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Abstract-Polysaccharides that bind with sterols and render them water-soluble were isolated from 
two mycelial fungi, Rhizopus arrhizus and Penicillium roquefortii and a yeast Saccharomyces carls- 
bergensis. The polysaccharides from R. arrhizus and S. carlsbergensis were accompanied by small 
quantities of phosphorus, protein and lipid, none of which significantly influenced the binding of 
sterol to polysaccharide. The chemical composition and sterol-binding properties of the polysacchar- 
ides from the filamentous species were almost identical, but differed significantly from those of the 
yeast polysaccharide. The principal sterol-binding polysaccharide of S. carlsbergensis was identified 
as a mannan and that of the filamentous fungi as a glucan(s). The binding capacity of the purified 
yeast polysaccharide was almost two-fold greater than that of R. arrhizus and P. roquefortii. 

1NTRODUCTION 

Adams and Parks [1] first reported the presence 
in commercial yeast extract of a material that 
could bind non-covalently with cholesterol and 
ergosterol and render them water-soluble. They 
subsequently reported that this material was pres- 
ent in aqueous extracts of yeast and was polysac- 
charide in nature [2]. The polysaccharide nature 
of the sterol-binding substance was later con- 
firmed and it was identified as cell-wall mannan 
[3]. More recently, a bound form of sterols was 
found in the protozoan Euglena gracilis 2. [4] 
and higher plants such as maize [5] and Kalan- 
choe [IS]. 

The research reported here was conducted to 
determine whether sterol-binding polysaccharides 
are present in non-yeast fungi and, if so, to com- 
pare the chemical and physical nature of these 
substances from mycelial and yeast fungi. 
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RESULTS AND DISCC’SSION 

Chemical composition of sterol-binding polysac- 
charides. Chemical analyses showed that the puri- 
fied hot-water extracts of S. carlsbergensis and R. 
arrhizus that bind with cholesterol and ergosterol 
contained between 83 and 9576 polysaccharide. 
The polysaccharides were accompanied by rela- 
tively small amounts of protein, phosphorus, un- 
identified lipid and sterols. The composition of 
the polysaccharide preparations from these fungi 
was very similar to that of S. cereuisiae [3] and 
is typical of similar extracts of isolated fungal cell 
walls [ 133. 

Acid hydrolysis of the polysaccharide prep- 
aration from R. arrhizus yielded a mixture of 4 
principal monosaccharides. The major sugar was 
glucose (42.3%) which was accompanied by two 
unidentified sugars and mannose (IO. 1%) (Table 
1). R. arrhizus (class Mastigomycotina, subclass 
Zygomycete) produce cell walls of the chitin-chi- 
tosan type, a distinguishing feature of which is 
the absence of glucose polymers in the vegetative 
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Table 1. Principal monosaccharide components of sterol-binding polysaccharides of S. ca~lshrr~ensis and R. arrhixs 

Fungus 
Monosaccharides (“;,)*5$ 

Mannose Glucose 1 2 3 1 

*The Cifonelli fractions were used in the analytical studies. Each contained additional components which ranged from 
trace amounts to 5’;” of the total polysaccharide precipitate. 

t Mannose and glucose (as TMS derivatives) were identified by comparison of GLC retention times with known standards 
on OV-I and SE-.%. 

$ Compounds l--4 represent unknown constituents. 

cell walls [13]. However, the spore walls of Mucor 
rousii, also of the class Mastigomycotina. sub- 
class Zygomycete, contain glucose at levels al- 
most identical to those reported in this study for 
water-soluble polysacchardies from vegetative 
hyphae of R. arrhixs [13]. The low proportion 
of mannose in polysaccharides from R. arrhizus 
is consistant with other species in this group [ 131. 

The monosaccharide composition of the sol- 
uble sterol-binding polysaccharides from S. carls- 
h~grnsi.s differed from that of R. urrhizus but was 
similar to that reported previously for S. cerer:i- 
siae [3]. Mannose (53.57;) was the principal sugar 
in the yeast polysaccharide which was accom- 
panied by two unidentified sugars. Mannan is one 
of the principal structural components of yeast 
cell walls [ 141 and the polysaccharides isolated 
from S. carlshrrgensis in this study are probably 
associated with the cell wall. This is supported 
by the phosphorus content of the polysaccharide 
preparation (see below). 

Other components of the water-soluble poly- 
saccharide preparations from R. nrrhixs and S. 
carlsherg~nsis included phosphorus, protein and 
lipid. It is well known that phosphopolysacchar- 
ides are components of fungal cell walls. For 
example, Stewart and Ballou [IS] showed that 
the cell walls of several yeasts contain a phospho- 
mannan and that the phosphorus content varies 
considerably with species and culture age. The 

value obtained in this study for the molar ratio 
of mannose to phosphorus for the polysaccharide 
from S. carlshergrnsis (24.0) agrees closely with 
that (21 ,O) reported previously for this species 
[13]. The phosphorus content is considered high 
when compared to S. cerecisiue (12@0) [2.15]. The 
phosphorus content of polysaccharide from R. 
at-t&us was two-fold greater than that of the 
yeast (Table 2). The protein contents of the poly- 
saccharides of S. carlsheryerlsis and R. arrhizus 
(Table 2) were in the expected range for fungal 
cell walls [13J. 

If the sterol-polysaccharide complex occurs in 
viva and possibly has some physiological signifi- 
cance, bound sterols should be present in the 
polysaccharide preparations. The polysaccharidcs 
(non-defatted) from each species were refiuxed in 
alkaline-pyrogallol and the sterols recovered in 
hexane. Although sterols were detected in the hex- 
ane wash from each species, they comprised a low 
proportion of the polysaccharide which suggests 
that the sterol--polysaccharide complexes are of 
little physiological significance in the cell (Table 
2). On the other hand. bound sterols were present 
in the aqueous extracts of several higher plants 
[5,6] and were almost as abundant as the free 
sterols in Euglrtzu pm?lis [S]. Pryce [6] showed 
that total sterols and squalene were present in 
low relative amounts (0.16 and 0.1.5:/;, respecti- 
vely) in aqueous extracts of Kalurlclzoe hlo.s.~~l- 
diutm. 

Table 2. Minor constituents of sterol-binding polysaccharides isolated from S. carlsher~~r~is and R. arrhixs 

jcg/mg Polysaccharide precipitate 
Fungus Protcm Phosphorus Sterols Llpid Total sugars* 

- 

Succharonzgccs carlsheryrr~sis 127.2 5.2 0.64 830 
Rhizopus urrhkrs 33.5 9.5 0.13 4Y.5 946 

* Estimated by the anthrone method [213. 



Sterol-binding polysaccharides 2349 

Although the polysaccharide preparations con- 
tained very low amounts of bound sterol, the 
polysaccharide preparation from R. arrhizus con- 
tained 4.95% of lipid (Table 2). The cell wall lipid 
content of over 40 fungal species has been 
reported and the value reported here for R. urr- 
hizus falls within the expected range for fungi (l- 
18.9%) particularly Phycomycetes (3.1-12.0) [16]. 
Little is known about the lipids present in fungal 
cell walls although polyprenols have received con- 
siderable attention because of their role in poly- 
saccharide biosynthesis [ 171, particularly in yeast 
[18]. Dolichols from yeasts did not have the same 
R, values as the lipids from R. arrhizus polysac- 
charide. 

Water-soluble polysaccharide from another 
mycelial fungus, Penicillium roquefortii, was also 
examined. While analysis of this polysaccharide 
was not as complete as for the other’species, the 
monosaccharide and phosphorus content was 
very similar to that of R. arrhizus. The GLC sep- 
aration pattern of monosaccharides of the two 
mycelial species was identical. In P. roquefirtii, 
glucose was the principal sugar (50.4%) and it was 
accompanied by two unidentified sugars and 
mannose (10.1%). The phosphorus content of the 
polysaccharide preparation was 11.4 pg/mg. The 
sugar and phosphorus content of P. roquefirtii 
water-soluble polysaccharide agree closely with 
that reported previously for the cell wall of this 
species [19]. 

Binding properties of the fungal polysaccharides. 
It is difficult to obtain quantitative recoveries of 
sterols dispersed in water, but the recovery can 
be raised to 100% by adding phosphate to the 
water [l]. We obtained similar results in this 
study, except that only 85% recovery was 
obtained with the addition of phosphate. Also, 
the recovery was affected very little by pH in the 
range %8. Binding of ergosterol by the polysac- 
charides from R. arrhizus, P. roquefortii, and S. 
carlsbergensis was not significantly influenced by 
pH in this range. 

The crude polysaccharide extract from each 
species was initially precipitated from EtOH 
(EtOH precipitate fraction) and purified further 
by a second precipitation from Benedict’s solution 
with KOH (Cifonelli fraction). When the degree 
of ergosterol-binding by these two fractions was 
compared. the Cifonelli fractions of S. carlsber- 

gensis and R. arrhizus possessed the greater capa- 
city for binding; containing 39.3 and 24.3% more 
sterol, respectively, than the corresponding EtOH 
precipitate fractions. There was no apparent dif- 
ference in the sterol-binding capacity of the two 
polysaccharide fractions from P. roquefortii. 

The effects of temperature on ergosterol bind- 
ing were also determined. At temperatures of 35” 
and 4”, the degree of sterol-binding was decreased 
when compared to the degree of binding at 25”. 
For example, sterol-binding was decreased about 
50% for each species at the lower temperature 
and 620% at the higher temperature. The de- 
crease in binding at 4” was probably due to the 
lower solubility of the two constituents, particu- 
larly sterols. 

The sterol-binding capacity of polysaccharides 
from the three fungi used in this investigation was 
determined by maintaining the polysaccharide 
concentration constant (1.0 mg/ml) and increasing 
the ergosterol content from 25-400 vg (Fig. 1). 
The binding capacity for the polysaccharides from 
S. carlsbergensis was 97 pg ergosterol per mg. 
Thompson et al. [3] showed that the sterol-bind- 
ing capacity for polysaccharide isolated from S. 
cerevisiae was dependent on the mannan content 
(linear with respect to mannan). The binding 
capacity of mannan from this yeast was 185 ,@ 
ergosterol per mg of the monosaccharide. When 
calculated on the basis of mannose content, the 
binding capacity for polysaccharides of S. carls- 
bergensis was 218. Both of these values are higher 

pg Sterol added 

Fig, 1, Saturation curve showing the sterol-binding capacities 
for polysaccharide from S. carlsbergensis, R. arrhizus, and P. 
roqwforro’tii. In each case, 254OOpg ergosterol was added to 

1 ,O mg/ml of the polysaccharide material. 
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than that (160 pg/mg) previously published for 
commercial mannan [3]. 

The ergosterol-binding capacity of polysacchar- 
ides isolated from both R. arrhizus and P. roque- 
fortii was about 76 pg ergosterol per mg (Fig. 
1). Because of the low mannose content of poly- 
saccharides from these fungi and the reported 
sterol-binding capacity for purified mannan [3], 
the binding of sterols by polysaccharides from 
these species cannot be attributed to the mannan 
content. This, combined with the fact that the 
sterol-binding capacity for purified polysacchar- 
ide extracted from S. cereuisiae and S. carlsher- 
pnsis is higher than that of commercial yeast 
mannan, strongly suggest that non-mannan poly- 
saccharides also bind sterols. Comparison of the 
ratio of the moles of ergosterol bound per mole 
of the principal monosaccharides present shows 
that the binding efficiency of polysaccharide from 
S. carlshmpwis (8.3 x 1 OP ’ Moles ergosterol/mole 
mannan) is almost two-fold greater than that 
from R. arrhizus (4.5 x lo- ’ Moles ergosterol/mole 
glucose). 

The chemical basis for the binding between 
sterols and polysaccharides of fungal origin has 
not been established. Although sterols are bound 
with considerable tenacity, covalent bonding is 
apparently not responsible for the sterol-polysac- 
charide association [2]. Comparisons of the phos- 
phorus, protein, and lipid content and the sterol- 
binding capacity of the polysaccharides suggest 
that there is no relation between these consti- 
tuents in the sterolLpolysaccharide complex. In 
addition, removing the lipid and reducing the 
protein content of the polysaccharide does not 
result in corresponding reductions in the degree 
of sterol binding. Specific aspects of the polysac- 
charide structure may account for its sterol-bind- 
ing ability. For example, cell wall mannan from 
S. cerevisiac is a highly branched mannose 
polymer with x-(1 - 2)-and x-( 1 ---f 3)-linked side 
chains attached to an SC-(1 -+ 6)-linked backbone 
[IS]. The proportions of these linkages vary in 
different mannans and may be characteristic of 
different strains or species of yeast [15]. Branch- 
ing within the mannan molecule may account for 
its sterol-binding properties while the degree and 
type of branching may determine the sterol-bind- 
ing capacity. This may explain the slight vari- 
ations in the sterol-binding capacity obtained in 

this study for polysaccharides from S. curlshrr- 
yensis and those previously reported for S. ccwci- 
siae [3] and commercial mannan [3]. 

Although the cell wall mannan content of the 
filamentous fungi was relatively low, this study 
shows that soluble polysaccharides other than 
mannan are present which are capable of binding 
with sterols. Also, although the two filamentous 
fungi are classified differently according to their 
cell wall structure. the monosaccharide composi- 
tion of the the soluble polysaccharides from each 
species was quantitatively and qualitatively very 
similar. In fungal cell wall analyses. preparations 
are initially separated into two or three crude 
fractions according to their solubility in water 
and/or alkali. The soluble fractions from fungi 
that have cell walls of the chitin-glucan type are 
usually mixtures composed of linear and 
branched Y.- or /$( l--3 4)-. (I+ ?)-. and (1 -+ 6)- 
linked glucans [ 13,14,20] and the alkali-insoluble 
residues of chitin andior chitosan. The ability of 
the non-mannan polysaccharides from the fila- 
mentous fungi to bind sterols and the degree of 
binding may also be dependent on the presence. 
extent, and type of branching within the polysac- 
charide molecule. Whether the binding of sterols 
by fungal cell wall polysaccharides is only a tran- 
sistory phenomenon or whether it has physiologi- 
cal significance is not known. 

EXPERIMEYTAL 

Gmvth co,ditio,is. Succ/~trm~~~cc~s car/sher~c~~~sis ATCC 
2345. Rhkopus urrhixs All 544 (Auburn University Culture 
Collection) and Pcrrici/lium rmpwfwtii NRRL X49 were grov\ n 
m vats containing 7 1. of medium as pl-cviously, described [7]. 
Yeast cells were collected by low speed centrrfugation (IO00 
8) and washed 2 x with dist. H,O. Mycelia of K. urr/ri:rr,~ 
were collected on cheesecloth in a Buchncr funnel, washed 
2 x with dist. H,O. and dried b> Iyophlliutton. While P. 
roqu&rii was grown as described above. the mycclia was 
not grown in our laborator> and only a limited supply v,as 
available for this study. 

E.Wxcfior~ turd /urc’ific.utioii of pc’!l..~(~(.~I~~~.id~‘s. Yeast cells 
and the powdcrcd mycclia wcrc each refluxed for 2 hr in 0.01 
M citrate butk at pH 7.0 [IX]. Insoluble fungal material was 
removed from the aq extract by centrifugation and the poly- 
saccharide precipitated by the addition of absolute EtOH to 
a final concn of SO”,, and allowing it to stand at 4 for 7 
hr. The polysaccharides were collcctcd by ccntrililgatian (1500 

y) and rc-pptd 2 x from 60”,, EtOH. Prior to USC in the bind- 
in& experiments or chemical analysis. the partially purlticd 
polysaccharides were either dried b! Iyophili/ntion or further 
purified by a procedure modified from that of c‘ifonclli and 
Smith [9]. In the second purification step, the frcshlc-precipi- 
tated or lyophillrcd polysaccharide material uas suspended 
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in Benedict’s soln and precipitated by addition of 60’;/ KOH 
to a final cont. of 10’4. Blue ppt was collected by centrifuga- 
tion (2500 g) and resuspended in @l N HCl until the soln 
became clear. Purified polysaccharides were then recovered 
by precipitation from 60% EtOH as described above. Prior 
to purification the samples were defatted by washing first for 
12 hr with n-hexane and 12 hr with CHCl,: MeOH (2 : 11. 
The lipid extraction was aided by gentle heat&g of the eitrad- 
tion mixture and magnetic stirring. 

Stero[-polysaccharide binding. Polysaccharide preparations 
from each species (0.5 mg) in 2 ml dist. H,O were mixed 
in 0.4 ml absolute EtOH containing 0.2 mg ergosterol. After 
thorough mixing using a Vortex mixer, the soln was brought 
to pH 8 with 0.2ml of I.0 M Pi buffer. Unbound (freely 
extractable) ergosterol was removed by washing the soln 3 x 
with 10 ml each of n-hexane. The combined hexane phases 
were evaporated under N, and the unbound ergosterol was 
assayed by a modified Liebermann-Burchard reaction [lo]. 
The quantity of ergosterol bound to the polysaccharide was 
determined by difference. The effect of pH on the degree of 
sterol-polysaccharide binding was determined similarly, but 
the soln containing ergosterol and polysaccharide was main- 
tained at the appropriate pH with Pi buffer. 

Recovery of bound ergosterol. Polysaccharide-bound ergo- 
sterol was recovered bv refluxine in methanolic-Dvroaallol as 
previously described [I]. Pyrogallol (OS%) in GeO‘ir, 60% 
KOH. and absolute MeOH (3 : 2 : 31 were added to the drv 
polysaccharide and refluxed for 1.5 t&. Refluxing medium was 
cooled and washed 3 x with 30 ml n-hexane. Combined hex- 
ane extracts were taken to dryness and the recovered sterols 
determined quantitatively as before. 

Hydrolysis of the poly&charides. Polysaccharides were re- 
fluxed with 20 ml I.5 M H,SO, for 5 hr and allowed to cool 
to room temp. overnight. Hy&olysate was neutralized with 
BaCO, and centrifuged (2500 g). Supernatant was filtered and 
taken to dryness by flash evaporation. 

GLC. The monosaccharides obtained by acid hydrolysis of 
the fungal polysaccharides were converted to their trimethyl- 
silvl ether (TMS) derivatives using Tri-Sil and seoarated bv 
GiC on a i m ; 0.2 mm glass co&mn packed with 3% OVI1 
or a 3 m x 0.4 mm stainless steel column packed with 3% 
SE-30. TMS derivatives were prepared by dissolving 10 mg 
or less of the monosaccharides in 1 ml Tri-Sil, heating and 
allowing to stand at least 5 min prior to injection. 
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Phosphorus and protein determinations. Phosphorus content 
of the fungal polysaccharides were determined by the method 
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