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Abstract 

Saccharomyces cerevisiae, a yeast of low pathogenic potential, is a rare but well-documented cause of invasive infections 
in humans. The yeast Candida a&cans is a much commoner cause of significant and life-threatening infections. In such 
infections the heat shock protein hsp90 is an immunodominant antigen associated with protective humoral immunity. In this 
study it was shown that over-expression of S. cerevisiae hsp90, the amino acid sequence of which shows 84% identity to C. 
albicans hsp90, significantly increased the virulence of a laboratory strain of S. cerevisiae in mice, both in terms of colony 
counts in the kidney, liver and spleen, and in terms of mortality. This is the first direct evidence that hsp90 is a virulence 

factor. 
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1. Introduction 

Saccharomyces cerevisiae is a ubiquitous organ- 
ism in nature and is widely used in fermentative 
processes, beer and wine production and baking. It is 
taken as a nutritional supplement by some individu- 
als. The apparent rarity of infection despite this 
frequent human exposure has led to the belief that it 
is non-pathogenic. But there have been a number of 
reports in which S. cerevisiae has been associated 

* Corresponding author. Tel.: +44 (161) 276 4660: Fax: +44 
(161) 276 8826. 

with clinically significant disease, usually in patients 
with predisposing factors such as severe immuno- 
suppression, prior antibiotics, AIDS, renal dialysis or 
the presence of prosthetic heart valves [l-81. This 
apparent increase in reported cases may be the result 
of improvements in the laboratory identification of 
yeasts or a genuine increase reflecting the expanding 
immunocompromised patient population. The infec- 
tions include sites in the body which would normally 
be sterile, indicating an ability to disseminate. S. 
cerevisiae can also cause recurrent vaginal infections 

[91. 
Experimental data in normal and immunosup- 

pressed mice exposed to a number of industrial 
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strains of S. cereuisiae confirmed the ability of this 
yeast to disseminate from the gastrointestinal tract 
but it was recovered only transiently from various 
tissues and no deaths were reported [ 101. Oral admin- 

istration of S. cerevisiae to adult mice (2.4 or 5.5 X 
lo’), cynomolgus monkeys (4.9 or 7.8 X 10’) or 

healthy human volunteers (3 X 10’ daily for 5 days) 
was in each case associated with rapid exclusion and 
lack of colonization [ 11,121. These strains were labo- 
ratory or industrial strains, not clinical isolates. A 
comparative study of the pathogenic potential of 
clinical isolates with non-clinical isolates in CD-l 
mice showed that some clinical isolates were able to 
proliferate and persist in the mice, whereas non-clini- 

cal isolates could not [13]. The origin of the isolate 
was not a firm predictor of virulence phenotype, 
since clinical isolates ranged from virulent to aviru- 

lent, while non-clinical isolates varied from interme- 
diately virulent to avirulent. By examining various 
putative virulence traits, it was found that the viru- 

lence phenotype was associated with the ability to 
grow at elevated temperatures (39 and 42°C) and 
form pseudohyphae [14]. The optimal temperature 
for growth of S. cerevisiae is around 30°C. 

When exposed to elevated temperatures, or other 
forms of stress, cells and tissues from a wide variety 
of organisms synthesise proteins known as heat-shock 
proteins (hsps). Coincident with the induction of 

hsps, the organisms become more tolerant to extreme 
temperatures - an observation leading to the sugges- 
tion that the two events are linked, the hsps provid- 
ing protection from the toxic effects of heat [15]. S. 
cerevisiue produces two closely related proteins in 
the hsp90 family, HSC82 and HSP82, which differ 
in their pattern of expression (HSC82 being ex- 
pressed constitutively at higher levels while HSP82 
is more strongly heat inducible) but appear to have 
equivalent functions - growth at higher temperatures 
requiring higher concentrations of either protein [ 153. 
Site-directed mutagenesis experiments showed that 
gene disruption of both S. cerevisiue genes for hsp90 
(h&2 and hsp82) rendered the yeast inviable. 
Strains with just one of these genes inactivated were 
able to grow well at 25°C but lost the ability to grow 
at higher temperatures. 

In this study the influence of over-expression of 
hsp90 on the pathogenicity of a laboratory strain of 
S. cerevisiue in CD-l mice was examined, using a 

transformant with the homologous heat-inducible 
gene for hsp90 (HSP82) present on a high copy 

number episomal vector. This strain displays slight 
hsp90 over-expression during growth at 25°C yet 
after heat shock from 30°C to 39°C for 75 min the 

hsp90 levels increase lo-fold above basal levels to 

30-40% of the total cell protein [ 16,171. 

2. Materials and methods 

2.1. Yeast strains 

The S. cerevisiue transformants PMYl-3A and 
PMYl-82, isogenic but for the presence of multiple 
HSP82 genes in the latter, have been fully described 

earlier [ 161. 

2.2. Experimental design 

PMYl-3A and PMYl-82 were each grown in 
minimal medium (2% glucose with yeast nitrogen 
base plus 0.0024% tryptophan, 0.004% adenine and, 
for PMYl-82, 0.0036% leucine) at 30°C for 48 h in 

an orbital shaker at 170 rpm. They were then heat 
shocked at 39°C for 75 min to induce hsp90, washed 

once in sterile saline by centrifugation (2000 X g), 
and resuspended in saline. After haemocytometer 
counts, cells were diluted to the desired concentra- 

tion in saline and viability was determined by serial 
dilution and plating out on Sabouraud’s dextrose 
agar (Difco), incubated at room temperature and 
colonies counted after 48 h. 

Three experiments were performed in which 
PMYl-3A or PMYl-82 was injected on day 0 as a 
single 100 l_~l inoculum into the lateral tail veins of 2 

randomly selected groups of female CD-l mice 
(Charles River, Maidstone, UK). Thirty mice in each 
group were challenged, in the first experiment with 
2 X 10’ cfu of each strain and in the second experi- 
ment with 1 X lo8 cfu. The mice weighed 20-22 g, 
no deaths occurred and comparison was made of the 
residual burden of S. cerevisiue in three different 
organs. At various times after infection (Table l), 10 
mice were culled from each group and their spleens, 
livers and kidneys were removed aseptically. Each 
organ was weighed and homogenised in sterile saline. 
Organ homogenates were serially diluted in saline 
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Table 1 
Comparative cfu counts from mice culled at various time intervals after challenge with the parent strain of S. cereuisiae (PMY 1-3A) or the 

transformant over-expressing hsp90 (PMY l-82) 

Time (days) Organ No. of mice culture-positive (n = 10) Fisher’s exact test, 
(arithmetic mean cfu/g tissue) l-tailed, P value 

PMYl-3A PMY l-82 

Experiment I 

2 Kidney 10 (6 x 10’) 10 (8 x 10’) NS a 

Liver 7 (7 x 103) 6(6X 103) NS 

Spleen 9 (1 x 10”) 10 (1 x 104) NS 

5 Kidney 100) 8 (1 x 103) 0.003 

Liver 0 (0) 9 (5 x 103) < 0.001 

Spleen l(40) 9 (5 x 103) < 0.001 

8 Kidney 1 (20) 3 (30) NS 
Liver 2 (30) 7 (300) 0.03 

Spleen 1 (20) 8 (200) 0.003 
Experiment 2 
4 Kidney 0 (0) 4 (200) 0.04 

Liver 3 (200) 10 (3 x 103) 0.002 

Spleen 8 (200) 8 (1 x 103) NS 

5 Kidney 0 (0) l(20) NS 

Liver 100) 6 (100) 0.03 

Spleen 3 (40) 8 (100) 0.03 

6 Kidney l(10) 100) NS 

Liver l(10) 3 (100) NS 

Spleen 1 (10) l(20) NS 

a NS: no statistically significant difference between the two groups, i.e. P > 0.05. 

and quantitatively plated on Sabouraud’s dextrose 
agar for determination of colony counts per gram of 
tissue. Colonies were counted after 48 h incubation 

at room temperature. 
In the third experiment, 15-18 g mice were given 

1 X lo8 cfu of each strain on day 0 and mortality 

Table 2 

Comparative mortality from mice challenged with the parent 

strain of S. cerevisiae (PMYl-3A) or the transformant over-ex- 

pressing hsp90 (PMY l-32) 

Time (days) Number of deaths each day 

PtvtYl-3A 

(n = 30) 

PMY l-82 

(n = 32) 

1 3 0 

2 0 6 
3 1 11 

4 0 2 
5 0 4 
6 0 0 

I 0 0 
Total deaths 4 23 * 

* Fisher’s exact test, l-tailed, P < 0.001. 

was recorded over the next 5 days (Table 2). The 
spleens, kidneys and livers of dead mice were asepti- 
cally removed, weighed and homogenised in saline 

and serially diluted for colony counts as before. All 
remaining mice were culled on day 7, 2 days after 
the last death, for colony counts on the spleens, 

kidneys and livers. 

2.3. Statistical analysis 

Clearance from each organ (experiments 1 and 2) 

and mortality (experiment 3) were analyzed by the 
x2 test and significance defined by Fisher’s exact 
test (l-tailed, P < 0.05). 

3. Results 

3.1. Comparison of organ colony counts 

In each experiment the group receiving the 
PMY 1-82 strain, which over-expressed hsp90, had 
greater numbers of mice culture-positive and higher 
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colony counts than the group given the parent 
PMYl-3A strain (Table 1). In the first experiment 

marked differences were apparent on day 5, with 8 
out of 10 mice culled in the PMY l-82 group being 
culture-positive for all three organs, while in the 

PMYl-3A group the opposite occurred with the ma- 
jority (8 out of 10) having already cleared the parent 
strain from all three organs. Two-thirds of the colony 
counts (all organs) in the group receiving the PMY l- 
82 strain were in excess of 1000 cfu g-’ of tissue, 
while the two mice positive for kidney or spleen in 

the PMY 1-3A group had counts of 100 and 400 cfu 

g ’ respectively, all other organ cultures being nega- 
tive. By day 8, 7 out of 10 mice given PMYl-82 had 

cleared the yeast from the kidney but most had still 
not cleared it from the liver (7 out of 10) or spleen (8 
out of 101, and nearly half (45%) of the liver and 

spleen counts were over 300 cfu g- ’ . At this stage 
only one of the 10 mice culled in the PMY l-3A 
group was still culture-positive for all three organs 
(each at 200 cfu gg ’ > and one further mouse had a 
culture-positive liver (600 cfu gg ’ 1. 

Since the greatest differences in experiment 1 

were apparent on day 5, in the second experiment 
mice were culled on days 4, 5 and 6. A slightly 
lower dose was given and in this experiment most 

mice in both groups had cleared the infection from 
all three organs by day 6. On day 4 all mice had 
cleared PMYl-3A from the kidney whereas 4 were 
still culture-positive for PMYl-82, with counts rang- 

ing from 100 to 1000 cfu g- ’ . The majority (7 out of 
10) of mice had cleared PMYl-3A from the liver, 
whereas all the mice were culture-positive in the 
PMYl-82 group, with 80% having counts of 1000 
cfu g-1 or greater. At this stage the spleens of the 
majority (8 out of 10) of mice in both groups were 
culture-positive, the counts in the PMYl-82 group 
being higher with 7 having counts in excess of 300 
cfu g-1, compared to 1 in the PMYl-3A group. By 
day 5 the kidney infections had largely cleared in 
both groups. Most (7 out of 10) of the spleens in the 
PMYl-3A group were now culture-negative, while 
most (8 out of 10) of the PMYl-82 group were still 
culture-positive, with counts in the range of 100-300 
cfu g-1. With one exception (100 cfu g- ’ ) the livers 
from the PMYl-3A group were culture-negative 
whereas 6 of the PMY l-82 group livers were still 
positive with counts of 100-400 cfu g- ’ . 

In experiments 1 and 2 there was no associated 
mortality and colony counts were performed on mice 

killed at specific time intervals after challenge. 

3.2. Comparatiue mortality 

In the third experiment there was a mortality in 
mice given PMY l-82 of 72% compared to 13% in 
mice given PMY l-3A. Twenty-three mice died dur- 
ing a 5 day period in the former compared to four in 
the latter group (Fisher’s exact, l-tailed, P < 0.001). 

The mortality rate peaked on day 3, with 11 mice 
dead in the PMYl-82 group compared to 1 in the 

PMY l-3A group (P = 0.002) (Table 2). The kidneys 
obtained at postmortem from all but one of the 23 
dead mice given PMYl-82 were very pale and 
speckled and on culture yielded counts in excess of 

1 X lo5 cfu g- ’ (the one exception had a count of 
3.6 X lo3 cfu g-l). The average spleen count from 
these mice was 500 cfu g-‘, rising from an average 
of 400 on day 2 to 800 on day 5. The average liver 
count rose from 600 on day 2 to 1 X IO3 cfu g - ’ on 
day 3 and by days 4-5 half of the dead mice had 
liver counts greater than lo5 cfu g-‘. There were no 

more deaths on days 6 and 7. When the remaining 
mice were culled most of the organs were culture- 

negative or nearly so ( < 100 cfu g- ’ ) but there were 
still 2 mice with kidney counts in excess of 1 X lo5 
cfu g-1 and one with 2.9 X lo3 cfu gg’. 

In contrast the PMYl-3A group culled on day 7 
were all culture-negative or had counts < 40 cfu 
g- ’ (with one exception, which had a liver count of 
640 cfu gg ’ ). In the 3 mice in the PMY 1-3A group 
which died in the first 24 h kidney counts ranged 
from 3 X lo3 to > 1 X lo5 cfu g-‘, and two of 
these mice had liver counts > 1 X lo5 cfu g- ’ . In 
the single mouse from this group which died on day 
3 the kidney count was 1 X lo3 cfu g-‘. 

4. Discussion 

Over-expression of hsp90 enhanced the virulence 
of this laboratory strain of S. cereuisiae (PMYl) in 
terms of both organ colony counts and mortality. Not 
only was the rate of clearance from the liver, spleen 
and kidney significantly delayed in mice given the 
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PMY l-82 strain, which over-expressed hsp90, but 
also the level of infectivity was consistently higher. 
In the first two experiments, the difference between 
the two strains was most evident around days 4-5, 
when statistically significant increases in the PMY l- 

82 group occurred in the number of mice still cul- 
ture-positive for each of the three organs examined 
(Table 1). Most of the organ colony counts taken at 
this time were at least lo-fold higher in the group 
given PMY l-82. 

In the third expetilment the high mortality associ- 
ated with over-expression of hsp90 (72%) was ob- 
served over days 2--5, peaking on day 3. In this 
experiment, in which daily organ counts were avail- 

able, it was apparent that the yeast was proliferating 
in the liver and spleen since counts steadily rose over 

days 2-5. By day 7 there were no more deaths and 
counts had fallen, often to zero. But the most striking 
feature of this experiment was the exceptionally high 
kidney counts in excess of 1 X lo5 cfu gg’, more 
than lo-fold higher than the counts obtained during 
sub-lethal infections. On macroscopic examination 

the kidneys were pale and speckled. This speckled 
appearance of the kidney, due to the formation of 
microabscesses, is a characteristic of almost all ani- 

mal models of candidiasis in which the Can&da 
albicans is inoculate:d intravenously. It is often ob- 
served postmortem in human patients who have died 

from disseminated candidiasis. Preferential localisa- 
tion in the kidneys is typical of murine models of 
invasive candidiasis but not S. cerevisiae infections, 

which are normally rapidly cleared from the kidney. 
The first day or two following intravenous inocula- 
tion with C. albicam the organ with the greatest 
population of live Candida is the kidney, with counts 
in the liver and spleen tending to decline with time 
[18]. Kidney counts rise from 1 X 102-1 X lo3 cfu 

g -I during the first 2 days post-infection to > 1 X 

IO5 cfu g - ’ , and the mice probably die from renal 
failure due to Candida overload in the kidney. The 

high predilection of C. albicans for the kidney re- 
mains unexplained. 

The mechanism whereby over-expression of hsp90 
enhanced the virulence of this yeast is uncertain. S. 
cereuisiae grows optimally around 30°C. Increased 
expression of hsp90 might be expected to increase 
growth at a body temperature of 37°C since reducing 
hsp90 caused a reduction in yeast growth at such 

temperatures [15]. But over-expression of hsp90 in 
liquid cultures in vitro actually slowed the growth 
rate at 37°C [16]. The enhanced growth of the 
PMYl-82 strain in vivo is not likely to be mediated 
by trehalose, a disaccharide associated with thermo- 

tolerance which accumulates in heat-shocked yeast, 
since levels of trehalose are only slightly influenced 

by hsp90 over-expression [17]. Therefore, the en- 
hanced virulence of PMY l-82 observed in vivo is 
probably a function of hsp90 which is not simply 
related to growth at elevated temperatures but does 
have a direct bearing on its ability to survive in the 
host. Both mammalian and fungal hsp90 are criti- 
cally involved in the chaperoning of important regu- 

latory proteins such as protein kinases and steroid 
hormone receptors [ 16,191. Over-expression of hsp90 
may stabilise these yeast cell proteins in vivo, giving 

PMYl-82 a significant advantage over PMYl-3A in 
this environment such that it shows a greater ability 

to survive and proliferate. 
The S. cereuisiae hsp90 (HSP82 and HSC82) 

gene sequences are highly homologous to that of C. 
albicans, showing 78% and 84% identity in the 
amino acid sequence [20,21]. Eukaryote hsp90s con- 
sist of an N-terminal domain linked, through a highly 

charged flexible linker region, to a slightly larger 
C-terminal domain. Both the hsp82 protein of S. 
cerevisiae (K. Sinclair and P.W. Piper, unpublished) 

and the hsp90 protein of C. albicans [19] undergo 
partial breakdown to the stable 47 kDa C-domain 
sub-fragment, a fragment which in the latter case is 
associated with humoral immunity in patients who 
recover from disseminated candidiasis [22]. Both 
monoclonal and human recombinant antibodies to a 
conserved epitope on this C-domain of hsp90 were 
protective in murine models of candidiasis [23,24]. 
Given the similarities between the S. cereuisiae and 

C. albicans hsp90 these antibodies may act by neu- 
tralising the virulence-enhancing effect of hsp90 on 
yeast pathogenicity. 

In conclusion, over-expression of hsp90 enhanced 
the virulence of a laboratory strain of S. cereuisiae, 
enabling it to proliferate and persist in organs in a 
manner similar to clinical isolates [13]. Further un- 
derstanding of the role of hsp90 in the pathogenesis 
of yeast infections will be helped by a better under- 
standing of the precise role of hsp90 in yeast physi- 
ology. 
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