Fig. 5. A precession photograph (u = 6°) of the
hk0 zone of the reciprocal lattice of the lysozyme
protein crystal and its apophyllite substrate seen
in Fig. 3. A Buerger precession camera and nickel-
filtered CuK,, x-rays generated by a rotating an-
ode source were used. The x-ray beam was direct-
ed to strike both the protein and the mineral
crystal so that both reciprocal lattices were record-
ed simultaneously. The 4 and k reciprocal lattice
directions for the lysozyme crystal are indicated
on the photograph. Evident from the photograph
is the virtual alignment of the reciprocal lattice
nets of the two crystals, consistent with the
growth of the protein crystal by epitaxy.

al were determined. The rectangular crystals
of canavalin induced by magnetite and seen
in Fig. 2L were of space group C222,
(=136 A, =152 A, c = 131 A) rather
than the standard rhombohedral unit cell (4)
of R3 symmetry (2 =81.3 A, y=111°
seen in most other experimental trials.

The catalase crystals most frequently ob-
served and consistently so (Fig. 2, A, C, D,
E) in the presence of mineral nucleants are
of orthorhombic symmetry P2,2,2, (4 = 89
A, b=140 A, c = 231 A) (6). The needle
crystals seen growing on the mineral gyp-
sum in Fig. 2B, however, were of the trigo-
nal space group P3;21 (a=b=178 A,
¢ =241 A), similar to those reported else-
where (9, 10). Similarly, the standard crystal
form of concanavalin B (5) is of hexagonal
space group P6; (a =5 =81 A, ¢ =101

), but in the presence of sandbornite (Fig.
2I) a new form of orthorhombic symmetry
P2,2,2, was found (a =78 A, =62 A,
c=124 A).

In general, the mineral substrates were
quite irregular in form and faces were, in
most cases, difficult to identify. Nonetheless,
for most samples the growth of the protein
crystals from substrates exhibited essentially
random orientation and displayed no mutu-
al alignment of crystal faces. This was not,
however, true for all. In some samples, it did
indeed appear that axial alignment was pre-
sent between protein crystal and mineral
crystal.

The most prominent example of such
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apparent alignment was the growth of lyso-
zyme crystals on the mineral apophyllite
(Fig. 3). The morphological edges of the
mineral and protein crystals are virtually
parallel. A calculation of the periodic spac-
ings characterizing the major crystal faces of
apophyllite and a comparison with the lat-
tice spacings on the major faces of tetragonal
lysozyme crystals (11) demonstrated thata 3
by 5 array of unit cells on the (110) face of
apophyllite (12) superimposes on the (100)
face of lysozyme with a discrepancy of 0.13
and 0.53%. This is illustrated in Fig. 4.
Perhaps more significant, the areal match
was within 0.40%. This is extraordinarily
good even for the best cases of epitaxial
growth of conventional inorganic crystals.

The crystal of lysozyme on the apophyllite
substrate seen in Fig. 3 was mounted in a
glass capillary by conventional methods (13)
and photographed on a Buerger precession
camera. With the x-ray beam directed to
strike substrate and protein crystal, both the
mineral and protein reciprocal lattices could
be recorded simultaneously on the same
film. One such photograph is shown in Fig.
5. Evident in this diffraction photograph is
the virtual alignment of the reciprocal lat-
tices of the substrate and protein crystals.
This is convincing evidence for congruence
of the crystalline lattices, and it suggests that
epitaxial nucleation of protein on the miner-
al occurred.

The results presented here demonstrate
not only that heterogeneous nucleation of
proteins on mineral surfaces can occur at
lower levels of critical supersaturation, but
that epitaxial growth of protein on mineral

crystals can occur. They further suggest that
mineral surfaces have organizational proper-
ties with respect to biomolecules that might
have significance in other regards. Mineral
surfaces, for example, by their organization-
al capabilities, might have served as primi-
tive catalysts of bioreactions or they could
play an important role in the assembly of
mineralized tissue. It remains to be seen
whether protein-mineral epitaxial interfaces
have unusual properties of value in processes
other than the promotion of crystal nuclei.
There is no reason why the promotion of
nucleation of protein crystals by these mech-
anisms should necessarily be limited to min-
eral substrates. It seems reasonable that oth-
er ordered two-dimensional arrays, as ob-
tained from synthetic materials, might serve
as well.
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Enzymatic Oxidation of Cholesterol Aggregates in
Supercritical Carbon Dioxide

T. W. RanpoLrH, D. S. CLARK, H. W. BLANCH, ]J. M. PRAUSNITZ

Fundamental studies of enzyme-solvent interactions can be conducted with supercriti-
cal fluids because small changes in pressure or temperature may bring about great
changes in the properties of a single solvent near its critical point. Cholesterol oxidase
is active in supercritical carbon dioxide and supercritical carbon dioxide—cosolvent
mixtures. Variations in solvent power caused by pressure changes or by the addition of
dopants affected the rate of enzymatic oxidation of cholesterol by altering the structure

of cholesterol aggregates.

AKS AND KuiriBaNov (I) HAVE
shown that many enzymes can func-
tion catalytically in organic solvents
that contain only small amounts of water.
Enzymatic catalysis in nonaqueous media
may provide information on enzyme-envi-
ronment interactions (especially for lipo-
philic enzymes) and may also provide an

escape from kinetic or equilibrium restraints
imposed by the use of water as a solvent. For
example, nonaqueous solvents offer higher
solubilities for lipophilic compounds such as
steroids, and they allow certain enzymatic

artment of Chemical Engineering, University of
fornia, Berkeley, CA 94720.
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reactions to run “backwards” (for example, a
reaction that is hydrolytic in aqueous solu-
tion runs as a synthetic reaction).

Supercritical fluids are appealing non-
aqueous solvents for enzymatic catalysis (2).
Diftusivities in supercritical fluids may be
one or two orders of magnitude higher than
in liquid solvents and, although densities
approach those of liquids, the viscosities of
supercritical fluids are intermediate between
those of gases and those of liquids. Near the
critical point, small changes in temperature
or pressure may result in large solubility
changes, which make it possible to control
reaction rates and to facilitate the down-
stream separation steps. Finally, rapid pre-
cipitation from a supercritical fluid may
produce fine crystalline particles, providing
an attractive alternative to mechanical com-
minution (3).

Carbon dioxide (CO,) is a particularly
attractive supercritical fluid; its critical tem-
perature of 31.1°C is suitable for processing
most biochemicals. Proteins are insoluble in
supercritical CO,, which offers a simple
means for separating catalyst from the reac-
tion mixture. In addition, CO, is inert,
nonflammable, inexpensive, and nontoxic.

Enzymatic conversion of steroids by
supercritical fluid processing may be advan-
tageous. Steroids are nearly insoluble in
water; for example, room-temperature cho-
lesterol solubility is 4.7 uM (4). However,
at 123 bar and 308 K, cholesterol is about
50 times as soluble in CO,. Addition of
small amounts of cosolvents to CO, (for

Fig. 1. Activity of cholesterol oxidase from G.
chrysocreas in CO, at 308 K and 101.3 bar.
Conversions are based on an equilibrium choles-
terol solubility of 125 uM [computed from the
data of Wong and Johnston (5), using ~ Jensity of
690 g/liter measured with a Micro-Mc  un vibrat-
ing U-tube densitometer]. Conditions were as
follows: 5 cm by 0.3 cm (inside diameter) reactor;
flow rate of 0.414 liter/hour; enzyme immobi-
lized on 50-pm glass beads.

Fig. 2. Effect of cosolvent addition on the rate of
enzymatic oxidation in supercritical CO,. Volume
percent cosolvent is based on the unmixed volume
of CO, and cosolvent.

388

example, 3.5 mole percent methanol) may
increase the solubility five- or tenfold (5).

Cholesterol oxidase (E.C. 1.1.3.6) cata-
lyzes the oxidation of cholesterol by molecu-
lar oxygen to 4-cholesten-3-one, a precursor
of interest in the pharmaceutical production
of androst-1,4-diene-3,17-dione (6). We ex-
amined the kinetics of cholesterol oxidation
in supercritical CO, and supercritical CO,—
cosolvent mixtures with cholesterol oxidases
isolated from Streptomyces sp. and from
Gloeocysticum chrysocrens.

Batch reactions that used lyophilized cho-
lesterol oxidase from Streptomyces sp. (7)
showed that the enzyme was active in CO,
at 100 bar and 308 K (8). Conversions near
100% could be obtained within 1 hour with
a sufficient concentration of enzyme. How-
ever, at lower enzyme concentrations, prod-
uct formation ceased after about an hour as a
result of enzyme inactivation. The loss of
enzymatic activity at 308 K in supercritical
CO;, is apparently due not to the supercriti-
cal solvent but to thermal inactivation; cho-
lesterol oxidase from Streptomyces sp. exhib-
ited a half-life of 45 to 60 minutes in both
aqueous solutions and CO, at 308 K.

A more stable cholesterol oxidase from G.
chrysocreas (9) was covalently immobilized
with glutaraldehyde to 50-wm nonporous
glass beads (10), which were placed in a
continuous-flow, packed-bed reactor. A sat-
urated stream of cholesterol in a 9:1
CO,: O, mixture was pumped through the
reactor (11). The residence time was main-
tained at 13 seconds. Temperature and pres-
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sure were controlled at 308 K and 100 bar,
respectively. (Data are not available on the
critical point of this CO,:0O, mixture, but
the conditions used are well above the pres-
sure where critical opalescence was ob-
served.) Production of 4-cholesten-3-one
was monitored by on-line, high-pressure
ultraviolet (UV) spectroscopy at 242 nm.
Additional samples taken downstream of the
reactor were also checked by high-perform-
ance liquid chromatography and UV spec-
troscopy for 4-cholesten-3-one concentra-
tion and by-product formation. The activity
of cholesterol oxidase from G. chrysocrens
(Fig. 1) is retained for at least 3 days under
supercritical conditions.

Cosolvents were added to the CO,:0,
mixture to investigate the effect of increased
cholesterol solubility on rates of reaction.
The effects of different cosolvents were var-
ied (Fig. 2). Although cholesterol solubility
data are not available for mixtures of CO,
and butanols, data for the addition of meth-
anol, acetone, or ethanol to CO; (5) show
that the effect cannot be accounted for by
solubility data. Methanol caused a larger
solubility increase than ethanol but led to a
slight decrease in the reaction rate. Con-
versely, ethanol addition caused a smaller
solubility increase but yielded a substantial
increase in reaction rate. Addition of higher
molecular weight cosolvents (for example,
tert-butanol or isobutanol), which were ex-
pected to cause small solubility increases,
vielded reaction rates four times those for
cosolvent-free reaction. Possible explana-
tions include a conformational change in the
enzyme caused by interaction with the co-
solvent or the possibility that the substrate,
cholesterol, forms aggregates in solution
12).

Electron paramagnetic resonance (EPR)
spectroscopy was used to study the possible
effect of cosolvents on the conformation of
the enzyme. Cholesterol oxidase from G.
chrysocreas was spin-labeled (attaching a sta-
ble free radical to the enzyme) with 2,2,5,5-
tetramethyl-3-pyrrolin-1-oxyl-3-carbox-
ylic acid N-hydroxysuccinimide ester (13).
The derivatized enzyme was examined by
EPR spectroscopy in CO, and CO,-cosol-
vent mixtures at 308 K and 100 bar (14).
No significant change was seen between the
EPR spectrum of spin-labeled enzyme at
atmospheric conditions and the spectra at
100 bar in pure CO,, CO,-methanol mix-
tures, or CO,—tert-butanol mixtures. Appar-
ently, no gross conformational changes oc-
cur in the enzyme upon addition of small
amounts of cosolvent to supercritical CO,
(15).

To study aggregate formation, we con-
ducted EPR spectroscopy experiments with
a spin-labeled derivative of cholesterol, 3-
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doxyl-5-alpha cholestane. In dilute solution
(concentrations on the order of 107M or
less), the EPR spectra of nitroxides under-
going rapid isotropic motion generally ap-
pear as three sharp peaks separated by a flat
baseline (16). In more concentrated solu-
tions, the three peaks widen as a result of
spin-spin interactions between different free
radicals, until at sufficiently high concentra-
tions (generally >107'M) the three peaks
merge into a single, broad peak. When a
3.9 X 107°M solution of 3-doxyl-5-alpha
cholestane in CO; at 112 bar and 308 K was
examined by EPR spectroscopy, three broad
peaks were seen (Fig. 3, curve A). These
broad peaks indicated a high local concen-
tration of free radical. Subsequent reduction
of spin-labeled cholesterol concentration to
39 % 107*M and 6.5 x 107°M (Fig. 3,
curves B and C) did not yield typical low-

A
B
c
3270 3310 8350 3390 3430
103G

Fig. 3. EPR spectra as a function of 3-doxyl-5-
alpha cholestane concentration in supercritical
CO, at 112 bar and 308 K: curve A,
3.9 x 1073M; curve B, 3.9 x 107*M; curve C,
6.5 X 107°M. Relative gains have been adjusted
to make all spectra of comparable amplitude.
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Fig. 4. EPR spectra of 0.27 mM 3-doxyl-5-alpha
cholestane with 1.4 mM cholesterol in supercriti-
cal CO, at 308 K as a function of pressure.
Relative gains have been adjusted to make all
spectra of comparable amplitude.
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concentration spectra; the three peaks re-
mained broad and resembled more closely
the single-peak spectrum typical of very
concentrated solutions. These observations
indicate that the spin-labeled cholesterol
formed aggregates, in which the nitroxides
were close enough to cause exchange broad-
ening of the EPR signal. Spin broadening
was not due to precipitate formation; spec-
tra were always recorded in clear solutions.

As the pressure of a CO, solution (1.4
mM cholesterol and 0.27 mM nitroxide-
labeled cholesterol) was decreased from 104
to 60 bar, the EPR spectra revealed several
regimes (Fig. 4). In the region from approx-
imately 88 to 120 bar, the EPR signal was
composed of three broad, sloping peaks that
indicate high local free-radical concentra-
tion, or aggregation of spin-labeled choles-
terol. Between approximately 84 and 88 bar,
a transition occurred in the EPR signal. The
underlying three-peak signal seen at higher
pressures nearly disappeared, leaving only
the broad, high local-concentration signal.
In this pressure region, the average local
concentration of free radicals was greater
than that at higher pressures, perhaps as a
result of tighter packing of the aggregates.

Liquid micellar systems often exhibit a
Kraftt temperature below which the surfac-
tant is not soluble enough to allow micelle
formation. In a supercritical fluid, we may
similarly define a “Krafft pressure,” that is,
the pressure below which micelles do not
form because of limited surfactant solubility.
For the cholesterol-CO, system at 308 K,
the Krafft pressure is between 81 and 84
bar, near the critical pressure of CO, (73.7
bar). When the pressure is below 84 bar, a
sharp, three-peak signal (typical of freely
tumbling, monomeric spin label) appears
superimposed on the broad aggregate sig-
nal. The monomer signal increases in inten-
sity with decreasing pressure, until at 81 bar
the aggregate signal has disappeared and all
of the spin-labeled cholesterol is present in
monomeric form. Below the critical pressure
of CO,, the spin-labeled cholesterol is no
longer solubilized to a sufficient degree for
observation by EPR and a flat bascline
signal is then observed.

In any study with labeled compounds, it is
possible that the label disturbs the phenom-
enon of interest. When spin-labeled choles-
terol was diluted with unlabeled cholesterol
(at a constant label concentration of
8.5 X 107%M), substantial peak narrowing
occurred. The spectra were asymmetric even
when labeled cholesterol was 1% of the total
cholesterol. These observations indicate that
the local concentration of free radical de-
clines with dilution and that mixed aggre-
gates of labeled and unlabeled cholesterol
are formed. Hence, the spin label itself is not

responsible for the aggregation phenome-
non.

In liquid micellar systems, cosolvents such
as alcohols (especially longer chain alcohols)
promote micelle formation (17). Such cosol-
vents also have a strong effect on the aggre-
gation of spin-labeled cholesterol in super-
critical CO,. Figure 5 shows the EPR spec-
tra of labeled cholesterol at a constant con-
centration of 3.1 X 107*M in CO, at 103
bar and 308 K with 3% (v/v) of various
cosolvents added. The bulkier alcohols, zert-
butanol and isobutanol, have EPR spectra
with the highest local concentration of spin
label. Addition of methanol and acetone
decreases the free-radical packing density.
Ethanol promotes a more tightly packed
arrangement than #-butanol or methanol,

3.365
108G

Fig. 5. EPR spectra of 3.1 x 10™*M 3-doxyl-5-
alpha cholestane in supercritical CO, at 103 bar
and 308 K with 3% (v/v) of various cosolvents
added: curve A, methanol; curve B, acetone;
curve C, n-butanol; curve D, ethanol; curve E,
tert-butanol; curve F, isobutanol.
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Fig. 6. Rate of enzymatic oxidation of cholesterol
versus peak splitting in the EPR spectrum of spin-
labeled cholesterol in CO, at 103 bar and 308 K
(A refers to one-half the maximum peak-to-peak
splitting in the EPR spectrum). Cosolvent con-
centration is 2% (v/v) based on premixed vol-
umes. Cosolvents are (in order of increasing peak
splitting) methanol, acetone, #-butanol, ethanol,
tert-butanol, and isobutanol.
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perhaps because of steric effects. [Ethanol
forms solid complexes with cholesterol;
methanol does not (5).]

For all of the cosolvents studied, the
Krafft pressure was near the critical pressure
of CO,. Transitions, however, were much
less sharp than those observed without co-
solvent. A gradual sharpening of the peaks
was seen when the pressure fell through the
critical region in a solution of spin-labeled
cholesterol and 3% (v/v) methanol in CO,.
The sharpening was more abrupt when zerz-
butanol was the cosolvent. When cosolvents
are added to supercritical CO,, the broad-
ened Krafft pressure region may be due to
increased  polydispersity in  aggregation
number.

There 1s a good correlation between the
degree of spin-spin broadening in the EPR
spectrum of spin-labeled cholesterol in vari-
ous COj-cosolvent mixtures and the ob-
served enhancement in the rate of enzymatic
cholesterol oxidation (Fig. 6). The rate of
reaction increases when cholesterol is more
tightly aggregated and the local concentra-
tion of polar hydroxyl groups is higher.
EPR spectroscopy indicates that this aggre-
gation is promoted by solvents isobutanol
and zert-butanol, whereas methanol and ace-
tone do not enhance aggregation. Choles-
terol aggregation appears to be the domi-
nant factor affecting the rate of enzymatic
oxidation; increased solubility of cholesterol
(due to addition of cosolvent to supercritical
CO;) does not necessarily lead to higher
reaction rates.

There are several possible explanations for
the enhanced enzymatic activity with the
addition of aggregate-enhancing cosolvents
such as isobutanol or zert-butanol. As with
many membrane-bound proteins (18), cho-
lesterol oxidase from Nocardia vhodocrous
contains a hydrophobic anchor region that
confers amphipathic properties on the en-
zyme, causing the enzyme to bind to hydro-
phobic membranes and to detergent micelles
(19). A detergent micelle or hydrophobic
surface is necessary for full enzymatic activi-
ty. Although it has not been confirmed that
cholesterol oxidase from G. chrysocreas has a
hydrophobic anchor region, such amphi-
pathic character is likely. Increased hydro-
phobic surface area due to formation of
larger aggregates may allow stronger bind-
ing of enzyme to cholesterol aggregates.
Cosolvents such as tert-butanol and isobu-
tanol may also act as stabilizing “spacers,” a
well-known phenomenon in liquid micellar
systems (20). Increased enzymatic activity
may then result from more favorable choles-
terol spacing, as occurs in aqueous solution
when cholesterol is placed in mixed micelles
of dioctanoylphosphatidylcholine  (21).
Alternatively, increased activity may result
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from steering effects caused by the holding
of cholesterol molecules in a more rigid
orientation than that of monomeric choles-
terol free in solution.
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Cavitation and the Interaction Between Macroscopic

Hydrophobic Surfaces

Huco K. CHRISTENSON AND PER M. CLAESSON*

The interaction in water of neutral hydrocarbon and fluorocarbon surfaces, prepared
by Langmuir-Blodgett deposition of surfactant monolayers, has been investigated. The
attraction between these hydrophobic surfaces can be measured at separations of 70 to
90 nanometers and thus is of considerably greater range than previously found.
Spontaneous cavitation occurred as soon as the fluorocarbon surfaces were brought
into contact but occurred between the hydrocarbon surfaces only after separation from
contact. The very long range forces measured are a consequence of the metastability of
water films between macroscopic hydrophobic surfaces. Thus the hydrophobic interac-
tion between macroscopic surfaces may not be related to water structure in the same
way that the hydrophobic effect between nonpolar molecules is related to water

structure.

ERY STRONG LONG-RANGE AT-
tractive forces have been measured
between macroscopic hydrophobic
surfaces in water (I—4). This attraction can-
not be accounted for by the classical Derja-
guin-Landau-Verwey-Overbeek  (DLVO)
theory (5, 6) or Lifshitz theory (7, 8), and
there has been no satisfactory explanation.
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