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physical evidence was available, similar re-
action mechanisms have been proposed for
NO; ™ reduction in the presence of GR (9,
10).

We conclude that Se(VI) reduces to
Se(IV) and Se(0) in the presence of GR.
Although elemental Fe and Fe(OH), are
absent in nature, their reactions with
Se(VI) in the laboratory produced similar
redox transformations (15, 19). Thermody-
namically, Se(VI) should reduce to the
most stable Se(—II) form in the presence of
Fe(II), but we did not observe this species at
high concentration. However, it can be a
dominant species when the Fe(Il) concen-
tration is much higher and the reaction
times are longer than those we considered.
Se(VI) reduction by coprecipitation and
adsorption pathways can occur when anox-
ic conditions are created in Se-contaminat-
ed sediments (16) [reductive dissolution of
Fe(IlI) oxides precipitates GR with Se], as
compared with the ion movement into the
previously existing anoxic zones containing
GR (dominantly adsorption). The Se(VI)
transformation rates we measured are with-
in the range of those reported from other
laboratory and field studies on Se speciation
in sediments and soils (20-23). The pore
waters of several natural samples are also
saturated with respect to GR, which indi-
cates its probable presence in these systems.
The rapid precipitation kinetics (13) and
the flexible crystal structure of GR (24)
may allow its formation under a variety of
geochemical conditions. The reductive dis-
solution of Fe(I1I)-oxyhydroxides forms GR
steadily in the anoxic sediments; hence, the
concentration and final oxidation products
of GR are not the limiting factors for the
trace element redox reactions. GR-mediat-
ed redox reactions similar to those presented
here can occur for other trace elements. For
instance, studies on Cr(VI) and As(V) re-
duction have identified the importance of
sediment Fe(Il)-containing mineral phases
as mediators of redox reactions, but attempts
to identify these mineral phases are not com-
plete (25, 26). The rapid oxidation of GR
poses a problem for its identification during
conventional sediment mineralogical analy-
sis, and for this reason this mineral has not
been commonly recorded in sediments.
However, recent thermodynamic and spec-
troscopic studies give direct evidence for the
existence of GR in soils (8, 13). The abiotic
redox reactions we present provide direct
evidence for the formation of reduced Se
species in anoxic sediments. Although vari-
ous strains of bacteria have been identified
to facilitate Se(VI) reduction in soil and
sediment systems, abiotic reactions with GR
should be considered when evaluating trace
element and major element redox dynamics
in sediments and soils.
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High-Pressure Transformation of Al,O,

Nobumasa Funamori and Raymond Jeanloz

X-ray diffraction measurements indicate that ruby (Cr®* doped «-Al,O,) transforms to
the Rh, 0O, (Il) structure when heated to temperatures exceeding ~1000 kelvin at pres-
sures above ~100 gigapascals, in agreement with predictions from ab initio quantum
mechanical calculations. The high-pressure phase did not quench upon decompression
to ambient pressure, and the occurrence of this phase transformation may affect inter-
pretations of static (diamond-anvil cell) and dynamic (shock-wave) experiments at ultra-

high pressures.

Corundum (a-Al,O;, space group R3c) is
important in many fields of research, for
example serving as a model material in
ceramic science (I). In high-pressure re-
search, it is used as a window in shock-wave
experiments (2), and also as a pressure-
transmitting medium for static compression
in the diamond-anvil cell (DAC) (3).
Moreover, the pressure-induced shift of the
Cr’* fluorescence wavelength of ruby
(Cr?* doped a-Al,O5) is used as a pressure
calibrant in DAC experiments (4). Theo-
retical calculations on the behavior of co-
rundum at high pressures (5—7) predict that
a-ALO; will transform to the Rh,O; (II)

Department of Geology and Geophysics, University of
California, Berkeley, CA 94720-4767, USA.

structure (space group Pbcn) (8). Recent
calculations, based either on pseudopoten-
tial (7) or on linearized augmented plane-
wave (6) methods, yield a transition pres-
sure of 78 to 91 GPa, raising the possibility
that the ruby-fluorescence pressure scale
may be contaminated by the effects of a
structural transformation. However, no ev-
idence of a transformation was observed in
a high-pressure x-ray diffraction study on
ruby to 175 GPa (9), and it has therefore
been assumed that the a-Al,O; structure is
stable to this pressure.

To clarify whether there is a transforma-
tion, we carried out a high-pressure in situ
x-ray diffraction experiment on ruby that
had been heated to a temperature exceed-

ing ~1000 K while at high pressure (10).
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Fig. 1. X-ray diffraction patterns of a mix-
ture of Al,O, and Pt (and Fe gasket) (A)
obtained under pressure after heating
(see Table 2 for pressure conditions), (B)

obtained subsequently after decompres-
sion to ambient pressure, and (C) calcu-
lated for the Rh,O, (ll) phase (Table 1).
Gray, dotted, and dashed lines indicate

the calculated diffraction patterns for a-
AlLO,, Pt, and Fe [e-phase in (A) and a-
phase in (B)], respectively.

Heating the sample is often necessary to
overcome kinetic barriers to transformation
(11). The sample was not heated in the
previous study of ruby up to 175 GPa (9).
Here, the sample consisted of polycrystal-
line ruby mixed with Pt (5 wt%), which
acts as an absorber of the laser beam for
heating and as a pressure standard (12).
Using the ruby-fluorescence technique (4),
we measured a pressure of ~100 GPa before
heating; probably because of nonhydrostatic-
ity, the R; fluorescence line of ruby was
broad and weak (4, 9),'so that the uncertain-
ty in pressure is large (&= 10 GPa). After
heating, the fluorescence line became weak-
er, and pressure could no longer be reliably
determined using the ruby. This is in con-
trast to the effect of heating ruby below 70 to
80 GPa: In these cases, laser heating typical-
ly causes a pressure relaxation of 10 (%= 5)
GPa, reducing the degree of nonhydrostatic-
ity such that pressure can be measured more
easily than before heating (13).

The high-pressure x-ray diffraction pat-
tern obtained after heating the sample ex-
hibits lines that can be assigned to a differ-
ent phase of Al,O;, along with lines for
a-ALO; [untransformed sample material
(14)], Pt, and e-Fe (gasket) (Fig. 1A). In
contrast, all diffraction lines observed after
decompression can be assigned to a-AlO;5,
Pt, and a-Fe (gasket), with no evidence of
the high-pressure phase being present (Fig.
1B). The disappearance of diffraction lines

Table 1. Observed and calculated* d-values for
the high-pressure phase of ALO,.

hkl dobs (A) dca\c (A) dobs/doa\o -1
111 2.8632 2.8655 —-0.0008
002 2.2917 2.2950 -0.0014
211 2.2744 2.2759 -0.0007
021 2.0019 2.0011 0.0004
121 1.9105 1.9122 —-0.0009
212 1.7278 1.7266 0.0007
022 1.5977 1.5969 0.0005
122 1.5508 1.6506 0.0001

*a=6488(12) A b = 4.447Q) A c = 4.590(4) A, V =
132.4(3) A3, with uncertainties in the last decimal places
indicated in parentheses.
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on decompression proves that we created a
high-pressure phase that is not stable at low
pressures. By comparing the lines that were
only observed under high pressure with the
diffraction pattern predicted for the Rh,O;
(II) structure, we determined orthorhombic
unit-cell parameters (Table 1). Using these
parameters and the theoretically obtained
internal positions for Al and O (15), we
calculated the diffraction pattern for Rh,O5
(II) (Fig. 1C). Except for a few lines, the
high-pressure pattern is explained as a com-
bination of a- and Rh,0O; (II) forms of
AlLQ;, along with Pt and e-Fe. The origin of
the unexplained lines is not clear, but their
presence might indicate the existence of an
additional phase. It is also possible that the
high-pressure phase that we have tentatively
assigned to Rh,O; (II) has a different struc-
ture. However, because the diffraction pat-
tern of the recovered sample consists of only
a-Al,O; and Pt lines (and one a-Fe line
from the gasket), it is unlikely that chemical
reactions occurred in our experiment.
Pressures calculated for the a-Al,O; and
Pt phases give about the same value (Table
2) and are compatible with the pressure
estimated from the ruby-fluorescence meth-
od, if the relaxation of pressures by heating
is taken into account. The pressure ob-
tained using &-Fe is lower than the pressure
calculated for a-Al,O; and Pt (Table 2),
but the effect of uniaxial stress [up to 10 to
15 GPa estimated from (16)] and radial
pressure gradients (9, 13) can explain this
difference. The volume decrease due to

Table 2. Unit-cell parameters and pressures are
determined from high-pressure x-ray diffraction
pattern. Uncertainties in the last decimal places
are indicated in parentheses. Equations of state
used in pressure calculations are from (9), (72),
and (22) for a-AlLO,, Pt, and e-Fe, respectively.

Phase a(d) c® ‘ Pr(ésss)re
a-ALO,  4.4485(7) 12.046(3) 86.1
Pt 3.677(10) — 89.4
e-Fe 2.3422(2) 3.7698(4) 65.9

o 4

transformation from a-Al,O; to Rh,O5 (II)
structures was predicted to be 2.2% (7),
whereas our experimental value is 3.8%.
This difference can be explained by a ~10
GPa pressure difference between the two
phases; the Rh,05 (II) structure may have
been subjected to a higher pressure than
a-AlL,O; (for example, if only the highest
pressure region of the sample transformed).
Moreover, the a/c and b/c ratios of lattice
parameters obtained for the Rh,O; (II)
structure, 1.414 and 0.969, are close to the
theoretical values of 1.419 and 0.973, re-
spectively (7).

The agreement between observed and
theoretically predicted unit-cell parameters
leads us to conclude that a-Al,O; transforms
to a high-pressure phase, probably with the
Rh,0; (II) structure, by ~100 GPa (17).
This finding supports the predictions of ab
initio calculations (5-7) and substantiates
potential concerns about using the ruby-flu-
orescence method of calibrating pressures in
samples heated at ultra-high pressures (18).
Also, lines from the Rh,O; (II) phase of a
ruby calibrant or a pure Al,O; pressure-
transmitting medium could be misinterpret-
ed as indicating a phase transformation of
the sample itself in ultra-high-pressure x-ray
diffraction experiments.

Finally, defect production associated
with the phase transition could explain the
rise in opacity and decrease in electrical
resistivity that has been reported in pure
ALO; under shock-compression (2, 19).
These defects can give a nonthermal con-
tribution to the spectrum emitted by Al,Os,
which is used as a window material for
spectroradiometric shock-temperature mea-
surements at ultra-high pressures. Further-
more, our results confirm that anomalously
low shock-wave velocities obtained in
Hugoniot measurements on Al,O; between
80 and 340 GPa can be attributed to the
polymorphic phase transformation (20).
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Direct Measurement of Distances and Angles in
Biomolecules by NMR in a Dilute L|qU|d
Crystalline Medium

Nico Tjandra and Ad Bax

In isotropic solution, internuclear dipolar couplings average to zero as a result of rota-
tional diffusion. By dissolving macromolecules in a dilute aqueous nematic discotic
liquid-crystalline medium containing widely spaced magnetically oriented particles, a
tunable degree of solute alignment with the magnetic field can be created while retaining
the high resolution and sensitivity of the regular isotropic nuclear magnetic resonance
(NMR) spectrum. Dipolar couplings between 'H-"H, "H-"3C, "H-"°N, and "3C-"3C pairs
in such an oriented macromolecule no longer average to zero, and are readily measured.
Distances and angles derived from dipolar couplings in human ubiquitin are in excellent
agreement with its crystal structure. The approach promises to improve the accuracy of
structures determined by NMR, and extend the size limit.

Internuclear magnetic dipole couplings
contain a great deal of structural informa-
tion, but in isotropic solution, they average
to zero as a result of rotational diffusion.
However, their effect on nuclear spin relax-
ation results in measurable nuclear Over-
hauser effects (NOEs). These NOEs are
commonly interpreted in terms of qualita-
tive internuclear distances, which consti-
tute the basis for macromolecular structure
determination by NMR (1). The qualitative
manner in which interprotein distances are
derived from NOEs limits the accuracy at
which the time-averaged conformation of
biomolecules can be determined. Moreover,
the cumulative error in these local con-
straints can make it difficult to determine
the relative positions of structural elements
with few connecting NOEs.

These problems can be addressed by
making use of the minute degree of molec-
ular alignment that occurs for proteins with
a nonzero magnetic susceptibility anisotro-
py when they are placed in a strong mag-
netic field (2-5). Such alignment can result
in measurable values of the one-bond '’N-
'H and BC-'H dipolar couplings. Because
the internuclear distance for these dipolar
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A. Bax, Laboratory of Chemical Physics, National Insti-
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USA.

interactions is essentially fixed, the dipolar
couplings provide direct information on the
orientations of the corresponding bond vec-
tors relative to the protein’s magnetic sus-
ceptibility tensor. These constraints are
therefore fundamentally different from the
strictly local NOE and ] coupling con-
straints. Addition of only 90 such dipolar
constraints, measured for a small protein
complexed with a 16—base pair DNA frag-
ment, resulted in'a nearly twofold reduction
of ¢-{s pairs (torsion angles) outside of the
most-favored region of the Ramachandran
map (5) and greatly improved the agree-
ment between predicted and measured mag-
netic field dependence of PN shifts (6).
Unfortunately, the magnetic interaction
energy for an individual macromolecule is
generally so weak that only in favorable
systems, and with considerable effort, can
these dipolar couplings be measured with
sufficient accuracy. Here we demonstrate a
simple and general method for inducing
alignment of biomolecules with the mag-
netic field: the use of an aqueous, dilute,
liquid crystalline (LC) phase. This method
yields an adjustable degree of molecular
alignment and allows not only 'H-°N, but
also many other types of dipolar interac-
tions to be measured directly and with high
accuracy.

Although LC media have long been
used for orienting solutes in order to study
their structure (7-9), the degree of solute
orientation typically obtained in such a sol-
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