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The Sup35p protein  o f  Saccharomyces cerevisiae is an essen tia l translation  
factor w h o se  prion-like properties g iv e  rise to  th e  non-M endelian g en etic  
e lem en t [PS/+]. In th is  stu d y  th e  SUP3S g e n e  from  th e  related  y e a st  sp ec ies  
Candida albicans has b een  characterized. The CaSUP35 g e n e  en co d es a protein  
(CaSup35p) o f  729 aa w hich  sh o w s 65%  am ino acid id en tity  to  th e  S. cerevisiae 
Sup35p protein  (ScSup35p), w ith  th e  C-terminal region  sh o w in g  greater  
id en tity  (79%) than  th e  N-term inal region . The fu ll-len gth  CaSup35p can  
fu n ction a lly  replace ScSup35p in S. cerevisiae a lth ou gh  com p lem en ta tion  is 
o n ly  com p lete  w h en  CaSup35p is overexp ressed . C om plem entation  on ly  
requires exp ression  o f  th e  CaSup35p C dom ain . In S. cerevisiae th e  fu ll-length  
CaSup35p is unable to  estab lish  a prion-like a g g reg a ted  sta te  even  in th e  
p resence o f  e n d o g en o u s ScSup35p prion 's e e d s ', th u s confirm ing th e  ex isten ce  
o f  a sp ec ies  barrier in fu ngal prion propagation . Subcellular localization  
stu d ies  in C. albicans sh o w  th a t a lth ou gh  CaSup35p is norm ally ribosom e- 
assoc ia ted , w h en  n o t rib osom e-associa ted , it d o e s  n o t form  p elle ta b le  high- 
m olecular-m ass a g g reg a te s  characteristic o f  th e  ScSup35p in [PS/+] strains. 
Unlike th e  ScSup35p, th e  CaSup35p N dom ain  con ta in s a num ber o f  
p olyg lu tam in e rep eats a lth ou gh  it d o e s  contain  sev en  cop ies o f  th e  p ep tid e  
GGYQQ th a t is rep eated  in th e  ScSup35p N dom ain. A nalysis o f  th e  CaSUP3S 
g e n e  from  14 d ifferen t strains o f  C. albicans id en tified  four naturally  occurring  
polym orphism s a ssocia ted  w ith  ch an ges in th e  len gth  o f  th e  largest o f  th e  
p olyg lu tam in e repeats. These fin d in gs have im portant im plications for th e  
ev o lu tio n  o f  fu ngal prion g en es .

K eyw ords: SUP35 gene, po lyQ , tran sla tion  term ination , [PSJ+] determ inan t

INTRODUCTION

Prions are a rem arkable class of proteins tha t were 
originally identified as the protein-only infectious agents 
associated w ith  a range of debilitating neurodegenera- 
tive disorders of m am m als, the transm issible spongiform  
encephalopathies otherw ise know n as prion  diseases 
(Prusiner, 1982). M ore recently, studies w ith the yeast 
Saccharomyces cerevisiae have identified several prion

The GenBank accession num bers fo r th e  sequences  d e te rm in e d  in this 
w o rk  a re  AF020554 (CaSUP35 g e n e) a n d  AY028660-AY028673 (CaSUP35 
N dom ains).

proteins th a t are able to act as stable, transm issible 
determ inants o f phenotype. O f these yeast prion  p ro ­
teins, tw o in particu lar have been intensively studied: 
Ure2p, w hich gives rise to the [URE3] determ inant, and 
Sup35p, w hich gives rise to the [PS/+] determ inant 
(reviewed by W ickner &  Chernoff, 1999).

T he SUP35 gene w as originally identified in an S. 
cerevisiae screen for recessive m utations w hich im paired 
the m aintenance of transla tion  fidelity (H aw thorne &  
Leupold, 1974). T he encoded Sup35p protein  was 
subsequently show n to be a subunit of the eukaryotic 
release factor form ing a heterodim er w ith  a second 
subunit, Sup45p (also called eR Fl) tha t functions in
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translation  term ination at all three stop codons (Stans- 
field et al., 1995b; Zhouravleva et al., 1995). W ickner 
(1994) suggested tha t Sup35p, an essential com ponent 
of the translation  m achinery, m ight be a prion p ro ­
tein responsible for the translation-term ination-related  
[PS/+] phenotype of S. cerevisiae. This hypothesis has 
now  been confirm ed by a w ide range of biochem ical and 
genetical studies (reviewed by W ickner &  Chernoff, 
1999).

[PS/+] strains have an elevated level of suppressor tRN A - 
m ediated read through of nonsense codons com pared 
w ith  w ild-type [psC] strains (Cox, 1965 ; Firoozan et al., 
1991). Analysis o f a m utation located in the SUP35 gene 
(Doei et al., 1994), coupled w ith the dem onstration  that 
the deletion of the non-essential N -term inus of the 
protein  (Ter-Avanesyan e ta l., 1994) elim inated both  the 
[PS/+] phenotype and the increased de novo  appearance 
of [PS/+] following SUP35 overexpression (Chernoff et 
al., 1993), show ed tha t SUP35 is the [PS1] determ inant. 
In [PS/+] strains, the m ajority of the cellular pool of 
Sup35p, no t associated w ith  Sup45p a n d /o r  the ri­
bosom e, is present as p art of a high-m olecular-m ass 
aggregate w hich is incom patible w ith  its translation 
release factor activity, leading to the translation-term i­
nation-associated  phenotype characteristic of [PS/+] 
m utants (Patino et al., 1996; Paushkin et al., 1996, 
1997). T he conversion of soluble Sup35p to  the aggre­
gated prion form  is p rom oted  by a yet-to-be fully 
defined conform ational change in Sup35p and is driven 
by the accum ulating altered conform er (Serio et al., 
2000; Sparrer et al., 2000). Such a self-catalysed p ro p a­
gation of an altered protein conform er parallels the 
behaviour of the m am m alian prion protein  PrP (re­
viewed by Prusiner et al., 1998).

Analysis of the know n eukaryotic Sup35p protein 
sequences suggests they all contain tw o distinct regions : 
an evolutionarily conserved C-term inus, w hich in S. 
cerevisiae is essential for translation  term ination  and 
hence cell viability, and a less conserved N -term inal 
extension of varying length and am ino acid com position 
(K ushnirov et al., 1988; W ilson 8c Culbertson, 1988). 
T he prion conversion of Sup35p is p rom oted  by this N- 
term inal prion-form ing dom ain (PrD) of Sup35p (re­
viewed by T uite, 2000), a region of the protein  molecule 
w hich is no t required for eRF3 activity (Ter-Avanesyan 
et al., 1993). W ithin the Sup35p PrD lie a series of five 
nonapeptide repeats w ith the core m otif G G Y Q Q . 
D eletion of the repeat-containing region leads to an 
inability of the otherw ise functional Sup35p to be 
propagated  in its prion-like form  (Ter-Avanesyan et al., 
1993) and we have recently show n th a t deletion of even 
one of the nonapeptide repeats leads to loss of the prion- 
like behaviour of Sup35p (Parham  et al., 2001). In- 
triguingly the hum an prion protein  PrP also contains a 
series of sequence-related octapeptide repeats near its N- 
term inus w hich have also been im plicated in m am m alian 
prion propagation  (Flechsig et al., 2000).

Studies on Sup35p have recently been extended to a 
variety of o ther fungal species, including Candida

albicans and Pichia m ethanolica  (Santoso et al., 
2000; Kushnirov et al., 2000; Chernoff et al., 2000). 
These studies have indicated tha t the N -term inal regions 
of these Sup35p hom ologues have diverged considerably 
from  the S. cerevisiae Sup35p PrD at the am ino acid 
sequence level although they are still G ln /A sn  rich. 
Interestingly, the CaSup35p N M  sequence reported  by 
Santoso et al. (2000) also contained a num ber of short 
poly(Gln) sequences. Replacing the ScSup35p N  or N M  
region w ith  the corresponding heterologous Sup35p 
region did no t prevent the chim aeric Sup35p from  
form ing a prion-like aggregate in S. cerevisiae, although 
such aggregates could only be induced by the overex­
pression of the corresponding heterologous Sup35p 
sequence. T h a t overexpression of the ScSup35p N M  
region did no t induce the form ation of the chim aeric 
Sup35p aggregates w as taken as evidence for a ‘b a rr ie r’ 
to interspecies prion propagation  in yeasts. Further­
m ore, Santoso et al. (2000) show ed th a t replacing a 
region of the CaSup35p N  dom ain w ith  residues 8-26 
from  the ScSup35p N  dom ain overcam e this barrier to 
seeding by ScSup35p N M . Further studies by Chien 8c 
W eissm an (2001) have indicated th a t this ‘species 
b a rr ie r’ is p robably  due to the different Sup35p N  
dom ains form ing distinct, non-in teracting  conform a­
tions w ith  the S. cerevisiae protein . W hile the ag­
gregation of chim aeric Sup35p protein  can be seeded by 
hom ologous N  dom ains in S. cerevisiae, there is no 
evidence th a t the full-length heterologous Sup35p be­
haves in the same w ay in S. cerevisiae or is able to 
establish a prion-like state in its n a tu ra l host.

T o  further address the question of the conservation of 
function and  prion-like properties of Sup35p in fungal 
species o ther than  S. cerevisiae, we have isolated and 
characterized the full-length SUP35 gene from  C. albi­
cans (CaSUP35). This species of yeast, although closely 
related to S. cerevisiae, is pathogenic in man and is 
frequently encountered as a com m ensal of the hum an 
digestive system and vaginal trac t (Smith, 1989). It has 
thus evolved to colonize distinct ecological niches to 
those of S. cerevisiae.

M ETHODS

Bacterial and yeast strains used. Escherichia coli strains used 
w ere D H 5a [supE44 lacU169 (A lacZ  M15) hsdR 17 recA l 
en d A l gyrA 96 thi-1 relA\ (H anahan , 1983) and JM 109 [recAl 
supE44 en d A l hsdS17 gyrA 96 relA th i A(lac-proAB)] 
(Y anisch-Perron et al., 1985).

G enotypes o f the S. cerevisiae strains used in this w ork  and 
the ir origins are show n in T able 1. T he d ip lo id  stra in  M T 26 
w as ob tained  by m ating the tw o haplo id  strains BSC783/4a 
and BSC783/4c. M T 26.4  is a derivative o f M T 26 in w hich one 
of the SUP35 alleles w as deleted and replaced w ith  a ka n M X 4  
allele, as described below . T he haploid  strains M T 26 .4 /3c  and 
M T 2 6 .4 /5c  w ere recovered from  the m eiotic progeny  of 
M T 26.4  transfo rm ed  w ith  pD R 4, a centrom eric p lasm id 
con tain ing  the U RA 3  and the C. albicans SUP35 gene (see 
below  and T able 3). T he haploid  stra in  M T 7 0 0 /9 d  [PS/+] was 
recovered from  the m eiotic p rogeny of the dip lo id  strain  
M T 700 transfo rm ed  w ith  pYK810, a centrom eric p lasm id
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Table 1. Genotypes of strains of 5. cerevisiae used in this study

All strains were constructed in this laboratory.

Strain Genotype

BSC483/la M A T a  SUQ5 ade2-l hisS-2 lysl-1 canl-100 PNM 2 ura3-l sal3 [pst]
JDS3-15 M A T a  SUQ5 ade2-l hisS-2 lysl-1 canl-100 PNM 2 ura3-l sal3 [pst]
PF1-28 M A T a  SUQ5 ade2-l hisS-2 lysl-1 canl-100 PNM 2 ura3-l leu2-3/112 [pst]
BSC783/4a M A T a  SUQ5 ade2-l h is3 -ll his3-15 ura3-l leu2-3 leu2-112 [pst]
BSC783/4c M A T a  SUQ5 ade2-l h is3 -ll his3-15 ura3-l leu2-3 leu2-112 [pst]
BSC783/4a sal3-4 M A T a  SUQ5 ade2-l h is3 -ll his3-15 ura3-l leu2-3 leu2-112 sal3-4 [pst]
M T26 M A T a /M A T a  SUQ5/SUQ 5 ade2-l jade2-l h is3 -ll jh is3 -ll his3-15/his3-15 ura3-l/ura3-l leu2-3/ leu2-3

Ieu2-112/leu2-112 [pst]
MT26.4 As for M T26 but also sup35 : : kanM X 4 jSUP35+
MT26.4/3C M A T a  sup35 : : kanM X 4 SUQ5 ade2-l h is3 -ll his3-15 ura3-l leu2-3 leu2-112 [pst]
MT26.4/5C M A T a  sup35: :kanM X 4 SUQ5 ade2-l h is3 -ll his3-15 ura3-l leu2-3 leu2-112 [pst]
BSC772/18c M A T a  SUQ5 ade2-l his4-166 ura3-l leu2-2 lysl-1 canl-100
M T 700/9d [PSI+] M A T a  SUQ5 ade2-l his3 ura3-l leu2 sup35::kanM X
M T 700/9d [pst] M A T a  SUQ5 his4 lysi ura3-l leu2 sup35 : : kanM X

Table 2. Strains of C. albicans

Strain Origin/source

2005E GlaxoW ellcome, UK
10261 A TCC
W01 D. Soil, University of Iowa, USA
IGC 2427 Tree leaves, Gulbenkian Institute, Portugal
W HH1, 3, 4, 7 Clinical samples, J. Reuther, William Harvey Hospital, UK
5s' Skin (Spain)
78/01 I s' O ral cavity (UK)
81/175s' Fingernail (USA)
81 /191s' Blood (USA)
81 /192s' Vagina (USA)
J930510s' O ral cavity, AIDS patient (Germany)

* Provided by F. C. Odds (Aberdeen, UK).

con tain ing  the U RA 3  and the S. cerevisiae SUP35 genes 
(Kikuchi et al., 1988; T able 3). T he M T 7 0 0 /9 d  [pst]  
derivative w as created by g row th  in the presence of 3 m M  
G uH C l (Tuite et al., 1981). The dip lo id  stra in  M T 700 was 
ob tained  by crossing M T 26 .4 /3c  w ith  BSC772/18c. T able 2 
provides details o f all labo ra to ry  and clinical strains o f C. 
albicans used in this study.

Yeast grow th conditions. S tandard  yeast m edia, cu ltivation  
procedures and genetic techniques w ere used (Kaiser et al., 
1994). T e trad  dissection w as perform ed on a Singer M ic ro ­
m an ipu la to r (model M SM  System) .Y east cultures w ere grow n 
a t 30 °C. T he presence of the [PSJ ] de term inan t w as m onito red  
phenotypically  by suppression of the ochre m u ta tion  ade2-l in 
strains carry ing  the ochre suppressor tR N A Ser gene SU Q5. 
T his allow s for a d irect v isualization  of a llosuppression by 
colony-co lour a n d /o r  adenine p ro to tro p h y  (C ox, 1965). T hus 
[ps t]  stra ins are red on com plete (YPD) m edium  and do no t 
g row  on m edium  lacking adenine (SD — Ade) w hereas [PS/+] 
strains are w hite o r p ink on YPD m edium  and g row  on 
SD — Ade after 4 days incubation  a t 30 °C. T o  enhance the red 
colony-colour, stra ins w ere g row n on 1/4Y PD  solid m edium

(4% , w /v , glucose; 1 % , w /v , B actopeptone; 0-25% , w /v , 
yeast ex trac t; 2 % , w /v , agar). E lim ination  of [PSJ+] w ith 
3 m M  G uH C l (Tuite et al., 1981) w as perform ed as previously 
described. R esistance to  canavanine w as m onito red  in defined 
m inim al m edia supplem ented w ith  canavanine (25 pg m l-1). 
G eneticin  (G 418)-resistant strains w ere selected in YPD +  
G418 (200 pg m l-1).

Recombinant DNA techniques. Standard  pro toco ls w ere used 
fo r nucleic acid iso lation , electrophoresis, fragm ent purifi­
ca tion , restric tion  enzyme digestion, Southern  b lo tting  and 
PCR (Sam brook et al., 1989). R estriction  enzym es and Taq  
D N A  polym erase (Expand) w ere pu rchased  from  B oehringer 
M annheim . For Southern  hybrid ization  analysis o f isolated 
p lasm id D N A , D N A  probes w ere labelled w ith  D IG -ll-d U T P  
(Boehringer M annheim ) using the random  p rim er m ethod 
(Feinberg &  V ogelstein, 1983) and follow ing the m anufac­
tu re r’s instructions. H ybrid ization  w as carried  ou t using a 
nylon m em brane (H ybond-N  ; A m ersham ) according to  the 
m anu fac tu re r’s instructions, as w as lum inescent detection  
(Boehringer M annheim ) o f bound  p robe. For Southern  b lo t 
analysis o f C. albicans genom ic D N A , a CaSUP35 gene probe
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Table 3. Plasmids used in this study

Plasmid Construct Reference

pD R l CaSUP35 homologue in YCp50 This study
pDR4 CaSUP35 gene in pRS416 This study
pUKC606 ScSUP35 in pRS425 Stansfield et al. (1995b)
pYK810 ScSUP35 in YCp50 Kikuchi et al. (1988)
pUKC1508 ScSUP35 prom oter in pRS313 This study
pM A3a LEU2d-2n ARS Spalding &  Tuite (1989)
pDR6 CaSUP35 gene in pM A3a This study
pUKC1530 CaSUP35 gene in pRS313 This study
pUKC1530-C CaSUP35 C dom ain in pUKC1508 This study
pUKC815-L LEU2, CEN, P G K l-lacZ  fusion Stansfield et al. (1995a)
pUKC817-L LEU2, CEN, P G K 1-TA A —lacZ  fusion Stansfield et al. (1995a)

w as obtained  from  the p lasm id pD R 4 (Table 3) as a 2 kb 
Spel—K pnl fragm ent and labelled w ith  [a32P]dC T P by the 
random  prim er m ethod (A m ersham ), according to  the m anu ­
fac tu re r’s instructions.

Isolation and sequencing o f the C. albicans SUP3S gene.
Plasm id p D R l (Table 3) con tain ing  the C. albicans SUP35 
gene (CaSUP35) w as isolated from  a C. albicans genom ic 
library  cloned in to  the yeast single-copy shuttle Y Cp50 vector 
(Rose et al., 1987). T he presence o f the Sup35p hom ologue 
w as expected to restore efficient tran sla tion  te rm ina tion  and 
th is could be m on ito red  phenotypically  by antisuppression  of 
the canl-100  (UAA) m u ta tion  in a strain  carry ing the ochre 
suppressor tR N ase1 gene SU Q5. C om plem en tation  o f a sal3-4 
a llosuppressor allele (C rouzet &  T uite , 1987) of the SUP35 
gene in S. cerevisiae stra in  B S C 483 /la  (Table 1) w as p e r­
form ed as follow s. A fter tran sfo rm ation  o f BSC483/ la  by the 
lithium  acetate m ethod  of Ito  et al. (1983), cells w ere incubated 
fo r a fu rther 18 h a t 30 °C, w ith  aera tion , in defined liquid 
m inim al m edium  (SD —U ra). Cells w ere then  p lated  on to 
SD — U ra +  canavanine (25 pg m l-1) to  allow  fo r sim ultaneous 
selection of transfo rm an ts th a t w ere U ra+ and canavanine 
resistan t, the la tte r arising from  the reduced efficiency of 
suppression of the canl-100  allele.

T he p lasm id p D R l identified by this strategy fu rther resulted 
in sim ultaneous loss o f the suppression phenotype fo r several 
o ther ochre m uta tions in the stra in , i.e. a de2 -l, his5-2 and 
lys l-1 . p D R l transfo rm an ts w ere then  assayed fo r co-loss of 
the com plem enting phenotype sim ultaneously w ith  loss o f the 
p D R l p lasm id-borne U RA 3  m arker follow ing cultu ring  in 
non-selective YPD m edium . T ransfo rm ation  o f a second strain  
JDS3-15 (Table 1) w as used to  confirm  the com plem enting 
phenotype of p D R l.

T he cloned CaSUP35 gene w as sequenced by the chain- 
te rm ina tion  m ethod (Sanger et al., 1977) by either A dvanced 
B iotechnology C entre (C haring Cross &  W estm inster M edical 
School, L ondon, UK) or M W G  Biotech (M ilton  Keynes, UK). 
A variety  of subclones derived from  p D R l w ere generated  to 
facilitate gene localization  and D N A  sequencing. Both strands 
of the CaSUP35 gene w ere sequenced and the sequence data  
deposited  a t G enBank (accession no. AF020554). T he N  
dom ains o f the CaSUP35 gene w ere PCR-am plified from  14 
different C. albicans strains (Table 2), using ‘high fidelity ’ 
Pwo  polym erase (Roche) w ith  a 3' to  5 ' p roofread ing  activity, 
and oligonucleotide prim ers N TC aSU P35I (A C TG A C G G A T- 
C C G C T T G G A A T G A G G T C T T C ) and N TCaSU P35III (CA- 
G G A G C T G G A G C T G G A G A T ). Both strands o f each of the

CaSUP35 N  dom ains w ere sequenced and the sequence 
d a ta  deposited w ith  G enBank (accession nos A Y 028660- 
AY028673).

Plasmid constructions. Plasm id pD R 2 w as m ade by subcloning 
a 5-2 kb B am H l-Sa ll fragm ent from  p lasm id p D R l into 
p lasm id pRS416 (Sikorski &  H ieter, 1989). T his D N A  
fragm en t carried  a region show ing hom ology to  the S. 
cerevisiae SUP35 (ScSUP35) gene p robe as detected by the 
Southern  b lo t analysis (data no t show n). A T3 kb EeoRV  
fragm en t th a t did no t hybridize to  the ScSUP35 gene was 
deleted from  the p lasm id pD R 2 to p roduce the URA3-based 
centrom eric p lasm id pD R 4. T he m ulticopy p lasm id pD R 6, 
con tain ing  the com plete CaSUP35 gene, w as constructed  by 
subcloning the 3-9 kb B a m H l-S a ll fragm ent from  pD R 4 into 
the LEU2d-2\i plasm id pM A 3a (Spalding &  T uite , 1989). 
Plasm id pUKC1530 contained the com plete CaSUP35 gene, 
including the p ro m o ter, cloned into pRS313 (Sikorski &  
H ieter, 1989) as a B a m H l-S a ll fragm ent generated  from  
p lasm id pD R 4.

Plasm id pU KC1530-C , expressing the C dom ain  of CaSup35p, 
w as constructed  as follow s. T he fragm ent contain ing  the 
CaSUP35 C  dom ain  w as PCR-am plified from  p lasm id pD R 4 
using o ligonucleotide prim ers CaSUP35SpeI (GAAGAT 
A C T A G T G A C G A A G A A G TT G TC A A G ) and CaSUP35R?cI 
(G A G  A A A G A G C T C C C G T T  G A C T C C A T T G  A G T T  C) 
bearing extensions w ith  Spei and Sac I restric tion  sites 
respectively (underlined). The suitably digested am plified frag ­
m ent w as then  inserted in to  the p lasm id pUKC1508 (with the 
SUP35 pro m o te r inserted into pRS313) to  generate pU KC- 
1530-C.

Construction of an S. cerevisiae SUP3S g en e  deletion strain 
for plasmid shuffling. T he su p 3 S ::ka n M X 4  gene d isrup tion  
w as constructed  by a d irected PC R -m ediated gene deletion 
strategy (W ach et al., 1994) using the p lasm id pFA 6a-K anM X 4 
as tem plate. T he PCR prim ers used w ere: S I, T G C T C G G A - 
A T A A C A T C T A T A T C T G C C C A C T A G C A A C A A T G C G - 
T A C G C T G C A G G T C G A C ; and S2, A T T A T T G T G T T T G - 
C A T T T A C T T A T G T T T G C A A G A A A T T T A A T C G A T - 
G A A T T C G A G C T C G . O ligonucleotides SI and S2 were 
designed such th a t the ir 5 ' regions w ere com plem entary  to  the 
sequence flanking the chrom osom al SUP35 coding sequence, 
w hile the 3' p o rtions w ere com plem entary  to the sequence 
flanking the ka n M X 4  cassette. T he resulting  PCR-am plified 
T59 kb ka n M X 4  cassette, w ith  flanking extensions hom ­
ologous to  the sequences flanking the ScSUP35 gene, was 
then  transfo rm ed  into stra in  M T 26 (Table 1) and su p 3 5 ::
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kanM X 4/SU P 35  heterozygous transp lacem ents selected on 
YPD +  G418 (200 pg m P 1) p lates and verified by PCR (data 
no t show n). T he PCR prim ers used w ere: A l,  C G C A T T A G - 
C T C G C T A T T T G ; A2, G C T G A T T G T T G C C T T G G ; A3, 
G A G A G A T C A A G G T A C C A C ; A4, G A T G A T G A T G A T G - 
C C G A G ; K2, G A T T G C C C G A C A T T A T C G C G  ; and K3, 
T A T G G A A C T G C C T C G G T G . Prim ers A 1-A 4 w ere com p­
lem entary  to  the ScSUP35 sequence w hile K2 and K3 were 
com plem entary  to  the ka n M X 4  cassette and w ere designed for 
PCR verification of the expected snp35 : : k a n M X 4  rep lace­
m ent. T he resulting  kanam ycin-resistan t dip lo id  stra in , 
M T 26.4 , w as then  transfo rm ed  w ith  pD R 4 (Table 3), and tw o 
haplo id  spores w ith  the snp35 : : k a n M X 4  d isrup tion  carrying 
the pD R 4 p lasm id (designated M T 2 6 .4 /3c  and M T 2 6 .4 /5 c ; 
T able 1) w ere identified am ongst the m eiotic progeny.

Plasmid shuffling to test CaSup35p function. SUP35 genes 
w ere in troduced  either in to  the S. cerevisiae haplo id  strain  
M T 7 0 0 /9 d  (both [PS/+] and [psT] derivatives: T able 1; 
Parham  et al., 2001), w hich carried  both  the sitp35 : : k a n M X  
allele and the v iability-m aintain ing , single-copy plasm id 
pYK810 (Kikuchi et al., í 988) bearing the ScSUP35 and U RA3  
genes, o r into  the [psT] strains M T 26 .4 /3c  or /5 c  carry ing the 
p lasm id pD R 4 (Table 3). These strains w ere transfo rm ed  w ith 
the various p lasm id constructs carry ing the HIS3  m arker and 
one or o ther o f the different SUP35 genes. H is+ tran sfo rm an ts 
w ere selected in SD —H is m edium , and single tran sfo rm an ts 
w ere then  spread on to  both  solid SD — H is m edium  and YPD 
m edium  contain ing  5-fluoroorotic acid (1 g I-1), selecting for 
stra ins th a t had lost the U R A 3-containing p lasm id (Kaiser et 
a i ,  1994).

W estern blot analysis. Y east p ro te in  ex tracts w ere p repared  
and frac tionated  into soluble and pelletable (i.e. insoluble) 
fractions by cen trifugation  essentially as described by Parham  
et al. (2001). P rotein sam ples w ere analysed using 10% SDS- 
polyacrylam ide gels and elec trophoretically  transferred  to 
n itrocellulose (Sartorius) fo r W estern  b lo t analysis, em ploying 
polyclonal antiserum  raised against ScSup35p expressed in E. 
coli, essentially as described by Stansfield et al. (1995a, b). 
A n ti-rabb it secondary an tibody  w as purchased  from  Amer- 
sham . T he ECL reagent (A m ersham ) w as used fo r detec tion  of 
bound  an tibody  according to  the m anu factu rer’s p ro toco ls. 
M olecu lar masses of p ro teins w ere estim ated using pre-stained 
m olecular mass m arkers (Sigma).

Preparation of yeast ribosom es and post-ribosom al super­
natants. Both S. cerevisiae and C. albicans stra ins w ere grow n 
a t 30 °C in YPD to  a density  of 1-2 x IO7 cells m b 1 and 
harvested by centrifugation . T o ta l cell lysates w ere then 
p repared  in Á buffer (25 m M  T ris p H  7'2 , 50 m M  KCl, 5 m M  
M gC l2, 5 m M  yß-mercaptoethanol, 10 m M  PMSF) essentially 
as described by Stansfield et al. (1992) and loaded onto  a 
sucrose cushion (15% , w /v , sucrose; 25 m M  T ris p H  7'2, 
150 m M  KCl, 5 m M  M gC l2, 5 m M  yß-mercaptoethanol). A fter 
high-speed cen trifugation  (100000 £ , 5 h a t 4 °C in a fixed- 
angle ro to r), the resulting post-ribosom al superna tan t was 
d ivided in to  aliquots and the ribosom al pellet resuspended in 
A buffer.

Quantification o f nonsense suppression levels in vivo . Y east 
stra ins w ere transform ed w ith  one or o ther o f the tw o  ‘read- 
th rough  assay ’ vectors, pUKC815-L orpU K C 817-L  (Stansfield 
et al., 1995a). The single-copy vector pUKC815-L carries the 
lacZ  gene under the contro l o f the constitu tive PGK  p rom o ter. 
T he read -th rough  vector pUKC817-L has an  in-fram e p rem a­
tu re  ochre (TAA) te rm ina tion  codon a t the P G K -lacZ  
junction . T he degree of nonsense codon  suppression was 
determ ined essentially as described by Stansfield et al. (1995a).

U nits o f yß-galactosidase activity w ere calculated according to 
M iller (1972). yß-Galactosidase activity w as expressed as a 
percentage o f the con tro l activity (i.e. th a t o f strains bearing 
the con tro l vector pUKC815-L).

RESULTS

Isolation and analysis of the CaSUP35gene

The C. albicans SUP35 gene hom ologue (CaSUP35) was 
identified in a genom ic library by its ability to func­
tionally com plem ent the term ination phenotype of the S. 
cerevisiae sal3-4 allosuppressor allele of the SUP35 gene 
(Crouzet et al., 1987). A 2-6 kb C. albicans genom ic 
D N A  fragm ent from  the single clone identified (plasmid 
pD R l) w as com pletely sequenced on bo th  strands and 
the resulting D N A  sequence (GenBank accession no. 
AF020554) identified an open reading fram e of 729 
residues (Fig. la ), w ith  a predicted m olecular mass of 
80-6 kD a. The C -term inal 430 aa sequence (amino acids 
300-729) w as highly hom ologous to  the corresponding 
region of S. cerevisiae Sup35p (ScSup35p) (79 % am ino 
acid identity) as well as to the translation  elongation 
factor eEFlA  of C. albicans (35% am ino acid identity).
A lignm ent between the ScSup35p and CaSup35p se­
quences identified the region between am ino acids 1 and 
143 of the CaSup35p as corresponding to the ScSup35p 
PrD (Fig. la ). A lthough the putative CaSup35p PrD 
show s little prim ary am ino acid sequence identity to the

(a) N M
1-143 144-299

C
300-729

/ i_ _ _ _

I
MSDQQNTQDQ LSGAMANASL NGDQSKQQQQ QQQOQQQQQN YYNPNAAQSF 
VPQGGYQQFQ QFQPQQQQQQ YGGYNQYNQY QGGYQQNYNN RGGYQQGYNN 
RGGYQQNYNN RGGYQGYNQN QQYGGYQQYN SQFQQQQQQQ SQG

143

(b) 51 VPQGGYQQFQQF 62
69 QQYGGYNQYNQY ao

79 OYQGGYQGn y n n 90
69 NNRGGYQQGYNN 100
99 n n r g g y q q n y n n 110
109 n n r g g y q g y n q n 120
121 q q y g g y q q y n s q 132

p q g g y q q y n - &S. cerevisiae Sup35p

Fig. 1. The C. albicans Sup35p protein, (a) Amino acid sequence 
of the  N domain (amino acids 1-143) of CaSup35p deduced 
from the  CaSUP35 gene sequence (GenBank accession no. 
AF020554). The three regions identified are equivalent to  the  
N, M and C domains defined in the  ScSup35p sequence (Ter- 
Avanesyan e t al., 1993) based on amino acid identity and the  
position of the  indicated Met residues at residues 1 and 144. 
The three poly(Gln) repeats are underlined, (b) The seven copies 
of the  GGYQQ repeat in th e  putative N domain of CaSup35p.
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5. cerevisiae C. albicans
Y H

CaSup35p

ScSup35p

Fig. 2. Expression of CaSup35p in 5. cerevisiae and C. albicans. 
Western blot analysis of clarified cell-free lysates was carried 
out as described in Methods. Ten micrograms of protein was 
loaded into each lane and equal loadings were confirmed 
by Coomassie blue staining. Lanes: 1, 5. cerevisiae strain 
BSC783/4a; 2, 5. cerevisiae strain BSC783/4a transformed with 
the  single-copy Ca5L/P35-containmg plasmid pDR4; 3, an 5. 
cerevisiae sup35. .kanM X  disruptant strain (MT26.4/3c) carrying 
the  plasmid pDR4; 4, C. albicans strain 2005E grown in yeast (Y) 
form; 5, C. albicans strain 2005E grown in hyphal (H) form. The 
antibody used to  probe the  blot was a polyclonal antiserum 
raised against ScSup35p. Antibody-antigen complexes were 
detected by chemiluminescence.

ScSup35p PrD, it is sim ilarly rich in Gin and Asn 
residues (ScSup35p 53/123, 4 3 % ; CaSup35p 74/143, 
53 % ). The core m otif of the ScSup35p PrD oligopeptide 
repeat, G G Y Q Q , is present as five perfect and  tw o 
im perfect copies in the CaSup35p N  dom ain (Fig. lb). 
An additional striking feature of the CaSup35p putative 
PrD is the presence of three distinct poly(Gln) tracts, the 
largest containing a run of 13 Gin residues (am ino acids 
27-39; Fig. lb).

H ybrid ization experim ents w ith  digested to ta l genom ic 
D N A  from  C. albicans strain 2005E, probed w ith  a 2 kb 
S p e\-K p n \ fragm ent containing the CaSUP35 gene, 
dem onstrated  tha t CaSUP35 w as present as a single copy 
sequence (data no t show n). N orthern  blo t analysis 
confirm ed tha t CaSUP35 encodes a single 2400 nt 
m RN A  transcrip t (data no t shown).

CaSUP35 can provide the essential eRF3 function in
S. cerevisiae

The ability of the CaSUP35 gene to supply the essential 
Sup35p function to an S. cerevisiae strain  carrying a 
sup35 : : kau M X  d isruption w as tested. The CaSUP35 
gene should be efficiently and  authentically  translated  
in S. cerevisiae since there are no CUG codons in the 
coding sequence; the CUG codon is exclusively decoded 
as Ser ra ther than Leu in C. albicans (Santos &  Tuite, 
1995). A diploid strain  M T26.4 (Table 1), heterozygous 
for a su p 3 5 ::ka n M X  deletion, w as constructed and 
transform ed w ith  pDR4, a URA3-based CEN -plasm id 
carrying the CaSUP35 gene (Table 3). Viable haploid 
progeny carrying the sup35 : : kau M X  d isruption were 
ob tained and found to be incapable of grow ing in the 
presence of 5-fluoroorotic acid, confirm ing tha t their 
g row th  depended on retention of the plasm id-borne 
CaSUP35 gene. The su p 3 5 ::ka n M X  pD R 4-containing 
haplo id  progeny show ed a weak allosuppressor pheno­
type (i.e. pink colonies, w eak g row th  in the absence of 
adenine), indicating tha t CaSup35p is unable to  fully 
restore efficient transla tion  term ination in the absence of 
ScSup35p. This did no t simply reflect a low er steady- 
state level of the heterologous Sup35p since W estern blot 
analysis of a sn p 3 5 ::ka n M X , pD R4 strain, using an 
anti-ScSup35p, confirm ed the expression of CaSup35p 
in S. cerevisiae (Fig. 2) to a level approxim ately equiv­
alent to  the endogenous ScSup35p. N either w as the 
allosuppressor phenotype due to the form ation of [PS/+] 
since g row th  of this transfo rm ant in 3 m M  G uH C l, a 
treatm en t know n to cure yeast cells of the [PS/+] 
determ inant (Tuite et al., 1981), had  no effect on the 
allosuppression phenotype.

T o quantify the extent of the term ination  defect 
observed in the various strains expressing CaSup35p, 
the levels of SUQ5-m ediated ochre suppression were 
quantified using a PGK—lacZ  fusion assay (Firoozan et 
al., 1991; Stansfield et al., 1995a). The results (Table 4) 
confirm  tha t the single-copy CaSUP35 gene only p a r­
tially com plem ented the term ination defect associated

Table 4. Efficiency of nonsense suppression in strains carrying diffe rent com binations of 
5. cerevisiae and  C. albicans SUP35 g en e  alleles

Strain SU P3S  gene3' Readthrough (% )f

BSC783/4a SUP35 0-82 +  0-28
BSC783/4a sal3-4 sal3-4 23-92 +  8-15
BSC783/4a sal3-4 sal3-4 [ScSUP3S] 4-19 +  0-70
BSC783/4a SUP3S [CaSUP3S] 9-66 +  6-80
BSC783/4a sal3-4 sal3-4 [CaSUP3S] 8-02 +  2-47
MT26.4/3C sup35::kanM X  [CrtSUP35] 12-85 +  4-11

* Plasmid-borne genes are shown in square brackets. The plasm id carrying the ScSUP35 gene was 
pYKSlO and the plasmid carrying the CaSUP35 gene was pDR4, both single-copy, CEN-based 
plasmids.
t  /i-Galactosidase activity is expressed as a percentage of the control, i.e. the relevant strain bearing the 
control vector pUKC815-L. The data are the means +  SD of four independent assays using two different 
transform ants.
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C. albicans 5. cerevisiae

Sup35p

C. albicans

Soluble

1 2 3 4 5

Fig. 3. Subcellular distribution of CaSup35p in Candida 
albicans, (a) Distribution of CaSup35p between the  ribosome 
fraction and the  post-ribosomal supernatant fraction. Cell 
fractions were prepared from cycloheximide-treated C. albicans 
or S. cerevisiae and total unfractionated lysates (T), ribosomes 
(R) and post-ribosomal supernatant (S) samples were generated 
as described in Methods. Ten micrograms of protein from each 
sample was subjected to  Western blot analysis and probed with 
either anti-ScSup35p or anti-ribosomal protein L25 antibodies 
as described in Methods, and antibody-antigen complexes 
were detected by chemiluminescence. (b) Extent of solubility of 
CaSup35p in non-cycloheximide-treated strains of C. albicans. 
Samples were prepared essentially as described by Parham e t al. 
(2001). Four strains with differing numbers of Gin residues 
beginning at amino acid 27 are shown: lane 2, strain 2005E 
(7 Gin); lane 3, W01 (9 Gin); lane 4, strain 81/175 (13 Gin); lane 
5, strain J930510 (11 Gin). Lane 1 shows results for S. cerevisiae 
MT700/9d [P5/+] for comparison. Total and soluble fractions are 
shown for each strain.

w ith  bo th  the sal3-4 allele of SUP35 (see above) and 
the su p 3 5 ::ka n M X  d isruption . The co-expression of 
CaSup35p in a strain expressing wild-type ScSup35p 
also resulted in a detectable decrease in term ination 
efficiency. These data  suggest tha t the CaSup35p in ter­
acts less efficiently w ith  com ponents of the endogenous 
translation  term ination m achinery, m ost likely eR Fl 
(Stansfield et al., 1995b).

CaSup35p is ribosome-associated but does not form 
high-molecular-mass aggregates in C. albicans

CaSup35p contains an epitope tha t is recognized by our 
anti-ScSup35p polyclonal antibody (Fig. 2; lanes 2-5) 
and  we therefore were able to use this antibody to study 
the subcellular location of the CaSup35p. Studies w ith 
ScSup35p (D idichenko et al., 1991) have show n that 
w hen translation  elongation is ‘fro zen ’ by the addition 
of cyclohexim ide, ScSup35p is found associated w ith the 
ribosom e. We confirm ed tha t this w as also the case for 
CaSup35p in C. albicans, w ith  the CaSup35p being 
clearly present in the ribosom al fraction (Fig. 3a).
Given the know n propensity  for ScSup35p to form  high-

(a) [PSI+] [psr]

YEPD

pUKC810
pUKC1530-C

pUKC1530-C

YEPD

YEPD 
+ GuHCl

A B  A B

Fig. 4 . CaSup35p can functionally replace ScSup35p in S. 
cerevisiae, but cannot be seeded by the  endogenous ScSup35p 
in a [P5/+] strain, (a) Either a single-copy plasmid bearing the  
ScSUP35 gene (pYK810) or a single-copy (pUKC1530) or 
multicopy (pDR6) plasmid carrying the  CaSUP35 gene was 
introduced into a either a [P5/+] or a [psr] sup35..kanM X  
MT700/9d strain, by plasmid shuffling, as described in Methods. 
Shown are three independent transformants (A-C) for each, 
grown on YEPD with a limiting amount of glucose to  enhance 
the  colony colour. Note th a t  the  colony colour of th e  pUKC1530 
transformants is pink in both strains used whereas the  pDR6 
transformants are red. (b) Expression of the  C domain of 
CaSup35p in the  [P5/+] strain MT700/9d either in the  presence 
of the  ScSUP35 gene or after loss of the  plasmid pYK810 
following plasmid shuffling. The plasmid encoding the  
CaSup35p C domain is pUKC1530-C.

m olecular-m ass aggregates in [PS/+] strains of S. cerevi­
siae (Patino et al., 1996; Paushkin et al., 1996) we next 
determ ined the state of the CaSup35p in C. albicans in 
non-cyclohexim ide-treated cells. In this analysis several 
different naturally  occurring clinical strains of C. albi­
cans were studied (see below). In each strain , the 
m ajority  of the detectable CaSup35p was in the soluble 
fraction, w ith  little if any being detected in the high- 
m olecular-m ass fraction (Fig. 3b). This w ould  suggest 
th a t these various strains do no t contain CaSup35p in a 
highly aggregated form  indicative of the prion state.

Analysis of the CaSup35p levels in both  the yeast and 
hyphal phases of C. albicans indicated tha t this trans-
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Allele

I MSDQQNTQDQLSGAMANASLNGDQSK 2QQQQQQQ Q
II MSDQQNTQDQLSGAMANASLNGDQSK 2QQQQQQQQQQQQ
III MSDQQNTQDQLSGAMANASLNGDQSK 2QQQQQQ----
IV MSDQQNTQDQLSGAMANASLNGDQSK QQQQQQQ----
V MSDQQNTQDQLSGAMANASLNGDQSK 2QQQQQQQQQQ-
VI MSDQQNTQDQLSgAMANASLNGDQSK QQQQQQQQQQQ
VII MSDQQNTQDQLSGAMANASLNGDQSK 2QQQQQQQQQQ-
VIII MSDQQNTQDQLSGAMANASLNGDQSKQQQQQQQQQQQ-- 

* * * * *  * * * * *  * * * * * * * * * * * * * * * * * * * *

iYYNPNAAQS FVPQGGYQQFQ 56 
iYYNPNAAQSFVPQGGYQQFQ 60 
iYYNPNAAQSFVPQGGYQQFQ 54

- STYYNPNAAQSFVPQGGYQQFQ 54
- ÍYYNPNAAQSFVPQGGYQQFQ 58
- SIYYN PNAAQS FVPQGGY QQFQ 58 
iYYNPNAAQSFVPQGGYQQFQ 58 
«iYYNPNAAQS FVPQGGYQQFQ 58
l r * * * * * * * * * * * * * * * * * * * *

I
II
III
IV
V
VI
VII
VIII

I
II
III
IV
V
VI
VII
VIII

QFQPQQQQQQYGGYNQYNQYQGGYQQNYNNRGGYQQGYNNRGGYQQNYNNRGGYQGYNQN 116 
QFQPQQQQQQYGGYNQYNQYQGGYQQNYNNRGGYQQGYNNRGGYQQNYNNRGGYQGYNQN 120 
QFQPQQQQQQYGGYNQYNQYQGGYQQNYNNRGGYQQGYNNRGGYQQNYNNRGGYQGYNQN 114 
QFQPQQQQQQYGGYNQYNQYQGGYQQNYNNRGGYQQGYNNRGGYQQNYNNRGGYQGYNQN 114 
QFQPQQQQQQY GGYNQYNQY QGGY QQNYNNRGGY QQGYNNRGGY QQNYNNRGGY QGYNQN 118 
QFQPQQQQQQYGGYNQYNQYQGGYQQNYNNRGGYQQGYNNRGGYQQNYNNRGGYQGYNQN 118 
QFQPQQQQQQYGGYNQYNQYQGGYQQNYNNRG@YQQGYNNRGGYQQNYNNRGGYQGYNQN 118 
QFQPQQQQQQY GGYNQYNQY QGGY QQNYNNRGGY QQGYNNRGGY QQNYNNRGGY QGYNQN 118 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * *

QQYGGYQQYNSQPQQQQQQQSQGM 140 
QQYGGYQQYNSQPQQQQQQQSQGM 144 
QQYGGYQQYNSQPQQQQQQQSQGM 138 
QQYGGYQQYNSQPQQQQQQQSQGM 138 
QQYGGYQQYNSQPQQQQQQQSQGM 142 
QQYGGYQQYNSQPQQQQQQQSQGM 142 
QQYGGYQQYNSQPQQQQQQQSQGM 142 
QQYGGYQQYNSQPQQQQQQQSQGM 142 
* * * * * * * * * * * * * * * * * * * * * * * *

Fig. 5. Sequence polymorphisms within the 
N domain (amino acids 1-143) of CaSup35p. 
The polymorphic poly(Gln) repeat is boxed, 
as are the single amino acid substitutions. 
Allele numbers correspond to the following 
strains (see Table 2): I, W01, II, ATCC 10261, 
81/175; III, 2005E, WHH1, WHH3, WHH7; IV, 
WHH4; V, 81/191, 81/192, J930510; VI, 5; VII, 
78/011; VIII, IGC 2427.

lation factor is no t differentially expressed between the 
tw o m orphological form s (Fig. 2, lanes 4 and 5). 
Sw oboda et al. (1994) reported  sim ilar findings for the 
translation  elongation factor eEF-3.

The CaSUP35 gene does not sustain the [PSP] 
determinant in S. cerevisiae

It has been previously show n by others tha t over­
expression of the CaSUp35p N  dom ain in S. cerevisiae 
does no t induce the de novo  conversion of endogenous 
ScSup35p to form  the [PS1] determ inant (Santoso et al., 
2000; Chien &  W eissm an, 2001). T o  determ ine w hether 
overexpression of the full-length CaSup35p in S. cerevi­
siae m ight be m ore effective as a cross-species seeding 
agent we utilized the strain  M T 700/9d . This haploid 
strain  carries a sup35 : : k a n M X  d isruption, w ith viability 
being m aintained by the single-copy plasm id pYK810 
carrying the w ild-type ScSUP35 gene (see M ethods). 
Starting w ith either a [PSJ+] or a [psi~] derivative of this 
strain , in conjunction w ith a plasmid-shuffling strategy 
(Parham  et al., 2001) we in troduced either a single-copy 
plasm id (pUKC1530) or a m ulticopy plasm id (pDR6) 
carrying the full-length CaSUP35 gene into both strains. 
Following elim ination of the ScSUP35-bearing plasm id 
pYK810, the CaSup35p was unable to induce or sustain 
the [PSJ+] phenotype in either strain , even when in tro ­
duced on a m ulticopy plasm id (Fig. 4a). In a control 
experim ent, the in troduction  of the ScSUP35 gene on 
plasm id pYK810 m aintained [PSJ+] after plasm id shuf­
fling (Fig. 4a). T he w eak term ination  defect (i.e. allosup- 
pression) associated w ith the pD R4 transfo rm ant (see 
above) was also observed w ith the pUKC1530 tran s­
form ant although, as w ith the pD R4 transfo rm ant, this 
phenotype was no t elim inated following grow th on 
3 m M  G uH C l (Tuite et al., 1981) confirming this was 
no t a [PS/+]-associated phenotype. In strains carrying 
the m ulticopy plasm id pD R6, this allosuppression phen­

otype was no longer detected. T hus, full-length 
CaSup35p cannot be seeded by ScSup35p [PSJ+] aggre­
gates in vivo  to undergo the necessary conform ational 
change required to  sustain Sup35p aggregates (i.e. the 
[PS1] determ inant) in S. cerevisiae.
We also repeated the experim ent using a single-copy 
plasm id th a t only expressed the C dom ain (amino acids 
300-729; Fig. la) of CaSup35p, i.e. plasm id pUKC1530- 
C. Post-shuffling, viable Ure-  transform ants were ob­
tained, confirming tha t it is the C dom ain of CaSup35p 
th a t also carries the essential function as for ScSup35p 
(see above). T he resulting transform ants clearly had a 
[psi~] phenotype (Fig. 4b ; right panel) but no te r­
m ination defect -  as indicated by a weak suppression 
phenotype -  was observed, in contrast to the results 
w ith pUKC1530 (Fig. 4a). This w ould suggest th a t the M  
dom ain of CaSup35p may interfere w ith the in teraction 
w ith the endogenous Sup45p (eRFl). W hen the C 
dom ain of CaSup35p was co-expressed w ith full-length 
ScSup35p in a [PSJ+] strain  (Fig. 4b; left panel), no 
antisuppressor phenotype was observed, indicating tha t 
the expressed heterologous C dom ain could no t support 
the [PSJ+]-related term ination  defect. W estern blot 
analysis of these strains failed to detect the expressed C 
dom ain of CaSup35p, indicating th a t the epitope recog­
nized by the anti-ScSup35p antibody m ost likely lies in 
the N /M  dom ain of CaSup35p.

Natural variation in the N domain of CaSup35p

T o determ ine w hether the am ino acid sequence of the N  
dom ain of CaSup35p was conserved between different 
strains of this pathogenic fungal species we next PCR- 
amplified the region of the CaSUP35 gene encoding 
am ino acids 1—143 from  14 different clinical strains 
obtained from  a variety of sources (Table 2) using a 
high-fidelity Taq  polym erase (Pwo) w ith a 37 to 57 exo­
proofreading activity. Am ong the 14 strains analysed
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eight different CaSUP35 alleles w ere observed (Fig. 5). 
M ost significantly, there w ere four alleles w ith differing 
num bers of Gin residues in the largest of the poly(Gln) 
repeat regions in the N  dom ain (Fig. la ;  am ino acids 
27-30) w ith  lengths of 7, 9 ,11  and 13 residues. T he other 
four variants noted w ere single am ino acid substitutions 
at positions 2, 6 and 12 in the region N -term inal to  the 
variable-length poly(Gln) repeat region, and at position 
93 w ithin one of the copies of the repeated G G Y Q Q  
motif.

DISCUSSION

CaSup35p is a functional homologue of ScSup35p

T he C. albicans SUP35 gene encodes a protein  showing 
a significant level of overall am ino acid identity to S. 
cerevisiae Sup35p (65 % identity). As w ould be expected, 
given this high degree of am ino acid sequence con­
servation, CaSup35p is able to  restore viability to an 
otherw ise lethal d isruption of the hom ologous gene 
in S. cerevisiae. T he association of CaSup35p w ith 
the ribosom e confirms the functional equivalence of 
CaSup35p w ith  ScSup35p. To date, the only know n 
function of Sup35p in yeasts is as a subunit of the 
translation  term ination  release factor and, as such, it 
interacts w ith  Sup45p (eRFl) to m ediate translation 
term ination  at all three stop codons (Stansfield et al., 
1995a; Zhouravleva et al., 1995). W e have also recently 
identified a close hom ologue of Sup45p in C. albicans 
(A. B randao-Burch &  M . F. Tuite, unpublished data). 
A lthough m RN A  decoding in C. albicans is non ­
standard  (Santos &  Tuite, 1995), there is no evidence 
th a t C. albicans decodes any of the three stop codons in 
any w ay other than  as stop even though such genetic 
code deviations are relatively com m on com pared to 
sense codon reassignm ents.

T he ScSup35p m olecule appears to have three distinct 
functional dom ains, N , M  and  C. These w ere originally 
anno ta ted  on the basis of the location of the first three 
M et residues in the ScSup35p sequence, M e tl, M etl2 4  
and  M et 254 (Kushnirov et al., 1988; W ilson &  Cul­
bertson, 1988). A lthough the equivalent N  region of 
the CaSup35p contains an additional M et residue (M et 
15 ; Fig. la ), the M et residues at positions 144 and 300 in 
the CaSup35p sequence correspond to  the M et residues 
used to  define the N , M  and C regions of ScSup35p. The 
C dom ain of ScSup35p (am ino acids 254-685) is know n 
to carry the function w ith regard to translation  ter­
m ination (T er-Avanesyan et al., 1993) and  we show  here 
th a t the equivalent C dom ain of CaSup35p also carries 
the sam e essential function (Fig. 4b). Both the CaSup35p 
and  the ScSup35p C dom ains show  significant am ino 
acid identity to transla tion  elongation factor eEFlA  
(K ushnirov et al., 1988; W ilson &  Culbertson, 1988; 
Ter-A vanesyan et al., 1993). W hile the role of eEFlA  
is well defined in the translation  elongation cycle, the 
exact role of ScSup35p, and  m ore specifically its 
essential C dom ain, in translation  term ination  rem ains 
to be established. T he presence of G TP-binding do­
mains, w hich are conserved betw een eEFlA  and Sup35p

from  bo th  S. cerevisiae and C. albicans, implies that 
G TP hydrolysis is required for Sup35p activity although, 
as w ith  o ther translation  factors w ith such G dom ains, 
this may simply regulate binding of the substrate, 
which, in this case, w ould be Sup45p (eRFl) a n d /o r  the 
ribosom e.

T he failure of the CaSup35p to fully restore efficient 
translation  term ination  in either an S. cerevisiae sup35 
null m utan t or a sal3-4 m utant, as defined by the weak 
nonsense suppressor phenotype, is no t a consequence of 
low er cellular levels of the heterologous Sup35p (Fig. 2). 
R ather, it may simply reflect lower efficiency of binding 
to Sup45p (eRFl) o r another, yet-to-be defined, com ­
ponent of the translation  term ination m achinery. O ver­
expression of CaSup35p does how ever restore efficient 
term ination  (Fig. 4a), suggesting tha t a com bination  of 
low er efficiency of initial binding betw een CaSup35p 
and  ScSup45p w ith  the elevated level of CaSup35p in this 
strain  ensures th a t a level of functional C aSup35p- 
ScSup45p com plex is form ed sufficient to  allow  for 
efficient term ination  of translation .

The N domain of CaSup35p

CaSup35p has an N  dom ain of 143 aa w hich shows 
m any of the sequence features of the well-defined N- 
term inal prion-form ing dom ain (PrD) of ScSup35p 
(Tuite, 2000). In particular, there is a high content of 
Gin and Asn residues (53 % ) and a low content of 
charged residues (5 % ). Between the PrD and the 
essential C dom ain lies the functionally undefined M  
dom ain, w hose role in ScSup35p function in term ination 
is dispensable although it rem ains to be established 
w hether this part o f the protein  contributes to the prion- 
like behaviour of ScSup35p. T he ScSup35p M  dom ain is 
130 aa in length and is highly charged, w ith Lys and  Glu 
representing 36%  of the residues. T he corresponding 
region in CaSup35p is some 26 residues longer, w ith 
26%  of the residues being Lys and Glu. A lignm ent 
betw een the putative M  regions of published fungal 
Sup35p sequences show s little evidence of evolutionary 
conservation of prim ary sequence, although a consistent 
feature is a high p roportion  of Lys and Glu residues 
(data no t shown).

Santoso et al. (2000) have recently show n tha t a 
chim aeric Sup35p containing the N M  dom ain of 
CaSup35p (amino acids 1-299) and the C dom ain of 
ScSup35p could no t be incorporated  into endogenous 
ScSup35p prion aggregates in a [PS/+] strain . Further­
m ore, these au thors have now  show n tha t this apparent 
species barrier is probably  the consequence of differences 
in conform ation and hence seeding poten tia l (Chien &  
W eissm an, 2001). In our experim ents reported  here, we 
dem onstrate tha t full-length CaSup35p is similarly 
unable to  be seeded by the endogenous ScSup35p prion 
even when overexpressed (Fig. 4a). This w ould suggest 
th a t the lack of the CaSup35p C dom ain in the 
recom binant molecules used in the cross-seeding experi­
m ents of Santoso et al. (2000) did no t alter the inter- or 
in tram olecular interactions required for aggregate form ­
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ation, ruling ou t the need for an in teraction between the 
CaSup35p N  and C dom ains in prion aggregation. This 
w ould  in tu rn  rule out a role for the C dom ain in 
establishing the ‘species b a rr ie r’ to fungal prion p ro p a­
gation. W e have recently show n th a t replacing the 
CaSup35p M  dom ain in a hybrid Sup35p m olecule w ith 
the ScSup35p M  dom ain does no t overcom e this p o ­
tential ‘species b a rrie r’ (C. Resende, S. N . Parham  &  
M . F. Tuite, unpublished data). H ow ever, Santoso eta l. 
(2000) show ed tha t a C aSup35pN M -G FP fusion 
protein , w hen expressed at high levels, was able to 
form  prion-like foci in both  [PS/+] and [psi~\ cells w ith 
sim ilar kinetics. This finding dem onstrates tha t the 
C aSup35pN M  region can direct self-aggregation in vivo, 
bu t its polym erization requires no in teraction w ith  the 
endogenous ScSup35p.

Given the sim ilarity in am ino acid com position between 
the PrD of ScSup35p and CaSup35p, and in particu lar 
the presence of related repeat sequences (with the ‘ core ’ 
m otif of G G Y Q Q ) in both , it is perhaps surprising that 
the CaSup35p is no t seeded by ScSup35p. Santoso et al.
(2000) dem onstrated  th a t replacem ent of a short region 
of the CaSup35pN  dom ain w ith  the 19 aa between 
residues 8 and 26 from  the ScSup35pN dom ain generated 
a C aSup35pN M -G FP fusion protein  w hose aggregation 
could now  be seeded by the endogenous ScSup35p. 
T heir data suggest tha t a region of the N  dom ain of 
Sup35p N -term inal to, bu t excluding, the oligopeptide 
repeats, plays a key role in driving prion conversion of 
Sup35p. This region shows no am ino acid sequence 
identity between the ScSup35p-PrD and  the CaSup35p- 
PrD , and the corresponding region in the ScSup35p N  
dom ain has a significantly higher p roportion  of Gin 
and  Asn residues than the corresponding CaSup35p 
region. These differences may be sufficient to inhibit 
the conform ational conversion event even though the 
heterologous N  dom ain may be able to physically in ter­
act via the conserved oligopeptide repeats (see below).

As suggested by the experim ents of Chien &  W eism ann
(2001) the failure to efficiently recruit the newly syn­
thesized CaSup35p molecules into the pre-existing 
ScSup35p aggregates in a [PS/+] strain  is p robably  due to 
the different conform ations these tw o proteins take up 
in the cell. M ore specifically, the underlying problem  
may be the different folding interm ediates tha t p re­
dispose the nascent polypeptide chains to conform a­
tional conversion in vivo. S tructure prediction suggests 
th a t both  the ScSup35p and the CaSup35p N  dom ains 
are highly flexible and  unstructured  regions. H ow ever, 
an im portan t requirem ent for prion establishm ent and 
m aintenance in S. cerevisiae is a dependence upon a 
certain ‘w ild -type’ level of the m olecular chaperone 
H sp l0 4  (Chernoff eta l., 1995). Thus, in S. cerevisiae, the 
newly synthesized CaSup35p may be unable to access 
one or m ore of the com ponents of the protein-folding 
m achinery to  w hich the ScSup35pN dom ain has been 
evolutionarily tuned.

O ne of the m ost intriguing features of the ScSup35p PrD 
is the presence of five copies of a 9 aa repeat w ith  a

conserved core m otif of G G Y Q Q . This highly repeated 
core m otif is also present in m ultiple copies in the N  
dom ain of the CaSup35p (Fig. lb ). D eletion analysis of 
the equivalent ScSup35p repeats has led us to propose 
th a t these repeats m ediate the Sup35p-Sup35p in ter­
actions tha t precede the conform ational conversion 
event tha t leads in tu rn  to aggregate form ation (Parham  
et al., 2001). Even deletion of one repeat, although not 
preventing in teraction w ith the w ild-type ScSup35p PrD, 
does prevent in teraction w ith  sim ilarly deleted 
ScSup35p-PrD molecules. T h a t the CaSup35p is unable 
to interact w ith  the w ild-type ScSup35p to form  aggre­
gates w ould  suggest tha t m ultiple copies of the G G Y Q Q  
m otif are no t sufficient for the im portan t interm olecular 
in teractions required for prion  propagation . H ow ever, 
it m ight be tha t the conform ational conversion of the 
oligom eric interm ediates (Serio et al., 2000) ra ther than 
the interm olecular in teractions per se is the step tha t is 
blocked or a t least less efficient. T he transient in­
tram olecular interactions between the CaSup35p PrD 
and  the m olecular chaperone H sp l04  th a t are essential 
for [PSD] m aintenance in S. cerevisiae (Chernoff et al., 
1995) may therefore no t be optim al for efficient p ro p a­
gation of a CaSup35p-based prion in the absence of the 
hom ologous folding factor.

Polyglutamine repeat expansion in the N domain of 
CaSup35p?

O ne feature of the CaSup35p th a t differentiates it from  
the ScSup35p sequence is the presence of several 
poly(Gln) repeat regions. Expansion of such poly(Gln) 
repeats has been identified w ith  a num ber of inherited 
hum an diseases, in particu lar H u n ting ton ’s disease, 
fragile X syndrom e and m yotonic dystrophy (reviewed 
by Z oghbi &  O rr, 2000), and this is due to the underlying 
protein  having an increased propensity  to aggregate in 
the brain. O ur finding tha t there is a significant level of 
polym orphism  in the length of one (but no t all) such 
tracts in the CaSup35p N  dom ain (Fig. 5) raises the 
interesting possibility tha t CaSup35p aggregation may 
be m odulated by a different m echanism  to ScSup35p 
(which has no such poly(Gln) repeat regions in the PrD). 
It rem ains to be established w hether or no t changes in 
the Gin repeat num ber do alter the aggregation be­
haviour of CaSup35p in C. albicans. It should be noted 
th a t the subcellular fractionation analysis of strains 
carrying the different CaSUP35 alleles (Fig. 3) failed to 
detect any differences in the levels of solubility of the 
CaSup35p between the strains although the centrifu­
gation steps we em ploy only pellet m aterial in excess of 
190S (F. Ness &  M . F. T uite, unpublished data). We 
also no te  tha t the variable poly(Gln) repeat region lies 
w ithin the sam e region as im plicated in the species 
barrier of yeast prion  propagation  (Santoso et al., 2000).

T he m echanism  by w hich poly(Gln) repeats expand is 
still far from  clear although m eiotic gene conversion 
a n d /o r  unequal crossing-over between tw o hom ologous 
chrom osom es has been widely suggested (Berg et al., 
2000; Jakupciak  &  W ells, 2000). It is im portan t to note
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th a t C. albicans is apparently  unable to undergo meiosis, 
lacking many of the genes essential for meiosis in S. 
cerevisiae (Tzung et al., 2001). This w ould suggest that 
the m echanism  of poly(Gln) repeat expansion in C. 
albicans may occur via a non-m eiotic event, either 
th rough unequal crossing-over between the tw o sister 
chrom atids of a chrom osom e during m itosis o r due to 
replication slippage (reviewed by M oore et al., 1999). 
N one of the strains we studied show ed clear evidence of 
heteroallelism  at the CaSUP35 locus since all D N A  
sequences of the PCR-generated fragm ents w ere hom o­
geneous, although w ere polym orphism s to exist w ithin 
the prim er binding site(s), this m ight bias such an 
analysis in favour of one allele. T he significance of this 
high-frequency variation  in the length of the poly(Gln) 
repeat in CaSup35p may be in the rapid evolution of a 
directed m echanism  of protein  aggregation akin to the 
prion-like behaviour of the S. cerevisiae hom ologue. It 
now  rem ains to be established w hether any of the 
identified alleles of the CaSUP35 gene encode a form  of 
CaSup35p tha t is able to  behave as a prion  in C. 
albicans.
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