again we must conclude that the tempera-
ture derivative of the shear modulus must be
at least three times that of the bulk modulus.

Whereas the absolute value of the mantle
shear modulus can be reconciled by much
higher temperatures than we assumed or by
a lower mantle Fe/Fe+Mg ratio of at least
0.3, the only conclusion that is also consist-
ent with the seismic tomography is that the
lower mantle exhibits an unusually large
apparent temperature derivative of the shear
modulus as compared to that of the bulk
modulus. Recent workers have calculated
(16) that this ratio cannot exceed unity if
perovskite behaves as a normal refractory
ceramic with a close-packed oxygen frame-
work. A ferroelastic phase transformation
could allow the effective temperature deriva-
tive of the shear modulus to be very large,
which would account for all of these obser-
vations. Such a large negative value will
result if the mantle temperature is sufficient-
ly close to that required for a ferroelastic-
paraelastic phase transformation in the per-
ovskite phase, so as to induce significant
shear mode softening. These transforma-
tions are common in perovskite-type com-
pounds and have been predicted theoretical-
ly for MgSiOj3 (17). These phase transforma-
tions typically have shallow Clapeyron
slopes that could conceivably be paralle]l to
the geothermal gradient. Because other
physical properties, including thermal ex-
pansion and rheology, will be affected by
these transformations, we need to broaden
our understanding of this phenomena to
determine the physical and chemical proper-
ties of the earth’s lower mantle.
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The Manganese Site of the Photosynthetic

Water-Splitting Enzyme

GrAHAM N. GEORGE, ROGER C. PRINCE, STEPHEN P. CRAMER

As the originator of the oxygen in our atmosphere, the photosynthetic water-splitting
enzyme of chloroplasts is vital for aerobic life on the earth. It has a manganese cluster
at its active site, but it is poorly understood at the molecular level. Polarized
synchrotron radiation was used to examine the x-ray absorption of manganese in
oriented chloroplasts. The manganese site, in the “resting™ (8) state, is an asymmetric
cluster, which probably contains four manganese atoms, with interatomic separations
of 2.7 and 3.3 angstroms; the vector formed by the 3.3-angstrom manganese pair is
oriented perpendicular to the membrane plane. Comparisons with model compounds
suggest that the cluster contains bridging oxide or hydroxide ligands connecting the
manganese atoms, perhaps with carboxylate bridges connecting the 3.3-angstrom

manganese pair.

ESPITE EXTENSIVE STUDIES BY X-

ray (1-3), electron paramagnetic

resonance (EPR) (4), and optical
spectroscopies (5), the structure of the man-
ganese (Mn) center of the water-splitting
enzyme remains unknown. The enzyme is
located in the thylakoid membrane, and
during turnover it donates electrons to pho-
tosystem II, which are then recovered by the
oxidation of H,O to liberate oxygen (6).
The enzyme cycles among five different oxi-
dation levels, known as the S states, Sy
through S, which are thought to be reflec-
tions of different oxidation levels of a multi-
nuclear Mn cluster (6). X-ray absorption
spectroscopy should be capable of providing
a detailed picture of the Mn environment,
but, despite much effort (7-3), many ques-
tions remain.

Experiments were performed at the Stan-
ford Synchrotron Radiation Laboratory on
beam lines VI-2 and IV-2 with Si(400)
double-crystal monochromators. X-ray ab-
sorption was monitored as the x-ray fluores-
cence excitation spectrum by means of an
array of 13 germanium detectors (7), with
simultaneous measurement of a Mn foil
standard [first inflection, 6539.0 eV (8)].

Samples were kept dark at 4 K in an Oxford
Instruments CF1204 cryostat during data
collection. A typical data set (one orienta-
tion) represents the average of four to ten
scans, each 20 minutes in duration. The
oriented spinach chloroplast membranes (9)
gave no adventitious Mn EPR signals and
showed full photoactivity within the reac-
tion centers and their associated redox part-
ners (9). Samples were in the dark-adapted
S; state, and their integrity and orientation
were routinely assessed by EPR spectrosco-
py-
The extended x-ray absorption fine struc-
ture (EXAFS) oscillations x(k) for individ-
ual orientations were fitted by standard
methods (10, 11). For oriented systems, the
EXAFS intensity is approximately propor-
tional to cos’B, where B is the angle between
the x-ray electric field vector, e, and the
absorber-backscatterer vector. Transitions
to bound states of predominantly p charac-
ter have a similar angular dependence,
where B is the angle between the axis of the
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p orbital and the x-ray e vector [see (12) for
example]. Approximating the effects of sam-
ple disorder by a Gaussian distribution of
orientations, we found that F,,(0) is given

by

Fp(8) = 3 [ f (4 sin? 0 sin*$p +
=0

cos?0 cos?d) P(db) dd)}/L:O P(d) db (1)

where ¢, is the angle between the mem-
brane normal and the a—b vector (or the axis
of the orbital for transitions to p levels), 8 is
the experimentally varied angle between the
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membrane normal and the x-ray e vector, Q
is the half-width of the Gaussian distribu-
tion in dgp, and

P(¢) = sind exp[—(In 2) (¢ — bap)*/Q?]

Equation 1 was solved numerically with a
value for Q of 17° obtained from EPR
measurements.

Several features of the Mn K edge show
subtle but well-defined dichroism (Fig. 1a).
All the spectra exhibited a small 1s—3d
transition at about 6540.8 eV. Such formal-
ly dipole-forbidden transitions gain intensi-
ty by the mixing of 34 and 4p levels or
through a quadrupole mechanism (13). Tet-
rahedral  complexes  exhibit  intense

04lLb

Transform magnitude

90°

k(A

Fig. 1. (a) The Mn K-edge spectra of oriented chloroplasts in
the S, state. The angle is that between the membrane normal

12

180°

and the x-ray e vector (). (b) EXAFS Fourier transforms. (¢)

Unsmoothed EXAFS data (solid lines), with best fits (broken lines) (Table 1). (d) Polar plots of the
EXAFS amplitudes derived from the curve fitting of (c). Filled points are the experimental data, which
have been mirrored for clarity as the open symbols. The curves represent best fits to Eq. 1, with 2.1 and
0.8 Mn—Mn vectors at average angles of 62° and 0° for 2.7 A and 3.3 A interactions, respectively.
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1s—3d(T,) transitions because of extensive
p-d mixing (14). The weak 1s—34 transition
suggests that the Mn sites do not approach
tetrahedral geometry. Some angular depen-
dence of the 1s—3d feature is apparent, the
shape changing from a shoulder-like struc-
ture at 90° to an isolated peak at 15°
Furthermore, the features at 6557 and 6564
eV at 15° are replaced by a single broad
feature at 6560 eV at 90°. Although a
quantitative interpretation of these spectra
must await single-crystal data from model
compounds, the presence of such well-de-
fined dichroism indicates unambiguously
that the Mn cluster in the S, state is highly
oriented within the membrane but is not a
highly symmetric structure such as a cube.

The peak in the EXAFS Fourier transform

Fig. 1b) at a radial coordinate R + A = 1.6
is attributable to interactions of Mn with
oxygen or nitrogen, Mn—-O or Mn-N (15),
at an average distance of 1.9 A, whereas the
features at R + A = 2.4 and 3.0 A are at-
tributable to Mn—Mn interactions at 2.7 and
3.3 A, respectively (Fig. 1c and Table 1). No
interactions of Mn with sulfur or chlorine
are apparent, although a small contribution
from such ligands (for example, 1 per 4 Mn
atoms) is difficult to exclude.

The Mn—O and Mn-N interactions ex-
hibit little angular dependence (Table 1).
On the other hand, the Mn—Mn interactions
show significant dichroism, especially the
3.3 A Mn—Mn interaction, which is intense
at 15° and weak at 90°. The 3.3 A Mn-Mn
vector is thus oriented close to the mem-
brane normal. The fits (Fig. 1d) (16) suggest
2.1 + 1and 0.8 + 0.3 Mn—Mn vectors (per
Mn) oriented at average angles of approxi-
mately 62° and 0° for the 2.7 A and 3.3 A
interactions, respectively (16). An additional
interaction, indicated by the peak at
R + A = 3.8 A in the EXAFS Fourier trans-
form for & = 45° (Fig. 1b), displays an
orientation dependence that is not explained
by Eq. 1. We conclude that it arises from a
process whose amplitude does not depend
simply on cos’, such as multiple scattering
(17).

Our interpretations contrast in some re-
spects with those reported by Klein and
colleagues (1-3) from unoriented samples.
Whereas they reported very intense EXAFS
from short Mn—O and Mn-N interactions
at 1.75 A, we find no evidence for such
interactions (18). Nevertheless, in agree-
ment with our results, Klein and co-workers
did detect the 2.7 A Mn—Mn interaction (1-
3), and Guiles et al. have reported some
evidence for the 3.3 A Mn—Mn interaction
2.

Although it is not possible to deduce an
unambiguous structure for the active site
from the present data, some structural ele-
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Fig. 2. Possible geometries
of the Mn site consistent
with both the polarization
and the amplitudes of the
Mn~Mn interactions. Note
that versions B and C have
Mn—Mn vectors at >3.3 A,
which might have escaped
detection. The number of
2.7 A Mn~Mn interactions
in version C is just outside
the estimated error range,
but we include it for com-
parison.

Membrane normal

Mn 274 .-Mn
: Mn
33A% :
: 334}
Mn H
274 N2T7A M
M}ll ........... Mn 2.7A ~Mn
274
A B C
Mn—Mn 274 33A
N <¢> N <¢>
Experimental 2.1+0.8 62° 0.8+03 0°
A 2.5 57° 0.5 0°
B L5 45° 0.5 0°
¢ 1.0 62° 0.5 0°

Table 1. EXAFS curve-fitting results. As both F(8) and N are unknown quantities and because there are
several Mn atoms in the cluster, the usual method of holding N at integer values during fitting was not
used. The Debye-Waller factor o, was fixed at the chemically reasonable values of 0.059 A for Mn-O

interactions and 0.077

for Mn-Mn interactions. The values of R have an accuracy [arising

predominantly from nontransferability of a.,(k)] of +0.03 A, although the k range dictates a resolution

of =0.14 A for interactions with similar atoms.

Mn-O! Mn-O? Mn—Mn! Mn-Mn?
Angle
F(O)N R (A) F(6)N R (A) F®)N R(A) F(B)N R (A)
15° 0.9 1.897 1.0 2218 1.5 2.701 1.7 3.298
45° 1.2 1.895 0.6 2.270 2.2 2.722 1.4 3.255
90° 1.0 1.896 1.0 2.207 2.3 2.727 0.0

ments are clear. The apparently low number
of Mn—O and Mn—N ligands (2 * 1, Table
1) is probably the result of a broad and non-
Gaussian distribution of different distances
rather than a truly low coordination number
(19). Such a distribution might reflect a
significant fraction of high-spin Mn(III) in
the cluster because pronounced Jahn-Teller
effects are expected for this oxidation state
(20). Although we cannot distinguish be-
tween Mn—-O and Mn-N interactions, a
predominance of Mn—O seems most proba-
ble, especially for the bridging ligands (20).

The observed Mn—Mn interactions prob-
ably originate from bridged atoms, because
EXAFS from unconnected Mn should be
heavily damped by static and thermal disor-
der. Plausible bridging ligands include oxo,
hydroxo, alkyl and aryloxide (tyrosine, for
instance), and carboxylate (20). The Mn—
Mn distance of 2.7 A is symptomatic of
more than one short bridging ligand be-
tween the Mn atoms concerned (20) and
indicates that at least some portion of the
cluster must be quite compact. The 2.7 A
Mn-Mn separation has been taken as evi-
dence for p,-oxo bridges (1-3), but ps-oxo
or u,-OH bridges are equally probable (20).
The presence of p,-OH ligands gains sup-
port from EPR spectroscopy of the “multi-
line” signal of the S, state (4), which indi-
cates the presence of exchangeable oxygen
and protons (21). The 3.3 A Mn—Mn sepa-
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ration is typical of Mn separated by two
carboxylate bridges and a bridging oxo (p,
or u3); me-OH or w,-OR groups are also
plausible, although the latter tend to give
Mn-Mn separations larger than 3.3 A (20).

Proposals for the structure of the Mn site
in the §; state include a regular cube (22)
and a “butterfly” structure (23), both with
p3-oxo bridges. Although both of these
proposals are excluded by our data, more
distorted versions are permissible. Three al-
ternative geometries for the Mn cluster,
consistent with our results, are suggested in
Fig. 2.
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