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Fungal dimorphism and pathogenicity
Many of the most common pathogenic fungi (e.g., the etiologic 
agents of blastomycosis, coccidioidomycosis, histoplasmosis and 
candidiasis) are dimorphic, i.e., they can adopt two or more 
distinct growth forms. The most frequently encountered fungal 
pathogen is Candida albicans, a commensal organism of the gastt
trointestinal tract and the main fungal agent of lifetthreatening, 
systemic infection among immunocompromised or debilitated 
patients [1]. The link between dimorphism and virulence has 
been best established with C. albicans, an organism that is able 
to switch between at least three distinct growth forms: an oblong 
yeast form, a hyphal or mold form (characterized by parallel 
cell walls without constrictions at the sites of septation), and 
a pseudohyphal form (characterized by unseparated chains of 
elongated cells) [2]. In a mouse model of systemic infection, 
C. albicans mutants unable to switch from the yeast form to the 
hyphal form showed strongly reduced virulence [3,4]. 

A variety of environmental conditions – the most potent of 
which are serum and 37°C – can promote the switch to hyphal 
growth in C. albicans. These stimuli act via partially identified 
signal transduction pathways to activate a number of transcriptt
tion factors [reviewed in 5 and 6]. Hyphal growth requires 
maintenance of polarization within the cell in such a manner 
that growth occurs exclusively at the apex, in contrast to yeast 
growth, which is isotropic. Cell morphogenesis is closely associtt
ated with regulation of the cell cycle in many eukaryotes, but 
particularly in budding yeasts such as the welltstudied baker’s 
yeast (Sacchraromyces cerevisiae) [7,8]. In C. albicans, a number of 
cell cycle regulators were found to be involved in morphogenesis 
– e.g., the Polotlike kinase CaCdc5, a mitotic regulator [9], and 
Hgc1, a C. albicans cyclin related to the S. cerevisiae G1 cyclins 

Cln1 and Cln2 [4]. Recently, depletion of the C. albicans Cln3 
homolog, an essential protein, was shown to induce hyphal or 
pseudohyphal growth, depending on the conditions [10,11]. Thus, 
in C. albicans as well, cell cycle regulators affect morphogenesis.

The SCFCDC4 ubiquitin ligase and morphogenesis
Ubiquitintmediated protein degradation [12,13] plays a central 
role in cell cycle control. The substratetrecognition function of 
the ubiquitin system resides in the ubiquitintligase component. 
The multitsubunit SCF ubiquitin ligases (Skp1/Cullin/Ftbox) 
belong to the family of RING finger ubiquitin ligases [reviewed 
in 14]. The SCF core complex contains four subunits: Skp1, Cul1 
(Cdc53 in S. cerevisiae), the RING finger protein Rbx1 (also Roc1 or 
Hrt1), and one of several Ftbox proteins [15]. Seventeen predicted 
Ftbox proteins were detected in the S. cerevisiae genome, including 
Cdc4 and Grr1 [16], and 17 at least could be detected in Candida 
albicans (our unpublished observations). SCFCDC4 – an SCF ubiqtt
uitin ligase complex that includes Cdc4 as substrate recognition 
component – is one of the ubiquitin ligases implicated in cell 
cycle entry and progression in yeast and mammalian cells. The 
mammalian homolog of Cdc4 is involved in degradation of cyclin 
E and of the prototoncogene ctMyc, and was shown to function 
as a tumor suppressor gene. In S. cerevisiae, in contrast, CDC4 is 
essential for cell proliferation, and temperaturetsensitive mutants 
arrest in G1 with elongated, multiple buds [17]. The critical 
substrate of yeast SCFCDC4 for the G1 to S transition is the 
cyclintdependent kinase inhibitor Sic1 [18,19]. Other substrates 
of SCFCDC4 include another CDK inhibitor, Far1 [20], and a 
transcription factor, Gcn4 [21]. 

In the baker’s yeast, S. cerevisiae, a nutrienttinduced dimorphism 
exists that enables the cells to switch from the yeast morphology 
to the pseudohyphal morphology, a growth form consisting of 
chains of elongated yeast cells. Tec1 is a transcription factor that 
is central to this morphogenetic switch. Pseudohyphal growth 
is induced via a signal transduction pathway that includes the 
activation of the MAP kinase Kss1. Pheromone induces mating by 
activating the same MAP kinase cascade including, in addition to 
Kss1, the MAP kinase Fus3. The reason that pheromone, although 
inducing Kss1, does not cause pseudohyphal growth has only rett
cently been uncovered: Fus3 specifically phosphorylates Tec1 [22], 
causing it to be targeted for degradation by an SCF complex [23], 

SCF = Skp1/Cullin/Ftbox protein
CDK = cyclintdependent kinase
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probably SCFCDC4 [24]. Thus, in this case the ubiquitin system 
plays a dampening effect that enables the cell to distinguish 
between two different stimuli that use the same MAP kinase 
pathway to achieve two distinct developmental outcomes, mating 
vs. morphogenesis.

Given the established roles of Cdc4 in the regulation of the 
cell cycle and morphogenesis, we investigated its role in the 
dimorphic organism C. albicans. We found that deletion of CDC4 
from the C. albicans genome is not lethal – unlike for example in 
S. cerevisiae – but results in a strain that is constitutively hyphal 
[25] [Figure 1]. Sol1, a protein related to the CDK inhibitor Sic1, 
was identified as a substrate of SCFCaCDC4 [25]. Sol1 clearly 
affects morphogenesis of C. albicans, presumably via its role in 
the inhibition of specific cyclintCDK complexes, but it appears 
to have a distinct specificity from S. cerevisiae Sic1, based on the 
terminal arrest phenotype of cells overexpressing stabilized Sic1 
vs. stabilized Sol1 [25]. On the other hand, Sol1 stabilization 
is not the sole reason for the distinct hyphal phenotype of the 
Cacdc4t/t mutant, because the double Cacdc4t/t sol1t/t mutant 
exhibits a constitutive hyphal morphology similar to that of 
the single Cacdc4t/t mutant [25]. The additional SCFCaCDC4 
substrate(s) involved in this phenotype have not yet been identitt
fied. One possible candidate was the homolog of the S. cerevisiae 
filamentationtinducing transcription factor Tec1, based on the fact 
that in S. cerevisiae Tec1 is degraded via the SCFCDC4 (see above); 
however, our preliminary results exclude CaTec1, as well as the 
hyphaetinducing transcription factors Efg1 and Cph1, and the 
hyphal phasetspecific cyclin Hgc1 as SCFCaCDC4 substrates.

Regulation of SCF: the role of neddylation 
SCF ubiquitin ligase activity can be regulated by different mechatt
nisms, including the presence or absence of Ftbox proteins, e.g., 
SKP2 [26]; phosphorylation of the substrate, e.g., the SCFCDC4 
substrates Sic1 [27,28] and Gcn4 [21,29]; and neddylation of the 
cullin subunit. Neddylation, or conjugation of the ubiquitintlike 
protein NEDD8/Rub1, at a single lysine residue in the Ctterminal 
domain of Cul1, requires a mechanism similar to the ubiquitin 
system [30]. Neddylation is reversible: deneddylation of cullins 
is promoted by Csn5/Jab1, a subunit of another highly conserved 
multiprotein complex, the COP9 signalosome [31,32].

Genetic data suggest that the neddylation and deneddylation 
cycles of cullins might play a role in Ubctligase complex fortt
mation [33] and in cullintdependent polyubiquitinylation of 
SCF target proteins [34]. The requirement for neddylation may 
involve CAND1, a protein that binds the unneddylated cullin 
and prevents Skp1/Ftbox protein binding [35,36]. Neddylation 
was initially found to dissociate CAND1 from the cullin [35,36]; 
however, results with a purified system indicate that neddylation 
by itself is unable to cause CAND1 dissociation [37], suggesttt
ing the involvement of additional factor(s). In the realm of 
fungal development, a Neurospora mutant defective in denedtt
dylation activity was found to have a defect in the circadian 
clock controlling conidiation (spore formation) [38]. This could 
be attributed to a stabilization of the transcription factor FRQ, 
which is normally degraded by the SCFFWDt1 ubiquitin ligase. In 

Aspergillus, the COP9 signalosome was found to be essential 
for sexual development [39]. Our preliminary results indicate 
that C. albicans contains a CaRub1/NEDD8 homolog. Three cullin 
homologs can be detected in the C. albicans genome sequence, of 
which one, orf19.1674, appears to be the Cdc53/CUL1 homolog. In 
preliminary experiments, we found that this protein is subject to 
neddylation. Jab1, the deneddylase subunit of the COP9/signalott
some, was identified in the C. albicans genome and deleted. This 
deletion causes a hyperneddylation of CaCdc53, as expected. 
The Carub1-/- mutant favors the filamentous mode of growth, 
although not as strongly as the Cacdc4-/- mutant, suggesting that 
modulation of SCF neddylation might constitute a mechanism for 
regulating the morphogenetic switch of C. albicans. Furthermore, 
the study of neddylation in C. albicans and other fungi may 
provide mechanistic insights into the role of this modification 
on SCF function.

Figure 1. Cellular phenotype (upper panels) and colony 
phenotype (lower panels) of the C. albicans cdc4-/- mutant (right 
panels) vs. the wild-type strain (left panels) grown on YPD 
medium. The cell wall was stained with calcofluor and visualized 
with ultraviolet epifluorescence for the cellular phenotype (upper 
panels). 

yeast hyphae
SCF substrates

SCFCaCDC4

Ubiquitin



245  •  Vol 8  •  April 2006 Ubiquitination and Fungal Morphogenesis

Conclusions
Fungal cellular morphogenesis and virulence are connected. 
Cellular morphogenesis is affected by cell cycle regulators and 
via signal transduction cascades. Ubiquitintmediated protein degtt
radation affects morphogenesis by modulating the concentration 
of cell cycle regulators and transcription factors. Ubiquitination 
of these effectors is regulated by their phosphorylation. An adtt
ditional potential layer of regulation involves modification of the 
ubiquitin ligases to increase or decrease their activity.

References
1. Richardson MD, Warnock DW. Fungal Infection: Diagnosis and 

Management. 2nd edn. Oxford, UK: Blackwell Science, 1997.
2. Sudbery P, Gow N, Berman J. The distinct morphogenic states of 

Candida albicans. Trends Microbiol 2004;12(7):317–24.
3. Lo HtJ, Kohler J, DiDomenico B, Loebenberg D, Cacciapuoti A, 

Fink GR. Nonfilamentous C. albicans mutants are avirulent. Cell 
1997;90:939–50.

4. Zheng X, Wang Y. Hgc1, a novel hyphatspecific G1 cyclintrelated 
protein regulates Candida albicans hyphal morphogenesis. EMBO 
J 2004;23(8):1845–56.

5. Liu H. Transcriptional control of dimorphism in Candida albicans. 
Curr Opin Microbiol 2001;4(6):728–35.

6. Whiteway M, Oberholzer U. Candida morphogenesis and hostt
pathogen interactions. Curr Opin Microbiol 2004;7(4):350–7.

7. Lew DJ, Reed SI. Cell cycle control of morphogenesis in budding 
yeast. Curr Opin Genet Dev 1995;5(1):17–23.

8. Rua D, Tobe BT, Kron SJ. Cell cycle control of yeast filamentous 
growth. Curr Opin Microbiol 2001;4(6):720–7.

9. Bachewich C, Thomas DY, Whiteway M. Depletion of a polotlike 
kinase in Candida albicans activates cyclasetdependent hyphalt
like growth. Mol Biol Cell 2003;14(5):2163–80.

10. Bachewich C, Whiteway M. Cyclin Cln3p links G1 progression 
to hyphal and pseudohyphal development in Candida albicans. 
Eukaryot Cell 2005;4(1):95–102.

11. Chapa y Lazo B, Bates S, Sudbery P. The G1 cyclin Cln3 
regulates morphogenesis in Candida albicans. Eukaryot Cell 
2005;4(1):90–4.

12. Hershko A, Ciechanover A. The ubiquitin system. Annu Rev 
Biochem 1998;67:425–79.

13. Kornitzer D, Ciechanover A. Modes of regulation of ubiquitint 
mediated protein degradation. J Cell Physiol 2000;182(1):1–11.

14. Jackson PK, Eldridge AG. The SCF ubiquitin ligase: an extended 
look. Mol Cell 2002;9(5):923–5.

15. Tyers M, Jorgensen P. Proteolysis and the cell cycle: with this 
RING I do thee destroy. Curr Opin Genet Dev 2000;10(1):54–64.

16. Patton EE, Willems AR, Tyers M. Combinatorial control in ubiquitt
tintdependent proteolysis: don’t Skp the Ftbox hypothesis. Trends 
Genet 1998;14(6):236–43.

17. Hereford LM, Hartwell LH. Sequential gene function in the 
initiation of Saccharomyces cerevisiae DNA synthesis. J Mol Biol 
1974;84(3):445–61.

18. Schwob E, Bohm T, Mendenhall MD, Nasmyth K. The Bttype 
cyclin kinase inhibitor p40SIC1 controls the G1 to S transition in 
S. cerevisiae. Cell 1994;79(2):233–44.

19. Feldman RM, Correll CC, Kaplan KB, Deshaies RJ. A complex of 
Cdc4p, Skp1p, and Cdc53p/cullin catalyzes ubiquitination of the 
phosphorylated CDK inhibitor Sic1p. Cell 1997;91(2):221–30.

20. Henchoz S, Chi Y, Catarin B, Herskowitz I, Deshaies RJ, Peter M. 
Phosphorylationt and ubiquitintdependent degradation of the cytt
clintdependent kinase inhibitor Far1p in budding yeast. Genes Dev 
1997;11(22):3046–60.

21. Meimoun A, Holtzman T, Weissman Z, et al. Degradation of 

the transcription factor Gcn4 requires the kinase Pho85 and the 
SCF(CDC4) ubiquitintligase complex. Mol Biol Cell 2000;11(3):915–
27.

22. Bruckner S, Kohler T, Braus GH, Heise B, Bolte M, Mosch HU. 
Differential regulation of Tec1 by Fus3 and Kss1 confers signaling 
specificity in yeast development. Curr Genet 2004;46(6):331–42.

23. Bao MZ, Schwartz MA, Cantin GT, Yates JR 3rd, Madhani HD. 
Pheromonetdependent destruction of the Tec1 transcription factt
tor is required for MAP kinase signaling specificity in yeast. Cell 
2004;119(7):991–1000.

24. Chou S, Huang L, Liu H. Fus3tregulated Tec1 degradation 
through SCF(Cdc4) determines MAPK signaling specificity during 
mating in yeast. Cell 2004;119(7):981–90.

25. AtirtLande A, Gildor T, Kornitzer D. Role for the SCF(CDC4) 
ubiquitin ligase in Candida albicans morphogenesis. Mol Biol Cell 
2005;16(6):2772–85.

26. Sutterluty H, Chatelain E, Marti A, et al. p45SKP2 promotes 
p27Kip1 degradation and induces S phase in quiescent cells. Nat 
Cell Biol 1999;1(4):207–14.

27. Nash P, Tang X, Orlicky S, et al. Multisite phosphorylation of a 
CDK inhibitor sets a threshold for the onset of DNA replication. 
Nature 2001;414(6863):514–21.

28. Verma R, Annan R, Huddleston M, Carr S, Reynard G, Deshaies 
R. Phosphorylation of Sic1p by G1 Cdk required for its degradatt
tion and entry into S phase. Science 1997;278:455–60.

29. Shemer R, Meimoun A, Holtzman T, Kornitzer D. Regulation of 
the transcription factor Gcn4 by Pho85 cyclin PCL5. Mol Cell Biol 
2002;22(15):5395–404.

30. Pan ZQ, Kentsis A, Dias DC, Yamoah K, Wu K. Nedd8 on cultt
lin: building an expressway to protein destruction. Oncogene 
2004;23(11):1985–97.

31. Cope GA, Deshaies RJ. COP9 signalosome: a multifunctional 
regulator of SCF and other cullintbased ubiquitin ligases. Cell 
2003;114(6):663–71.

32. HararitSteinberg O, Chamovitz DA. The COP9 signalosome: mett
diating between kinase signaling and protein degradation. Curr 
Protein Pept Sci 2004;5(3):185–9.

33. Kawakami T, Chiba T, Suzuki T, et al. NEDD8 recruits E2tubiquitt
tin to SCF E3 ligase. EMBO J 2001;20(15):4003–12.

34. Podust VN, Brownell JE, Gladysheva TB, et al. A Nedd8 conjugatt
tion pathway is essential for proteolytic targeting of p27Kip1 by 
ubiquitination. Proc Natl Acad Sci USA 2000;97(9):4579–84.

35. Liu J, Furukawa M, Matsumoto T, Xiong Y. NEDD8 modification 
of CUL1 dissociates p120(CAND1), an inhibitor of CUL1tSKP1 
binding and SCF ligases. Mol Cell 2002;10(6):1511–18.

36. Zheng J, Yang X, Harrell JM, et al. CAND1 binds to unneddylated 
CUL1 and regulates the formation of SCF ubiquitin E3 ligase 
complex. Mol Cell 2002;10(6):1519–26.

37. Goldenberg SJ, Cascio TC, Shumway SD, et al. Structure of the 
Cand1tCul1tRoc1 complex reveals regulatory mechanisms for the 
assembly of the multisubunit cullintdependent ubiquitin ligases. 
Cell 2004;119(4):517–28.

38. He Q, Cheng P, He Q, Liu Y. The COP9 signalosome regulates 
the Neurospora circadian clock by controlling the stability of the 
SCFFWDt1 complex. Genes Dev 2005;19(13):1518–31.

39. Busch S, Eckert SE, Krappmann S, Braus GH. The COP9 signalott
some is an essential regulator of development in the filamentous 
fungus Aspergillus nidulans. Mol Microbiol 2003;49(3):717–30.

Correspondence: Dr. D. Kornitzer, Dept. of Molecular Microbiology, 
Rappaport Faculty of Medicine, Technion, Haifa 31096, Israel.
Phone: (972t4) 829t5258
Fax: (972t4) 829t5254
email: danielk@techunix.technion.ac.il

Ubiquitin


