
                

s

  

ifi-

  

,
sterols
ysical

  

ons
eading
t have
posed

  

utants,
logical
cessful,

  

nisms

  

istant

  

erobic
viewed

  

ns are
s cannot
itated
f media
o acids,
tituents

    

on the
ility of
d as the

  

th and

    

,

  

tiality.

 

Critical Reviews in Biochemistry and Molecular Biology, 

 

34(6):399–404 (1999)

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
Use of Sterol Mutants as Probes for Sterol Functions in the 
Yeast, Saccharomyces cerevisiae

Leo W. Parks, James H. Crowley, Frank W. Leak, Steven J. Smith, 
and Michele E. Tomeo

CONTENTS

I. Introduction..................................................................................................................................399
II. ERG24 .......................................................................................................................................400

III. ERG6 .......................................................................................................................................400
IV. ERG3 .......................................................................................................................................401
V. Conclusions..................................................................................................................................402

References....................................................................................................................................402

I. INTRODUCTION

This is the centenary of the isolation of ergosterol from yeast.1 While there was much interest in thi
compound as a substitute for vitamin D3, little attention was paid to the possible physiological sign
cance of ergosterol in the metabolism of yeast. Numerous in vitro studies on the interactions of sterols
particularly cholesterol, with various other membrane lipid components led to the conclusion that 
merely served structural roles to membranes, providing rigidity, stability, and resistance to ph
stresses. This is discussed in an earlier review.2 Generally ignored in those studies were the observati
that, when ergosterol was included in the experiments, it often did not behave like cholesterol. R
those results led to the notion that ergosterol, although it must have a structural function, migh
additional functions. The possibility that ergosterol had at least dual physiological roles was first pro
in 1967.3

Although the chemistry of sterols had been thoroughly studied, it was obvious that yeast m
defective in one or more steps in ergosterol biosynthesis, would be critical for a study of physio
functions of sterols. The first reported attempt at isolating stable sterol mutants in yeast was unsuc
and the paper clearly established the frustration in such an undertaking.4 The seminal observation for
obtaining a variety of sterol mutants was by Lynn Miller, who noticed that polyene resistant orga
had altered sterol composition. Subsequently expanded,5 this finding has been exploited in virtually
every laboratory working on sterol synthesis or metabolism in yeast. All of the polyene res
organisms continue to produce sterols, albeit of structural features modified from ergosterol.2 Obtaining
sterol auxotrophs was frustrated by the inability of yeast to take sterols from the medium under a
conditions. This has been called “aerobic sterol exclusion.” Although this phenomenon has been re
recently,6 it is important to mention in a discussion of the physiological roles of sterols.

Substantial confusion exists on whether or not genes mediating certain ergosterol functio
essential to yeast. A gene is considered essential if, when that gene is inactivated, the organism
grow. There is no doubt that many genes fall into that category. Conditional lethality has facil
defining the roles of many essential genes. For example, varying the temperature or osmolarity o
has been used to remediate otherwise lethal defects. Mutations that cause auxotrophy for amin
purines, pyrimidines, vitamins, etc. are generally considered essential, even though those subs
can be added to media and the yeast can then grow. Few would classify TRP1 as nonessential. Although
trp1 mutants cannot grow on defined media without added tryptophan, they grow abundantly 
same medium that is supplemented with the amino acid. It is interesting, therefore, that the ab
certain sterol mutants to grow on a routine glucose-yeast extract-tryptone medium has been use
metric for nonessentiality of that mutant's altered gene.7–9

Here, we discuss the effects of three structural genes in ergosterol biosynthesis on the grow
physiology of yeast. Genes ERG24, the C-14 sterol reductase, ERG6, the C-24 sterol methyltransferase
and ERG3, the C-5 desaturase, will be explored with regard to their possible functions and essen
Copyright© 1999, CRC Press LLC — Files may be downloaded for personal use only. Re-
production of this material without the consent of the publisher is prohibited.

399



        

c

    

-

     

ibited

       

rowth

    

the

               

ition.

  

edicted

     

an

            

rol as

                    

nt, like
4 gene

      

sult

      

row on
bstitute
pub-

  

h

    

 have

  

dia
 of the

    

s

  

 which
bitory
uctase.
pyrim-

  

ot
lene-
hanges

  

ely

  

e

      

terol

   

l gene

  

ining

            

x. These

    

 wild-

      

that

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
II. ERG24 

The ERG24 gene encodes the C-14 sterol reductase,10–12 which is the primary target for the antimycoti
15-azasterol,13 and the morpholine class of antifungal agents.14 Treatment of yeast cells with the mor
pholine antifungal fenpropimorph leads to the accumulation of ignosterol (∆8,14-ergostadien-3ß-ol) as
the primary sterol.14 The C-14 sterol reductase (Erg24p) and C-8 sterol isomerase (Erg2p) are inh
in vitro by fenpropimorph, with ERG24p being affected at higher concentrations of the drug.15 Accu-
mulation of ∆8-sterols by yeast in low concentrations of fenpropimorph does not appear to cause g
inhibition,14 and yeast strains containing the erg2 mutation (C-8 sterol isomerase) are viable despite 
presence of only ∆8-sterols, further indicating that ∆8-sterols are not toxic to the cell.16 In addition,
multiple copies of the ERG2 gene do not confer resistance to fenpropimorph.17 However, the accumu-
lation of ∆8,14-sterols in fenpropimorph-treated cells does appear to be correlated to growth inhib

The ERG24 gene was cloned and sequenced in our laboratory and determined to encode a pr
polypeptide of 438 amino acids (Mr 50,612).10 This was accomplished by first isolating a strain with 
erg24 mutation in a genetic background containing the fen1 and fen2 mutations.10 Strains having the
fen1 and fen2 mutations are highly resistant to fenpropimorph and are believed to tolerate ignoste
the major sterol.18 The ERG24 gene was then isolated by complementation of the erg24-1 mutation in
the fen1, fen2 background. Upon inactivation of the ERG24 gene, it was found that erg24::LEU2, fen1,
fen2 strains were viable and produced ignosterol as the major sterol. In addition, this sterol muta
most other sterol mutants, is resistant to nystatin and supersensitive to cycloheximide. The ERG2
has since been cloned by other researchers,11,12 thus confirming the identity of ERG24 as the gene
encoding the yeast C-14 sterol reductase.

The inactivation of the ERG24 gene in an otherwise wild-type background has been shown to re
in cell inviability in an aerobic environment.11,12 However, erg24 null mutants are viable anaerobically
where de novo sterol synthesis is precluded in the absence of oxygen, and the cells are able to g
ergosterol supplemented to the medium. These results indicate that ignosterol is not able to su
for ergosterol in performing some critical function in the cell. Recent results in our laboratory (un
lished observations) have confirmed that erg24 null mutants are inviable when grown aerobically on ric
media (2% dextrose, 1% peptone, and 0.5% yeast extract) without the presence of either the fen1 or
fen2 mutation to suppress the growth inhibition resulting from ignosterol synthesis. However, we
consistently observed that erg24 null mutants are able to grow aerobically on synthetic complete me
(unpublished observations) despite the presence of ignosterol as the principal sterol. The ability
erg24 mutant to grow would seem to question the notion that the ERG24 is an essential gene as ha
been reported.11,12

It is clear that yeast strains defective in Erg24p function produce ignosterol as the major sterol,
is detrimental to some aspect of normal cellular physiology. This indicates that the growth inhi
effects mediated by fenpropimorph may indeed be a result of interference with the C-14 sterol red
However, fenpropimorph may affect other aspects of cellular metabolism, such as the uptake of 
idine bases, uracil and cytosine, as we have reported.19 Nevertheless, it seems that ignosterol is n
suitable for growth of yeast only under certain growth conditions. Incorporation of 24-methy
ignosterol into membranes increases membrane fluidity and permeability to glucose as a result of c
in the normal membrane composition;20 it is not known if these changes are sufficient to complet
inhibit cell growth and division. Future studies with the ERG24 gene may provide an answer to th
question of why ignosterol is not a suitable sterol under certain conditions of growth.

III. ERG6

In yeast zymosterol (∆8,24-cholestadien-3ß-ol) is methylated by S-adenosylmethionine to yield fecos
(∆8,24(28)-ergostadien-3ß-ol). This is catalyzed by the sterol C-24 methyltransferase, the structura
for which is ERG6. Insertional inactivation of this gene does not prevent the growth of mutants conta
this lesion on routine laboratory media, but those strains do show interesting defects.

The erg6 mutants have enhanced permeability to Ni+,21 Na+, and Li+.22 The hypersensitivity to these
monovalent cations was determined to be a result of increased uptake rather than decreased efflu
mutants are also much more sensitive to the protein synthetic inhibitor, cycloheximide,8, and Brefeldin
A,23,24 which leads to the disassembly of the Golgi apparatus. By contrast, despite the ability of
type yeast to transport tryptophan through two different mechanisms,25,26 erg6 mutants have a sixfold
reduction in tryptophan uptake.8 These alterations in permeability and the diversity of compounds 
Copyright© 1999, CRC Press LLC — Files may be downloaded for personal use only. Re-
production of this material without the consent of the publisher is prohibited.
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are affected may reflect the participation of ergosterol in a component central to the transport o
the affected components.

Another consequence of the erg6 mutation is a reduction in mating efficiency especially between t
erg6 null mutants.8 This finding is in agreement with a report that sterol auxotrophic yeast grow
sterols other than ergosterol demonstrate perturbations in conjugation.27 The zymosterol which accumu-
lates in the erg6 mutant may not fully compensate for ergosterol in the membrane fusion events w
occur during mating.

Early experiments with ERG6 showed that the cellular fraction most enriched with the sterol me
yltransferase was a lipid-enriched fraction that was called the floating lipid layer.7 Recently, working
with highly purified lipid microdroplets prepared from the floating lipid layer, it was established
this is the principal repository of the methyltransferase.28 As a surface protein on those particles, th
sterol methyltransferase may have some role in sterol distribution in yeast.

The secretory pathway mediates the localization of most nascent proteins to the vacuole, 
membrane, or for excretion.29 Resident luminal proteins of the endoplasmic reticulum (ER) are transfe
to the Golgi apparatus, presumably adventitiously. The ERD2 structural gene encodes a receptor that
responsible for the retrieval of these proteins.30 The ERG6 gene can act as a multicopy suppressor 
erd2∆ strains.31 Whether it is the methyltransferase per se, its transmethylated sterol products, or som
unknown other role of ERG6 that mediates this suppression is not known.

Defects in sterol transmethylation appear to cause a multitude of physiological effects in 
However, mutants defective in ERG6 are viable on routine laboratory media.7,8

IV. ERG3 

The final step in the transformation of the sterol nucleus in ergosterol synthesis is the desatura
episterol (∆7,24(28)-ergostadien-3ß-ol) to ∆5,7,24(28)-ergostatrien-3ß-ol. The ERG3 gene, which encodes the
C-5 desaturase, was thought to be essential under all growth conditions. This resulted from the i
to isolate a non-leaky erg3 lesion, and from data defining the physiological value of specific ste
structural features.32 A microamount of ∆5-sterol is necessary to satisfy the “sparking” function,32,33 one
of four essential functions of sterols.34 These studies employed yeast strains having an erg7 or erg1::URA3
lesion in combination with a hem1 defect, thus allowing sterol uptake by the sterol auxotrophic stra

The insertional inactivation of ERG39 proved that yeast could survive and grow comparably to w
type without any ∆5-sterols, making predominantly ∆7,22-ergostadien-3ß-ol, when maintained on med
containing a fermentable carbon source. However, a possible role for the ∆5-sterols in respiration was
suggested in early experiments in which erg3 mutants were selected.35 The erg3 mutants that were
isolated were found to be conditionally temperature defective in respiration. The effect was due
co-selection of a second mutation that conferred the respiratory defect. The co-selection of mu
for enhanced survival of mutants defective in sterol biosynthesis has also been seen in the erg11 mutants.36

ERG11 is the gene for the cytochrome P450 C-14 demethylase. The co-selected mutation in that in
is erg3. Without the associated erg3, the erg11 mutant is viable only under anaerobic conditions. Stra
that contain an insertionally inactivated ERG3 allele are unable to grow on nonfermentable (respirato
carbon sources.37 Reevaluation of previous work revealed that the sparking sterol could be replac
the addition of δ-amino-levulinic acid to the media, allowing heme competency. Thus, the presen
∆5-sterols is required only when heme biosynthesis is blocked, as with hem1 strains, or during times of
special heme requirements, such as the utilization of nonfermentable carbon sources.

As with the isolation of mutations in most other genes in the yeast sterol biosynthetic pathwayerg3
mutants have been selected by resistance to polyene antifungal agents.5 If a ∆5-sterol is required for
utilization of respiratory carbon sources, such as glycerol or ethanol, mutants lacking ∆5-sterols should
not be selected on respiratory carbon and energy sources. We selected polyene-resistant (er
mutants on media containing either dextrose or glycerol as the carbon source. To avoid strain-de
prejudice in mutant selection, three different wild-type strains were used. Mutants were selected 
media containing either dextrose or glycerol, and each medium was supplemented with either n
or filipin. While dextrose supports growth of strains containing many different ergosterol mutation
mutants isolated on glycerol were found to produce some amount of ∆5-sterol.38

The ERG3 gene has also been cloned by selecting for mutants resistant to the phytotoxin sy
mycin, and sensitive to high Ca2+ concentrations.39 The treatment of wild-type yeast with syringomyci
alters K+ efflux, Ca2+ influx, and protein phosphorylation.39 That erg3 mutants are resistant to syringo
Copyright© 1999, CRC Press LLC — Files may be downloaded for personal use only. Re-
production of this material without the consent of the publisher is prohibited.
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mycin while being more sensitive to high levels of exogenous Ca2+ is indicative of an alteration in
membrane composition and integrity associated with the structural change by the mutant sterol.

These findings reveal no obvious selective advantage for yeast cells maintaining the ERG3 gene,
when grown on fermentable substrates. However, as described below, the native environment fo
is vastly different from artificial laboratory conditions. The utilization of ethanol, produced in
fermentation of sugars found in the natural habitat of yeast, apparently requires sterols contain
unsaturation in the C5-6 position. While the role of ∆5-sterols in respiration is currently being studie
actively, it is clear that sterols lacking the ERG3 are viable on glucose, either aerobically or anaerobica
This has been interpreted also to reflect the nonessentiality of ERG3.9

V. CONCLUSIONS

We have shown here that some genes, ERG3 and ERG6, that have been designated as nonessential,
in fact essential under some growth conditions. The ERG24 gene, that has been reported to be essen
may not be required in some media. Likewise, the ERG11 gene has been reported to be essential, 
it is not required if there is a concomitant defect in ERG3. A physiological basis for these results ha
not been established, but is under investigation. It seems reasonable to assume, however, that the
and their accompanying proteins have been important to the survival of the species, and conse
offered a selective advantage in evolution.

Ecologically, yeast cells "show a marked preference for sugary micro-habitats, usually of veg
origin. Their ability to develop anaerobically, together with the inability of most other fungi to tole
the alcohol produced, enables yeasts to compete successfully for those habitats."40 Representatives of
Saccharomyces have been isolated from sugar cane, sorghum, honey, maple syrup, soft Italian ch
extracts of peppermint, exudations of oaks and elms, and fruits, such as grapes, figs, apples, holly
etc.41 Saccharomyces is the most common yeast found on grapes.42 Many yeasts, although generally no
Saccharomyces, are found in the nectar of flowers. Some yeasts tolerate up to 24% salt in brine solut43

The picture that emerges, then, is that of a group of organisms that are tolerant of and prolife
highly osmotic environments.

It is interesting to speculate on the role of ergosterol in the osmotolerance of yeast. The alte
in transport processes or sensitivities to solutes that we have described in the sterol mutants sug
intimate relationship in the native ergosterol being involved in the maintenance of cellular integrity
in media containing high concentrations of sugar and salts.

Certainly, there are other roles for ergosterol.34 Taken together, the multiple functions of ergoster
suggest that the yeast sterol is a consensus sterol, being able to function in a variety of physio
activities. The uniqueness and importance of ergosterol per se is supported by the phenomenon of aerob
sterol exclusion.

External sterols are taken up only very poorly by wild-type yeast cells, when grown aerobic6

This exclusion of external sterols requires that the cells be competent for the synthesis of hem
pounds.44,45 In wild-type yeast that means that aerobic conditions must be maintained. Circumstan
this strongly suggests a relationship between ergosterol and the respiratory process in this or
Anaerobically, yeast cells are incapable of heme and sterol synthesis, but sterols are required for
They must be supplied in the medium and a wide variety of sterols can satisfy this requiremen
suggests that, although mechanisms exist for getting sterols into the cells, there have evolved mec
to exclude exogenous sterols from being taken into the cells. Aerobic sterol exclusion thus may
that only ergosterol is available for its various physiological functions, even if the endogenous syn
of ergosterol is very costly to the cell. The potential metabolic disruptions of exogenous sterols
more than be offset by the expense of synthesizing the 28-carbon molecule that is ergosterol. A
sterol exclusion and the distinctive features of ergosterol must be important to the organism. Oth
they would have been eliminated by competitive selection in the evolution of the organism.

REFERENCES

1. Gerard, E., Sur les cholesterines des cryptogames, J. Pharm. Chim., 1, 601, 1895.
2. Parks, L. W., Metabolism of sterols in yeast, Crit. Rev. Microbiol., 6, 301, 1978.
3. Adams, B. G. and Parks, L. W., Evidence for dual physiological forms of ergosterol in Saccharomyces cerevisiae,

J. Cell. Physiol., 70, 161, 1967.
Copyright© 1999, CRC Press LLC — Files may be downloaded for personal use only. Re-
production of this material without the consent of the publisher is prohibited.

402



ctase

erol

l

,

s

-

d

n

ps

t,

-

e

e

bulk

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
4. Adelberg, E. A., Roslanskyu, P. F., Myers, J. W., and Coughlin, C. A., Attempted induction of microbial mutants
requiring steroidal growth factors, J. Bacteriol., 69, 733, 1955.

5. Woods, R. A., Hogg, J., and Miller, L., Changes in the sterol content of nystatin-resistant mutants of yeast, Heredity,
24, 516, 1969.

6. Parks, L. W. and Casey, W. M., Physiological implications of sterol biosynthesis in yeast, Annu. Rev. Microbiol.,
49, 95, 1995.

7. McCammon, M. T., Hartmann, M. A., Bottema, C. D. K., and Parks, L. W., Sterol methylation in Saccharomyces
cerevisiae, J. Bacteriol., 157, 475, 1984.

8. Gaber, R. F., Copple, D. M., Kennedy, B. K., Vidal, M., and Bard, M., The yeast gene ERG6 is required for
normal membrane function but is not essential for biosynthesis of the cell-cycle-sparking sterol, Mol. Cell. Biol., 9,
3447, 1989.

9. Arthington, B. A., Bennett, L. G., Skatrud, P. L., Guynn, C. J., Barbuch, R. J., Ulbright, C. E., and Bard, M.,
Cloning, disruption, and sequence of the gene encoding yeast C-5 sterol desaturase, Gene, 102, 39, 1991.

10. Lorenz, R. T. and Parks, L. W., Cloning, sequencing, and disruption of the gene encoding sterol C-14 redu
in Saccharomyces cerevisiae, DNA Cell Biol., 11, 685, 1992.

11. Marcireau, C., Guyonnet, D., and Karst, F., Construction and growth properties of a yeast strain defective in st
14-reductase, Curr. Genet., 22, 267, 1992.

12. Lai, M. H., Bard, M., Pierson, C. A., Alexander, J. F., Goebl, M., Carter, G. T., and Kirsch, D. R., The
identification of a gene family in the Saccharomyces cerevisiae ergosterol biosynthetic pathway, Gene, 140, 41, 1994.

13. Hays, P. R., Parks, L. W., Pierce, H. D., Jr., and Oehlschlager, A. C., Accumulation of ergosta-8,14-dien-3ß-o
by Saccharomyces cerevisiae cultured with an azasterol antimycotic agent, Lipids, 12, 666, 1977.

14. Baloch, R. I., Mercer, E. I., Wiggins, T. E., and Baldwin, B. C., Inhibition of ergosterol biosynthesis in Saccha-
romyces cerevisiae and Ustilago maydis by tridemorph, fenpropimorph, and fenpropidin, Phytochemistry, 23, 2219,
1984.

15. Baloch, R. I. and Mercer, E. I., Inhibition of sterol ∆8-∆7-isomerase and ∆14-reductase by fenpropimorph, tridemorph
and fenpropidin in cell-free enzyme systems from Saccharomyces cerevisiae, Phytochemistry, 26, 663, 1987.

16. Ashman, W. H., Barbuch, R. J., Ulbright, C. E., Jarrett, H. J., and Bard, M., Cloning and disruption of the
yeast C-8 sterol isomerase gene, Lipids, 26, 628, 1991.

17. Kelly, D. E., Rose, M. E., and Kelly, S. L., Investigation of the role of sterol ∆8–7-isomerase in the sensitivity of
Saccharomyces cerevisiae to fenpropimorph, FEMS Microbiol. Lett., 122, 223, 1994.

18. Lorenz, R. T. and Parks, L. W., Physiological effects of fenpropimorph on wild-type Saccharomyces cerevisiae
and fenpropimorph-resistant mutants, Antimicrob. Agents Chemother., 35, 1532, 1991.

19. Crowley, J. H., Lorenz, R. T., and Parks, L. W., Fenpropimorph affects uptake of uracil and cytosine in Saccha-
romyces cerevisiae, Antimicrob. Agents Chemother., 38, 1004, 1994.

20. Steel, C. C., Baloch, R. I., Mercer, E. I., and Baldwin, B. C., The intracellular location and physiological effect
of abnormal sterols in fungi grown in the presence of morpholine and functionally related fungicides, Pestic. Biochem.
Physiol., 33, 101, 1989.

21. Bard, M., Lees, N. D., Burrows, L. S., and Kleinhaus, F. W., Differences in crystal violet uptake and cation
induced death among yeast sterol mutants, J. Bacteriol., 135, 1146, 1978.

22. Welihinda, A. A., Beavis, A. D., and Trumbly, R. J., Mutations in LIS1 (ERG6) gene confer increased sodium an
lithium uptake in Saccharomyces cerevisiae, Biochim. Biophys. Acta, 1193, 107, 1994.

23. Vogel, J. P., Lee, J. N., Kirsch, D. R., Rose, M. D., and Sztul, E. S., Brefeldin A causes a defect in secretion i
Saccharomyces cerevisiae, J. Biol. Chem., 268, 3040, 1993.

24. Graham, T. R., Scott, P. A., and Emr, S. D., Brefeldin A reversibly blocks early but not late protein transport ste
in the yeast secretory pathway, EMBO J., 12, 869, 1993.

25. Grenson, M., Hou, C., and Crabeel, M., Multiplicity of the amino acid permeases in Saccharomyces cerevisiae,
J. Bacteriol., 103, 770, 1970.

26. Kotyk, A. and Dvorakova, M., Transport of L-tryptophan in Saccharomyces cerevisiae, Folia Microbiol., 35, 209,
1990.

27. Tomeo, M. E., Fenner, G., Tove, S. R., and Parks, L. W., Effect of sterol alterations on conjugation in Saccharomyces
cerevisiae, Yeast, 8, 1015, 1992.

28. Leber, R., Zinser, E., Zellnig, G., Paultauf, F., and Daum, G., Characterization of lipid particles of the yeas
Saccharomyces cerevisiae, Yeast, 10, 1421, 1994.

29. Cleves, A. E. and Bankaitis, V. A., Secretory pathway function in Saccharomyces cerevisiae, Adv. Microb. Physiol.,
33, 73, 1992.

30. Semenza, J. C., Hardwick, K. G., Dean, N., and Pelham, H. R. B., ERD2, a gene required for the receptor
mediated retrieval of luminal ER proteins from the secretory pathway, Cell, 61, 1349, 1990.

31. Hardwick, K. G. and Pelham, H. R. B., SED6 is identical to ERG6 and encodes a putative methyltransferas
required for ergosterol biosynthesis, Yeast, 10, 265, 1994.

32. Lorenz, R. T., Casey, W. M., and Parks, L. W., Structural discrimination in the sparking function of sterols in th
yeast Saccharomyces cerevisiae, J. Bacteriol., 171, 6169, 1989.

33. Rodriguez, R. J. and Parks, L. W., Structural and physiological features of sterols necessary to satisfy 
membrane and sparking requirements in yeast sterol auxotrophs, Arch. Biochem. Biophys., 225, 861, 1983.
Copyright© 1999, CRC Press LLC — Files may be downloaded for personal use only. Re-
production of this material without the consent of the publisher is prohibited.

403



w

st,

in,

.

by

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
34. Rodriguez, R. J., Low, C., Bottema, C. D. K., and Parks, L. W., Multiple functions for sterols in Saccharomyces
cerevisiae, Biochim. Biophys. Acta, 837, 336, 1985.

35. Thompson, E. D. and Parks, L. W., Effect of altered sterol composition on the growth characteristics of Saccha-
romyces cerevisiae, J. Bacteriol., 120, 779, 1974.

36. Taylor, F. R., Rodriguez, R. J., and Parks, L. W., A requirement for a second sterol biosynthetic mutation to allo
for viability of a sterol C-14 demethylation defect in Saccharomyces cerevisiae, J. Bacteriol., 155, 64, 1983.

37. Smith, S. J. and Parks, L. W., The ERG3 gene in Saccharomyces cerevisiae is required for the utilization of
respiratory substrates and in heme-deficient cells, Yeast, 9, 1177, 1993.

38. Parks, L. W., Smith, S. J., and Crowley, J. H., Biochemical and physiological effects of sterol alterations in yea
Lipids, 30, 227, 1995.

39. Taguchi, N., Takano, Y., Julmanop, C., Wang, Y., Stock, S., Takemoto, J., and Miyakawa, T., Identification and
analysis of the Saccharomyces cerevisiae SYR1 gene reveals that ergosterol is involved in the action of syringomyc
Microbiology, 140, 353, 1994.

40. Ingram, M.,  An Introduction to the Biology of Yeasts, Pitman Publishing, New York, 1955.
41. Lodder, J. and Kreger-Van Rij, N. J. W., The Yeasts, a Taxonomic Study, Interscience Publishers, New York, 1952
42. Mrak, E. M. and McClung, L. S., Yeast occurring on grapes and grape products in California, J. Bacteriol., 40,

395, 1940.
43. Mrak, E. M. and Phaff, H. J., Yeast, Annu. Rev. Microbiol., 2, 1, 1948.
44. Lewis, T. A., Taylor, F. R., and Parks, L. W., Involvement of heme biosynthesis in control of sterol uptake 

Saccharomyces cerevisiae, J. Bacteriol., 163, 199, 1985.
45. Shinabarger, D. L., Keesler, G. A., and Parks, L. W., Regulation by heme of sterol uptake in Saccharomyces

cerevisiae, Steroids, 53, 607, 1989.
Copyright© 1999, CRC Press LLC — Files may be downloaded for personal use only. Re-
production of this material without the consent of the publisher is prohibited.

404


