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Effects of Hydrostatic Pressure on the Location of PRODAN in Lipid Bilayers: A
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ABSTRACT: The effects of hydrostatic pressure on the location of 6-propionyl-2-(dimethylamino)naphthalene
(PRODAN), an environmentally sensitive fluorescent probe, in phosphatidylcholine lipid bilayers have been
studied by Fourier-transform infrared spectroscopy (FT-IR) over the pressure range of 0.001-25 kbar. The
results derived from the PRODAN C==0 stretching band, the correlation field splitting of the methylene
scissoring mode, and the methylene symmetric stretching mode as well as the absorption of the naphthalene
ring show that in the sample of 4% (w/w) PRODAN in dimyristoyl-L-a-phosphatidylcholine (DMPC) at
pH 6.8, most of the PRODAN molecules are embedded in the bilayers. In contrast, at pH 3.0, PRODAN
was found to reside either on the membrane surface or dispersed in water. Compared to DMPC, egg yolk
phosphatidylcholine (egg PC), which contains a substantial amount of unsaturated fatty acyl chains, is more
susceptible to PRODAN permeation. The present study shows that the pressure dependence of the location
of PRODAN in lipid membranes is different from that of tetracaine, a local anesthetic, in lipid bilayers.
The model regarding the PRODAN location in lipid bilayers derived from the present infrared data has
been compared with that obtained with previous fluorescence studies.

Interactions of small molecules with membranes are im-
portant issues in membrane biology [reviewed by Gennis
(1989)]. Understanding the role of small molecules in mod-
ulating the structure and function of biological membranes
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requires knowledge of (1) the location of small molecules in
membranes and (2) the degree of perturbation of membranes
caused by these molecules. Many aspects of this subject have
been investigated by physical techniques in model membrane
systems. While most investigations were conducted at at-
mospheric pressure, a few were done at high pressures.
Knowledge regarding the effects of pressure on the interaction
between small molecules and membranes, particularly the
aspect of pressure dependence of the location of small mole-
cules in lipid bilayers, is fundamentally important for un-
derstanding membrane events at high pressures [reviewed in
MacDonald (1984) and Wong (1984)]. In addition, pressure
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FIGURE 1: Structure of PRODAN.

is a useful tool to study intermolecular interactions since
pressure can decrease the intermolecular distance and thus can
enhance the intermolecular interactions.

6-Propionyl-2-(dimethylamino)naphthalene (PRODAN)!
is a synthetic fluorescent probe (Figure 1). Its emission
spectra are extremely sensitive to changes in environmental
polarity because it has a large dipole moment in the lowest
singlet excited state. This property has been utilized in many
studies of PRODAN and its derivatives on local environments
in membranes (Lakowicz et al., 1984; Massey et al., 1985;
Parasassi et al., 1986; Morrison & Weber, 1987) and proteins
(Macgregor & Weber, 1981, 1986). Because of the high
sensitivity to environmental changes, PRODAN and its de-
rivatives can be used to explore solute permeability in mem-
branes since a lipid bilayer possesses a high polarity at the
water-lipid interface and a low polarity in the hydrocarbon
core. Recently, in an attempt to understand the location of
small molecules in membranes at elevated pressures, the lo-
cation of PRODAN in phosphatidylcholine lipid bilayers and
in goldfish brain synaptic membranes has been investigated
by fluorometric approaches over the pressure range of 0.001-2
kbar (Chong, 1988). On the basis of the fluorescence emission
spectrum, it was concluded that although PRODAN remains
more or less at the interfacial region, it undergoes a pres-
sure-induced relocation from the “polar” disposition to the “less
polar” disposition. The model suggests that the PRODAN
carbonyl group remains on the membrane surface in the
pressure range of 0.001-2 kbar whereas the naphthalene ring
and the dimethylamino group can either flip into the bilayer
to adopt a less polar disposition or reside in the interfacial
region to adopt a polar disposition [see Figure 9 in Chong
(1988)].

In the present study, we use Fourier-transform infrared
spectroscopy (FT-IR) to test the previously proposed model
and to obtain more detailed information about probe location
in membranes at high pressures. We present infrared data
obtained with PRODAN in dimyristoyl-L-a-phosphatidyl-
choline (DMPC) and PRODAN in egg yolk phosphatidyl-
choline (egg PC) lipid bilayers at different pHs and PRODAN
concentrations in the pressure range of 0.001-25 kbar.

EXPERIMENTAL PROCEDURES

Preparation of Lipid Bilayers. Dimyristoyl-L-a-phospha-
tidylcholine (DMPC) and egg yolk phosphatidylcholine (egg
PC) were purchased from Avanti (Birmingham, AL). PRO-
DAN was obtained from Molecular Probes (Eugene, OR).
Lipids and PRODAN were dissolved in chloroform in an
Eppendorf vial, subsequently dried with nitrogen, and lyo-
philized overnight. The dry lipid mixture was dispersed in a
Tris buffer made with D,O. The concentrations of PRODAN
and phospholipid were calculated from weight determinations.

Measurements of the IR Spectrum at High Pressures.
Small amounts of the well-mixed lipid-PRODAN dispersions

! Abbreviations: DMPC, dimyristoyl-L-a-phosphatidylcholine; egg
PC, egg yolk phosphatidylcholine; FT-IR, Fourier-transform infrared
spectroscopy; PRODAN, 6-propionyl-2-(dimethylamino)naphthalene.
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FIGURE 2: Stacked contour plots of the infrared spectra in the

1650-1800 cm™! region. (A) Pure DMPC in D,0O; (B) 10% (w/w)
PRODAN in DMPC at pH 6.8; (C) pure PRODAN in D,0.

were placed, together with powdered a-quartz, in a 0.37-
mm-diameter hole in a 0.23-mm-thick stainless-steel gasket
mounted on a diamond anvil cell, as described previously
(Wong et al., 1985). Pressure was determined from the 695
cm™! phonon band of a-quartz. The frequency of this band
shifts as the pressure varies. The pressures were calculated
according to the equation P = 1.2062A» + 0.015164A»* where
Av is the frequency shift (Wong et al., 1985; Siminovitch et
al,, 1987). Infrared spectra were measured at 28 °C on a
Bomem Model DA3.02 Fourier-transform spectrophotometer
with a liquid nitrogen cooled mercury—cadmium telluride
detector. The infrared beam was condensed by a sodium
chloride lens system onto the pinhole of the diamond anvil cell.
For each spectrum, 512 scans were performed at a spectral
resolution of 4 cm™.

RESULTS AND DiscuUsSION

C=0 Stretching Band. Figure 2A shows the peak position
of the ester C=0 stretching mode band of pure DMPC in
water (D,0O) at different pressures. The ester C=O0 stretching
band consists of two overlapping C=0 stretching bands of
the sn-1 and sn-2 carbonyl groups. The pressure-induced
frequency shift is very small for these two C=0 stretching
bands due to the hydrogen bonding with water molecules
(Wong & Mantsch, 1988). Figure 2C shows the peak position
of the C=0 band of PRODAN in D,0. As in the case of
DMPC in water, the frequency of the PRODAN C=0
stretching band (near 1674 cm™) is more or less independent
of pressure [also see Figure 4 (O)]. Therefore, there must be
hydrogen bonding between the C=0 group of PRODAN and
water since this frequency would increase with increasing
pressure due to the compression of the C=0 bond, whereas
at the same time it would decrease with increasing pressure
due to the pressure-induced strengthening of the hydrogen
bond.

Figures 2B and 3A,B show the effects of pressure on the
C=0 stretching bands of both PRODAN and DMPC in the
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FIGURE 3: Stacked contour plots of the infrared spectra in the
1650-1800 cm™ region. (A) 4% (w/w) PRODAN in DMPC at pH
6.8; (B) 4% (w/w) PRODAN in DMPC at pH 3; (C) 4% (w/w)
PRODAN in egg PC at pH 6.8.

PRODAN/DMPC mixtures. The frequency of the PRODAN
C=0 stretching band in the sample of 10% (w/w) PRODAN,
pH 6.8 (Figure 2B), is similar to that of pure PRODAN
(Figure 2C). Consequently, the PRODAN C=0 stretching
band observed in this sample is mainly from those extra
PRODAN molecules which are outside the lipid matrix, either
on the surface of the lipid bilayers or dispersed in water.
Further, the frequency of the PRODAN C==0 stretching band
does not seem to change significantly with pressure. This
suggests that in the sample of 10% PRODAN in DMPC at
pH 6.8 pressure does not induce large changes in the partition
of PRODAN between water and lipid bilayers.

In order to reduce the contribution from PRODAN in water
to the infrared absorption, it is necessary to lower the con-
centration of PRODAN. Figure 3A shows that the PRODAN
C=0 stretching band in the sample of 4% PRODAN in
DMPC at pH 6.8 is very broad and weak and shifts to a higher
frequency [about 1680 cm™; Figure 4 (A)] in the pressure
region of 0.001-3 kbar. Above 3 kbar, the C=0 stretching
band becomes indiscernible (Figures 3A and 4) (A)]. The
spectral shift and broadening can be taken to indicate [e.g.,
see Auger et al. (1987)] that when the concentration of
PRODAN is lowered from 10% to 4%, almost all of the
PRODAN molecules become embedded in the DMPC bi-
layers. The disappearance of the PRODAN C=0 absorption
at pressures >3 kbar strongly suggests that the bilayer is
disordered by PRODAN at elevated pressures.

Figure 3B shows that the frequency of the PRODAN C=0
stretching band in the sample of 4% (w/w) PRODAN at pH
3 is similar to that of 10% PRODAN at pH 6.8 (Figure 2B),
indicating that PRODAN resides either on the surface of the
lipid bilayers or dispersed in water at pH 3.0. This is somewhat
expected since the pK, of the amino group in PRODAN is
about 4.5. At pH 3, PRODAN should carry a partially
positive charge which makes it difficult to penetrate into the
lipid bilayer. Pressure does not significantly change the fre-
quency of the C=0 stretching band [Figure 4 (+)], which
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FIGURE 4: Pressure dependence of the PRODAN C=0 stretching
band in the sample of pure PRODAN in D,0 (0), 4% PRODAN
in DMPC at pH 3.0 (+), and 4% PRODAN in DMPC at pH 6.8
(a).

indicates that elevated pressure does not push the positively
charged PRODAN molecules into the interior of the bilayer.
Similar phenomena have been previously observed by Auger
et al. (1987) and by Boulanger et al. (1981) for the case of
tetracaine in DMPC. The difference is that the charged
tetracaine is embedded in the membrane at ambient pressure
and squeezed out of the membrane at pressures >4.6 kbar
(Auger et al., 1987) whereas the charged PRODAN cannot
penetrate into the bilayer over the entire pressure range ex-
amined.

In order to examine the effect of fatty acid unsaturation on
the permeability of PRODAN in lipid bilayers, egg yolk
phosphatidylcholine (egg PC), which typically contains >50%
unsaturated fatty acyl chains [for example, see Chong (1988)],
was used to replace DMPC. Figure 3C shows the infrared
spectra of 4% (w/w) PRODAN in egg PC at pH 6.8. The
results are similar to those of 4% PRODAN in DMPC at pH
6.8 (Figure 3A) in that the C=0 stretching band of PRO-
DAN is broad and weak and that the band is pressure de-
pendent. However, the intensity ratio of the PRODAN C=0
band over the lipid C=O0 band is different in these two lipid
systems. At atmospheric pressure, the ratio is about 0.09 in
the case of egg PC (Figure 3C) whereas the ratio for DMPC
is about 0.18 (Figure 3A). This suggests that PRODAN
molecules can penetrate deeper into lipid bilayers when the
lipid membrane contains more unsaturated lipids. It is known
that unsaturated lipids are less tightly packed. Thus, compared
to saturated lipids such as DMPC, egg PC is more susceptible
to PRODAN permeation. Similar effects of lipid unsaturation
on PRODAN location have been previously suggested in
fluorescence studies (Chong, 1988).

Correlation Field Splitting of the Methylene Scissoring
Maode. The pressure-induced correlation field splitting of the
methylene scissoring mode is very useful for the characteri-
zation of interchain packing (Boerio & Koenig, 1970; Wong,
1984). At atmospheric pressure, a single methylene scissoring
band (1470 cm™) is observed usually due to the fact that the
orientation of the methylene chains is highly disordered as a
result of the large angle reorientational fluctuations. Increasing
pressure increases the molecular order of the acyl chains and
increases interchain interactions, which gives rise to the cor-
relation field splitting. Figure SA—C shows the methylene
scissoring mode of pure DMPC, 4% PRODAN in DMPC (pH
6.8), and 4% PRODAN in DMPC (pH 3), respectively. It
is clearly shown that pressure induces the correlation field
splitting of the methylene scissoring mode in lipid systems
(Figure 5A-C). Figure 6 compares the correlation field
splitting of DMPC in the absence vs the presence of PRO-
DAN. The splitting for pure DMPC at pH 6.8 takes place
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FIGURE 5: Stacked contour plots of the infrared spectra in the
1400-1525 cm™! region. (A) Pure DMPC in D,0; (B) 4% (w/w)
PRODAN in DMPC at pH 6.8; (C) 4% (w/w) PRODAN in DMPC
at pH 3.0; (D) pure PRODAN in D,0.
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FIGURE 6: Pressure-induced correlation field splitting of the methylene
scissoring mode in the sample of pure DMPC in D,0 (+) and 4%
(w/w) PRODAN in DMPC at pH 6.8 (0).

at 3.2 kbar while the splitting for DMPC containing 4%
PRODAN at the same pH occurs at 3.9 kbar. Figure 7 shows
the case for egg PC. The splitting pressure for egg PC at pH
6.8 is 8.2 kbar whereas the splitting pressure for egg PC plus
4% PRODAN at the same pH is 9.2 kbar.

The correlation field splitting pressure increases in the
presence of PRODAN, indicating that PRODAN molecules
insert into both DMPC and egg PC lipid bilayers. It also
indicates that the presence of PRODAN in the bilayers induces
more orientational disorder of the acyl chains so that a higher
pressure is required to completely damp the reorientational
fluctuations (correlation field splitting occurs only when the
reorientational fluctuations are completely damped). By
comparing the splitting pressures for egg PC and egg PC plus
PRODAN (Figure 7) with those for DMPC and DMPC plus
PRODAN (Figure 6), it can be concluded that the lipid
packing in egg PC, in the presence and absence of PRODAN,
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FIGURE 7: Pressure-induced correlation field splitting of the methylene
scissoring mode in the sample of egg PC (+) and in 4% (w/w)
PRODAN in egg PC at pH 6.8 (0).

is much less tight than the packing in DMPC. The implica-
tion, similar to that derived from the C=0 stretching mode
data, is that egg PC can accommodate more PRODAN
molecules.

The change in the shape of the correlation field component
bands of the methylene mode in the presence of PRODAN
(Figure 5B,C) also indicates that PRODAN molecules are
located in the bilayers under those experimental conditions.
The relative intensity between the two correlation field com-
ponent bands is larger in the presence of PRODAN (Figure
5B,C vs Figure 5A). Therefore, the angle between the zig-zag
planes of neighboring fatty acyl chains becomes smaller in the
presence of PRODAN.

Naphthalene Ring. The naphthalene ring of PRODAN can
also be easily detected from the infrared absorption. Figure
5D shows the infrared spectra of pure PRODAN in D,0. A
strong naphthalene band appears at about 1510-1520 cm™.
This band shifts to higher frequencies at elevated pressures.
Figure SA shows no naphthalene absorption in the same fre-
quency region for pure DMPC in water. For the mixture of
4% PRODAN in DMPC at pH 6.8, the naphthalene band is
essentially undetectable (Figure 5B), suggesting that the
PRODAN naphthalene ring is embedded in lipid bilayers,
which gives rise to the broadening of the naphthalene band
due to the disordered environment in the interior of lipid
bilayers. When the pH is lowered to 3.0, the naphthalene
absorption band becomes detectable over the entire pressure
range examined (Figure 5C), indicating that at pH 3, PRO-
DAN molecules are excluded from the bilayer. These con-
clusions are consistent with those derived from the C=0
stretching mode data and the correlation field splitting results
mentioned earlier.

Pressure-Induced Phase Transition. The frequency of the
methylene symmetric stretching mode (2850-2852 cm™) un-
dergoes a dramatic change during the phase transition of lipids.
Thus, pressure-induced liquid-crystal to gel-phase transitions
of lipids can be monitored by the changes in frequencies in
the range of 28502852 cm™'. The phase transition starts at
0.2, 0.4, and 1.3 kbar for pure DMPC (Figure 8A), DMPC
+ 4% PRODAN at pH 6.8 (Figure 8B), and DMPC + 4%
PRODAN at pH 3 (Figure 8C), respectively. The transition
ends at 0.8 kbar for pure DMPC (Figure 8A), 1.4 kbar for
DMPC plus 4% PRODAN at pH 6.8 (Figure 8B), and 1.7
kbar for DMPC plus 4% PRODAN at pH 3 (Figure 8C).
Note that the phase transition of DMPC in the presence of
PRODAN can also be monitored by the ratio of the
fluorescence intensity at 435 nm to that at 510 nm (Chong,
1988). The onset and completion pressures for the phase
transition of pure DMPC at 28 °C determined by the infrared
absorption (Figure 8 A) were found to be comparable to those
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FIGURE 8: Effects of pressure on the vibrational frequency of the
methylene symmetric stretching mode. (A) Pure DMPC; (B) 4%
PRODAN in DMPC at pH 6.8; (C) 4% PRODAN in DMPC at pH
3.0.

obtained with the PRODAN fluorescence in the sample of
DMPC containing a trace amount of PRODAN at 32 °C
[Figure 2 in Chong (1988)].

The transition of DMPC in the presence of 4% PRODAN
at pH 6.8 is broader (Figure 8B) than that of pure DMPC,
indicating a decrease of cooperativity at the phase transition
as a result of less tightly packed lipid bilayers disturbed by
PRODAN. This would happen if PRODAN is embedded in
the hydrophobic bilayer region at pH 6.8. In contrast, the
transition of DMPC in the presence of 4% PRODAN at pH
3.0 is not so broad as the case at pH 6.8 (Figure 8C). This
is taken to indicate that PRODAN is indeed excluded from
the hydrophobic bilayer region at pH 3.0. Note that the
infrared data of the C==0 stretching mode (Figures 2 and 3),
the correlation field splitting (Figures 5-7), and the naph-
thalene ring (Figure 5) have led to a similar conclusion.
Moreover, the presence of PRODAN in lipid bilayers increases
the transition pressure, which indicates that the presence of
PRODAN also induces conformational disorder in individual
acyl chains. In the sample of 4% PRODAN in DMPC at pH
3, most PRODAN molecules are supposed to be out of the
lipid bilayers and located in the interfacial region (discussed
earlier). However, the transition pressure becomes much
higher (1.3 kbar), which indicates that the conformation of
the acyl chains is extremely disordered and is much more
disordered than that in the samples of pure DMPC (Figure
8A) and DMPC plus 4% PRODAN at pH 6.8 (Figure 8B).
This can be interpreted as follows: PRODAN molecules are
located between head groups of neighboring lipid molecules,
which increases the space between the intermolecular acyl
chains. Consequently, more gauche bonds are formed which
result in an enlargement of the apparent diameter of the acyl
chain. Thus, higher pressures are needed in order to convert
all gauche bonds to trans configuration.

Implications and Concluding Remarks. It is demonstrated
in this study that high-pressure infrared spectroscopy is a useful
tool for identifying the location of fluorescent probes in
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membranes. A previous model (Chong, 1988) suggested that
the PRODAN carbonyl group remains on the membrane
surface in the pressure range of 0.001-2 kbar whereas the
naphthalene ring and the dimethylamino group could either
flip into the bilayer to adopt a “less polar” disposition or reside
in the interfacial region to adopt a “polar” disposition.
However, the present infrared data suggest that at pH 6.8,
the entire PRODAN molecule, including the carbonyl group,
penetrates into the lipid bilayer. The discrepancy may result
from higher concentrations of PRODAN used in the infrared
study. In spite of this discrepancy, both the fluorescence
(Chong, 1988) and infrared studies show a similar result, that
is, that PRODAN favors a more hydrophobic environment at
elevated pressures and it is not squeezed out of lipid bilayers
by high pressures.

The present study shows that the pressure dependence of
the location of the charged PRODAN is distinctly different
from that of the charged tetracaine (a local anesthetic) in lipid
membranes (Auger, 1987). PRODAN, in its charged form,
tends to stay outside the bilayers at all pressures while the
charged tetracaine is squeezed out of the membrane by
pressure (Auger et al., 1987). In spite of some structural
differences, PRODAN and tetracaine bear similarities: an
aromatic ring at the center, a methylated amino group on one
side of the aromatic ring, and a carbonyl bond on the other
side. Both compounds are lipid-miscible. It is then of interest
to address in the future why tetracaine can be squeezed out
of the membrane by pressure whereas PRODAN responds
differently.

The apparent difference in the pressure dependence of the
location in membranes between PRODAN and tetracaine may
be linked to the nature of anesthetic-lipid interactions. An-
esthetics can induce physiological effects on cells or organisms
via interactions with membrane lipids (Trudell et al., 1973).
Their effects depend on whether they can penetrate into the
lipid bilayer (Seeman, 1972; Kamaya et al., 1981). On the
other hand, pressure is known to be a universal antagonist
against general (Roth, 1979) or local (Halsey & Wardley-
Smith, 1975; Kendig & Cohen, 1977) anesthesia. The ap-
parent phenomenon has been interpreted as the exclusion of
anesthetics from membranes by pressure (Franks & Lieb,
1982). Recently this assertion has been substantiated by a
high-pressure infrared study of a local anesthetic, tetracaine
(Auger et al., 1987). However, to this end, it is not clear how
pressure would affect the location of nonanesthetic hydro-
phobic molecules in membranes. Anesthetics (e.g., alphax-
alone) and nonanesthetics (e.g., AlS-alphaxalone) interact
differently with membrane lipids (Makriyannis et al., 1986).
If there is a distinct difference in the pressure dependence of
the location between anesthetics and nonanesthetics in lipid
vesicles, the difference may be a useful diagnostic tool for
screening anesthetic drugs and will also help us to understand
the interactions between lipids and anesthetics. The present
study clearly indicates a difference in the pressure dependence
of membrane permeability between PRODAN (presumably
a nonanesthetic) and tetracaine (an anesthetic) (Auger et al.,
1987). However, more examples are needed in order to gen-
eralize the difference between the anesthetics and nonan-
esthetics.
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ABSTRACT: Recent studies showed that soybean lipoxygenase inhibitors like phenidone and nordihydro-
guaiaretic acid (NDGA) reduce the catalytically active ferric lipoxygenase to its inactive ferrous form.
Addition of 13(S)-hydroperoxy-cis-9,trans-11-octadecadienoic acid (13-HPOD) regenerated the active ferric
form. In this paper, it is shown that in such a system the inhibitors are oxidized to free-radical metabolites.
Incubation of soybean lipoxygenase and linoleic acid with p-aminophenol, catechol, hydroquinone, NDGA,
or phenidone resulted in the formation of the one-electron oxidation products of these compounds. Free-radical
formation depended upon the presence of the lipoxygenase and 13-HPOD. The free radicals were detected
by ESR spectroscopy, and their structure was confirmed by analysis of the spectra, using a computer
correlation technique. These data support the proposed mechanism for the inhibition of lipoxygenase by

phenolic antioxidants.

Lipoxygenases are dioxygenases that catalyze the hydro-
peroxidation of polyunsaturated lipids containing a cis-1,cis-
4-pentadiene moiety (Vliegenthart & Veldink, 1982). For
example, linoleic acid is converted by molecular oxygen and
soybean lipoxygenase to 13(S)-hydroperoxy-cis-9,trans-11-
octadecadienoic acid (13-HPOD).! Interest in the mechanism
and inhibition of lipoxygenases has been stimulated by the
observation that 5-lipoxygenase has a pivotal role in the bio-
synthesis of leukotrienes. Leukotrienes play an important role
in inflammation and immediate hypersensitivity reactions
(Samuelsson, 1983).

Recent studies showed that incubation with NDGA, one of
the most efficient inhibitors of lipoxygenases, reduces the

* Author to whom correspondence should be addressed.

catalytically active ferric soybean lipoxygenase to the inactive
ferrous form (Kemal et al., 1987). Ferric lipoxygenase exhibits
a characteristic ESR signal near g = 6, while the ferrous form
of the enzyme is ESR silent (Slappendel et al., 1982).
Treatment of the enzyme with NDGA resulted in the disap-
pearance of the ESR signal, indicating that the iron is con-
verted to its inactive ferrous state. This reaction, however,
was reversible as addition of 13-HPOD to the reaction mixture
regenerated the ferric state and restored catalytic activity. The
oxidation of ferrous to ferric iron by 13-HPOD results in the

! Abbreviations: 13-HPOD, 13(S)-hydroperoxy-cis-9,trans-11-octa-
decadienoic acid; NDGA, nordihydroguaiaretic acid; DETAPAC, di-
ethylenetriaminepentaacetic acid; BW 755C, 3-amino-1-[3-(trifluoro-
methyl)phenyl]-2-pyrazoline; phenidone, 1-phenyl-3-pyrazolidinone.
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