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TABLE 2 Properties of the calibrated models of angular velocity

re/Ro rew/Ro  Qo/2m  Qu/2m  Deviation  Jy(x107)
020 020 —0.041 0 1.7
0.25 0.25 0.177 0 1.7
0.20 0.20 0.210 1o 1.7
0.20 0.20 0.724 +3c¢ 18
071 071 0.395 0 15
020 045 -0421  0.576 0 2.4
045 0.45 0.600  0.430 +20 1.7
071 0.71 0.440 0 1.7

A selection of models of the form illustrated in Fig. 2a, fitted by
least squares to the mean constant frequency splitting of 0.416 pHz,
augmented, where indicated, by the deviation listed in column 5, where
0=0.009 pHz. J, is the implied quadrupole moment of the external
gravitational potential, in the usual units of GMyR, and was computed
under the assumption Q = for r<r,; in all cases J, is consistent with
the radar ranging measurements and General Relativity. My and Ry
are respectively the mass and radius of the Sun. (The other variables
given as column headings are defined in Fig. 2 legend.) The rotation
rate of the convection zone is presumed to be given by Q(r, 8)/2n =
04(0)/27r=(0.458 —0.090 cos? 0)uHz, except in row 5, where it is cali-
brated to be 0.96 Q./27=(0.440—0.086 cos® 0)uHz and matches
onto uniform interior rotation Q./27 =0.422 pHz with continuous lati-
tudinally averaged specific angular momentum. The motivation for that
model was the possibility of there being a large-scale poloidal magnetic
field causing the radiative interior to rotate rigidly. We have also consid-
ered variants of that model in which the angular velocity in the convec-
tion zone is f{r)Q4(0), where f(r) increases monotonically from a value
f. at the base of the convection zone r=r, to unity at the photosphere,
the value of f, being such that the specific angular momentum across
the interface with the rigidly rotation radiative interior is continuous. In
no case was it possible to find a model that reproduced both the splitting
data reported here and the inversions of the data from the Big Bear
Solar Observatory (BBSO), which are represented as synodic rotation
rates in ref. 18. All the seismic data can be reproduced to within 1o
by a model with =€ in the convection zone and a radiative interior
rotating uniformly at 0.395+0.025 uHz. However, the mean specific
angular momentum is no longer continuous at r=r., suggesting the
requirement of a torque. As an example of a different model, one with
angular velocity varying linearly in the radiative interior according as
0Q=0Q.—(1—(r/r.))24 for constant 2 satisfies the seismic data with
Q,/2r=116+57 nHz, with Q,/27=116+57 nHz, implying an
equatorial angular velocity rather lower than the values inferred by
Goode and Dziembowski®> from the BBSO data in the region
0.4 R, <r<0.7 Ry, and the recent inferences by Tomczyk et al.>® in
0.2R;<r<0.7Ry. For this adjusted linearly varying model, J,=
1.45x107".

Our splitting data force us to conclude that there is a region
of significantly slow rotation in the radiative interior of the Sun.
As the minimum-energy state is one of uniform rotation, it is
likely that the present situation is either transient or perhaps
varies with the solar cycle. That might explain why our present
results differ from the relatively high splitting reported earlier in
refs 4 and 5. Alternatively, the rotation is steady and is main-
tained by stresses that result from material motion ultimately
driven by thermonuclear energy generated in the core. Whether
that motion is slow meridional flow, wave motion or simply
turbulence in the convection zone whose influence is transmitted
by magnetic stresses into the deep interior is an issue that
requires further enquiry. O
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Improving enzyme-electrode
contacts by redox
modification of cofactors
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EFFICIENT electron transfer of redox proteins to and from their
environment is essential for the use of such proteins in biotechno-
logical applications such as amperometric biosensors and photo-
synthetic biocatalysts'. But most redox enzymes lack pathways
that can transport an electron from their embedded redox site
to an electrode®® or a diffusing photoexcited species®. Electrical
communication between redox proteins and electrode surfaces has
been improved by aligning proteins on chemically modified
electrodes”™, by attaching electron-transporting groups'™'' and
by immobilizing proteins in polymer matrices tethered by redox
214 Generally these methods involve contacting the
enzymes at random with electron relay units. Here we report an
approach that allows site-specific positioning of electron-mediating
units in redox proteins. We strip glucose oxidase of its flavin
adenine dinucleotide (FAD) cofactors, modify the latter with
redox-active ferrocene-containing groups, and then reconstitute the
apoprotein with these modified cofactors. In this way, electrical
contact between an electrode and the resulting enzyme in solution
is greatly enhanced in a controlled and reproducible way.

The apoprotein originating from glucose oxidase (from
Aspergillus niger, EC 1.1.3.4), was prepared by acidification of
an enzyme solution to pH 1.7, followed by separation on a
Sephadex G-25 column and further purification with charcoal-
dextran'®, N°®(2-aminoethyl)-FAD (compound 1; Fig. 1)'® was
reacted with N-(2-methylferrocene)caproic acid, (2)", in the
presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide,
EDC, to yield the ferrocene-modified FAD analogue N°-
[ N-(2-methylferrocene)-caproylamidoethyl]-FAD (3). Glucose

+ To whom correspondence should be addressed.
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and 3. EDC is 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide.
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oxidase apoprotein was reacted with 3 (in the molar ratio 1:10)
to generate the ferrocene-FAD reconstituted glucose oxidase.
The loading of the reconstituted enzyme was determined spectro-
scopically as one molecule of 3 per enzyme subunit. Figure 2
shows the cyclic voltammogram of 3 and of the ferrocene-modi-
fied-FAD reconstituted glucose oxidase. The ferrocene-FAD
analogue (3) exhibits, in an aqueous buffer solution at pH 7.3,
two characteristic reversible waves at —0.50 and 0.35V (with
respect to the saturated calomel electrode, SCE). These waves
correspond to the two-electron redox process of FAD and the
one-clectron redox reaction of the ferrocene, respectively. The
cyclic voltammogram of 3-reconstituted glucose oxidase shows
only the reversible redox process of the ferrocene unit, implying
that the ferrocene component communicates with the electrode
where the enzyme-embedded FAD component lacks direct elec-
trical communication with the electrode. Enzymatic assay of
the original glucose oxidase apoprotein and the 3-reconstituted
glucose oxidase—using the standard procedure of following the
H,0, generated by oxidation of glucose using peroxidase and
dianisidine as indicator—revealed that the apoenzyme lacks any
biocatalytic activity, whereas the reconstituted enzyme has
~60% of the native glucose oxidase activity.

Figure 3a shows the electrocatalytic anodic currents developed
by the 3-reconstituted glucose oxidase in the presence of different
concentrations of added glucose. A gold foil working electrode
(area, 0.4 cm?; roughness factor, 1.2), precoated with cystamine
monolayer, was employed to prevent non-specific, denaturing,
enzyme adsorption on the metal surface. The electrocatalytic
anodic current is enhanced as the glucose concentration is
increased, and reaches a saturation value. The calibration curve,
showing the anodic current at different glucose concentrations,
is given in Fig. 3b. The electrobiocatalysed oxidation of glucose
can be analysed in terms of the Michaelis-Menten model, Fig.
3¢, giving 1.« =4 pA and K, =2.9 mM, where /.., 1s the satura-
tion current and K,, is the Michaelis-Menten constant. Taking
into account the surface area and roughness factor of the work-
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ing electrode, this maximum current density corresponds to
imax=38.3 BMA cm™>. For comparison, native glucose oxidase,
under comparable conditions in the presence of ferrocene car-
boxylic acid, yields the values K,=3.3mM and in..=
6.3 uA cm ™% We conclude that reconstitution of glucose oxidase
with the ferrocene-modified-FAD cofactor (3) yields a semi-
synthetic electroenzyme exhibiting electrical communication
between the electrode and the biocatalyst active site.
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FIG. 2 Cyclic voltammograms. Trace A, ferrocene-modified-FAD
analogue (3) adsorbed onto a gold working electrode from a 1 x 10°°M
stock solution. Trace B, 3-reconstituted glucose oxidase, in solution
(1.75 mg ml ) using a cystamine monolayer-modified Au~ electrode.
Electrolyte solution; 0.1 M phosphate buffer, pH 7.3. Voltages measured
with respect to SCE; scan rate, 1.5V s *.
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Several control experiments were performed to support the
direct electrical communication between the reconstituted
enzyme and the electrode. If compound 3 dissolved in an aque-
ous buffer solution at pH 7.3) undergoes a similar procedure to
that employed in the reconsitution—involving filtration through
a cut-off filter followed by dialysis—a solution is generated that
lacks any electrochemical response by itself or in the presence
of native glucose oxidase and glucose as substrate. Also, the
3-reconstituted enzyme revealed, after chromatographic elution
through Sephadex-G25, a similar electrocatalytic activity as
observed after reconstitution. Thus any diffusional electrical
communication of the reconstituted enzyme through an impurity
of 3 is eliminated. Therefore, 3-reconstituted glucose oxidase
represents an organized enzyme assembly exhibiting effective
electrical communication with the electrode surface.

The apoprotein derived from p-aminoacid oxidase (DAAO;
from pig kidney, EC 1.4.3.3) was prepared'® as follows. The
enzyme was dialysed against a 0.1 M pyrophosphate buffer solu-
tion (pH 8.5, containing 1 M KBr and 3 x 107 M EDTA), fol-
lowed by dialysis against a 0.1 M pyrophosphate buffer (pH 8.5).
The resulting DAAO apoprotein was reconstituted with 3 by
mixing the protein and 3 at a 1:5 molar ratio in a 0.1 M pyro-
phosphate buffer solution (pH 8.5), followed by filtration
through a protein cut-off filter and dialysis against the buffer.

The loading of 3 in the reconstituted DAAO corresponds to
one ferrocene-FAD analogue per enzyme. Enyzmatic assay
showed that the reconstituted enzyme exhibits 20% of the native
DAAO activity. (The assay involved the analysis of H,O, formed
on biocatalysed oxidation of D-alanine by molecular oxygen,
using peroxidase and dianisidine as indicator.) The reconstituted
DAAO showed electrical communication with electrode sur-
faces, and electrocatalytic anodic currents were observed in the
presence of D-alanine as substrate. Figure 4 shows the cyclic
voltammograms observed on addition of different concentra-
tions of p-alanine to a pH 8.5 electrolyte solution that contains
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FIG. 3 a, Cyclic voltammograms of systems that contain 3-reconstituted
glucose oxidase, 1.75 mg ml~*, and different concentrations of glucose:
trace A, 0 mM; B, 1 mM; C. 3 mM; D, 20.5 mM. All experiments were
performed in 0.1 M phosphate buffer, pH 7.3, at 35+0.5 °C, using a
gold working electrode. Voltages measured with respect to SCE; scan
rate, 2mV s~ %, b, Calibration curve of electrocatalytic anodic currents
at different glucose concentrations in the presence of 3-reconstituted
glucose oxidase. c, Lineweaver—Burk plot of the electrobiocatalytic oxi-
dation of glucose by 3-reconstituted glucose oxidase.

3-reconstituted DAAO. The electrocatalytic anodic current is
enhanced as the concentration of D-alanine increases. The
respective calibration curve was similarly analysed in terms of
the Michaelis-Menten model, and the values /., =1.9 pA (or
imax =3.96 pA cm?) and K,,=2 mM were derived for the semi-
synthetic electroactive DAAO. Similar to the reconstituted
glucose oxidase system, all of the control experiments confirm
direct electrical communication between the electrode and the
ferrocene-modified-FAD reconstituted DAAO.
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FIG. 4 Cyclic voltammograms of 3-reconstituted DAAO, 0.38 mg mI~* in
the presence of p-alanine: trace A, 0 mM; B, 2 mM; C, 9 mM. Experiment
recorded in 0.1 M pyrophosphate buffer, pH 8.5, 25+ 0.5 °C, using a
0.4-cm® gold working electrode, roughness factor 1.2. Voltages
measured with respect to SCE; scan rate, 2mVs ™.

NATURE - VOL 376 - 24 AUGUST 1995



LETTERS TO NATURE

We thus conclude that reconstitution of flavoenzymes by a
synthetic ferrocene-tethered FAD cofactor provides a means to
generate a new class of electroactive biocatalysts for possible use
in amperometric biosensors. The structurally defined adducts
formed on reconstitution will be suitable for the elucidation of
structure-function relations with respect to electrocatalytic
activities of flavoenzymes. (]
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Forest-killing diffuse CO,
emission at Mammoth
Mountain as a sign of
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MAMMOTH Mountain, in the western United States, is a large
dacitic volcano with a long history of volcanism that began 200 kyr
ago' and produced phreatic eruptions as recently as 500+
200 yr Bp (ref. 2). Seismicity, ground deformation and changes in
fumarole gas composition suggested an episode of shallow dyke
intrusion in 1989-90 (refs 3, 4). Areas of dying forest and incidents
of near asphyxia in confined spaces, first reported in 1990,
prompted us to search for diffuse flank emissions of magmatic
CO,, as have been described at Mount Etna® and Vulcano®. Here
we report the results of a soil-gas survey, begun in 1994, that
revealed CO, concentrations of 30-96% in a 30-hectare region of
killed trees, from which we estimate a total CO, flux of >1,200
tonnes per day. The forest die-off is the most conspicuous surface
manifestation of magmatic processes at Mammoth Mountain,
which hosts only weak fumarolic vents and no summit activity.
Although the onset of tree kill coincided with the episode of shallow
dyke intrusion, the magnitude and duration of the CO; flux indi-
cates that a larger, deeper magma source and/or a large reservoir
of high-pressure gas is being tapped.
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FIG. 1 Maps of Mammoth Mountain and Long Valley caldera showing
four areas (light shading) of anomalous tree-kill (labelled HSL, HSLF,
RL and CH12), including two transects (RL and HSL) along which [CO,]
has been measured at 0.6 m depth (Fig. 2). Analyses of gas sampled
at numbered sites are given in Table 1. Tree line generally follows
3,000 m topographic contour. Also shown are three weak thermal areas
with fumaroles at or below boiling temperatures, including the MMF
vent that showed increased He/*He values beginning in 1989 (ref. 3).
Inset, map of the 760-kyr-old Long Valley caldera showing Mammoth
Mountain at the southern terminus of the Inyo Craters volcanic chain,
a north-trending set of domes and phreatic explosion craters dated at
40 kyr to 550 yr 8P (refs 1, 2).

Mammoth Mountain lies on the southwestern rim of the 760-
kyr-old Long Valley caldera in eastern California (Fig. 1). Areas
of tree kill on the flanks of Mammoth Mountain were initially
considered to be an effect of four years of persistent drought.
But it was later noted that all trees, regardless of age or species,
were equally affected within dead or dying areas which gradually
increased in number and size. Forest Service biologists eventu-
ally determined that biological pests were not the cause of the
tree kill (F. Richter, personal communication). In July 1994, we
made reconnaissance soil-gas surveys in three tree-kill areas and
found that samples from 15 cm depth contained >20% CO,.

In September and October 1994, we collected ~100 soil-gas
samples at 30-60 cm depths within tree-kill areas and from con-
trol sites in healthy forest. Carbon dioxide concentrations
([CO,], vol.%) analysed by a portable gas chromatograph
ranged from <1% in healthy forest to >90% at several locations
within tree-kill areas. Where [CO,] exceeded 30%, most trees
were dead (Fig. 2). Other lethal agents are not apparent. Results
from analyses of a subset of soil-gas samples are summarized in
Table 1. Sulphur gas concentrations were indistinguishable from
background. High temperatures (to 90 °C) and acidic conditions
(but without CO,) have become prevalent in the soil around a
geothermal power plant at Casa Diablo (Fig. 1), where ~20 ha
of trees have been killed. In the Mammoth Mountain tree-kill
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