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°C for 2.5 days the solvent was removed (VRE) and the residue chro-
matographed on silica with benzene—pyridine 9:1 and 7:1 to afford the
triisoxazole 4a (0.66 g, 31%) as an amorphous foam (the unconverted
CD was recovered quantitatively). The minor impurities were removed
by a second chromatography on silica with 100% EtOAc to give 0.51 g
(24%) of de: [a]¥p —6.1°, [a]%435 —16.6° (¢ 5.00, CHCL3); IR (CHCly)
2240 (w, C=N), 1730 (s, C=0, ester), 1635 (m, C==0, amide), 1585
(m, C=C, isox.), 1550 cm™ (m, NO,); 'H NMR (CDCl;) 6 1.11 (s, 3
H, CH,, ring A), 1.29, 1.31,1.33 (s, 6 H+ 3 H + 3 H, 4 X CHj, ring
A, C, D), 1.65 (s, 3 H, CH; ring B), 1.70~3.45 (m, 26 H, 11 X CH, +
4 X CH), 2.84 and 2.92 (s, each 3 H, NMe,), 3.60, 3.62, 3.64, 3.71 (s,
total 15 H, 5 X CH;0), 3.75-4.05 (m, 4 H, OCH,CH,0), 4.37 and 4.45
(ABX, Jup = 14, Jax = 1.5, Jpx = 4.5, each | H, CH,NO,), 5.72, 5.920,
5.925 (s, each 1 H, 3 X CH, isox.); *C NMR (CDCl;) 8 177.82 and
175.78 (2 X C—O, isox.), 173.64, 173.29, 173.16, 173.00, 172.81, 171.50
(5 X C=0 ester, C—O isox.), 169.36 (C=0, amide), 164.13, 163.52,
162.95 (3 X C=N, isox.), 118.71 (C=N), 113.35 (0—C—0), 103.48,
102.97, 101.34 (3 X CH, isox.), 76.57 (CH,NQ,), 64.86, 63.10 (OC-
H,CH,0), 52.28, 51.58 (intense, 2C), 51.42, 51.13 (5 X CH,0), 48.07,
46.51, 45.80, 43.09, 41.59 (intense, 3C)*, 39.90, 38.94, 37.60, 36.52,
35.43, 33.74, 33.10, 32.30, 32.17, 32.05, 25.66, 24.83, 24.64, 24.23, 23.88,
21.90, 21.77, 18.93, 18.80, 12.70 (CH,CN); MS (FAB), m/z 1071
(MH™); *two of the three superimposed peaks at § 41.59 also overlap in
CD at 6 41,62, the third missing signal is only visible in the diastereomer
48. Anal: C, 58.27; H, 6.83; N, 7.87. Caled for C5;H7NgOy5: C,
58.31; H, 6.96; N, 7.85%.

Triisoxazole 48. The procedure was the same as for the triisoxazole
4o using ABg instead to yield 48 (0.53 g, 25%): [a]*p +3.4°, [a};s
+2.3° (¢ 2.82, CHCL,); 'H NMR (CDCl,) 8 1.15 (s, 3 H, CH;, ring A),

1.31, 1.32, 1.34, 1.37 (s, each 3 H, 4 X CH,, ring A, C, D), 1.55 (s, 3
H, CH;, ring B), 1.70~3.30 (m, 26 H, 11 X CH,, 4 X CH), 2.78 and 2.87
(s, each 3 H, NMe,), 3.60, 3.62, 3.63, 3.71 (s, total 15 H, 5 X CH;0),
3.75-4.05 (m, 4 H, OCH,CH,0), 4.35 and 4.45 (ABX, Jug = 14, Jax
= 1.5, Jpgx = 4.5, each 1 H, CH,NO,), 5.88, 592, 6.03 (s,each 1 H, 3
X CH, isox.); 3C NMR (CDCl,) 5 178.14 and 175.72 (2 X C—O, isox.),
173.61, 173.35, 173.00, 172.90, 172.75, 171.50 (5 X C=0 ester, C—O
isox.), 169.40 (C=0, amide), 164.29, 163.46, 162.82 (3 X C=N, isox.),
118.71 (CN), 113.38 (O—C—O0), 103.48 (br, 2C) and 101.50 (3 X CH,
isox.), 76.45 (CH,NO,), 64.92 and 63.23, (OCH,CH,0), 52.25, 51.61,
51.52, 51.42, 51.13 (5 X CH;0), 48.17, 46.51, 45.13, 43.12, 41.72 (in-
tense, 2C), 41.59, 41.24, 39.13, 37.73, 36.68, 35.40, 33.71, 33.13, 32.33,
32.24, 32.08, 25.31, 24.93, 24.83, 24,51, 24,26, 21.55, 19.82, 19.06, 18.96,
12.70 (CH,CN); IR and MS are identical with those of da.
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Abstract: Single crystals of the nitrogenase Mo—Fe protein have been examined by polarized X-ray absorption spectroscopy.
For different orientations, the Mo—Fe amplitude of the Mo K-edge EXAFS was found to change by a factor of 2.5, whereas
the Mo—S component varied by only £15%. The orientation dependence of the EXAFS spectra has been used to investigate
the geometry and orientation of the Mo, Fe, S clusters within the Mo—Fe protein. This represents the first application of
single-crystal EXAFS to an enzyme of unknown crystal structure. The orientation dependence for single crystals of the model
compounds (Ph,P),[Cl,FeS,MoS,FeCl,] and (EtyN);[FesMo,S3(SEt)s] was also examined to quantify the experimental precision
of this technique. The analysis procedures overcame the difficulty of four molybdenum sites per unit cell by using the X-ray
diffraction evidence for a crystallographic 2-fold axis and a molecular 2-fold axis. Given initial assumptions about the symmetry
of the Mo, Fe, S clusters, as well as the orientation of one cluster with respect to the crystallographic axes, it was possible
to calculate the expected EXAFS orientation dependence. The patterns for linear, bent, tetrahedral, and square-pyramidal
symmetries in various orientations were then compared with the experimental spectra. It was found that the experimental
data were not well simulated by clusters with a linear arrangement of Fe-Mo—-Fe atoms, whereas trinuclear clusters with a
Fe~Mo-Fe angle between 50° and 130° gave satisfactory agreement. Tetrahedral MoFes; and square-pyramidal MoFe, cluster
symmetries also gave satisfactory simulations of the orientation dependence. Assuming a tetrahedral Mo—Fe geometry, the
preferred orientation of the 3-fold axis of one of the Mo—Fe clusters was found to lie at an angle of 75 & 10° from the
crystallographic a axis and 215 £ 10 or 285 + 10° from the b axis.

Most of the nitrogen fixation on earth is accomplished through
the catalytic action of the enzyme nitrogenase.! This enzyme
consists of two proteins, the Fe protein and the Mo—Fe protein.
The Mo-Fe protein is an a,8, tetramer with a molecular weight
of 220000 that contains 2 molybdenums, 28-32 irons,>* and
approximately 30 acid labile sulfides.* An unusual molybde-
num-—iron-sulfur cluster, the iron-molybdenum cofactor or

*To whom correspondence should be addressed.
LURE.

Purdue University.

$Exxon Research.

“FeMo-co”, is thought to be at the catalytic site of this complex.?
The first technique that revealed information about the mo-
lybdenum site in nitrogenase was X-ray absorption spectroscopy.>¢
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Scheme I. Recent Proposals for the Structure of the Nitrogenase Molybdenum Site
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These initial studies deduced the presence of four or five sulfur
ligands around the molybdenum, as well as two or three iron atoms
in the second coordination sphere.”® Two distinct types of models
(I and IT) (Scheme I) were originally proposed to account for the
EXAFS data,” and subsequently other structures (III-VI) for the
molybdenum environment have been proposed.®>™!?

The correct stoichiometry of the components of the FeMo-co
cluster has been the object of considerable debate. The original
composition was reported as 1Mo:8Fe:6(acid-labile)S2-.2
Madssbauer spectroscopy on intact Mo—Fe protein yields a min-
imum value of six irons,'* while more recent chemical analyses
yield seven irons per molybdenum.!> Sulfur analyses ranging from
as low as 4 labile sulfides!s to as high as 11.9 total sulfurs have
been reported.!®

A wealth of synthetic activity in the area of Mo,Fe,S cluster
chemistry has been recently reported,'”"'* and clusters with one,
two, or three irons bridged by sulfur to molybdenum have now
been synthesized. With the synthesis of FeMo-co as a long-range
goal, there still exists uncertainty over even the local structure
of the molybdenum site. Some groups have favored the models
with three Mo-Fe interactions,?® while others prefer structures
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with only two irons close to the molybdenum.>!® Given the am-
biguity always associated with EXAFS amplitudes,?!~?? it is un-
likely that further conventional EXAFS experiments will unam-
biguously solve this important structural question.

One means of ending this problem would be the determination
of the crystal structure by X-ray diffraction, and work along these
lines is in progress.?*?>  Unfortunately, the amount of work
involved in solving such a large structure is such that a full
structure determination is probably many years away. Fur-
thermore, atomic level resolution of the Mo, Fe, and S positions,
while possible, is not guaranteed. However, the same crystals that
are being used for the diffraction studies are ideal for another
experiment.

Single-Crystal EXAFS.2 In an X-ray absorption measurement
using a K edge or L, edge of atom A, the excited state involves
a photoelectron p wave emitted from A and oriented along the
E vector of the X-ray beam. Interference effects generated by
the scattering of this wave from neighboring atoms B give rise
to the EXAFS oscillations. The EXAFS therefore is sensitive
only to those emitter—scatterer interactions with projections along
the E vector. Quite simply, for a particular EXAFS component,
Xpot(K) = Xiso(k)3 cos? 6, where x;q, is the EXAFS signal observed
on a powder or solution sample, X, is the polarized single-crystal
EXAFS, k is the photoelectron wave vector, and 6 is the angle
between the polarization vector and the A-B emitter—scatterer
axis. From this equation, the orientation of the A-B axis within
the crystal can be obtained from the variation in the amplitude
of the A-B EXAFS as a function of crystal orientation. Of course,
for complicated structures, these effects have to be summed over
all A-B pairs.

The application of this technique to nitrogenase must take into
account the facts that the Mo-Fe protein crystals contain four
molybdenum atoms per unit cell* and that each molybdenum has
more than one iron neighbor. This paper describes analysis
procedures developed to account for multiple species within the
unit cell. Calculations were done for a variety of clusters with
different symmetries. Experimental data on single crystals of
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Table L. Curve-Fitting Analysis of Model Compound Single-Crystal EXAFS

Mo-Fe

Mo-S Mo-§’

sample

orientation N R A

o, A? N R A o, A? N R A o, A?

(EtyN)3;[FesMo,Sg(SEt)s}
(Et4N)3[FegMo,Sg(SEt)s)
(EtyN)3[FegMo0,S5(SEt)o}
(Ph,P),[Cl,FeS;MoS,FeCl,]
(Ph,P),[Cl,FeS,;MoS;FeCl]
(Ph,P),[Cl,FeS,MoS,FeCl,]  Mo-Fe max 184 278
(Ph,P),[C1,FeS,MoS;FeCl,] Mo-Fe min 012 279

E, 3-fod 459 270
E, 3-fold 143 272
(xtal struct.) ref 29 3
powder 2 2.77
(xtal struct.) ref 28 2

2.723 (2)

2.775 (6)

0.053 8 237 0055 25 257 0.067
0.053 5 235 0.055 24 258 0.067
2.347 (3) 3 2.568 (3)

2.21 0.039

2.204 (5)

2.21 0.039

2.21 0.039

0.061
0.061
0.061
0.061

WWw s W W=

+ O

90 was fixed at typical values found for model compounds.

Mo,Fe,S clusters with known structures were also analyzed to
check the precision of the experimental procedures. Finally,
EXAFS spectra of nitrogenase single crystals were recorded for
a number of orientations, and the observed amplitude dependence
was used to shed light on the symmetry and orientation of the
nitrogenase Mo,Fe,S clusters.

Experimental Section

Sample Preparation. The model compounds [NEt,][S,MoS,Fe-
(SPh),1,¥ [Ph,P},[Cl,FeS,M0S,FeCl,],2® and [Et,N];{FegMo,S,-
(SEt),]?° were synthesized and crystallized by published procedures.
Nitrogenase Mo—Fe protein from Clostridium pasteurianum was crys-
tallized as described previously.2¢

Data Collection. All the spectra were recorded at the Stanford Syn-
chrotron Radiation Laboratory on the wiggler beam line V1I-3 during
dedicated operation. Fluorescence detection using zirconium filters*®® was
used for all samples except the model compound powders, which were
examined in transmission mode. In all cases, an internal energy cali-
bration was obtained with a molybdenum foil using a three-ion-chamber
geometry.

Since the | mm thick protein crystals had very weak absorption at 20
keV, a new procedure was required for optimum sample alignment. A
helium-neon laser was used to illuminate the optical path between two
narrow tantalum slit assemblies, which were previously adjusted to pass
the X-ray beam. The crystals were positioned in the X-ray beam by first
centering them visually in the laser beam and then making small ad-
justments with a stepping motor to maximize the X.ray fluorescence
signal.

The orientations of the crystals were obtained from precession pho-
tographs. After data collection, the nitrogenase crystals were reexamined
forA radiation damage. In all cases, the crystals still diffracted to at least
4 A

Data Analysis. The spectra were calibrated, processed, and fit by
using previously described programs and functions.’!* An E, of 20025
eV was used for all the spectra. The amplitude function used to describe
the Mo-Fe interaction was the backscattering amplitude calculated by
Teo and Lee,* with a scale factor reduction of 0.39, while the remaining
Mo-S and Mo-Fe functions have been reported previously.*

The orientation dependence of the EXAFS was calculated by using
the simple formula xpq(k) = Xiso(k)? cos? 8, as defined previously. For
calculations involving nitrogenase crystals, a computer program was
written which uses as input the cluster symmetry and the orientation of
the first cluster in terms of Eulerian angles « and 8, as defined in Figure
5. The orientation of the second cluster is generated by rotation about
the molecular 2-fold axis, which has been crystallographically located?’
in the position illustrated in Figure 5. The third and fourth clusters are
then generated by rotating the first and second clusters about the crys-
tallographic 2-fold axis. With the orientation of all the clusters defined,
the program then calculates the expected relative EXAFS amplitude as
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Chem. Soc., Chem. Comm. 1979, 361-362.
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J. Am. Chem. Soc. 1980, 102, 1732-1734,
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Figure 1. EXAFS Fourier transforms for molybdenum in (Et,N);-
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Mo—~Mo peak at R + A = 3.4 A in the parallel orientation. Transform
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Figure 2. EXAFS Fourier transforms for molybdenum in (Ph,P),-
[C1,FeS;MoS,FeCl,] single crystal in orientations with Mo-Fe axis
nearly parallel (—) or perpendicular (---) to X-ray polarization.
Transform range: k = 4-14 A~!, k® weighting. Inset: structure of cluster
from ref 28.

a function of the crystal orientation with respect to the X-ray polariza-
tion. Finally, the quality of agreement between the observed and cal-
culated orientation dependence is computed. A listing of the program
is included as supplementary material.

Results

Model Compounds. Relatively little work has been done on the
single-crystal EXAFS of low molecular weight compounds. It
was therefore important to test the experimental accuracy with
which such spectra could be measured. Two extreme orientations
were recorded for a crystal of the model compound (Et;N)-
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x(k) x k3

k(&-1)

Figure 3. EXAFS for molybdenum in (Ph,P),[Cl,FeS,;MoS,FeCl,]
single crystal. Top: observed spectrum (—) and best fit (---) for ori-
entation with maximum Mo-Fe amplitude. Bottom: observed spectrum
(—) and best fit (---) for orientation with minimum Mo—Fe amplitude.
The top spectrum was shifted vertically by 15 units for clarity.
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Figure 4. Orientation dependence of Mo—Fe amplitude in EXAFS of
(Ph,P),[Cl,FeS,Mo0S,FeCl,] single crystal. (a, left) Amplitude as a
function of rotation angle 6 about the long crystal axis, (star) data points
and (—) calculated dependence; (b, right) amplitude as function of
rotation ¢ perpendicular to long crystal axis, (cross ed circle) data points
and (—) calculated dependence. The calculated curves were derived by
adjusting the Mo—Fe axis orientation in the crystal to give the best fit
to the data.

[FesMo,Sg(SEt)s), and the EXAFS Fourier transforms are il-
lustrated in Figure 1. As expected, the Mo—Fe component is more
intense when the polarization is along the molecular 3-fold axis
then when perpendicular to it. The curve-fitting analysis sum-
marized in Table I yielded a factor of 3.2 for the change in Mo-Fe
amplitude. For a perfect tetrahedron under optimum polarization
and alignment conditions, this ratio would be 4.

The EXAFS orientation dependence was investigated in more
detail for (Ph,P),[Cl,FeS,Mo0FeS,Cl,]. The EXAFS Fourier
transforms, Figure 2, show that the Mo—-Fe component can be
strongly enhanced or almost completely nullified, depending on
the crystal orientation. Curve-fitting the data with variable Mo-S
and Mo-Fe amplitudes, as illustrated in Figure 3 and Table I,
yielded the Mo-Fe orientation dependence illustrated in Figure
4. The calculated curves were derived by varying the Fe~-Mo-Fe
axis orientation to obtain the best fit to the data. The Eulerian
angles for the orientation of the Fe~Mo—Fe axis derived from the
EXAFS (a = 21.5°, 8 =109°, v = 80.5°) compared favorably
with the values (o = 25°, 8 = 110.5°, vy = 76°) derived by using
an automated diffractometer and the known crystal structure.?

Theoretical Calculations. Two distinct types of variables are
involved in the interpretation of nitrogenase single-crystal
EXAFS—the symmetry of iron neighbors to molybdenum and

Flank et al.

Crystallographic 2-fold
b {\

Molecular 2-fold

Cluster Axis

e
Figure 5. Coordinate system used to describe the orientation of Mo-Fe
clusters within the nitrogenase Mo—Fe protein unit cell. The molecular
2-fold axis refers to the nitrogenase molecule, while the cluster axis refers

to the axis of highest symmetry passing through molybdenum in the
hypothetical cluster.

Scheme Il. Mo-~Fe Cluster Symmetries Used for Single-Crystal
Calculations
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the relative orientation of the four molybdenum sites in the unit
cell. Without any assumptions about symmetry, there would be
from 8 to 16 different Mo—Fe vectors to define, and interpretation
of the EXAFS orientation dependence would be overly compli-
cated. However, the problem can be simplified by assuming
certain types of symmetry for the nitrogenase unit cell and the
Mo-Fe clusters.

X-ray diffraction shows the space group of Clostridium pas-
teurianum MoFe protein crystals to be P2,,%* with one protein
molecule in the asymmetric unit. In this space group, there is
a single crystallographic 2-fold rotation axis, defined as the b axis.
Although it is not required crystallographically, a self-rotation
function analysis has provided good evidence for a molecular 2-fold
axis in these crystals at an angle of 20° to the b axis in an ori-
entation which projects onto the ¢ axis in the ac plane.?®* This
molecular 2-fold axis presumably relates equivalent sites in the
two o8 dimers which comprise the protein molecule. The data
can therefore be analyzed by assuming a particular cluster sym-
metry, postulating an orientation for one cluster, generating the
orientations of the remaining clusters, and comparing the calcu-
lated EXAFS variations with the observed data. The cluster
symmetries which have been tested are shown in Scheme II, and
the coordinate system used for these calculations is illustrated in
Figure 5.

In Figure 6a, a comparison is made between the expected
orientation dependence for a linear Mo-Fe cluster with two Mo-Fe
interactions (structure I) and a tetrahedral cluster of metals with
three Mo-Fe interactions (structure IV). To cancel uncertainties
about absolute amplitudes, the curves are normalized by the
expected powder amplitudes. Although structure III has less
anisotropy than structure I, the changes are still a factor of 4 and
well within experimental detection limits. Given the presence of
four molybdenum sites per unit cell, there was some concern that
cluster orientations might exist which would make the EXAFS
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Table II. Two-Shell Analyses of Nitrogenase Solution EXAFS
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Mo-Fe Mo-S

N R A o, A N R A o A Fe analysis method

3.4 2.67 0.061 44 2.34 0.056 0.896 fixed Mo-Fe ¢
theoretical Fe amplitude

23 2.68 0.040 5.2 2.35 0.065 0.856 variable Mo—Fe o
theoretical Fe amplitude

3.9 2.68 0.061 5.0 235 0.065 0.982 fixed Mo-Fe o
empirical Fe amplitude

3.1 2.68 0.052 5.5 2.35 0.070 0.968 variable Mo-Fe o

empirical Fe amplitude

?Defined as [(Xobsa — Xeato) k/ (Np = Np)]"/2, Where Xypeq is the observed EXAFS, x4 is the calculated EXAFS, N, is the number of data points,

and N, is the number of parameters refined.

3.20
280} N

2.40 : |

Amplitude Ratio
- e
3 8

»
(=3

{
near ——2

A\

bt
@
=3

o
»
=3

§ S —_—
80 100 20 40 60 80 100 20 40 60

B{Degrees)

Figure 6. Calculated curves comparing the EXAFS orientation depen-
dence for linar and tetrahedral Mo-Fe clusters. The amplitude ratio
plotted in all cases is the expected single-crystal value divided by the
powder value. (a, left) Variation in amplitude for a single isolated linear
or tetrahedral Mo—Fe cluster as the E vector is rotated from parallel to
perpendicular to the linear or 3-fold axes, respectively. (b, middle)
Variation in amplitude for four tetrahedral Mo—Fe clusters related by
the symmetry axes of the Mo—Fe protein unit cell, (—) 3-fold axis of
first cluster oriented parallel to molecular 2-fold axis, (---) 3-fold axis
of first cluster orientated perpendicular to molecular 2-fold axis. 4 is
angle of the E vector with the b axis where E is in the bc* plane. (c,
right) Same as (b), but 8 is now defined as the angle of E from the a axis
where E is in the ab plane.

20 40 60

of structure III relatively isotropic. This possibility is addressed
in Figure 6b. The calculation uses four tetrahedral clusters, with
the orientations of the additional three clusters generated from
the symmetry axes. The first cluster 3-fold axis is assumed to
be perpendicular or parallel to a protein molecular 2-fold axis and
a crystal rotation about the a axis is illustrated. In Figure 6c,
the same comparison is made for a rotation about the c* axis.
These figures clearly show how the EXAFS orientation depen-
dence is sensitive to both the symmetry and the orientation of the
clusters assumed to be present. Although certain cluster orien-
tations can minimize the EXAFS anisotropy, it cannot be com-
pletely eliminated in all directions.

Nitrogenase Solution EXAFS. The original nitrogenase EXAFS
interpretation was based on transmission data using lyophilized
enyzme and without benefit of Mo—Fe model compounds.” Since
then, substantial improvements have been made in analysis pro-
cedures, fluorescence detection methods,*® and synthetic model
compounds. To take advantage of these developments, a new
nitrogenase solution EXAFS spectrum was collected, and the data
were analyzed by curve-fitting using theoretical®® or experimental®
Mo-Fe amplitudes. The results, which are included in Figures
7 and 8 and Table I1, confirm the expectation that the calculated
number of iron neighbors is dependent on the type of amplitude
function used and assumptions about the Debye~Waller factor.
The data are consistent with two, three, or even four iron neighbors
at about 2.68 + 0.03 A from the molybdenum. Four to six sulfur
ligands at an average distance of 2.35 £ 0.03 A were also found.
A small improvement to the fit was achieved by including the
presence of one or two nitrogen or oxygen donor ligands at about
2.2 A. However, the contribution of this component was so small
that it was not included in the single-crystal analysis.

Nitrogenase Crystals. The molybdenum EXAFS Fourier
transform for solution nitrogenase is compared with the two most

0.20

0.15

0.10

IT[IT_[‘rTlXﬁf

Transform Magnitude

0.05

0.00

Figure 7. EXAFS Fourier transforms for molybdenum in nitrogenase.
Solution data (—) are compared with single-crystal orientations yielding
maximum (--) and minimum (---) Mo-Fe amplitudes. Transform
range: k = 4-14 A, k3 weighting.

30

x(K) x k2

4 14
K(A-1)
Figure 8. EXAFS for molybdenum in nitrogenase. (Top) observed
spectrum (—) and best fit (---) for orientation which gave maximum
Mo-Fe amplitude; (middle) observed spectrum (—) and best fit (---)
for nitrogenase in solution; (bottom) observed spectrum (—) and best fit
(---) for orientation which gave minimum Mo—Fe amplitude.

extreme single-crystal spectra in Figure 7. The Mo-S feature
is relatively invariant, whereas there are significant changes in
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Table III. Analysis Results for Nitrogenase Single-Crystal EXAFS

Flank et al.

Mo-Fe
crystal orientation Mo-S exptl model
cos E, cos E, cos B¢ R A Nyl R A Nyar/ Nooin tetrahedral linear pyramidal
0.17 0 0.98 2.38 4.0 2.70 1.23 1.28 1.23 1.17
0.17 0.7 ~0.66 2.36 4.5 2.69 1.15 1.20 1.41 1.09
0.19 -0.34 -~0.72 2.37 4.4 2.69 1.13 0.95 1.12 0.82
0.92 0.087 -0.33 2.36 4.7 2.69 0.56 0.48 0.88 0.90
0.88 -0.044 —0.48 2.37 49 2.70 0.88 1.04 1.20 1.03
0 -1 0 2.37 5.0 2.72 0.86 1.03 1.15 0.96
0 0.99 -0.17 2.37 4.7 2.69 1.29 1.01 1.16 0.97
0 0.34 0.94 2.36 48 2.69 1.23 1.36 1.46 1.20
-1 0 0 2.37 5.3 271 0.74 0.60 0.35 0.80
-0.71 0.71 0 2.39 48 2.71 0.53 0.80 0.75 0.88
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El 0.80
2
[
&
13
g .70 |-
$
£
0.60 -
0.50 |-
g
k]
®
> 040}
4r
- 0.30 [
-
b=
F
15
§ 2 0.20
2
£
0.10 -
0.00 | l | L I
0 40 80 120 160 200 240
8

Figure 9. Quality of agreement between the calculated and observed
nitrogenase EXAFS orientation dependence, as a function of the orien-
tation of the Mo-Fe cluster axes. Since the reciprocal of the variance
is plotted, the best fit occurs at a maximum rather than a minimum. «
and B are defined in Figure 5. (a, top) Linear model; (b, bottom) tet-
rahedral model.

the intensity of the Mo—Fe component. Curve-fitting analysis of
these and other EXAFS spectra, as illustrated in Figure 8 and
Table 111, reveals that the Mo—Fe amplitude changes by a factor
of 2.5 from one orientation to another. In contrast, the observed
Mo-S amplitude varied by only 215% in these fits.

The nitrogenase Mo—-Fe EXAFS orientation dependence was
compared with that expected from the models of Scheme II for
a variety of cluster orientations. In the calculations for clusters
I, 111, and IV, the orientation which needs to be defined is that
of the Fe-Mo-Fe, 3-fold or 4-fold symmetry axes, respectively.
Rotations of the clusters about the Fe~Mo—-Fe symmetry axes do
not affect the orientation dependence. In Figure 9, the quality
of fit as a function of a and g8 defined in Figure § is illustrated
for linear and tetrahedral models. Regardless of the model chosen,
the best fit was in the vicinity of « = 75° and g8 = 215° or 285°.
Two different solutions arise because of symmetry; they are related
by the molecular 2-fold axis. The broad peaks limit the confidence
with which the orientation can be defined to £10°.

A significantly worse fit was always obtained when a linear
Fe-Mo-Fe cluster was assumed, regardless of the orientation in
which the cluster axis was placed. This is because the linear cluster

Figure 10. Quality of agreement with experimental results as a function
of the bend angle of an Fe~Mo—Fe cluster. The cluster was bent by §
and its orientation was then optimized to give the best fit to the data.

predicts a much greater anisotropy in the EXAFS than is ex-
perimentally observed. One way to decrease the EXAFS an-
isotropy is to bend the cluster as in Scheme II. Therefore, the
quality of fit was investigated for this model as a function of the
bend angle. As illustrated in Figure 10, the best fit was obtained
with a bend angle of 90°. However, a significant improvement
was obtained for bent clusters with bend angles between 50° and
130°.

Discussion

Analysis of the new nitrogenase solution data gave results in
general agreement with the earlier EXAFS work. With the
improved analysis methods, it is simpler to simulate the Mo-S
coordination by single component with a relatively large De-
bye~Waller factor, rather than attempting to resolve two or more
distinct Mo-S distances, as was done in previous work.”® However,
there is no gaurantee that all the sulfurs are equivalent. The
number of iron neighbors remains ambiguous at two to four. This
is partly because of the correlation between the calculated co-
ordination number and Debye-Waller factor but also due to
uncertainty about transferability of EXAFS amplitudes beyond
the first coordination sphere. Finally, the inclusion of one or two
nitrogen or oxygen donor ligands at about 2.2 A does improve
the fits. The possibility of some non-sulfur ligands to molybdenum
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Scheme 111. Cluster Symmetries which Have Been Addressed in
This Work?
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¢ 1, clusters which can be eliminated because their EXAFS would
be isotropic. 1I, clusters which can be eliminated because their
EXAFS would be too anisotropic. 111, clusters with symmetries
and calculated EXAFS consistent with the observed data.

should be kept in mind during attempts to synthetically model
the FeMo—co cluster.

Before drawing conclusions from the single-crystal results, it
is important to consider the errors involved in a single-crystal
EXAFS experiment. Possible sources of error in the measurement
include incomplete source polarization, crystal imperfections,
statistical noise, and inaccurate crystal orientation. Additional
errors in the data analysis might also arise if the assumed mo-
lecular 2-fold axis is not rigorous. In general, these effects will
reduce the ratio between the maximum and minimum EXAFS
amplitudes at the extreme orientations.

Independent measurements of the X-ray polarization on other
beam lines have yielded polarization ratios of better than 95%,3
so that this should not be an important effect. The X-ray dif-
fraction results indicate a mosaic spread of less than 1°, so this
should also yield only a minor reduction in anisotropy. The
signal-to-noise in the protein crystal EXAFS can be estimated
by using the fact that the measured Mo-S amplitude varied
between 4.0 and 5.3 over the 10 spectra used in the analysis. Some
of this variation may in fact be real, but in the worst case, this
would indicate an amplitude imprecision of about 15%. Finally,
one of the largest sources of error involves the transfer of different
crystals from the precession camera to the goniometer used for
the EXAFS experiments. Although better instrumentation is now
available, the estimated accuracy of sample orientation is £5°,
With hindsight, it now appears that better results could be obtained
by using a single crystal at low temperature for all the experiments.

In this study, it was desired to determine both the orientation
and the symmetry of the Mo—Fe cluster in nitrogenase. If the

(36) Templeton, D., personal communication.
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errors in crystal alignment and Mo-Fe amplitude determination
are random, they will reduce the precision of the orientation
determination, but there should be no particular orientation that
is favored by such errors. With regard to symmetry, experimental
errors will reduce the ratio between maximum and minimum
Mo-Fe amplitude and thereby reduce the distinction between
linear and nonlinear clusters.

Some of the Mo—Fe cluster symmetries which can be addressed
by the current investigation are summarized in Scheme III
Despite the experimental limitations imposed by the quality of
spectra which can be obtained on small crystals, it is possible to
draw several conclusions about the nitrogenase molybdenum site.
First of all, the fact that a significant orientation dependence is
observed limits the possible symmetry of the arrangement of iron
neighbors around the molybdenum. Clusters with no preferred
direction, such as Mo at the center of a cube of Fe atoms (Ia),
an octahedron of Fe atoms (Ib), a right triangular pyramid (Ic),
or molybdenum at the center of a tetrahedron of iron atoms (Id)
can be eliminated. All these models can be ruled out because their
Mo-Fe EXAFS would be isotropic.

Some types of cluster symmetry can be ruled out by the modest
amount of anisotropy which has been observed. The calculations
have shown that the linear Fe~Mo—Fe structure (IIa) would have
a larger variation in Mo—Fe amplitude than is observed and the
same would be expected for a planar triangular structure as in
ITb.

Finally, a number of structures, including ITTa-IIIc, are still
consistent with the observed EXAFS. Furthermore, the required
orientations of the Mo—Fe cluster axes have been approximately
located. For clusters I1Ia-IIlc, the respective 2-fold, 3-fold, or
4-fold axes are required to lie nearly perpendicular to the a axis
to be consistent with the observed EXAFS arisotropy. This in-
formation should eventually be useful in interpretation of sin-
gle-crystal EPR effects which have been observed?” as well as of
some help in the X-ray diffraction analysis. More precise ori-
entation should be available in the future by using larger crystals
and lower temperatures. When appropriate crystals are available,
the higher information content of single-crystal EXAFS will often
make it the preferred technique for interpreting metalloprotein
local structure.
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