHs (Mashiko, T.; Reed, C. A.; (32) Garrett, T. P. J.; Guss, J. M.; Freeman, HACta Crystallogr., Sect.
Haller, K. J.; Kastner, M. E.; Scheidt, W. B. Am. Chem. S0d981 C 1983 C39, 10271031.

103 5758-5767) and [Fe(Pip{TPP)] (Radonovich, L. J.; Bloom, A; (33) Ellis, P. J.; Freeman, H. C.; Hedman, B.; Hodgson, K. O.; Ibers, J.
Hoard, J. L.J. Am. Chem. Sod.972 94, 2073-2078). A.; Shi, D.; Slebodnick, C. To be published.
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Table 3. Constraints and Restraints Used in the Refinements of

met- and deoxy-Mb, Using the PP-IX Model

Debye-Waller Factor Restraints

0%c1a > (0%a + 0.002){0.00%
UZ(;HA > (O'ZClA + 0002){000]}
O’ZCZA > (UZCIA + 0002){000]}
0%ns1 > (0%ne2 +0.002){0.003

0%ca > (0%ws1 + 0.002){0.00%
0% > 0.002{0.00% for all i
0% < 0.02{0.0% for all i

Debye-Waller Factor Constraints

0% = 0% = 0%ne = 0%

o%qi is the same wherie= 1A, 4A, 1B, 4B, 1C, 4C, 1D, 4D

g2

cHA = O%cHB = O%CHc = 0°CHD

0% is the same wherie= 2A, 3A, 2B, 3B, 2C, 3C, 2D, 3D

0% = 0%

01 = UZCy

Bond Length Restraints

N(A)—C(1A) ~ 1.380 A{0.0%}
N(A)—C(4A) ~ 1.368 A{0.01}
N(B)—C(1B)~ 1.377 A{0.03}
N(B)—C(4B)~ 1.371 A{0.01}
N(C)—C(1C)~ 1.381 A{0.03}
N(C)—C(4C)~ 1.373 A{0.01}
N(D)—C(1D)~ 1.373 A{0.01}
N(D)—C(4D)~ 1.371 A{0.01}

C(1A)—C(2A) ~ 1.449 A{0.01
C(1B)-C(2B) ~ 1.465 A{0.0%}
C(1C)y-C(2C)~ 1.412 A{0.0%
C(1D)—C(2D)~ 1.453 A{0.01}

C(1A)—C(HA) ~ 1.377 A{0.01}
C(1B)—C(HB) ~ 1.360 A{0.0%}
C(1C)-C(HC)~ 1.378 A{0.01}
C(1D)-C(HD) ~ 1.333 A{0.01}

C(2A)—C(3A) ~ 1.354 A{0.0%}
C(2B)-C(3B)~ 1.330 A{0.01}
C(2C)-C(3C)~ 1.345 A{0.01
C(2D)-C(3D)~ 1.349 A{0.01}

C(3A)—C(4A) ~ 1.433 A{0.01}
C(3B)—C(4B)~ 1.478 A{0.01}
C(3C)-C(4C)~ 1.420 A{0.01
C(3D)-C(4D)~ 1.452 A{0.01}

C(4A)-C(HB) ~ 1.381 A{0.03}
C(4B)—C(HC)~ 1.347 A{0.01}
C(4C)-C(HD) ~ 1.377 A{0.0%}
C(4D)—C(HA) ~ 1.385 A{0.01}

I'na A 'ng A I'ne & 'p {0.003

Ne2—C ~ 1.326 A{0.01}
N<2—C92 ~ 1.368 A{0.01}
C<1—N°1 ~ 1.338 A{0.0%}
C2—-Cr ~ 1.347 A{0.0
N°1—C» ~ 1.354 A{0.0%}

Bond Angle Restraints

N(A)—C(1A)—C(2A) ~ 110.8 {1}
N(A)—C(4A)—C(3A) ~ 111.7 {1}
N(A)—C(1A)—C(HA) ~ 125.2 {3}
N(A)—C(4A)—C(HB) ~ 122.8 {3}

N(B)—C(1B)—C(HB) ~ 124.6 {3}
N(B)—C(1B)-C(2B)~ 109.4 {1}
N(B)—C(4B)—C(HC)~ 125.9 {3}
N(B)—C(4B)-C(3B)~ 108.3 {1}

N(C)—C(1C)-C(HC)~ 124.9 {3}
N(C)—C(1C)-C(2C)~ 110.7 { 1}
N(C)—C(4C)~C(HD) ~ 125.0 { 3}
N(C)—C(4C)-C(3C)~ 108.6 { 1}

N(D)—C(1D)~C(HD) ~ 125.3 {3}
N(D)—C(4D)-C(HA) ~ 125.7 {3}
N(D)—C(1D)-C(2D)~ 109.0 {1}
N(D)—C(4D)-C(3D)~ 110.6 {1}

C(1A)~N(A)—C(4A) ~ 104.5 {1}

C(1A)~C(HA)—C(4D)~ 125.2 {3}
C(1A)—C(2A)—C(3A) ~ 106.3 {1}
C(2A)—C(3A)—C(4A) ~ 106.7 {1}
C(2A)—C(1A)—C(HA) ~ 123.8 {1}
C(3A)—C(4A)—C(HB) ~ 124.5 {1}
C(4A)—C(HB)-C(1B)~ 127.5 {3}

C(1B)-N(B)—C(4B)~ 107.4 {1}

C(1B)-C(2B)-C(3B)~ 106.8 { 1}
C(2B)—~C(3B)-C(4B)~ 108.7 { 1}
C(2B)-C(1B)-C(HB) ~ 126.0 {1}
C(3B)~C(4B)-C(HC)~ 125.8 {1}
C(4B)~C(HC)~C(1C)~ 125.7 {3}

C(1C)-N(C)—C(4C)~ 105.8 {1}

C(1C)-C(2C)-C(3C)~ 105.9 {1}
C(2C)-C(3C)-C(4C)~ 109.7 {1}
C(2C)-C(1C)-C(HC) ~ 124.4 {1}
C(3C)-C(4C)-C(HD) ~ 126.4 { 1}
C(4C)-C(HD)-C(1D)~ 125.7 {3}

C(1D)—~N(D)—C(4D) ~ 106.4 {1}

C(1D)-C(2D)-C(3D)~ 108.2 {1}
C(2D)—C(3D)~C(4D) ~ 105.8 {1}
C(2D)—~C(1D)-C(HD) ~ 125.6 {1}
C(3D)~C(4D)-C(HA) ~ 124.7 {1}

C1-N2-C2~ 104.9 {1}
N2—C?2—C7 ~ 109.8 {1}
N2—CA-N ~ 111.4 {1}
C2-C/—N°1 & 106.8 {1}
CA-N1-Cr ~ 107.% {1}

Symmetry Constraints
z, = 0 for all pyrrole andmesoatoms  ynez = Yeer = Yos2 = Ynor = Yoy = 0

Yna =0
XNA = —XNC = YND = ~YnNB

a2 The quantities in the bracg$ are the values afesas defined in

the text.

Constraints and Restraints in XFIT Refinements. Constraints

Xnez = 0

Fe—N©2—C¢l = Fe—N¢2—Co2

Rich et al.
\ &(ﬂ/
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Figure 3. Dimensions used in the bond length and bond angle restraints
in the multiscattering analyses: (a) pyrrole ring of the TPP model; (b)
imidazole ring of the proximal histidine. The quasids used as weights
for the restraints were 0.01 A and for the bond lengths and angles,
respectively (0.02 A and°Xor the meseC’s).

(Tables 2 and 3). Constraints specify precise relationships between
parameters; restraints specify targets for relationships between param-
eters. In XFIT, the weight of each restraint expression is specified by
1/o&, where the parameteskesis analogous to an estimated standard
deviation (esd). The weight of the XAFS data relative to the restraints
was governed by a separate weighting facter, In a series of
preliminary refinements, it was determined that a valuewof= 8
resulted in errors between refined and ideal values of geometrical
parameters close to the specifieds values. The bond lengths and
bond angles within the porphyrin ligand were tightly restrained to the
geometry of the modeloges = 0.01 A and 2 for bond lengths and
bond angles, respectively). Weaker restraints were placed on the bond
lengths and angles at tineescsites to permit the pyrrole rings to move
closer to or further away from the Fe atomy.{ = 0.02 A and 2,
respectively). In the final models, the errors in the restrained bond
lengths and angles were0.01 A and<1°, respectively.

All Debye—Waller factors,o?, were restrained to be positive and
below 0.08 R The values 062 in the porphyrin ring were restrained
to increase by 0.001%per bond away from the Fe atom. This pattern
reflected the expected increase in static and dynamic disorder as the
distance of the scatterer from the absorber incre&sé€sr the histidine
imidazole ring, the DebyeWaller factors were restrained to increase
in the ordero?(N<?) < 02(N°1, C") < 02(C<, C°2) with ges= 0.001 AR
(see atom labels in Figure 2). The irregular order of the Dehyaller
factors reflects the fact that in-plane rocking vibrational modes have a
greater effect on the FeC! and Fe-C*? distances than on the Fe
Nl and Fe-C distances and that the internal ring vibrations have low
amplitudes®®

The heme in both models was constrained to be planar. Unless this
was done, the calculations produced implausible distortions. During
the initial refinement cycles for the PP-IX model, it was observed that
differences among the four Fé&\, distances werec0.01 A. To reduce
the number of degrees of freedom in the model even further, the four
Fe—N, distances were constrained to be equal. In the TPP model, the
heme was constrained to be symmetric with respect to the four mirror
planes perpendicular to the heme (Figures 2 and 3a, Table 2). Except
where stated, the imidazole ring was constrained to lie in the plane
perpendicular to the heme and passing throuth Re—NC (“eclipsed”).
No significant changes were observed when the imidazole was
constrained to lie in the plane perpendicular to the heme and passing
through themeseC's (“staggered”), i.e., bisecting the angle between
NA—Fe—NC and N°—Fe—NP (Figure 2). The bond lengths and internal
bond angles of the imidazole group were restrained to their normal

(34) The limit of 5.1 A was chosen to include a potentially significant path,
Fe—~NA—C4Cc—Fe, with effective length-5.07 A, degeneracy 16, and
importance factor~23%. The most significant six-leg path was
Fe—~NC—CIc—NC—ClC—~NC—Fe, with effective length~4.80 A,
degeneracy 8, and importance facteB.6%.

(35) Ellis, P. J. Ph.D. Thesis, University of Sydney, 1995.

and restraints were used to incorporate prior structural information in (36) Pettifer, R. F.; Foulis, D. L.; Hermes, G. Phys. (Paris)1986 47,

the analyses and to reduce the degrees of freedom in the rfodels

545-550.
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values (Figure 3b), while the Deby&Valler factors, for @ and C* (a)
were constrained to be equal, as were those foar@ N*. The two
Fe—N—C angles at the imidazolesNatom were restrained to be equal
with an esd of 2. For met-Mb, the Fe atom was constrained to lie in 13
the porphyrin plane, consistent with the reported small deviations (0.16,
0.03 A) from the porphyrin plane in the crystal structures of sperm
whale and horse heart met-Mblin the model for deoxy-Mb, the Fe
atom was constrained to lie 0.3 A from the porphyrin plane on the
proximal side, again consistent with the deviation (0.3 A) in the crystal
structure of sperm whale deoxy-MbThe calculations for deoxy-Mb
were repeated with models in which the Fe atom was constrained to
distances 0.1, 0.2, and 0.3 A on either side of the heme plane (seeg
Table S1, Supporting Information). 0.1
Both met-Mb and deoxy-Mb were subjected to an additional MS
refinement in which the axial FeL bond lengths were constrained to O 05 70 e T e T a0
values derived from recent XRD structure analyses.
Reconstitution of Published XAFS Data for Sperm Whale Energy (eV)
Deoxymyoglobin. A published XAFS curve for sperm whale deoxy-
Mb?2was scanned at a resolution-e800 dpi by means of the program (b)
DataThief” to yield 102 data points in the range =0k < 11.8 A™%, 15
These data were used in a re-refinement of the Fe site, using the same
MS protocol and starting model as for horse heart deoxy-Mb.

0.7

0.5

rmalised Absorbance

0.3

Results
09 |-

Pre-Edge Features, XANES, and Protein Photodamage.
As expected, the edge for deoxy-Mb occurs at much lower
energy than that of met-Mb. The forbidder-sd transitions
occur as weak doublet pre-edge peaks due to promotion of the
electron into the partially filledof and g orbitals, which are
partially filled in the high-spin 8i(deoxy) and high-spinTmet)
electronic configurations. These peaks have lower energies anc -0.1 L L 1 L L L L
higher intensities for the deoxy form than for the met form 70 TS TMO THS 720 TIS TS0 7SS 740
(Figure 4a). Energy (eV)

Since the position and structure of the edge spectrum aregig re 4. X-ray absorption edges: (a) average of 12 scans for met-
sensitive indicators of the reduction of met-Mb to deoxy-8b,  mp (first three scans in each of two positions of two specimens) (
they were monitored during the collection of the data for met- compared with deoxy-Mbr{-); (b) average of 12-¢) and all 22 scans
Mb. The effect of irradiation was negligible during the first (:**) for met-Mb.
three scans in each position of the sample but became significant
after that. When the data for all 22 scans (collected for two N.. The resulting probable errors in the-Hegand bond lengths
met-Mb samples at two positions each) were averaged, therewere in the range 0.020.03 A (Table 4). For example, the
was clear evidence for a shift to lower energy in comparison probable error in the FeO distance in met-Mb was calculated
with the average of the first three scans in each position of the as [(0.024) + (0.02]*2 ~ 0.03 A.
sample (Figure 4b). It was assumed that the photoreduced XAFS Structures. The observed and calculated XAFS,
species was deoxy-Mb or a photodamaged species with a similary(k) x k3, for met- and deoxy-Mb, the corresponding Fourier
edge position, in which case the overall shift in the edge transforms, the residualsi[y(k) x k%, and the window
corresponded to a change-06%. The data later used to refine  functions used in the Fourier filter for met- and deoxy-Mb are
the model for met-Mb were, therefore, limited to the average shown in Figures 5 and 6, respectively. The refined structures
of the 12 scans that were affected least by photoreduction. Theof met- and deoxy-Mb are shown in Figure 7. The mean Fe
average edge shift in these 12 scans compared to the first scamN, distance and the FeN. distance found in the MS analysis
corresponded to 2% reduction. No photodamage was detectedare effectively the same as those from an SS analysis (Table

0.7 |-

0.5

03 |

Normalised Absorbance

01 |

in the edge data obtained from deoxy-Mb solutions. 4), but the Fe-O bond length from the MS analysis is 0.11 A
Error Estimates. The probable errors in the F& bond longer. Differences between corresponding bond lengths de-
lengths were estimated ag{ + o2 Y2 where o, and os rived from the refinement of the PP-IX and TPP models are

represent contributions from the random and systematic errors,not significant. Similarly, for met-Mb, data averaged over 12
respectively. The random (statistical) errors due to noise in the scans gave the same bond lengths within experimental error,
data were estimated by Monte Carlo calculati¥éhand the although the DebyeWaller factors were a little higher for the
systematic errors were assigned a conservative consensus valu@2-scan data. The goodness-of-fit valuRsior the TPP model
0.02 A5 In the MS refinement of met-Mb, the calculated are slightly lower (met-Mb [22-scan data] 17.7%; met-Mb [12-
statistical errors were 0.007 A for Fé&\,, 0.014 A for Fe-N,, scan data] 18.8%; deoxy-Mb 17.8%) than those for the PP-1X
and 0.024 A for Fe-O. In the refinement of deoxy-Mb, the  model (met-Mb [22-scan data] 20.9%; met-Mb [12-scan data]
statistical errors were 0.002 A for Fé\p,, and 0.015 A for Fe 20.8%; deoxy-Mb 19.4%)).
Tests for Residual Errors in the Refined Models. In the
(37) Huyser, K.; van der Laan, J. DataThief, v. 1.0.8; The National Institute XAFS analyses of both met- and deoxy-Mb (Figures 5 and 6),
) B e R T %2 there appeat to be significant residualy(K) < ] in the lowk
A. B.P., Gray, H. B., Eds.; VCH Publishers: New York, 1989; Vol. '€gion. In the Fourier transforms, these translate into residual
4, Chapter 3, and references therein. amplitudes at distances corresponding to the second and third
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Table 4. Fe-site Dimensions in Horse Heart and Sperm Whale Mb As Determined by MS and SS XAFS Analyses
distances (A) DebyeWaller factorss? (A2  other refinement params
protein method FeN, Fe-N. Fe-O Np N. (0] B (eV) S? R (%) ref
met-Mb
horse heart S® 2.06 2.18 1.97 0.001 0.010 0.010 71222 0.89 17.5 this work
horse heart S  2.05 2.19 2.08 0.002 0.001 0.005 7127.1 1.0 21.8 this work; TPP model
horse heart MS  2.04(2) 2.16(2) 2.09(2) 0.001 0.001 0.001  7127.1 0.91(3) 20.8 this work; PP-IX model
horse heart MS 2.05(2) 2.17(2) 2.08(3) 0.002 0.001 0.001 71275 0.93(2) 18.8 this work; TPP model
spermwhale  SS 2.04(2) 2.11(2) 1.88(2) 39,40
deoxy-Mb
horse heart S5 207 2.18 0.002 0.011 7121.8 0.84 21.4  this work
horse heart MS 2.06(2) 2.16(2) 0.002 0.001 71247 0.94(3) 19.4 this work; PP-IX model
horse heart MS 2.06(2) 2.16(3) 0.002 0.001 7125.4 0.97(3) 17.8 this work; TPP model
spermwhale  SS 2.06(2) 2.12(2) 39, 40
spermwhale S5 2.07(2) 22
spermwhale ~ MS 2.06(2) 2.11(3) 0.003 0.001 71249 0.95 22.0 this work; data from ref 22

aData from 12-scan average (see tekfRefinement using only the first shefiRefinement with all of the shells used in the MS refinement, but
only paths with two legs were considerédrefinement with single FeN distance??

(a)

(@

e

e

-14.
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4 A /

24 P /

il
Fourier-Transform Amplitude

Fourier-Transform Amplitude

2 ’
Distance / A

Distance / A Figure 6. (a) XAFS and (b) Fourier transform amplitude of XAFS of
Figure 5. (a) XAFS and (b) Fourier transform amplitudes of XAFS  deoxy-Mb: observed); calculated from refined model (- - -); residual
for met-Mb: observed ), calculated from refined model (- --); (+++); window used in Fourier filter-).
residual {:-); window used in Fourier filter-).

resulting bond lengths were 2.20 and 3.66 A for the OfOH
shells. Two possible ways to improve the model were inves- and N(distal His) atoms, respectively. Neither the-Hebond
tigated. First, the imidazole ring was allowed to tilt by up to lengths nor the refinement parameters altered significantly for
30° perpendicular to its plane or rotate up to°30The the refinement with oxygen as the sixth ligand; howefRer
improvements in the fit to the data were marginal, and the improved by~1% (R = 16.5%). The DebyeWaller temper-
changes were limited to distances beyond the first shell, so thatature factor for the O(Op atom was 0.009 A which is a
the Fe-L bond lengths were unaffected (Table S2, Supporting reasonable value for a long +& bond. The refinement also
Information). Second, to obtain a better fit to the second shell improved when the distal ImH ring was included in the
of the Fourier transform, a sixth ligand was incorporated into refinement R decreased to 15.4% when-+®(distal) refined
the refinement for deoxy-Mb. In the structure of sperm whale to 3.66 A). The Fe-L bond lengths were not altered. The
deoxy-Mb6 the N. of the distal histidine is~4.6 A from the Fe Debye-Waller temperature factor for the (distal) atom was
and the nearest water is3.8 A from the Fe. Therefore, two  much lower than expected for a long absorbsratterer distance
refinements were performed where either oxygen or the ImH (0.001 £).
ring of histidine was present on the distal side of the heme (see Effect of the k Range on the Refinement. To determine
Table S1 and Figures S1 and S2, Supporting Information). The the effect of truncating thkerange used in MS analyses, and to
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results cited in Table 4 are based on an MS refinement in which
the Fe was constrained to lie within the porphyrin plane (see
“Constraints and Restraints”, above). Neither the-kgand
bond lengths nor the goodness-of-fit paramd®ichanged
significantly when the Fe atom was constrained to be 0.1 or
0.2 A from the heme plane on the distal side (Table S1,
Supporting Information). However, when the structure was
refined with the Fe atom constrained to a position 0.1 A out of
the porphyrin plane on the proximal side, the axiat-kgand
bond lengths became approximately equal;, and when the
refinement was repeated with the distance of the Fe atom from
the porphyrin plane increased to 0.2 A on the proximal side,
the axial Fe-ligand bond lengths were reversed. Neither the
Fe—N, bond lengths nor the residu factors were altered
significantly (18.8+ 0.5%).

In contrast with those in met-Mb, the +&gand bond lengths
in deoxy-Mb were insensitive to the distance of the Fe atom
from the porphyrin plane (Table S1, Supporting Information).
Within the estimated limits of precision, MS refinements with
the Fe atom constrained to a position 0.3, 0.2, or 0.1 A from
the porphyrin plane on the distal or proximal side produced the
same values for the Fé\p and Fe-N.(imidazole) bond lengths.
The values of the goodness-of-fit paramdRexiso showed little
variation (17.3%+ 0.4%).

Multiple-Scattering Refinement of the Fe Site in Sperm
Whale Deoxymyoglobin. An MS refinement of the Fe site in
Figure 7. XAFS values for Fe-ligand bond lengths in (a) met- and  sperm whale deoxy-Mb, using published XAFS data in the range
(b) deoxy-Mb at 10 K. 1.0< k =< 11.8 A1, yielded the dimensions FéNp(av) = 2.06

A and Fe-N, = 2.11 A. These values were not significantly
provide a basis for comparisons with our MS reanalysis of sperm different from those obtained for horse heart deoxy-Mb;-Fe
whale deoxy-Mb using published data with a more limited N, = 2.06 A and Fe-N. = 2.13 A, using data in the sane
range?? the refinement of horse heart deoxy-Mb was repeated range.

with data up tok = 11.0, 12.0, 13.0, and 14.0°A The Fe- Single-Scattering Refinements of the Fe Site in Horse
N, bond distance increased from 2.13 t0 2.16 A when the upperHeart Met- and Deoxymyoglobin. Using conventional SS
limit of k was raised from 11.0 to 14.0/Aand then remained  calculations, the XAFS data recorded for met-Mb in the present
constant at 2.16 A when the datakie= 15.0 A2 were included.  work could be fitted equally well by a first shell comprising
The average FeN, bond length (2.06 A) was unaffected by  six equal Fe-N bond lengths, one F€O, and five equal FeN
the k range. bond lengths or several combinations of-fé, Fe—N,, and
Effect of Long Multiple-Scattering Paths. During a Fe—0O bond lengths (Table S3, Supporting Information). The
systematic exploration of the effects of restricting the number average FeL bond lengths produced by all these SS refine-
of multiple-scattering MS paths (see Experimental Section), it ments, 2.05-2.07 A, were the same within the estimated limits
was observed that even distant shells can make a significantof precision. When the FeN, distance was treated as a separate
contribution to the XAFS if the degeneracy of the MS paths is variable, the resulting value was within 0.02 A of the values
high. Heme proteins provide opportunities for such MS paths. found in previous SS analysés3°4%but the Fe-N, and Fe-O
For example, SS paths with an effective length as large as 4.28bond lengths were dependent on the starting distances of the
A (the 8-fold degenerate FeCs—Fe path) can have an model (Table S3, Supporting Information). In the case of
importance factor as great as 32% of that of the most importantdeoxy-Mb, the SS results did not differ significantly from the
contribution (i.e., the 4-fold degenerate FN,—Fe path). MS results for the FeL bond lengths.
Details of MS paths and their importance factors have been
deposited as Supporting Information. Discussion
XAFS Contributions of Axial Ligands. At the conclusion
of an MS refinement of met-Mb in which the Fe atom was
constrained to the porphyrin plane, the imidazole and water
ligands were moved along the normal to the porphyrin plane
so that the FeN.(imidazole) and FeO(aqua) distances were
interchanged. The MS refinement was then continued until

convergence was again reached. The refinement converged t St g?a(ljy;sls of XI'?FtS data.l The fiﬂllogg\\’gggscus.smn IS
the original minimum R = 18.8%, Fe-N, = 2.05 A, Fe-N. restricted 10 a qualitative analysis of the region.

= 217 A, and FeO = 2.08 A; Table S1, Supporting While the edge energies of a variety of high-spin and low-
Information), showing that the two axial ligands make distinct SPin six-coordinate Fe(lll) heme proteins lie in a range<df
MS contributions to the XAFS.

Distance of the Fe Atom from the Porphyrin Plane. The (39) :?Shz%nce, B.; Fischetti, R.; Powers, Biochemistry1983 22, 3820~
axial Fe-ligand bond lengths in met-Mb were affected by the = (40) powers, L.; Sessler, J. L.; Woolery, G. L.; ChanceBchemistry
position of the Fe atom in relation to the porphyrin plane. The 1984 23, 5519-5523.

Edge and Pre-Edge Features.The edge (XANES) and pre-
edge features of the proteins provide information about the
symmetry, spin state, and oxidation state of the metal ion. The
derivation of structural information from the XANES, on the
other hand, is more difficult and open to uncertainty than the
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eV, the edge energies for six-coordinate Fe(ll) heme proteins

are about 3 eV higher than that for deoxy-¥#2 This

difference is probably associated with the lower coordination

number and coordination symmetry of Fe(ll) in deoxy-Mb, the

symmetry being reduced not only by the loss of a ligand but

also by the movement of the Fe atom out of the porphyrin plane.

The lowering of the coordination symmetry also accounts for =

the fact that deoxy-Mb has more intense pre-edge features than B

met-Mb. The pre-edge features are due to the symmetry-

forbidden s— d(txg,&) transitions. Their intensities are derived

from a relaxation of the selection rules due to mixing of the p

and d orbital$® The orbital mixing is increased when the

symmetry of the complex is reduced and/or the Fe moves out

of the porphyrin plane for the deoxy form of the protein.
Accuracy and Precision of the Fe-L Bond Lengths from

XAFS and X-ray Crystallography. The crystal structure

analysis of sperm whale myoglobin played a seminal role in

Rich et al.

protein crystallography. The discovery of the eight-helix 8-

polypeptide fold, the location of the heme group, the identifica- 6

tion of the proximal histidine ligand, and the description of the 4l

heme pocket were just some of the revelatory aspects of the 2]

structure. The dimensions of the Fe site were not immediately = o Fal

accessible. A determination of these dimensions had to await N

the development of methods for the refinement of protein 2

structures. The Feligand bond lengths subsequently found by e

the refinement of the sperm whale and horse heart met- and 61

deoxy-Mb structures are listed in Table 1. The spread among 81

the values of each bond length reflects differences in the '100 3 3 T T i P "
methodology of diffraction measurements and differences in the ol A

resolution of the data symptomatic of variation in crystal quality.

As a guide to the precision of the Fégand bond lengths in
Table 1, we have listed the diffraction precision indicator (1)
for each structure. The DPI has been proposed by Cruickshank
as a function that reflects the quality of the diffraction data
(resolution, completeness) as well as the quality of the refine-
ment (excess of diffraction data over variable parameters,
crystallographic residual). It provides an estimategix), the
uncertainty in the position of an average atom. Strictly speaking,
the values ofr,(x) in Table 1 should be multiplied by'Z in
order to represent the estimated uncertainty in a bond length.
We shall treat the “as calculated’,(x) as the quasi-esd of the
Fe—ligand bond lengths, on the grounds that the values have
been calculated in a doubly conservative way. First, we have
used Cruickshank’s value of 1.0 for the numerical factor in the
expression fow,(x). A value of 0.7 can be justified, but the
conservative value is recommended to allow for the use of

diagonalized-matrix instead of full-matrix least-squares refine- 8-
ment* Second, the “average” atom to whiok(x) applies is 64
an atom with an average displacement factor (“temperature 4/
factor”). The atoms at the metal site of a metalloprotein 2]
generally have below-average temperature factors, in which case 2 P /"-.J s,
an empirical correction leads to below-average values,ef 2 NV
(x). We have listed the “global” values @fy(x) in Table 1, 4
since some of the data required for the modified expression are -l
not currently available. The general conclusion from Table 1 N
is that the best of the horse heart and sperm whale Mb crystal -
- 2 2 6 8 0 12 14
(41) Rich, A. M. Ph.D. Thesis, University of Sydney, 1997. kIl A

(42) Rich, A. M.; Armstrong, R. S.; Ellis, P. J.; Lay, P. A. Am. Chem.

Figure 8. Observed{) and calculated (- - -) XAFS for met-Mb: (a)
unconstrained FeL bond lengths; (b) residual for (a); (c) axial bond
lengths constrained to the crystallographic values in horse heart met-
Mb,® Fe—N, = 2.26 A and Fe-O = 2.29 A; (d) residual for (c).

structures have Fdigand bond length esd’s 6£0.1 A. The
esd’s are in fact sufficiently large that, despite the range of

Soc, in press.

(43) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson,
K. O.; Solomon, E. I.J. Am. Chem. S0d.997 119, 6297-6314.

(44) Cruickshank, D. W. J. IMacromolecular Refinement. Proceedings
of the CCP4 Study Weekend, January 1996dson, E., Moore, M.,
Ralph, A., Bailey, S., Eds.; SERC Daresbury Laboratory: Warrington,
U.K., 1996; pp 11-22.
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Table 5. Multiple-Scattering XAFS Refinements of Horse Heart met- and deoxy-Mb, Showing the Effects of Constraining the Atial Fe
Bond Lengths to Unusual Values from XRD Structure Analyses of Horse Heart meaivbSperm Whale deoxy-Mb

distances (A) DebyeWaller factorso? (A?) other refinement params
protein constraints (A) FeN, Fe-N. Fe-O Np N (0] Ey (eV) S? R (%)
met-Mb il 2.05(2) 2.17(2) 2.08(3)  0.002 0.001 0.001 71275 0093(2) 188
Fe-N.=2.26+ Fe-0=229 2.07 2.26 2.29 0.003 0.04 0.04 71274  1.37 22.0
deoxy-Mb  nil 2.06(2) 2.16(3) 0.002 0.001 7125.4 097(3) 17.8
Fe—N.=2.30 2.07 2.30 0.003 0.07 7125.0 1.21 18.7

values for each bond length, none of the bond lengths differ lower accuracy of the SS results when fitted to a three-shell
significantly from the values found by XAFS (Table 4). model and the apparent inconsistencies among the previous SS

For the XAFS-derived Feligand bond lengths listed in Table  XAFS studies of MB®40 are explained by the fact that the
4, we have calculated probable errors as already described (seeesolution of distances in an SS analysis depends/2AKmax.
“Error Estimates”, above). The estimates take into account both Thus SS XAFS analyses cannot distinguish with certainty
random and systematic errors but are dominated by the latter.between distances that differ by 0.14 Alafax = 11 A2 or
Using a consensus value of 0.02 A for the systematic error 0.11 A atkmax = 14.5 A-1.4647
component, we obtain overall probable errors in the range-0.02 ~ Met-Mb. The XAFS-derived FeN,, Fe-N,, and Fe-OH,
0.03 A for the Fe-ligand distances derived from the MS XAFS  bond lengths shown in Table 4 (2.04(2), 2.16(2), and 2.08(3)
analyses. Thus, there is an improvement by factors-&f Gver A) are in good agreement with the average bond lengths
the precision of the best crystallographically determinee Fe  obtained from the best three XRD structures in Table 1Fe
ligand bond lengths available at this time. Np=2.01A Fe-N. =214 A Fe-O=2.13 A)*7 The Fe-

The validity of the MS procedures used here has been verified N, and Fe-OH, bond lengths are also consistent with the bond
elsewhere by determining the structure of [Fe(TPP)(NO)] by values 2.045(8) and 2.095(2) A determined by XRD for the
MS analysis of XAFS data and showing that the-febond high-spin distorted-octahedral model complex [Fe(TPP)jedH*e
lengths thus determined were within experimental error of with The MS analysis was able to distinguish between theNke
its precise X-ray structuré:42 The ability of MS methodology ~ and Fe-OH, bonds, since a refinement with the Fe constrained
the model to reproduce Fé. bond lengths of a well-defined  to the heme plane and with the axial bond lengths initially
model complex, within experimental error, supports the conclu- interchanged reverted to the correct final structure (see “XAFS
sions drawn about the precision of such bond lengths for the Contributions of Axial Ligands”, above). The MS analysis was
heme proteins. The extent to which restraints placed on the relatively insensitive to displacement of the Fe atom from the
Debye-Waller factors may affect the accuracy of the analyses heme plane (i.e., toward the GHgand), but the axial bond
has also been considered. The refined Debialler values lengths became reversed if the Fe was constrained to lie 0.2 A
are all reasonable and lower than the maximum value of the from the heme plane on the proximal side (see “Distance of
restraint. It is, therefore, unlikely that these restraints have the Fe Atom from the Porphyrin Plane”, above). However, the
biased the results of the analysis. distance required to reverse the axial bond lengths (0.2 A) is

Comparisons with Previous XAFS Studies of Myoglobin. unrealistic for a six-coordinate complex. For instance, the Fe
The present work pinpoints a number of factors that may have atom is in the plane for the high-spin [Fe(TPP)(4
limited the accuracy of previous XAFS determinations of the complex® This shows that the porphyrin ring is able to
Fe—ligand bond lengths in Mb. These include the use of XAFS accommodate the “long” FeN,, bond lengths found in the high-
data in a smallek range, the effects of photodecomposition, spin complexes.
and the use of SS instead of MS analyses. The present results for met-Mb disagree both with an earlier

The effects of using a limitedrange were seen clearly when X AFS determination where the F®©H, bond in sperm whale
the structure of deoxy-Mb was refined using XAFS data with met-Mb was reported as being very short (1.882&Jand with
different values oknax (see “Effect of thek Range”, above).  two XRD analyses where both axial bonds were reported as
While the Fe-N, bond length was unaffected, the use of data being very long (2.50, 2.25 A and 2.26, 2.29 ). The
with knax < 14 A" led to a systematic decrease in the axial discordant very low XAFS value for the F©H, bond can be
Fe—N. bond length. Photoreduction may be a more serious disregarded on the grounds that it was derived from an SS
problem. During the collection of XAFS data at 10 K, we analysis using very limited dat&{a = 12.5 A%). The two
observed photodamage to met-Mb even during relatively short crystal structures with very long axial bonds can also be
exposures. It has been shown elsewhere that when photoregiscounted, since they have such larggx) values that the
duction exceeds about 10%, the accuracy of heme protein MSgjfferences from the XAFS values are within the limits of
analyses is significantly compromis&d*2 Accordingly, the
data used to refine the met-Mb +ggand bond lengths in the (46) Riggs-Gelasco, P. J.; Stemmler, T. L.: Penner-Hahn, Tderd.
present work were restricted to scans where the level of Chem. Re. 1995 144, 245-286, and references therein.
photoreduction averaged 2%. There appears to be no published47) In SS calculations, a window is frequently used to limit the data to a

. _ . . . range in which only the backscatterers bound to the absorber (here,
record that photoreduction of met-Mb was noticed in previous the Fe center) contribute. We thank a reviewer for pointing out that a

XAFS studiesi®4® The possibility of similar effects during more valid comparison with the MS results would be obtained if the
prolonged exposures of met-Mb crystals to synchrotron radiation SS data represented all of the backscatterers that were included in the
for XRD measurements, especially at ambient temperéﬁ?re MS analysis. We performed such an SS analysis for met-Mb, using
. ! ! all of the data and the same number of atoms as in the MS analysis.
should be considered. The resulting bond lengths were consistent with those shown in Table
The importance of using an MS rather than an SS analysis is 4 for the MS analysis, but the value & was significantly higher
illustrated by our results for met-Mb, where the use of SS led (21.8% compared with 18.8%) and some of the Detijaller factors

were so high that the relevant backscatterer was effectively eliminated
(e.g., 0.08 for the €atoms of the porphyrin).

(48) Scheidt, W. R.; Cohen, I. A.; Kastner, M. Biochemistry1979 18,

(45) Evans, S. V.; Brayer, G. D. Biol. Chem.1988 263 4263-4268. 3546-3552.

to significant errors in the axial Fdigand bond lengths. The
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precision. Nevertheless, we have tested the hypothesis that the (a)
long axial bonds are consistent with the XAFS data by repeating
the MS XAFS refinement with the FeN,. and Fe-OH, bond

lengths constrained to 2.26 and 2.29 A, respectively. Although

a quantitatively reasonable fit to the observed XAFS was
obtained (Figure 8), the goodness-offitincreased by~3%,

the scale facto&? increased from its normal value of 6:9.0 x
to an unreasonable value of 1.4, and the axial donor atoms N %
and O had DebyeWaller factors ofo? = 0.04 A2 so that their
contributions to the XAFS were reduced almost to zero (Table

5). We conclude that the long axial +egand bonds found in

two of the crystal structure analyses of met-Mb are inconsistent
with the XAFS data.

Deoxy-Mb. The Fe-site dimensions obtained by the XAFS
refinement of horse heart deoxy-Mb differ from the results for
met-Mb in two ways. First, the SS and MS analyses yielded
identical Fe-ligand distances (FeN, = 2.06(2) A, Fe-N, =
2.16 A) within the limits of precision (Table 4). Second, the
results were insensitive to displacements of the Fe atom from
the porphyrin plane by 0.3 A (Table S1, Supporting Informa-
tion, and “Distance of Fe Atom from Porphyrin Plane”, above).

For example, constraining the Fe atom to lie 0.2 A from the =
porphyrin plane on the distal side produced the best goodness- s
of-fit (16.9%) but left the Feligand bond lengths unchanged.

The reason for this lack of sensitivity is that displacements of -4
the Fe atom from the porphyrin plane cause only small changes -6
in the N,—Fe—N. and N,—Fe—N, angles and, hence, in the o

MS paths?® The effect of similar displacements in met-Mb "0

paths is more pronounced, due to the additional MS paths
generated by the presence of the O(water) scatterer and the
approximately linear arrangement of-®e—N..

The present work reaffirms the conclusion from an earlier
debat&®53 that XAFS alone does not yield an accurate value 61
for the displacement of the Fe atom from the porphyrin plane 44
in deoxy-Mb. A displacement of 0 0.05 A in sperm whale
deoxy-Mb and in human deoxyhemoglobin has been deduced =
from XANES data%* We have not replicated the detailed
XANES analysis, since the edge and pre-edge features in our -2
spectra for horse heart deoxy-Mb are closely similar to the -4
published observations for related proteihg? The similarity
in the spectra suggests that the Fe in horse heart deoxy-Mb is
also displaced from the heme plane. °0

To the best of our knowledge, the only previous XAFS studies
of deoxy-Mb were SS analyses of the sperm whale protein

using data tokmax = 12.5 A 1223940 The Fe-ligand bond (d)
lengths now reported for horse heart deoxy-Mb are in general 84
agreement with the earlier results, as well as with a MS N
reanalysis of the XAFS data reported in 1&Table 4). The
difference between the new value for the-f& bond length 4
(2.16(2) A) and the values derived from the earlier analyses 21 ~
(2.12, 2.11 A) is due to the improvddrange of the present ,: O A
data. We have shown this by repeating our MS analysis of 2. VoA
(49) Westre, T. E.; Cicco, A. D.; Filipponi, A.; Natoli, C. R.; Hedman, B.; -+
Solomon, E. |.; Hodgson, K. Q.. Am. Chem. S04994 116, 6757— -64
6768.
(50) Bolton, W.; Perutz, M. FNature (London)197Q 228 551-552. 8 T Y T T T T T
(51) Perutz, M. FNature (London)L97Q 228, 726-734. 0 ¢ 4 6 8 10 12 14
(52) Eisenberger, P.; Shulman, R. G.; Kincaid, B. M.; Brown, G. S.; Ogawa, ki1 A?
S. Nature (London)1978 274, 30—34. . )
(53) Bianconi, A.; Congiu-Castellano, A.: Dell'Ariccia, M.; Giovannelli, ~ Figure 9. Observed ) and calculated (- - -) XAFS for deoxy-Mb:
A.; Durham, P. J.; Burattini, E.; Barteri, MCiEBS Lett.1984 178 (a) unconstrained Fel. bond lengths; (b) residual for (a); (c) axial
165-170. Fe—N. bond length constrained to a recent crystallographic valig)

(54) However, the authdtobserved that “other possible distortions of  A; (d) residual for (c).

the heme can also affect the XANES in a similar way”.
55) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F., Jr.; . .
© Brice, M. D., Jr.; Rodgers, J. R.; Kennard, O.; Shir¥|anouchi 1. horse heart deoxy-Mb, using a truncated data set. Reducing

Tasumi, M.J. Mol. Biol. 1977, 112, 535-542. the k range of the horse heart deoxy-Mb dataktax = 11.8
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A-1resulted in a reduction of the F&N, bond length from 2.16  the experimenter may adopt empirical strategies to ensure that
to 2.13 A, the constraints and restraints do not systematically affect the
XRD analyses of deoxy-Mb have been published only for refined variables, the effect of the constraints and restraints on
the sperm whale protein (Table 1). The Fe-site dimensions (Fe the estimation of errors is less clear. In the present work, we
Np = 1.95-2.07 A, Fe-N, = 2.10-2.31 A) have sufficiently have emphasized this difficulty by referring to the estimated
large values of the quasi-esg(x) to render differences from  errors in crystallographically determined distances as esd’s,
the present XAFS results insignificant within the limits of while referring to the uncertainties in XAFS-derived distances
precision. As in the case of met-Mb (see above), the two largestas probable errors. Finally, the MS technique is not sufficiently
values of the FeN, bond length were tested by performing an sensitive to determine displacements of the Fe from the plane
MS XAFS refinement in which the axial bond was constrained of the porphyrin or deviations of the porphyrin group from
to 2.3 A. The agreement between the observed and calculatedblanarity. As indicated here and elsewh&rphysically reason-
XAFS again remained qualitatively reasonable (Figure 9), and able values for such distortions do not change thelFbond
the goodness-of-fit value increased by only 0.9%. However, lengths and have little effect on tliRevalues.
the scale facto®&? increased from 0.97 to 1.21, and the Debye In light of our redetermination of the Fdigand distances in
Waller factoro? = 0.07 A effectively eliminated the contribution  horse heart deoxy-Mb and met-Mb, we conclude the follow-
of the axial N scatterer to the XAFS (Table 5). The hypothesis ing: (i) MS XAFS analyses lead to Fdigand bond lengths
that a 2.3-A Fe-N, bond is consistent with the XAFS data can that are more precise and accurate than those determined by

therefore be dismissed with high probability. SS XAFS analyses or protein crystallography. (ii) In structures
) such as heme proteins, where MS paths may have a large
Conclusions degeneracy, even distant shells can make a significant contribu-

This work provides examples of both the strengths and tion to the XAFS. (iii) It is essential to monitor XAS and
weaknesses of XAFS as a technique for the study of metallo- Synchrotron XRD data for photodamage. (iv) The currently
proteins. The new values of the metdigand bond lengths in available XAFS data do not permit the displacement of the Fe
horse heart met- and deoxy-Mb have probable errors in the atom from the heme plane in heme proteins to be determined
0.02-0.03 A range compared with esd’s »D.07 A for similar accurately.
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