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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 MgSiO3 (17). These phase transforma- 
tions typically have shallow Clapeyron 
slopes that could conceivably be parallel 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" (Si) 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. 

D 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 H20 to liberate oxygen (6). 
The enzyme cycles among five different oxi- 
dation levels, known as the S states, So 
through S4, 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 (1-3), 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 fill photoactivity within the reac- 
tion centers and their associated redox part- 
ners (9). Samples were in the dark-adapted 
SI 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 cos2p, where X 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 3 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 Fab(O) is given 
by 

Fab(O) = 3 [J (2 sin2 0 sink2)~ + 

cos20 cos2(4) P((4) d471 P(+) d4 (1) 
- =0 

where 4ab is the angle between the mem- 
brane normal and the a-b vector (or the axis 
of the orbital for transitions to p levels), 0 is 
the experimentally varied angle between the 

membrane normal and the x-ray e vector, fl 
is the half-width of the Gaussian distribu- 
tion in Iab, and 

P(4) = sing exp[-(ln 2) (4 - 'ab)2/2] 

Equation 1 was solved numerically with a 
value for fl of 170 obtained from EPR 
measurements. 

Several features of the Mn K edge show 
subtle but well-defined dichroism (Fig. la). 
All the spectra exhibited a small ls->3d 
transition at about 6540.8 eV. Such formal- 
ly dipole-forbidden transitions gain intensi- 
ty by the mixing of 3d and 4p levels or 
through a quadrupole mechanism (13). Tet- 
rahedral complexes exhibit intense 
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Fig. 1. (a) The Mn K-edge spectra of oriented chloroplasts in 
the SI state. The angle is that between the membrane normal 1800 
and the x-ray e vector (0). (b) EXAFS Fourier transforms. (C) 
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 620 and 00 for 2.7 A and 3.3 A interactions, respectively. 
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ls-*3d(T2) transitions because of extensive 
p-d mixing (14). The weak ls-*3d transition 
suggests that the Mn sites do not approach 
tetrahedral geometry. Some angular depen- 
dence of the ls-*3d feature is apparent, the 
shape changing from a shoulder-like struc- 
ture at 900 to an isolated peak at 150. 
Furthermore, the features at 6557 and 6564 
eV at 15? are replaced by a single broad 
feature at 6560 eV at 900. 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 Si 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. lb) at a radial coordinate R + A = 1.6 
A 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. Ic 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. Id) (16) suggest 
2.1 ? 1 and 0.8 ? 0.3 Mn-Mn vectors (per 
Mn) oriented at average angles of approxi- 
mately 620 and 00 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 0 = 450 (Fig. lb), 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 cos2p, 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 Membrane normal Mn 2.7 A ,, Mn 
of the Mn site consistent Mn , 
with both the polarization Mn 
and the amplitudes of the 237A - \2-7 A 3A: 
Mn-Mn interactions. Note 2.7 Mn 
that versions B and C have 33 A 3.3A 
Mn-Mn vectors at >3.3 A, 2 3A 2.7 A I 
which might have escaped 27 A 2.7A,/ \2.7 Mn 
detection. The number of Mn , I 
2.7 A Mn-Mn interactions Mn ------- Mn 2.7 'Mn 
in version C is just outside 2.7 A 
the estimated error range, A B C 
but we include it for com - 

parison. Mn-Mn 2.7 A 3.3 A 

N <0> N <0> 
Experimental 2.1?0.8 62? 0.8?0.3 0? 

A 2.5 570 0.5 0? 

B 1.5 450 0.5 0? 

C 1.0 620 0.5 0? 

Table 1. EXAFS curve-fitting results. As both F(O) 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 Crab was fixed at the chemically reasonable values of 0.059 A for Mn-O 
interactions and 0.077 A for Mn-Mn interactions. The values of R have an accuracy [arising 
predominantly from nontransferability Of (Xab(k)] of ? 0.03 A, although the k range dictates a resolution 
of -0.14 A for interactions with similar atoms. 

Mn-O1 Mn-02 Mn-Mn1 Mn-Mn2 
Angle 

F(0) N R (A) F(O)N R (A) F(O)N R (A) F(0)N R (A) 

150 0.9 1.897 1.0 2.218 1.5 2.701 1.7 3.298 
450 1.2 1.895 0.6 2.270 2.2 2.722 1.4 3.255 
900 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 f12-oxo bridges (1-3), but 113-Oxo 

or >L2-OH bridges are equally probable (20). 
The presence of >L2-OH ligands gains sup- 
port from EPR spectroscopy of the "multi- 
line" signal of the S2 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 (>2 

or L3); >2-OH or VL2-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 S1 state include a. regular cube (22) 
and a "butterfly" structure (23), both with 
R3-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. 

REFERENCES AND NOTES 

1. J. A. Kirby, D. B. Goodin, T. Wydrzynski, A. S. 
Robertson, M. P. Klein, J. Am. Chem. Soc. 103, 
5537 (1981). 

2. R. D. Guiles et al., in Progress in Photosynthesis 
Research, J. Biggins, Ed. (Nijhoff, Dordrecht, 1987), 
vol. 1, pp. 561-564. 

3. V. K. Yachandra et al., Biochemistry 26, 5974 
(1987); A. E. McDermott et al., ibid. 27, 4021 
(1988). 

4. G. C. Dismukes and Y. Siderer, Proc. Natl. Acad. Sci. 
U.S.A. 78, 274 (1981); J. C. De Paula, W. F. Beck, 
A.-F. Miller, R. B. Wilson, G. W. Brudvig, J. Chem. 
Soc. Faraday Trans. 1 83, 3635 (1987). 

5. J. Lavergne, Biochim. Biophys. Acta 894, 91 (1987). 
6. R. C. Prince, Trends Biochem. Sci. 11, 491 (1986); 

G. W. Brudvig, J. Bioenerg. Biomembranes 19, 91 
(1987). 

7. S. P. Cramer, 0. Tench, M. Yocum, G. N. George, 
Nucl. Instrum. Methods Phys. Res. A 266, 586 
(1988). 

8. J. A. Bearden and A. F. Burr, Rev. Mod. Phys. 39, 
125 (1967). 

9. R. C. Prince et al., Biochim. Biophys. Acta 592, 323 

(1980); M. S. Crowder, R. C. Prince, A. J. Bearden, 
FEBS Lett. 144, 204 (1982); A. W. Rutherford, 
Biochim. Biophys. Acta 807, 189 (1985). 

10. The EXAFS oscillations x(k) were fitted to the 
approximate relation: 

(k) FFab(0) NbAab (k) x 
b kRab 

e 2tyabk sin[2kRab + Otab (k)] 

where k is the photoelectron wave vector, Nb is the 
number of b type atoms at a distance Rab from the 
absorber atom a with a root-mean-square deviation 
jab (the Debye-Waller factor) in Rab; Aab(k) and 
Uab(k) are the total phase shift and amplitude func- 
tions, respectively; and Fab(O) is the observed angu- 
lar dependence of the EXAFS amplitude. Values for 
the functions Aab(k) and Oaab(k) were calculated [P. 
M. Eisenberger, R. G. Shulman, B. M. Kinkaid, G. 
S. Brown, S. Ogawa, Nature 224, 30 (1978)] from 
KMnO4 [G. J. Palenik, Inorg. Chem. 18, 503 
(1967)] and [(C6H15N3)4Mn4O6](C104)4 [K. 
Weighardt, U. Bossel, W. Gebert, Angew. Chem. Int. 
Ed. Engl. 22,328 (1983)]. A value for gab of 0.0406 
A was calculated for KMnO4 from the vibrational 
spectra. We estimated values for Uab for 
[(C6H15N3)4Mn4O6](C104)4 by fitting Aab(k) to 
interpolated theoretical values (11) with an adjust- 
able scaling factor and adjusting gab- 

11. B.-K. Teo and P. A. Lee, J. Am. Chem. Soc. 101, 
2815 (1979). 

12. T. A. Smith et al., ibid. 107, 5945 (1985). 
13. J. E. Hahn et al., Chem. Phys. Lett. 88, 595 (1982). 
14. R. G. Shulman et al., Proc. Natl. Acad. Sci. U.S.A. 

73, 1384 (1976). 
15. Typical values for A in EXAFS Fourier transforms 

are 0.3 to 0.5 A. Note that EXAFS cannot distin- 
guish between interactions with atoms of similar 
atomic number, such as nitrogen and oxygen. 

16. It is not possible to obtain individual kab values (Eq. 
1) when there is more than one scatterer of a given 
type at similar distances. Nevertheless, an average 
value (@ can be obtained, in which nb is the number 
of indistinguishable a-b interactions, and the sum- 
mations are over b, as follows: 

COS ((I) [(Ynb COS24kab) / nblb]"2 

We estimated the error limits given for the number 
of scatterers, N, by varying a [(10); Table 1] over a 
chemically reasonable range and indicate the range 
of N in which we expect the true values to lie. 

17. J. J. Boland, S. E. Crane, J. D. Baldeschwieler, J. 
Chem. Phys. 77, 142 (1982). 

18. Part of this discord may arise because Klein and 
colleagues (1-3) interpolated Oaab(k) and Aab(k) 
from theoretical values (11); unfortunately such 
functions only poorly describe Mn-O model com- 
pound EXAFS, and similar difficulties have been 
found with iron [J. E. Penner-Hahn et al., J. Am. 
Chem. Soc. 108, 7819 (1986)]. Other contributing 
factors probably include the smaller k range and the 
lower signal-to-noise ratios of the data available to 
Klein and co-workers. In addition, their pronounced 
Fourier transform peak at R + A = 1.0 A (1-3) 
(not present in Fig. Ib) is most likely an artifact 
introduced by difficulties with baseline subtraction. 

19. Simulations indicate that a spread in distances of 
1.85 to 2.10 A would reduce the apparent coordina- 
tion number to about half of the true value. 

20. B. Chiswell, E. D. McKenzie, L. F. Lindoy, in 
Comprehensive Coordination Chemistry, G. Wilkinson, 
R. D. Gillard, J. 'A. McCleverty, Eds. (Pergamon, 
Oxford, 1987), vol. 4, pp. 1-122. 

21. 0. Hansson, L.-E. Andreasson, T. Vanngard, FEBS 
Lett. 195, 151 (1986); J. H. A. Nugent, Biochim. 
Biophys. Acta. 893, 184 (1987). 

22. G. W. Brudvig and R. H. Crabtree, Proc. Natl. Acad. 
Sci. U.S.A. 83, 4586 (1986). 

23. J. B. Vincent and G. Christou, Inorg. Chim. Acta 
136, L41 (1987). 

24. The Stanford Synchrotron Radiation Laboratory is 
funded by the Department of Energy Office of Basic 
Energy Sciences and the National Institutes of 
Health Biotechnology Resource Program, Division 
of Research Resources. 

23 August 1988; accepted 8 November 1988 

REPORTS 791 


	Article Contents
	p.789
	p.790
	p.791

	Issue Table of Contents
	Science, New Series, Vol. 243, No. 4892 (Feb. 10, 1989), pp. 701-864
	Front Matter [pp.701-825]
	Issues in Atmospheric Science [p.709]
	Letters
	Oil Security and Hidden Costs [p.713]
	Rehabilitation of B. M. Gessen [p.713]
	Rehabilitation of B. M. Gessen: Response [p.713]
	Plasmoid Velocity [p.713]
	MacArthur's ``Resignation'' [p.713]

	News & Comment
	Baltimore Cleared of All Fraud Charges [p.727]
	Soviet Academy Attacked for Being Undemocratic [pp.728-729]
	U.S. Students Flunk Math, Science [p.729]
	Koop Finds Abortion Evidence ``Inconclusive'' [pp.730-731]
	Reilly Vows Environmental Activism [p.731]
	Africa is Becoming an Elephant Graveyard [p.732]
	Aids Paper Raises Red Flag at PNAS [p.733]
	Leakey Reinstated as Museums' Head [p.733]
	Ames Named Director of N. Y. Academy [p.733]
	Somalia Pledges Human Rights Reforms [p.734]
	Rifkin Battles Gene Transfer Experiment [p.734]
	NIH: Calling All Alumni [p.734]

	Research News
	How Fast Can Trees Migrate? [pp.735-737]
	Detecting Mutations in Human Genes [pp.737-738]
	The Ocean above and the One below [pp.739-740]
	New Superconductor Uses Electrons [p.741]
	Superconductivity in a Nickel Oxide [p.741]

	Issues in Atmospheric Science
	Urban Air Pollution: State of the Science [pp.745-752]
	Acid Deposition: Unraveling a Regional Phenomenon [pp.753-763]
	Changing Composition of the Global Stratosphere [pp.763-770]
	The Greenhouse Effect: Science and Policy [pp.771-781]

	Mechanism of Interleukin-2 Signaling: Mediation of Different Outcomes by a Single Receptor and Transduction Pathway [pp.781-786]
	Reports
	Elasticity of MgSiO$_{3}$ in the Perovskite Structure [pp.787-789]
	The Manganese Site of the Photosynthetic Water-Splitting Enzyme [pp.789-791]
	Control of Enzyme Activity by an Engineered Disulfide Bond [pp.792-794]
	Physiological Constraint on Feeding Behavior: Intestinal Membrane Disaccharidases of the Starling [pp.794-796]
	Disruption of the Yeast N-Myristoyl Transferase Gene Causes Recessive Lethality [pp.796-800]
	Isolation of a Novel Receptor cDNA Establishes the Existence of Two PDGF Receptor Genes [pp.800-804]
	Splice Variants of the α Subunit of the G Protein G$_{\text{s}}$ Activate Both Adenylyl Cyclase and Calcium Channels [pp.804-807]
	Stretch-Inactivated Ion Channels Coexist with Stretch-Activated Ion Channels [pp.807-809]
	Nimodipine Facilitates Associative Learning in Aging Rabbits [pp.809-811]
	Overexpression of Transforming Growth Factor α in Psoriatic Epidermis [pp.811-814]
	Purification of Growth Hormone--Specific Transcription Factor GHF-1 Containing Homeobox [pp.814-817]

	Book Reviews
	Victims of Sociology [p.823]
	An Early Anthropologist [pp.823-824]
	Marine Ecosystems [pp.824-825]
	Ecosystem Analysis [pp.825-826]
	Some Other Books of Interest [p.826]

	Back Matter [pp.826-864]



