pend only on the basal plane area and
thus on the number of stacked sheets,
which we assume are double layers as in
2H molybdenite on the basis of the re-
sults discussed above:

Surface area = m%g = 327/n

where n is the number of stacked sheets
or rags. For five to ten stacks this yields
calculated surface areas in the range of
about 33 to 66 m%g, in good agreement
with the observed value but indicating
that there is also a greater degree of
stacking than indicated by the x-ray or-
der length in the c-direction.

The asymmetric shape of the 100 enve-
lope (as indicated in Fig. 4) is character-
istic of random layer lattice structures
(11), in which the layers are displaced
randomly with respect to one another
like a spread deck of cards. They are
stacked almost normally, although the
position of the 002 reflection is displaced
slightly to lower angles; this dis-
placement is presumably due to imper-
fect stacking, as has been described for
graphite (/12). When a mixed reflection
such as the 103 reflection appears, its
line width indicates that the two-layer
molybdenite stacking sequence is main-
tained for at least two stacks as might be
expected. We also observed that press-
ing the “‘poorly crystalline’” MoS, in a
laboratory press at approximately 1000
atm significantly increased the sharpness
of the x-ray reflections, presumably im-
proving the stacking of the rags. There is
considerable non-Bragg scattering pres-
ent at low angles (Fig. 4). This may be
due to uncorrelated single layers and the
pore structure that they generate by ran-
domly folding and connecting with other
sheets. All of the above observations are
consistent with the stacking and folding
of individual MoS, layers to form a high-
ly disordered, poorly crystalline MoS..

This study demonstrates that the rag
morphology in poorly crystalline MoS,
arises from the two-dimensional macro-
molecular nature of the layered MoS,
crystal structure. We believe that the an-
isotropic properties of MoS, rags will
have important implications in catalysis
and surface chemistry (8). The structure
of amorphous MoS, and how this is re-
lated to the crystallization and growth of
MoS, in the rag structure are still open
questions.

R. R. CHIANELLI
E. B. PRESTRIDGE
T. A. PECORARO
J. P. DENEUFVILLE
Corporate Research Laboratories,
Exxon Research and Engineering
Company, Linden, New Jersey 07036
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Defects of Bile Acid Synthesis in Zellweger’s Syndrome

Abstract. Abnormal mitochondrial structure and function have been documented
in patients with Zellweger’s syndrome (cerebrohepatorenal syndrome). In vitro stud-
ies have suggested that the formation of C,, bile acids (chenodeoxycholic acid and
cholic acid) from C,, cholesterol requires mitochondrial oxidative cleavage of the
terminal three carbons of the side chain. Therefore, three patients with Zellweger’'s
syndrome were examined for the presence of mitochondrial defects in bile acid syn-
thesis. All three excreted excessive amounts of 3,7 e=dihydroxy-5 3cholestan-26-oic
acid, 3a,7 a,12 aetrihydroxy-5 3cholestan-26-oic acid, and 3,7 o, 12,24 &tetrahy-
droxy-53-cholestan-26-oic acid (varanic acid), precursors of chenodeoxycholic acid
and cholic acid that have undergone only partial side chain oxidation. These findings
give added support to the role of mitochondrial oxidative side chain cleavage in the

overall scheme of bile acid synthesis.

Bile acids are synthesized from cho-
lesterol in the liver and are important for
the solubilization of cholesterol in bile
and fat in the intestinal tract as well as
being an excretory pathway for choles-
terol. The synthesis of bile acids has
been extensively studied in vitro, and it
is thought that the initial steps of hy-
droxylation and rearrangement of the
ring system of cholesterol take place in
the endoplasmic reticulum and that side
chain oxidation and cleavage take place
in the mitochondria (/).

In 1964, Bowen et al. (2) described an
autosomal recessive disease (Zellwe-
ger’s syndrome) characterized by severe
hypotonia, growth and mental retarda-
tion, renal cortical cysts, and liver dys-

function. Patients with this syndrome al-
so have severe mitochondrial abnormal-
ities (3). Thus, Zellweger’s syndrome
appears to be a unique ‘‘experiment of
nature’’ in which the role of the mito-
chondria in bile acid synthesis could be
assessed in vivo.

We studied three patients with typical
features of this syndrome ). Liver
biopsies, obtained from two patients,
showed abnormalities of the mito-
chondria consisting of disarrangement
and twisting of the cristae. In addition,
no peroxisomes could be identified.
These electron microscopic findings are
similar to those previously reported in
Zellweger’s syndrome (3).

Samples of urine from these three pa-

HO HO HO HO
I | I
COOH
OH COOH COOH 0
- - OH -
HO oH HO “oH HO™ “oH HO™ “OH

5B-Cholestane-
3a, 7a, 12a, 26-tetrol

THCA

Varanic acid Cholic acid

COOH
OH COOH COOH
. . OH -
HO™ “oH HO™ OH HO “OH HO “OH

58-Cholestane-
3a, 7a, 26-triol

DHCA

Chenodeoxycholic
acid

Fig. 1. Side chain oxidation in the synthesis of cholic acid from 58-cholestane-3«,7,12,26-
tetrol and chenodeoxycholic from 58-cholestane-3«,7a,26-triol, respectively. Abbreviations:
THCA, 3a,7a,12a-trihydroxy-5p-cholestan-26-oic acid; DHCA, 3a,7a-dihydroxy-58-choles-
tan-26-oic acid; varanic acid, 3a,7a,12a,24¢-tetrahydroxy-5 g-cholestan-26-oic acid.
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tients were analyzed for bile acids as de-
scribed previously with the use of gas-
liquid chromatography-mass spectros-
copy (5). Individual bile acids were
identified by a combination of their
gas chromatographic retention times
and their characteristic chemical ion-
ization and electron-impact mass frag-
ments (6).

3a,7a - Dihydroxy - 58-cholestan - 26 -
oic acid (DHCA), 3a,7a,120-trihydroxy-
58-cholestan-26-oic acid (THCA), and
3a, 7w, 12, 24¢-tetrahydroxy-53-cholestan-
26-oic acid (varanic acid) were identified
in the urine of all three patients (see Fig.
1 and Table 1). Figure 2 shows the elec-
tron-impact mass spectra of THCA iso-
lated from patient 1 compared to the
mass spectra of authentic THCA isolated
from the bile of Alligator mississippi-
ensis, a species in which THCA is the
major primary bile acid (7). In contrast,
no bile acid intermediates were found in
samples collected from 12 control pa-
tients with noninherited forms of liver
disease.

DHCA was not present in the urine of
patient 2 until the patient was 12 months
of age. Similarly, varanic acid was not
present in the urine until patient 3 was 4
months old. The presence of progressive
deficiencies in bile acid synthesis with
time suggests that the metabolic defects
are secondary to progressive alterations
in mitochondrial function.

If the mitochondrial defects in bile
acid synthesis were complete, no cholic
acid or chenodeoxycholic acid produc-
tion would be expected. Thus, the pres-
ence of cholic acid and chenodeoxychol-
ic acid in these three patients suggests
that the mitochondrial defects were in-
complete (see Table 1). A second possi-
bility exists; an alternate pathway, which
requires only microsomal enzymes, has
been suggested for oxidation and cleav-
age of the side chain of bile acid pre-
cursors (8). This pathway involves initial
hydroxylation at C-25 with subsequent
hydroxylation at position 24 and cleav-
age of C-25, C-26, and C-27 (8). This
pathway does not involve DHCA,

Table 1. Bile acids present in patients with Zellweger’s syndrome.

Relative percentages of bile acids

Pa- Age Total . Cheno- .
tient  (months) (umole/ml) Cholic ~ deoxy- THCA DHCA  Yaranic
acid cholic acid
acid
1 4 1.2 39.2 26.3 9.2 1.3 24.0
2 9 0.6 36.3 22.7 18.3 0 22.7
12 1.4 14.7 14.3 3.4 3.1 64.5
3 3 4.5 21.0 44.7 25.3 9.0 0
4 10.1 31.0 28.6 4.4 2.4 33.6
Fig. 2. Electron-
impact mass -spectra
of (A) authentic THCA
3 isolated from the bile
] of Alligator missis-
h: sippiensis and of (B)
é 0 355 THCA isolated from
o 100 e patient 1. The charac-
2z - B teristic ion, mass to
< 80 charge (m/e) 410
o | (M* — 3CH;CO,), for
60 1 the triacetate deriva-
tive of methyl THCA
[ was observed in each
40 I~ spectra.
20 313 410
0 ..IL‘ N bt L
100 200 300 400
m/e
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THCA, or varanic acid and may have
been operating in these children.

The present report confirms that ab-
normalities in mitochondrial structure
and function exist in Zellweger’s syn-
drome and gives support to the hypothe-
sis that mitochondria are involved in bile
acid synthesis.
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