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between the two stages of substitution is large enough for clear separa-
tion, it is difficult to estimate precisely the infinity absorbance for the
first stage because the total change is small (A4 ~ 0.060). However,
linearity over 2 half-lives suggests that the rate constant for the first stage
is well estimated.

Influence of Additives of the Length of the Induction Period for the
Oligomerization of Thiamin Chloride. A stock solution (0.20 M) of
thiamin chloride? was prepared immediately before use. Solid substrate
was dissolved in methanol over a 2-4-min period with the aid of a vi-
bromixer. A stopwatch was activated when the methanol was added to
solid. One-half milliliter then was added by syringe to a 5-mm NMR
tube containing methanol or a methanolic solution of additive. After the
sample was mixed, the total elapsed time was about 5-6 min. After a
few trials to determine conditions, a set of samples was examined to-
gether; one member of the set always consisted of substrate without
additive.

The tubes were inverted frequently and held to the light to facilitate
detection of suspended particles; NMR tubes were advantageous in that
the viewing area was maximized. The onset of precipitation (formation
of a cloudy solution) was taken to be the end of the induction period.
There was some day-to—day variation in the length of the induction
period, especially with phenylthio compound Ib acting as inhibitor. But
the order of inhibition or acceleration with respect to additive-free ma-
terial was invariant.

After thiamin chloride stood for several weeks, the decomposition
temperature of thiamin chloride decreased somewhat. The initial de-

composition range, 165-169 °C (lit.2 range 160163 °C dec), could be
restored by suspending finely powdered material in absolute ethanol for
a few minutes prior to use. No difference could be detected in induction
periods for old and new substrate.

The condition corresponding to the onset of precipitation was exam-
ined by NMR. " Only small amounts (<10%) of free thiazole could be
detected for the condition taken to be the end of the induction period as
evidenced by the formation of precipitate. It is convenient to scan the
aromatic protons at low field. The liberated thiazole signal for H-2
appears about midway between those for the thiazole and pyrimidine
signals of thiamin. Even when the NMR tube contains massive amounts
of precipitated pyrimidine oligomer, it still is possible to obtain good-
quality signals for thiamin and free thiazole.

Curiously, one sample of 0.10 M thiamin chloride did not respond as
usual, a faint cloudiness appearing only after about 2927 min. Other
samples prepared from the same 0.20 M stock solution behaved normally.
We have no explanation for this unexpected inhibition; an NMR spec-
trum obtained after 1220 min appeared to be normal.

Some samples containing inhibitor were examined by NMR to verify
that little or no substitution took place at reaction times greater than that
for the usual induction period. Free thiazole was detected when pre-
cipitate finally began to form, however.
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Abstract: The purpose of this study was to synthesize a cholesterol nitroxide that closely mimics cholesterol in its physical
and biological properties and to utilize this molecule to probe the nature of cholesterol-protein interactions in human high
density lipoprotein particles. The rigidly labeled cholesterol nitroxide 15 (A3-38-hydroxy steroid) was prepared by addition
of isohexylmagnesium bromide to nitrone 12, a key intermediate readily obtained from dehydroisoandrosterone via intermediates
8 and 11. Also formed from 12 in the Grignard reaction were hemiketal 23, nitroxide 25, and a tautomeric mixture of 21
and 21a. This latter mixture was shown to serve as a precursor for 23, and likely for 25. Cu?*-catalyzed air oxidation of
23 gave 27. Formation of 21-21a likely was initiated by attack of the a anion of nitrone 12 on the acetyl group of another
molecule. The structure of 21-21a was confirmed by an independent synthesis from 12 via intermediates 13, 14, and 32. Nitroxide
15 was also converted into its oleate ester 16 and tritiated analogue 20 (sp act., 1.6 Ci/mMol). Nitroxide 15 both served
as a substrate for cholesterol oxidase and also entered into the lecithin-cholesterol acyl transferase reaction, albeit with an
efficiency less than that of cholesterol itself. The extent of hydrolysis of nitroxide oleate 16 by cholesterol esterase was about
the same as that of cholesterol oleate, suggesting that toward this enzyme, 15 behaved like cholesterol. In dipalmitoylphosphatidyl
choline (DPPC)-cholesterol vesicles at —196 °C, 18 showed 2A4,,, = 63.8 G (£0.5 G), similar to the value of 64.5 G at -196
°C for 15 in a mixed crystal with cholesterol. These values are consistent with the desired hydrophobic location of the nitroxide
group in these systems. In the vesicle system at 25 °C, the ESR spectrum of 15 was similar to that of 2 (hindered rotation
about the long molecular axis). At 45 °C the ESR spectral lines of 15 were much sharper than those of 2. This is a consequence
of the fact that, unlike 2, the long molecular axis of 15 does not correspond to any of the principal axes of the nitroxide group.
Thus, rotation about the long molecular axis partially averages all the x, y, and z components. Cholesterol nitroxide 15 was
readily incoporated into human high density lipoproteins. Analysis of the ESR line shape showed the presence of cholesterol-lipid
and cholesterol-protein contacts in HDL,. These results are in contrast to the conclusion of other investigators, namely, that
cholesterol is excluded from the immediate vicinity of a membrane protein that penetrates through cholesterol-containing
phospholipid bilayers.

relevant to membrane biochemistry such as the polyene antibi-
otics!?!* and certain toxins!*!6 has been investigated extensively,

Cholesterol (1) is one of the principal lipids of mammalian
membranes.? The nature of the molecular interactions of cho-
lesterol with phospholipids,®~7 proteins,®!* and other molecules

(3) Rubenstein, J. L. R.; Smith, B. A.; McConnell, H. M. Proc. Natl.
Acad. Sci. US.A. 1979, 76, 15-18.

(4) Huang, C.-H. Lipids 1977, 12, 348-356.

(5) Suckling, K. E.; Blair, H. A. F.; Boyd, G. S.; Craig, I. F.; Malcohm,
B. R. Biochim. Biophys. Acta 1979, 551, 10-21.

(1) (a) Department of Chemistry. (b) Institute of Molecular Biology.

(2) For a review, see Demel, R. A.; DeKruyff, B. Biochim. Biophys. Acta
1976, 457, 109-132. (a) Oldfield, E.; Meadows, M.; Rice, D.; Jacobs, R.
Biochemistry 1978, 17, 2727-2740.
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Chart I

HO
1 (cholesterol)

4 (and several other
steroid esters)??

using various biophysical techniques. It would appear that the
dominant structural feature of the cholesterol molecule is the
approximately planar ring system which incorporates a A%-33-
hydroxy functionality. For example, a relatively minor change
in this polar region of the cholesterol molecule (38 vs. 3 hydroxy
groups) is accompanied by marked changes in the degree of
incorporation of the sterol into lipid monolayers.'” The overall
length of the cholesterol molecule can also influence the inter-
actions to a lesser extent, one example being the changes in or-
dering in bilayer systems which are observed as the side chain of
cholesterol is varied.*’ ‘
One of the more fruitful approaches to the study of cholesterol
interactions in biological membranes has been the electron spin
resonance (ESR) spin-labeling method.'® The first of the spin-
labeled cholesterol analogues, 3-doxylcholestane (2),'° has provided
valuable information'®2 though the molecule differs significantly

(6) Jain, M. K. Curr. Top. Membr. Transpl. 1975, 6, 1-57.

(7) Butler, K. W.; Smith, I. C. P.; Schneider, M. Biochim. Biophys. Acta
1970, 219, 514-517.

(8) Warrne, G. B.; Houslay, M. D.; Metcalfe, J. C. Nature (London) 1975,
255, 684687,

(9) Borochov, H.; Abbott, R. E.; Schacter, D.; Shinitzky, M. Biochemistry
1979, 18, 251-255.

(10) Kleeman, W.; McConnell, H. M. Biochim. Biophys. Acta 1976, 419,
206-222,

(11) Cherry, R. J; Maller, U.; Holenstein, C.; Heyn, M. P. Biochim.
Biophys. Acta 1980, 596, 145-151.

(12) Ohki, K.; Nozawa, Y.; Ohnishi, S.-1. Biochim. Biophys. Acta 1979,
554, 39-50.

(13) Norman, A. W,; Spielvogel, A. M.; Wong, R. G. 4dv. Lipid Res.
1976, 14, 127-170.

(14) Blau, L.; Bittman, R. Biochemistry 1977, 16, 4139-4144,

(15) Imai, M.; Inoue, K. Biochim. Biophys. Acta 1974, 352, 344-348,

(16) Alving, C. R; Habig, W. H.; Urban, K. A.; Hardegree, M. C. Bio-
chim. Biophys. Acta 1979, 551, 224-227.

(17) Demel, R. A.; Bruckdorfer, K. R.; Van Deenan, L. L. M. Biochim.
Biophys. Acta 1972, 255, 311-320, 321-330.

(18) Berliner, L., Ed. “Spin Labeling—Theory and Applications”, Vol. I
and II, Academic Press: New York, 1976, 1979.
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89, 3055-3056.

(20) For leading references, see Marriott, T. B.; Birrell, G. B.; Griffith,
0. H. J. Am. Chem. Soc. 1975, 97, 627-630.
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from cholesterol in the A,B rings. Subsequently, several other
spin-labeled steroids, 3—7 (Chart I), which possess some of the
structural features of cholesterol have been synthesized and used
in spin-label studies. Unfortunately, none of these molecules
incorporates the important A%-38-hydroxy grouping characteristic
of cholesterol. Moreover, for applications in which a measure of
the motion experienced by the steroid nucleus itself is important,
use of spin labels such as 4 and § is inappropriate. This is because
the nitroxide grouping in these molecules is attached to the steroid
skeleton via one or more single bonds; hence the spin label can
undergo rotational motion more or less independent of the motion
of the skeleton.

In view of the limitations of existing spin-labeled cholesterol
analogues, we have designed, synthesized, and characterized a
spin-labeled cholesterol analogue, nitroxide 15, the structure of
which preserves the important A%-38-hydroxy group of cholesterol.
The nitroxide, rigidly attached to the steroid skeleton is distant
from this distinctive polar region. This introduces a modification
only in the hydrophobic region near the other end of the steroid
but also preserves the hydrocarbon side chain characteristic of
cholesterol. In order to maintain the relatively low polarity and
low chemical reactivity characteristic of the C-17 region of
cholesterol, we chose to utilize the pyrrolidine nitroxide moiety
for the spin label, as opposed to the more polar and more chem-
ically reactive doxyl nitroxide grouping.?®

The relationship of this analogue and cholesterol itself is
evaluated by comparing them as substrates for cholesterol esterase
and cholesterol oxidase. The new cholesterol spin label is also
characterized by ESR spectroscopy in bilayer model systems.

(21) Keana, J. F. W,; Norton, R. S.; Morello, M; van Engen, D.; Clardy,
J. J. Am. Chem. Soc. 1978, 100, 934-937.

(22) Benson, W. R.; Maienthal, M.; Yang, G. C.; Sheinin, E. B.; Chung,
C. W. J. Med. Chem. 1977, 20, 1308-1312.

(23) Suckling, K. E.; Boyd, G. S. Biochim. Biophys. Acta 1976, 436,
295-300.

(24) Chambaz, E.; Defaye, G.; Hadjian, A.; Martin, P.; Ramasseul, R.;
Rassat, A. FEBS Lett. 1971, 19, 55-59. (a) Hubbell, W. L.; McConnell, H.
M. Proc. Natl. Acad. Sci. U.S.A. 1969, 63, 16-22.

(25) Keana, J. F. W,; Lee, T. D,; Bernard, E. M. J. Am. Chem. Soc. 1976,
98, 3052-3053.
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Experiments with human high density lipoprotein (HDL;) were
performed to investigate the lipid-lipid and lipid-protein inter-
actions in the intact lipoprotein complex, and results are related
to current models of HDL, organization.

Synthesis of Cholesterol Nitroxide 15

The synthetic route to 15 parallels our recently developed routes
to proxyl?® and azethoxyl®® nitroxide spin labels. The requisite
precursor pyrrolidine nitrone 12 was synthesized as follows,
Dehydroisoandrosterone (Aldrich Co.) was converted into nitro
ester 8 by the method of Patchett et al.?’” Reaction of 8 with
methyl-a-trimethylsilyl vinyl ketone? in the presence of Triton
B gave directly nitro ketone 11 in 41% yield without isolation of
the corresponding a-trimethylsilyl ketone.”? Comparable yields
of 11 could also be obtained from 8 by use of Triton B and a large
excess of methyl vinyl ketone itself.

NO

o

AcO
8,R=H
9, R=CH,CH,CO,CH,
10, R = CH,CH,CO,H
11, R = CH,CH,COCH,

The nitro group in 11 was assigned the 3 configuration by
analogy to the established mode of Michael addition of methyl
acrylate to 8.2 This assignment was confirmed by synthesis of
crude 11 from the methyl acrylate adduct 9?7 as follows. Hy-
drolysis of 9 followed by reacetylation gave acid 10. The acid
chloride of 10 was allowed to react with dimethylcadmium, af-
fording nitro ketone 11 in modest overall yield. Reduction of 11
with zinc and ammonium chloride gave the key intermediate
nitrone acetate 12, mp 245-250 °C dec, in 82% yield.

CHs3
- +
O——N/

W

RO

12, R = Ac
13,R=H
14, R = THP

The synthesis of the desired nitroxide spin-labeled cholesterol
analogue 15 was completed by the addition of the Grignard reagent
isohexylmagnesium bromide to nitrone 12, Spontaneous air

X

7
15, X=0H;Y=H
16, X=n-C,,H,,CO,; Y =H 19,X,Y=0
17, X=AcO;Y=H 20,X=0H;Y="*H

oxidation of the intermediate N-hydroxy compound afforded pure

18, X =THPO;Y=H

(26) Lee, T. D.; Keana, J. F. W. J. Org. Chem. 1978, 43, 4226-4231.

(27) Patchett, A. A.; Hoffman, F.; Giarrusso, F. F.; Schwam, H.; Arth,
G. E. J. Org. Chem. 1962, 27, 3822-3828.

(28) Boeckman, R. K., Jr; Blum, D. M.; Ganem, B.; Halvey, N. Org.
Synth. 1978, 58, 152-157.

(29) Stork, G.; Ganem, B. J. Am. Chem. Soc. 1973, 95, 6152-6153.
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nitroxide 15, mp 185-186 °C, in 14% yield after chromatography
over silica gel. Nitroxide 15 exhibited the expected isotropic
three-line ESR spectrum with a, = 14.3 G (CH,Cl,, ca. one
unpaired spin per molecule). Although a C, H, N elemental
analysis showed crystalline 15 to be a monohydrate, the high-
resolution mass spectrum exhibited a molecular ion at m/e
442,368, corresponding to that expected for C,0H;NO, (caled
m/e 442.368).

In order for the overall molecular shape of 15 to be similar to
that of the side chain extended cholesterol molecule, the newly
introduced chiral center on the pyrrolidine ring must possess the
S absolute configuration. A consideration of molecular models
of nitrone 12 strongly suggests that the addition of the Grignard
reagent to the carbon-nitrogen double bond should proceed in the
desired sense, namely, from the less hindered right-hand side of
12 as drawn, generating the .S configuration. It is significant that
while several other pure products were isolated from the Grignard
reaction mixture and characterized (vide infra), none of the R
stereoisomer of 15 was detected among the products.

Upon closer examination, the products which accompanied 15
in the Grignard reaction proved to be quite interesting (Chart II).
Three new steroids were obtained in pure form: 21, mp 153-154
°C (23%); 23, mp 168-170 °C (33%); and 25, mp 131-132 °C
(3%). Steroid 23 was a diamagnetic substance of formula Cj;,-
H;;NO; (m/e 485.390), corresponding to the composition of 15
plus C,H,0 plus a hydrogen atom. Unlike the N-hydroxy in-
termediate corresponding to 15 (vide supra), 23 did not undergo
spontaneous air oxidation to a nitroxide. However, 23 smoothly
led to the corresponding nitroxide 27, C3,Hy,NO; (m/e 484.381),
in 81% yield upon cupric acetate catalyzed air oxidation in ethanol
containing ammonium hydroxide.2>% Whereas the infrared
spectrum of neither 15 nor 23 showed carbonyl absorption, a
carbonyl group was clearly indicated for nitroxide 27 (1730 cm™).
The NMR spectrum of 23 showed a three-proton singlet at 1.42
ppm (hemiketal methyl) and no acetyl methyl group at about 2
ppm. That the carbonyl group of 27 was not that of an ester group
was demonstrated by the observation that heating of 27 in aqueous
methanol in the presence of potassium carbonate led to quantitative
recovery of starting 27.

These data collectively indicated that 23 possessed a hemiketal
structure. This assignment was supported by a comparison of the
mass spectral fragmentation patterns of 15 and 23. Both molecules
showed peaks corresponding to loss of the pyrrolidine ring (with
or without the nitroxyl oxygen) and two of the D-ring carbon
atoms. The two major fragments, 29 and 31, derived from 23
differed from those, 28 and 30, derived from 15 by 42 mass units,
confirming that the extra C,H,0 unit of 23 was attached to the
pyrrolidine ring.

R

<

R'O—N

Q0
D

HN HO—N

+ +

28, R = H (m/e 194.191) 30, R = H (m/e 210.186)
29, R = CH,CO (m/e 236.201) 31, R = CH,CO (n/e 252.196)

The source of 23 was likely (the salt of) 21, a substance also
isolated from the Grignard reaction. High-resolution mass
spectrometry of 21 established the formula to be C,sH;;NO;. The
infrared spectrum (CHCI;) exhibited, in addition to OH ab-
sorption, a rather weak peak at 1720 cm™ together with a strong
peak at 1580 cm™ and a shoulder at 1610 cm™. In a KBr pellet
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Chart II

HO

Brmg” "

12

25,R=H
26, R = p-bromobenzoyl

or a Nujol mull, the 1720-cm™! peak was present only as a weak
shoulder. Intense absorptions were present at about 1620 and
1580 cm™!, These latter peaks are consistent with the presence
of an enaminone linkage® in 21a. The NMR spectrum (CDCl,)
of 21 also supported this conclusion. An acetyl peak was present
at 1.99 ppm together with a somewhat less intense acetyl singlet
at 2.25 ppm. In the vinyl region, in addition to the approximate
doublet due to the C-6 proton, a singlet was observed at 4.71 ppm
(vinyl proton of the enaminone grouping) which integrated for
0.7-0.8 proton. This absorption slowly disappeared upon prolonged
exposure of the CDCI, solution to D,0. We conclude that 21 is
in dynamic equilibrium with its tautomer, 21a, which predomi-
nates. That 21 does, in fact, serve as a precursor for 23 was
demonstrated by treatment of 21 with isohexylmagnesium brom-
ide, a reaction which produced 23 in 77% yield, based on starting
material consumed. It is interesting to note that with 21, Grignard
addition takes place more readily to the nitrone rather than to
the ketone group.

A plausible explanation for the formation of 21 is as follows.
Isohexylmagnesium bromide could act as a base, removing a

(30) lida, H.; Yuasa, Y.; Kibayashi, C. J. Org. Chem. 1979, 44,
1074-1080.
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} tentative assignments

proton from the methyl group of nitrone 12. The resulting anion
could then attack the C-3 acetyl group of another molecule,
producing 21, after cleavage of its own acetyl group. For con-
firmation of this proposed scheme, nitrone 12 was hydrolyzed to
alcohol 13, mp 236-242 °C, and then converted into the tetra-
hydropyranyl ether 14, mp 220-224 °C. Generation of the anion
of 14 with lithium diisopropylamide followed by reaction with
excess acetic anhydride gave 32, mp 138-139 °C, in 60% yield.
The infrared spectrum (CHCI;) of 32 showed strong absorption
at 1810 cm™ (/V-acetoxy) in addition to the enaminone bands at
1650 and 1550 cm™.3® The NMR spectrum showed singlets at
2.06 and 2.24 ppm, assigned to the N-acetoxy and methyl ketone
groups, respectively. Hydrolysis of the THP and acetal groups
of 32 with hydrochloric acid in methanol followed by methanolic
potassium hydroxide gave 21, identical with the sample obtained
from the Grignard reaction above. Alternatively, reaction of 14
(no acetoxy group at C-3) with isohexylmagnesium bromide gave
18 in modest yield, unaccompanied by side products corresponding
to 21, 23, and 25. Acid-catalyzed hydrolysis of 18 gave 15 in 83%
yield.

As stated above, a third steroid, nitroxide 25 (3% yield), was
isolated from the original Grignard reaction on nitrone 12. Mass
spectrometry together with an elemental analysis of the p-
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bromobenzoate ester 26, mp 127-129 °C, indicated that 25 was
a C3;H4;NO, compound. The expected three-line ESR spectrum
(a, = 14.30 G (CHCl,), ca. one spin per molecule) was observed
for 25. We tentatively assign the structure to be 25. This sub-
stance likely was formed by addition of isohexylmagnesium
bromide to the ketone group of 21 (as the salt), producing 22,
which then could undergo a spontaneous B-elimination reaction
to give nitrone 24. Addition of Grignard reagent to 24 followed
by an oxidation of the intermediate /N-hydroxy compound during
workup would give 25. Probably the low yield in which 25 is
formed essentially precluded its isolation from the small-scale
synthesis of 23 from 21 discussed above.

For enhancement of the versatility of spin-label studies with
nitroxide 15 in biological systems, a tritiated derivative of 15 was
desirable. The nitroxide grouping, in general, is unstable toward
the usual reagents®'*? employed for the oxidation of cholesterol
to the A’-3-one derivative, for example, chromium trioxide or
Me,SO-oxalyl chloride?® However, oxidation of 15 with the
Corey—Kim dimethyl sulfide-/N-chlorosuccinimide reagent* af-
forded ketone 19 in near quantitative yield. Reduction of 19 with
sodium boro[*H]hydride in isopropyl alcohol followed by chro-
matographic separation of the C-3 epimers and crystallization gave
radiolabeled 20 (sp act., 1.6 Ci/mM) in 45% yield.

Enzymatic Studies with Nitroxide 15

Our first indication that nitroxide 15 was quite similar to
cholesterol in terms of physical behavior was the observation that
it was possible to incorporate 15 into crystals of cholesterol (vide
infra). From the biological viewpoint it was relevant to see whether
or not 15 would serve as a substrate for enzyme systems which
operate on cholesterol or cholesterol esters. The qualitative be-
havior of nitroxide oleate 16 toward cholesterol esterase (EC
3.1.1.13) and nitroxide 15 toward cholesterol oxidase (EC 1.1.3.6)
was therefore examined. Preliminary studies® also showed that
nitroxide 15 (and its tritiated analogue 20) enters into the lec-
ithin-cholesterol acyl transferase (LCAT) (EC 2.3.1.43)% reaction.
LCAT catalyzes the transfer in plasma of the acyl chain of the
2-position of lecithin to the hydroxy group of cholesterol and as
such plays a central role in lipid metabolism.

Cholesterol esterase®’ catalyzes both the esterification of cho-
lesterol, typically with fatty acids such as oleic acid, and the
hydrolysis of cholesterol esters. For the esterification reaction
preferred substrates possess a 33-hydroxy-A’ or S« structure and
alteration of the side chain tends to reduce reactivity. While less
information is available on substrate specificity in the hydrolysis
reaction, it has been reported® that with pancreatic cholesterol

(31) Keana, J. F. W. In “Spin Labeling: Theory and Applications”, Vol
II; Berliner, L. J., Ed.; Academic Press: New York, 1979; pp 115-172.

(32) Keana, J. F. W. Chem. Rev. 1978, 78, 37-64.

(33) Mancuso, A. J.; Huang, S. L.; Swern, D. J. Org. Chem. 1978, 43,
2480-2482.

(34) Corey, E. J; Kim, C. U. J. Am. Chem. Soc. 1972, 94, 7586-7587.

(35) Scanu, A. M., personal communication. These results will be reported
elsewhere.

(36) See Chung, J.; Abano, D. A_; Fless, G. M.; Scanu, A. M. J. Biol.
Chem. 1979, 254, 7456-7464.

(37) Vahouny, G. V; Treadwell, C. R. Methods Biochem. Anal. 1968, 16,
219-272.

Keana et al.

Figure 1. Models illustrating the similarity in gross structure between
nitroxide 15 (left) and cholesterol (middle). 3-Doxylcholestane (2)
(right) is shown for purposes of comparison. The markers indicate ap-
proximately the direction of the nitroxide y axis.

esterase the extent of hydrolysis at 37 °C after 2 h of oleate esters
of cholesterol, sitosterol, stigmasterol, and ergosterol was re-
spectively 30.7, 28.3, 23.7, and 9.4%.

In our experiments with cholesterol esterase and nitroxide oleate
16, after 60 min at 37 °C, the ratio of 16 to 15 was 55:45, whereas
under the same conditions the ratio of cholesterol oleate to cho-
lesterol was 60:40. Thus, the extent of hydrolysis vs. time of 16
was about the same as that of cholesterol oleate, suggesting that,
toward cholesterol esterase, 15 behaves like cholesterol.

Cholesterol oxidase®® is an enzyme which utilizes O, in the
oxidation of cholesterol to 4-cholesten-3-one. One equivalent of
H,0, is liberated, which, in the presence of horseradish peroxidase,
4-aminoantipyrine, and phenol, generates a dye with A_,, = 500
nm. The amount of cholesterol present in a sample is linearly
related to the observed optical density at S00 nm.** This reaction,
in combination with cholesterol esterase, constitutes the basis of
a widely used clinical method for the determination of serum
cholesterol. While cholesterol oxidase is not specific for cholesterol,
the enzyme clearly prefers steroid substrates with a 38-hydroxy
group and side chains similar to that of cholesterol.*

Our experiments with cholesterol oxidase and nitroxide 15 under
the cholesterol assay conditions*’ indicated that 15 did serve as
a substrate for the enzyme, although the reaction was difficult
to quantitate. The oxidations were complicated by the formation
of a cloudy suspension or fine precipitate as the reactions prog-
ressed, especially in the runs with the larger amounts of substrate.
The formation of chromogen proceeded at a rate 5—10-fold slower
than in the case of cholesterol and in no instance was the final
optical density at 500 nm more than about one-third that observed
for equivalent amounts of cholesterol. Also, under the standard
assay conditions, as amounts of 15 were increased, the final optical
density approached a limiting value of 0.2 unit. When the amount
of enzyme was increased by a factor of 110, the final maximum
absorbance significantly increased, though again a precipitate
formed. However, in none of the experiments with 15 did the
enzyme become largely inactivated, since cholesterol itself was
rapidly and quantiatively oxidized when added to the suspensions.

ESR Spectral Characterization of Nitroxide 15

The close similarity in gross structure between cholesterol and
nitroxide 15 can be seen in Figure 1. For purposes of ESR
spectral interpretation discussed below, it is important to note that
in 3-doxycholestane (2) the long molecular axis lies approximately

(38) Swell, L; Field, H., Jr.; Treadwell, C. R. Proc. Soc. Exptl. Biol. Med.
1954, 87, 216-218.

(39) For a review, see Smith, A. G.; Brooks, C. J. W. J. Steroid Biochem.
1956, 7, 705-713.

(40) Allain, C. C.; Poon, L. S.; Chan, C. S. G.; Richmond, W.; Fu, P. C.
Clin. Chem. 1974, 20, 470-475.
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Figure 2. X-band ESR spectra of 3-doxylcholestane (2) and nitroxide
15 in a dipalmitoylphosphatidyl choline—cholesterol-nitroxide (100/28/1)
vesicle model membrane system at 25 and 45 °C.,

parallel to the nitroxide y axis. In nitroxide 15 the long molecular
axis lies approximately in the nitroxide y,z plane and at an angle
of about 40° to the nitroxide y axis.*!

The ESR specttral behavior of 15 was compared with that of
3-doxylcholestane (2) at —196, 25, and 45 °C in a phospholipid
vesicle model membrane system made from dipalmitoyl-
phosphatidyl choline (DPPC), cholesterol, and nitroxide in a molar
ratio of 100:28:1. All reported splitting values are £0.5 G. Spectra
of all mononitroxides are similar at —196 °C (except for the
measured splittings). For 15, 2A4,,, (at -196 °C, 24, = 2A477)
was estimated from the spectrum to be 63.8 G, whereas for 2,
2Amax Was 68.5 G. This value for 15 compares well with those
obtained in a different way. Mixed crystals of 15 and cholesterol
were readily prepared by recrystallization of a mixture of 15 and
cholesterol (ratio, 1:500) from ethanol. The ESR spectrum of
the powdered mixed crystal at 25 °C gave 2A4,,, = 62.0 G,
whereas the value of 24,,,, at -196 °C was 64.5 G.

Values for 24, of about 64 G are consistent with a hydro-
phobic location of the proxyl nitroxide group. Thus, in the vesicles,
15 is oriented with the nitroxide group immersed among the
hydrocarbon chains of the phospholipid molecules. By way of
comparison, a value of 71.5 G for 24, was observed for proxyl
nitroxide 33 associated with bovine serum albumin at -196 °C.%2

33

In this instance the proxyl nitroxide is assumed to be exposed to
a more polar environment; hence the larger 24,,,,, value.*> Under
sirr“lilar conditions 5-doxylstearic acid has a 2A4,,,, value of 67.0
G.

The ESR spectra recorded for the DPPC—cholesterol-nitroxide
vesicle system at 25 and 45 °C are shown in Figure 2. These
temperatures are, respectively, well below and well above the T,
of 41.4 °C for DPPC bilayers, and this transition, although
broadened, persists in the presence of the 20 mol % cholesterol
used here.** The spectra of 15 and 2 recorded at 25 °C were
qualitatively quite similar, indicating that under these conditions,
motion about the long molecular axis is quite restricted.*

At 45 °C the spectra of 15 and 2 in the vesicle system differed
significantly from each other. The spectrum for doxylcholestane
(2) corresponded well to that expected for a randomly oriented

(41) Following the usual convention, the x axis of a nitroxide group lies
along the N-O bond; the z axis lies along the 2p orbital on nitrogen; the y
axis passes through the nitrogen atom and is perpendicular to the xz plane.

(42) Jost, P. C., unpublished observation.

(43) For a discussion of the effects of changes in solvent polarity on ay, see
Griffith, O. H.; Jost, P. C,, ref 46, pp 495-504. In general a, (isotropic)
increases by 1- 2'G on going from hydrocarbon solvents to water.

(44) Gaffney, B. J. In “Spin Labeling: Theory and Applications”; Berliner,
L. J., Bd; Academic Press: New York, 1976; p 570.

(45) Mabrey, S.; Mateo, P. L,; Sturtevant, J. M. Biochemistry 1978, 17,
2464-2468.

(46) See Griffith, O. H.; Jost, P. C. In “Spin Labeling: Theory and
35.6p7p1{4<:6a;10ns ; Berlmer L. J,, Bd.; Academic Press: New York, 1976; pp
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Figure 3. (A) ESR spectrum of cholesterol nitroxide 15 incorporated into
human serum high density lipoprotein (HDL;, 30 mg of protein/mL of
buffer). The composite line shape is clearly evident when compared to
(B): nitroxide 15 in vesicles of the polar lipids and free cholesterol
extracted from human HDL; (phospholipid/cholesterol, mole ratio 4/1)
after separation from the apolar core lipids and resuspension in buffer.
Final phospholipid/label ratio of 120/1; both spectra were recorded at
37°C.

collection of nitroxides undergoing rapid rotational motion about
the y axis.*” The spectral lines from 15 were markedly sharper
than those for 2, beginning to approach the isotropic limit. This
is a consequence of the fact that the long molecular axis in 15
does not correspond to any of the principal axes of the nitroxide
group but rather lies between the y and z axes (Figure 1). Thus,
rapid rotation about the long molecular axis of 15 partially av-
erages all the x, y, and z components. An approximately anal-
ogous relationship is present with cis and trans azethoxyl nitr-
oxides.*

Evidence for Cholesterol-Protein Interactions in Human High
Density Lipoprotein, HDL;, Using Cholesterol Nitroxide 15

The human high density lipoprotein complex, HDL;, is com-
posed of proteins (55% by weight) and lipids (phospholipids,
cholesterol, cholesterol esters, and triglycerides) organized into
discrete spherical particles of 80-120- g diameter. The organi-
zation of the molecular components is generally considered to
consist of an inner core of cholesterol esters and triglycerides,
surrounded by a monolayer of phospholipid with free cholesterol
intercalated into this monolayer.*® Except for the high radius
of curvature, the organization of this monolayer resembles that
of a phospholipid bilayer containing cholesterol. The HDL,
proteins are associated with this outer monolayer and are re-
sponsible for maintenance of the uniform spherical morphology.
Molecular models suggest that segments of the two main peptides
may penetrate into the outer monolayer of the particle.”

Lipid spin labels in contact with protein penetrating into bilayers
can be detected by the restriction of motion of the spin label.’!
In the case of steroid analogues, changes in motion are detected
(at 9.5 GHz) as restriction of motion around the long axis of the
steroid, except for the theoretical case where the z axis of the
nitroxide approximately coincides with the molecular axis. With
the cholesterol nitroxide 15, the z axis is 50° off the steroid axis,
and hindered molecular rotation is readily detected.

The ESR spectrum of cholesterol nitroxide 15 in lipid vesicles
of the polar lipids (phospholipid and cholesterol) extracted from
human HDL,; is shown in Figure 3B, where the line shape is
similar to the bilayer line shape of Figure 2, lower right, and is
the expected line shape for rapid rotation about the long molecular
axis. In the intact HDL, particle, the experimental spectrum
(Figure 3A) exhibits a composite character, with the broad
splitting (arrow) resulting from restriction of motton about the

(47) Reference 46, p 466.

(48) Lee, T. D.; Birrell, G. B.; Bjorkman, P. J.; Keana, J. F. W. Biochim.
Biophys. Acta 1979, 550, 369-383.

(49) Shen, B. W.; Scanu, A. M; Kezdy, F. J. Proc. Natl. Acad. Sci. US.A.
1977, 74, 837-841.

(50) Edelstein, C.; Kezdy, F. J.; Scanu, A. M.; Shen, B. W. J. Lipid Res.
1979, 20, 143-153.

(51) Jost, P. C.; Capaldi, R. A.; Vanderkooi, G.; Griffith, O. H. J. Su-
pramol. Struct. 1973, 1, 269-280.
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Figure 4. Spectral analysis of the composite line shape obtained with
cholesterol nitroxide 15 incorporated into human HDL; at 37 °C (a)
(same as Figure 3A). An experimental line shape (b) obtained at 20 °C
with cholesterol nitroxide 15 in vesicles made from lipid extracted from
human HDL; was identified as closely resembling an underlying com-
ponent in composite a; the resulting difference spectrum (c) is charac-
teristic of cholesterol nitroxide 15, exhibiting reduced axial rotation. This
can be seen by comparison of the difference spectrum ¢ with line shape
d, nitroxide 15 in vesicles of extracted lipids lowered to 7 °C to greatly
reduce axial rotation.

long steroid axis, such that the z-axis component is not fully
averaged. The splitting of this broad component is approximated
by the spectrum of cholesterol nitroxide 15 in lipid bilayers below
the transition temperature (Figure 2, lower left). Spectral analysis
of the composite spectrum for HDL; is shown in Figure 4, where
the two separated spectral components (b and c) are shown below
the experimental spectrum (a). At the bottom, d is an experi-
mental reference spectrum obtained from the extracted lipids
resuspended as vesicles but with the temperature lowered suffi-
ciently to match the restriction of axial motion seen in the broader
component obtained from the HDL, spectrum.

The spectral analysis of these data is consistent with the in-
terpretation that lateral diffusion of the cholesterol analogue in
the outer monolayer of polar lipids brings it into contact with
HDL,; protein(s), and this steroid-protein contact restricts axial
motion on the ESR time scale. Similar qualitative results have
been reported for androstan nitroxide 7 in membranes containing
cytochrome oxidase.’! Quantitatively, the steroid molecule
equilibrates between regions of lipid-lipid interactions (bilayer
or monolayer) and lipid-protein interactions with a ratio of ap-
proximately 1:2.6. This is in agreement with our preliminary data
obtained with phospholipid spin labels in this system. The large
proportion of the broad component (72 + 4%) suggests substantial
penetration of hydrophobic segments of the HDL, protein(s) into
the polar lipid monolayer. In another system (the calcium pump)
where the hydrophobic protein penetrates through a chole-
sterol-containing phospholipid bilayer, it has been concluded that
cholesterol is excluded from contact with the protein surface.>
In contrast, the results we have obtained with HDL; show that
a labeled molecule that retains most of the true cholesterol features
exhibits substantial steroid-protein interactions.

Conclusions

The newly synthesized A%-38-hydroxy steroid nitroxide 15 re-
sembles cholesterol in overall molecular shape and polarity. Mixed
crystals of 15 and cholesterol may be prepared. The orientation
of 15 in bilayers is the same as that of cholesterol. The analogue
functions in the LCAT reaction and serves as a substrate for
cholesterol oxidase, although the efficiency is lower than that of
cholesterol. Cholesterol esterase hydrolysis of nitroxide oleate
16 proceeds similarly to that of cholesterol oleate. Thus, among
the several nitroxide spin-labeled steroids presently available, 15
is probably the most similar to cholesterol in terms of chemical

(52) Warren, G. B.; Houslay, M. D.; Metcalfe, J. C; Birdsall, N. J. M.
Nature (London) 1975, 255, 634-687.
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and biological properties. Cholesterol nitroxide 15 was incorpo-
rated into human high density lipoproteins (HDL,). Analysis of
the ESR line shape showed the presence of cholesterol-lipid and
cholesterol—protein contacts, consistent with current models for
lipoprotein organization. The evidence for cholesterol-protein
contact is in contrast to the conclusion by other investigators that
cholesterol is excluded from the immediate vicinity of protein that
penetrates through cholesterol-containing phospholipid bilayers.

Experimental Section

Infrared spectra were recorded on a Beckman IR-10 spectrometer.
NMR spectra were obtained in CDCI, on a Varian Associates XL-100
spectrometer using Me,Si as an internal standard. X-band ESR spectra
were recorded on a Varian E-line spectrometer with a dedicated Varian
620/L computer, Varian field/frequency lock, and temperature con-
troller. ESR spectra were integrated and analyzed by spectral titration
by published methods.’® Visible spectra were determined on a Cary-15
spectrometer. High-pressure liquid chromatography was performed in
methanol (flow rate, 1.2 mL/min) with a Waters Associates instrument
equipped with a u-Bondapak Cjg (3.9 X 100 mm) reverse-phase column.
Peaks were monitored at either 230 or 254 nm. Preparative TLC was
performed with Analtech Inc. 1000 u 20 X 20 cm silica gel GF plates.
Elemental analyses and mass spectra were determined at the University
of Oregon by Dr. R, Wielesek.

38-Acetoxy-178-nitro-17a-(3-0xobutyl)-5-androstene (11). Method
A. To a stirred solution of 827 (36.1 mg) (25 °C, N,) in tert-butyl alcohol
(0.3 mL) was added a solution of methyl-a-trimethylsilyl vinyl ketone?®
(21.3 mg) in tert-butyl alcohol (0.1 mL) followed by 0.04 mL of ben-
zyltrimethylammonium hydroxide (Triton B) (35% in MeOH). After
1.5 h of stirring at 25 °C, ice and 5% aqueous HCI were added. The
mixture was extracted with ethyl acetate and the extract was washed with
aqueous HCI, water, and brine and dried (MgSO,). Removal of solvent
gave an oil (50 mg), which was purified by preparative TLC (CH,Cl,).
Ketone 11 was obtained as an oil (18 mg, 41%), which was crystallized
from EtOH, mp 148-151 °C. Recrystallization from EtOH gave the
analytical sample: mp 157-158 °C; NMR 4 5.38 (1 H, H-6), 4.60 (1
H, H-3), 2.12 (3 H, s}, 2.00 (3 H, s), 1.00 (3 H, 5, H-19), 0.76 (3 H,
s, H-18); m/e 371.247 (caled for C;3H33NO; = M - AcOH, 371.246).
Anal. Caled for C,sHj,NOg: C, 69.58; H, 8.64; N, 3.25, Found: C,
69.44; H, 8.85; N, 3.07.

Method B. To a solution of 8 (0.560 g) in THF (7 mL) and methyl
vinyl ketone (10 mL) was carefully added 0.05 mL of benzyltrimethyl-
ammonium hydroxide (35% in MeOH) (caution: exothermic polymer-
ization of MVK sometimes occurred when >0.05 mL of Triton B was
used) dropwise over a 10-min period at 0 °C under N,. After 15 min
of stirring at 0 °C, cold 5% aqueous HCl was added and the product was
extracted into ethyl acetate. The extract was washed with HCI, water,
and brine, and dried (Na,SO,). The above reaction was repeated twice
on the same scale. The products were combined and purified by silica
gel column chromatography. Elution with hexane-CH,Cl, (3/1) gave
crystalline starting 8 (0.98 g). Elution with CH,Cl, gave 0.76 g (38%,
889% based on consumed 8) of crystalline 11.

Method C. A solution of methyl acrylate adduct 9 (2.48 g)¥’ and
K,CO; (3.0 g) in 165 mL of MeOH and 25 mL of H,0 was refluxed
overnight. The cooled solution was neutralized by dropwise addition of
concentrated HCl. Evaporation of the resulting mixture to dryness
followed by trituration with hot 10% MeOH in ethyl acetate afforded 2.4
g of white solid after removal of the solvent. The crude product was
treated with 60 mL of 1/1 acetic anhydride-pyridine. After 12 h, the
solution was poured into ice water and, after 30 min, extracted with ether.
The extract was washed (5 °C) with water, 3% aqueous HCI, and brine
and was dried (Na,SO,). Evaporation of solvent afforded 1.75 g (73%)
of 10 as a colorless powder, which was recrystallized from benzene, giving
pure 10: mp 205-207 °C; NMR 6 0.79 (3 H, s, H-18), 1.03 (3 H, 5,
H-19), 2.04 (3 H, s). To a solution of 343 mg of 10 in 10 mL of CH,Cl,
was added at 0 °C (N,) a solution of oxalyl chloride (freshly distilled,
148 mg) dissolved in 0.9 mL of CH,Cl, followed by slow dropwise ad-
dition of a solution of 0.10 mL of pyridine in 0.9 mL of CH,Cl, over a
S-min period. After 30 min at 0 °C, the solution was evaporated to
dryness. Trituration of the resulting foam with dry benzene followed by
evaporation gave 340 mg (95%) of the corresponding acid chloride as a
foam: NMR 40.84 (3 H, 5, H-18), 1.09 (3 H, s, H-19), 2.09 (3 H, 5),
2.85 (2 H, m); IR (CHCl;) 1800, 1725 cm™. The foam was used for the
next reaction without further purification.

To a stirred solution (N,) of 0.87 mmol of Me,Cd in 4 mL of benzene
was added dropwise over 5 min 264 mg of the foam in 3.25 mL of
benzene. The mixture was stirred at 25 °C for 15 min and then at 70

(53) Jost, P. C.; Griffith, O. H. Methods Enzymol. 1978, 49, 369-418.
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°C for 1 h. Ice was added and the colorless mixture was stirred for 10
min. After dilution with 4 mL of ethyl acetate, 3 mL of 2% aqueous HCI
was added, and the layers were separated. The organic layer was washed
with 5% aqueous HCI, 5% aqueous NaHCO,, and brine, dried (Na,SO,),
and evaporated to give 202 mg of a colorless oil. Preparative TLC eluted
with CHCI, led to crude oily 11 (96 mg, 38%), the NMR spectrum of
which was identical with that of 11 prepared by method A.

3,4’-Dihydro-5’-methyl-38-acetoxy-(17 R )spiro[5-androstene-17,2’-
(2’ H)-pyrrole] I’-Oxide (12). To a stirred solution (0 °C, N,) of 11 (0.76
g) in 25 mL of THF was added a solution of NH,Cl (95 mg) dissolved
in 4.7 mL of water followed by portionwise addition of Zn dust (0.395
g) over a 1-h period. The resulting mixture was stirred at 25 °C for §
h and then evaporated to dryness. The residue was triturated with
CH,Cl; and the extract was washed once with water and then dried
(MgS0,). Removal of solvent gave crystalline 12 (0.58 g, 82%). Re-
crystallization from EtOH gave the analytical specimen: mp 245-250
°C dec; NMR 6 5.38 (1 H, H-6), 4.60 (1 H, H-3), 2.06 (3 H, 5), 2.02
(3H,s),1.02 (3 H,s),098 (3 H,5); IR (CHCl3) 1725, 1590 cm™; m/e
399.279 (caled for C,sH37NO,, 399.277). Anal. Caled for CosHy NO;:
C, 75.15; H, 9.33; N, 3.51. Found: C, 75.07; H, 9.12; N, 3.35.

Reaction of 12 with Isochexylmagnesium Bromide. To a 20-mL aliquot
of isohexylmagnesium bromide-THF solution (25 °C, N,), prepared by
using Mg (0.40 g), isohexylbromide (2.20 g), and THF (24 mL) in a
usual manner, was added a suspension of 12 (300 mg) in 60 mL of THF
over a 45-min period. After a 2-h stir, the mixture was concentrated to
~30 mL, cooled, treated with saturated aqueous NH,Cl, and extracted
with CHCl;. The extract was washed with water and brine, dried
(MgS0,), and concentrated to dryness. Chromatography over silica gel
with elution by hexane-ether (2/1) gave crude 25, which was further
purified by preparative TLC (hexane-ether, 7/3). Crystallization from
CH,CN afforded pure 25 (13 mg, 3%): mp 131-132 °C; m/e 552; ESR
(CHCly), @, = 14.3 G. The p-bromobenzoate derivative 26 was prepared
by using p-bromobenzoyl chloride and pyridine in toluene: mp 127-129
°C (CH;CN); IR (CHCly) 1710 cm™. Anal. Caled for C,,HggNO;Br:
C, 71.81; H, 8.90; N, 1.90. Found: C, 71.40; H, 8.87; N, 1.75.

Continued elution of the silica gel column with hexane-ether (2/1)
gave nitroxide 15, which was also further purified by preparative TLC
(hexane-ether, 3/7). Pure 5’-methyl-5'-(4-methylpentyl)-33-hydroxy-
(17R)-spiro[5-androstene-17,2’-pyrrolidin]-1’-yloxy 15 (48 mg, 14%) was
obtained by recrystallization from CH;CN: mp 185-186 °C; IR (CH-
Cl;) 3600, 3450, 1600 cm™!; ESR (CH,CL,), a, = 14.3 G; m/e 442.368
(caled for CogHygNO,, 442.368). Anal. Caled for C5HgNO,-H,O: C,
75.60; H, 10.94; N, 3.04. Found: C, 75.65; H, 11.11; N, 2.92,

Elution of the silica gel column with hexane-ether (1/1) gave
2’,3’,3’a,4',5’ ,6’-hexahydro-2’-hydroxy-2’-methyl- 3"a-(4-methylpentyl)-
38-hydroxy-(17R)-spiro[5-androstene-17,6’-pyrrolo[1,2-b]isoxazole] 23
(84 mg, 23%). Recrystallization from ether gave the analytical specimen
of 23: mp 153-154 °C; IR (CHCl,) 3600, 3400 cm™; NMR 6 5.36 (1
H, H-6), 1.42 (3 H, 5, 2’-CH}), sharp resonances at 1.07, 1.02, 0.90, and
0.83; m/e 485.390 (caled for C;,H5;NO;, 485.387).

Elution of the silica gel column with MeOH-ether (5/95) gave
3’,4’-dihydro-5’-(2-oxopropyl)-38-hydroxy-(17 R)-spiro[5-androstene-
17,2’(2’H)-pyrrole] 1’-oxide, 21 (98 mg, 33%), which was recrystallized
from CH,CN to give pure nitrone 21, which exists largely as tautomer
21a: mp 168-170 °C; IR (CHCI;) 3600, 3400, 1720, 1610, 1580 em™;
IR (KBr) 3400, 1620, 1580 cm™; NMR 4 (see text) 5.34 (1 H, H-6),
4.71 (0.7-0.8 H, enaminone vinyl), 2.25 (s), 1.99 (s); m/e 399.276 (calcd
for CpsHyNO;, 399.277).

§'-(2-Oxopropyl)-5'-(4-methylpentyl)-38-hydroxy-(17 R)-spiro[5-
androstene-17,2’-pyrrolidin]-1’-yloxy (27). To a solution of 23 (43 mg)
dissolved in 5 mL of EtOH was added NH,OH (0.3 mL) and Cu(O-
Ac)yH;0 (3 mg). This was stirred under air for 30 min. After dilution
with water, the product was extracted into CHCl;. The extract was
washed with water and brine and dried (MgSO,). Removal of the solvent
followed by crystallization from CH;CN gave 35 mg (81%). Recrys-
tallization from CH3CN gave pure 27: mp 158-159 °C; IR (CHCl,)
3600, 3450, 1730 cm™; ESR (CH,Cl,), a, = 14.0G; m/e 484.381 (caled
for C3 HsoNO;, 484.379). Anal. Caled for Cy,HsgNO4!/sH,0: C,
76.25; H, 10.40; N, 2.87. Found: C, 76.32; H, 10.77; N, 2.76.

Reaction of 21 with Isohexylmagnesium Bromide. To a solution of 21
(16 mg) dissolved in 0.8 mL of THF was added (N,) a solution (1 mL)
of isohexylmagnesium bromide (same as above) in THF. Initially some
precipitate formed, which gradually disappeared with stirring for 6 h at
25 °C. After quenching with aqueous NH,Cl, the mixture was extracted
with CH,Cl,. The extracts were washed with water and brine and dried
(Na,S0,). Removal of the solvent gave an oil, which was purified by
preparative TLC (ether). The yield of 20, identical with that obtained
above, was 10 mg (52%, 77% based on recovered starting 21 (5 mg)).

¥,4’-Dihydro-5'-methyl-35-hydroxy-(17 R)-spiro[5-androstene-17,2’-
(2’ H)-pyrrole] -Oxide (13). To a stirred suspension of 12 (40 mg) in
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5 mL of MeOH-water (4/1) (N,) was added 35 mg of K,CO;. The
mixture was heated at 40-45 °C for 45 min. After concentration to
half-volume, 40 mL of CHCI, was added. The CHCI, layer was washed
with water and brine and dried (Na,SO,). Removal of solvent followed
by trituration with ether gave 13 as colorless crystals (32.5 mg, 91%).
Recrystallization from isopropyl alcohol-hexane gave the analytical
specimen: mp 236-242 °C; NMR 6 5.31 (1 H, H-6), 2.04 (3 H, nitrone
CH,), 0.96-0.98 (6 H, H-18, 19); m/e 357.267 (caled for C,3HysNO,,
357.267).

3,4’-Dihydro-5’-methyl-38-(tetrahydro-2 H-pyran-2-yl)oxy-(17R)-
spiro[5-androstene-17,2’(2' H)-pyrrole] 1’-Oxide (14). A catalytic amount
of p-toluenesulfonic acid monohydrate was added to a solution of 13 (37
mg) and dihydropyran (87 mg) in 4 mL of CH,Cl,. After a 12-h stir
at 25 °C, 20 mL of CH,Cl was added. The solution was washed with
10% aqueous NaHCO, and water and dried (MgSO,). Removal of
solvent gave crystalline 14. Recrystallization from ethyl acetate gave
pure 14 (39 mg, 86%): mp 220-224 °C; NMR 4 5.34 (1 H, H-6), 4.70
(1 H, THP proton), 2.06 (3 H, nitrone methyl), 0.99-1.01 (6 H, H-18,
19); m/e (441.322 (caled for CogHsNO;, 441.324).

§’-Methyl-5’-(4-methylpentyl)-38-(tetrahydro-2 H-pyran-2-yl)oxy-
(17R)-spiro[S-androstene-17,2’-pyrrolidin}-1’-yloxy (18). Isohexyl-
magnesium bromide in THF (2 mL, prepared same as above) was added
to a solution of 14 (28 mg) in 4 mL of THF (N,) at 25 °C. After a 3-h
stir, saturated aqueous NH,CI was added and the product was extracted
into CH,Cl,. The CH,Cl, layer was washed with water and dried
(MgS0O,). Removal of solvent gave a colorless oil, which was treated
under air with Cu(OAc),-H;O (3 mg) in EtOH (4 mL) and NH,OH
(0.1 mL). After workup, the product was purified by preparative TLC
(hexane-ether, 3/7). Nitroxide 18 (3 mg) was isolated in addition of
unreacted 14 (10 mg). Recrystallization from hexane gave pure 18; mp
194-196 °C; ESR (CH,Cl,), a, = 14.3 G; m/e 526.422 (caled for
C14H5NO;, 526.426).

Hydrolysis of 18 to 15. To a solution of 18 (11 mg) in 3 mL of ether
was added 4 mL of a solution of 0.1 N HCI-MeOH (1/9). After a 24-h
stir at 25 °C, 20 mL of ether was added. The ether layer was washed
with aqueous NaHCO; and water and dried (Na,SO,). Removal of
solvent gave crystalline 15 (8 mg, 86%), which was identical with that
obtained in the original Grignard reaction described above.

1’-Acetoxy-5'-(2-oxypropylidene)-38- (tetrahydro-2 H-pyran-2-yl)-
oxy-(17R)-spiro[ 5-androstene-17,2"-pyrrolidine] (32). To a stirred solu-
tion of hexane-BuLi (0.7 mM) in 1.5 mL of THF at -60 °C was added
(N,) a solution of diisopropylamine (0.14 mL}) in 0.5 mL of THF. After
a 10-min stir, a solution of 14 (30 mg) in 3 mL of THF was added at
-60 °C. After 20 min, a solution of acetic anhydride (0.1 mL) in 0.5
mL of THF was slowly added. After 20 min, the reaction was allowed
to warm to 0 °C. After 30 min, water was added and the product was
extracted into CH,Cl,. The extract was washed with water and brine
and dried (MgSO,). Removal of solvent gave a yellow oil, which was
purified by preparative TLC (ether), giving 20 mg (60%) of 32. Crys-
tallization from CH,CN afforded pure 32: mp 138-139 °C: IR (CH-
Cl;) 1800, 1645, 1550 cm™; m/e 525 (M*); NMR 6 5.35 (1 H, H-6),
5.03 (1 H, enaminone vinyl), 4.72 (1 H, THP proton}), 2.25 (3 H,
CH,CO), 2.08 (3 H, 5, AcO), 1.04 (3 H, s), 0.89 (3 H, s).

Preparation of 21 from 32. A solution of 32 (7 mg) dissolved in 2 mL
of MeOH-0.1 N HCI (8/1) was stirred for 25 h at 25 °C and then
poured into cold 5% aqueous NaHCO,. The product was extracted into
CH,Cl,. Removal of solvent gave a brown oil to which was added 0.5
mL of MeOH followed by 0.2 mL of a KOH-MeOH solution (1/40).
After a 1-h stir at 25 °C, water was added and the mixture was extracted
with CH,Cl,. The extract was washed with water and brine and dried
(MgSO,). Removal of solvent gave an oil, which was purified by prep-
arative TLC (ether) to afford 3 mg (57% from 32) of 21, identical with
that obtained in the Grignard reaction of 16.

5’-Methyl-5’-(4-methylpentyl)-38-oleoyloxy-(17R )-spiro[5-
androstene-17,2'-pyrrolidin]-1’-yloxy 16. To a solution of the nitroxide
15 (10 mg) in 1 mL of toluene were added a solution (4 equiv) of 0.5 M
pyridine-toluene and a solution (3 equiv) of oleoyl chloride in toluene.
After a 20-h stir at 25 °C and the usual workup, preparative TLC
(hexane-ether, 3/7), gave crystalline 16 (11 mg 70%) in addition to
recovered 15 (2 mg). Recrystallization from CH,CN afforded pure 16;
mp 105-110 °C; IR (CHCl3) 1720 em™}; ESR (i-PrOH), q, = 14.4 G.
Anal. Caled for C4;HggNO;: C, 79.83; H, 11.40; N, 1.98. Found: C,
79.66; H, 11.13; N, 1.65.

Cholesterol Esterase Procedure. The chemicals were purchased from
Supelco. The enzyme reagent was made up by combining sodium cholate
(32 mg), Na,HPO, (1978 mg), NaH,PO, (168 mg), Carbowax 6000 (26
mg), and cholesterol esterase (EC 3.1.1.13) (0.83 unit) in 25 mL of
water. To 2.5 mL of the enzyme reagent was added 50 xL of a solution
of ester 16 (1.805 mg) in 0.60 mL of i-PrOH followed by incubation of
37 °C for 60 min. The reaction mixture was then thoroughly extracted
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with ether. The extract was washed once with water and evaporated.
The residue was dissolved in 0.1 mL of i-PrOH and analyzed by HPLC.
Comparison with HPLC generated standard curves using pure 16 and
15 showed that the ratio of 16 to 15 was 55/45.

The cholesterol oleate hydrolysis experiments were performed as
above, using 50-uL aliquots of a solution of cholesterol oleate (2.350 mg)
dissolved in 0.58 mL of /-PrOH. After 60 min at 37 °C, the mixture was
thoroughly extracted with CH,Cl, (ether is not suitable owing to the
presence of traces of peroxides). The extract was washed with water and
evaporated. The residue was homogenized in an i-PrOH-water (1/1)
solution (0.1 mL). Free cholesterol was then determined by using the
cholesterol oxidase enzyme method described below. The ratio of cho-
lesterol oleate to cholesterol was 60/40.

Cholesterol Oxidase Procedure. The reagent solution was made up by
combining sodium cholate (64.5 mg), 4-aminoantipyrine (8.5 mg), phenol
(61.5 mg), Na,HPO, (355 mg), NaH,PO, (335 mg), Carbowax 6000
(51 mL), cholesterol oxidase (EC 1.1.3.6) (5.85 units), and horseradish
peroxidase (3350 units) in water (50 mL) as described by Allain et al.*0
A 10 X 10 X 30 mm cuvette was charged with 2.4 mL of the reagent
solution (~37 °C) followed by 0.3 mL of i-PrOH (~37 °C) to which
had been added either 0, 5, 10, 30, 50, or 60 uL of stock substrate
solution (3.0 mg of substrate in 1.0 mL of i-PrOH). After the solution
was mixed (37 °C), the absorbance at 500 nm due to the formation of
the chromogen was monitored until a constant value was observed.
Cholesterol required 15-25 min. Reactions involving nitroxide 15 re-
quired up to 90 min. A linear response was obtained for cholesterol: 5
pL gave Asqp = 0.12; 10 uL, 0.24; 30 uL, 0.76; 60 L, 1.58. With 15,
the maximum absorbance at 500 nm approached a limiting value: 5 uL
gave Asg = 0.03; 10 L, 0.14; 30 uL, 0.22; 50 uL, 0.25. The oxidation
studies with 15 were complicated by formation of suspensions or fine
precipitates. Another set of experiments were performed in which the
concentrations of both cholesterol oxidase and horseradish peroxidase
were increased 110-fold. Cholesterol behaved normally, with 30 uL of
stock solution giving Ase = 0.78. Nitroxide 15 behaved as follows: 10
uL gave A = 0.12; 30 L, 0.18; 50 pL, 0.35 (cloudy).

Synthesis of Tritium-Labeled Cholesterol Nitroxide 20. To a cooled
suspension of N-chlorosuccinimide (7 mg) in 0.2 mL of dry toluene at
-15 °C (N;) was added 70 uL of a 1 M dimethyl sulfide solution in
toluene. Then a solution of 15 (5 mg) in 1.0 mL of dry toluene was added
dropwise. After a 2-h stir at -23 °C, 52 uL of 1 M triethylamine in
toluene was added at —23 °C. The cooling bath was removed, and after
5 min, ether (15 mL) was added. The organic layer was washed with
cold water and brine and dried (MgSO,). After removal of solvent, 19
(5.5 mg) was obtained as a solid: mp 156-160 °C; IR (CHCl3) 1710
cm™. This was used immediately for the following reduction. Sodium
boro[*H]hydride (100 mCi) (Amersham, sp act., ~5 Ci/mMol) was

transferred to a centrifuge tube with the aid of some i-PrOH. A solution
of 19 (5.5 mg) in 0.8 mL of i-PrOH was added. After a 1.5-h stir at 25
°C, 0.3 mL of 0.1 N NaOH and 0.1 mL of water were added, and then
all was extracted with ether. The extract was washed with brine and
evaporated, giving a residue which was purified by preparative TLC
(hexane—ether, 3/7). Tritiated nitroxide 20 (2.5 mg) and its C-3 epimer
(1.5 mg) were both isolated in pure form. After recrystallization of 20
from CH,;CN, the specific activity was 1.6 Ci/mM.

Preparation of Human High Density Lipoprotein (HDL;) and HDL,
Lipids. Human high density lipoprotein, HDL,, was kindly supplied by
Dr. Angelo M. Scanu®* and stored at 4 °C in a high salt solution con-
sisting of 98 mg of NaCl, 200 mg of NaBr, and 0.01 mL of 5% EDTA,
pH 7.0, per milliliter (final density of 1.21 g/mL). Before use, HDL,
was dialyzed against 0.15 M NaCl, 10 mM phosphate, | mM EDTA,
pH 7.4, and adjusted to 30 mg of protein/mL by ultracentrifugation.
The same buffer was used in all experimental procedures. Cholesterol
nitroxide 15 was introduced into the lipoprotein particles at a molar ratio
of less than one spin label per two HDL; via ethanolic injection of the
label [1% (v/v) final ethanol concentration]. Full incorporation of ni-
troxide 15 required incubation for 8 h at 37 °C as monitored by ESR.
Control experiments showed that the ESR spectrum of 7 in HDL, was
not altered by the addition of 1% ethanol.

HDL, lipids were extracted by the method of Bligh and Dyer,* dried,
resuspended in buffer, and centrifuged (1 h, 12000g) to separate the
vesicles containing phospholipid and cholesterol from the floating apolar
lipids. The phospholipid—cholesterol-rich fraction was reextracted,
characterized by thin-layer chromatography, and stored in choloroform-
methanol (4/1). Aqueous vesicles of the phospholipid—cholesterol HDL;
lipid fraction and cholesterol nitroxide 15 were prepared by mixing 685
nmol of HDL, lipid phosphorus and 5.7 nmol of nitroxide 15 in chloro-
form-methanol (4/1) and drying the lipids under nitrogen followed by
water aspiration (1 h). Buffer (40 uL) was added to the dry lipid film
and the sample was vortexed. This procedure yields multilamellar ves-
icles with the same phospholipid to cholesterol ratio as the intact HDL,.
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Abstract: The source of the asymmetric electron spin density distribution in cytochrome ¢ has been investigated with use of
the active site heme octapeptide (OP) as a model system. The paramagnetic 'H NMR spectra of OPL where L = CN", pyridine,
Nj", and N-acetyl-DL-methionine are reported and compared to the spectra of analogous cytochrome ¢ derivatives. The temperature
and concentration dependences of the OPCN and OPpyr heme methyl resonances were used to characterize the model system.
Low-temperature EPR spectra of OPCN and OPpyr are very similar to their respective cytochrome ¢ analogues. The g values
were used to calculate the dipolar contribution to the isotropic shifts. Large isotropic shift differences between the appropriate
model system and cytochrome ¢ derivative primarily reflect greater contact shifts in the peptide systems, in contrast to previous
model system studies. Heme methyl group resonances were assigned for OPCN, OPpyr, azide—cytochrome ¢, and pyri-
dine—cytochrome c, using either Gd** as a relaxation probe or saturation transfer for N5~ and pyridine—cytochrome ¢ complexes.
The pattern of methyl group resonances with increasing field presumably is 5, 8, 1, 3 for the model systems as well as for
the protein derivatives, compared to 8, 3, 5, 1 for native cytochrome ¢. The detailed analysis of these results demonstrates
that the orientation of the axial methionine in cytochrome ¢ and heme-protein contacts are important determinants of the

electronic structure of the heme in native cytochrome c.

NMR spectroscopy can provide a uniquely sensitive probe of
the electronic structure of paramagnetic heme proteins.”® This

ability has been elegantly exploited in studies of cytochrome c.
One finding of such studies is that the spin density in cytochrome
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