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Abstract

Ess1 is a peptidyl-prolyl cis/trans isomerase (PPIase) that binds to the carboxy-terminal domain 

(CTD) of RNA polymerase II. Ess1 is thought to function by inducing conformational changes in 

the CTD that control the assembly of cofactor complexes on the transcription unit. Ess1 (also 

called Pin1) is highly conserved throughout the eukaryotic kingdom and is required for growth in 

some species, including the human fungal pathogen Candida albicans. Here we report the crystal 

structure of the C. albicans Ess1 protein, determined at 1.6 Å resolution. The structure reveals two 

domains, the WW and the isomerase domain, that have conformations essentially identical to 

those of human Pin1. However, the linker region that joins the two domains is quite different. In 

human Pin1, this linker is short and flexible, and part of it is unstructured. In contrast, the fungal 

Ess1 linker is highly ordered and contains a long α-helix. This structure results in a rigid 

juxtaposition of the WW and isomerase domains, in an orientation that is distinct from that 

observed in Pin1, and that eliminates a hydrophobic pocket between the domains that was 

implicated as the main substrate recognition site. These differences suggest distinct modes of 

interaction with long substrate molecules, such as the CTD of RNA polymerase II. We also show 

that C. albicans ess1− mutants are attenuated for in vivo survival in mice. Together, these results 

suggest that CaEss1 might constitute a useful antifungal drug target, and that structural differences 

between the fungal and human enzymes could be exploited for drug design.

Candida albicans is an opportunistic fungal pathogen that causes life-threatening infections 

in immunocompromised individuals (1, 2). Candidiasis is a common hospital-acquired 

infection, and causes signficant mortality in patients who undergo organ transplantation or 

cancer chemotherapy, or are HIV-infected (3). C. albicans is polymorphic, in that cells can 

exist in a yeast form, or they may undergo filamentation to pseudohyphal and hyphal forms 

(4). This process, known as morphogenetic switching, is often associated with virulence and 

tissue invasiveness (5, 6) and is largely under transcriptional control (7, 8).
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Therapeutic drugs for C. albicans infections typically target components of the cell 

membrane or cell wall biosynthetic machinery that are unique to fungi. However, many of 

these agents are fungistatic, inhibiting cell growth but not killing cells. Resistance to 

antifungal drugs is a clinical problem, and since many drugs are chemically similar, cells 

that show resistance to one are often resistant to others (9). Combination therapies offer a 

promising alternative, if they affect unrelated cellular targets (10, 11).

Peptidyl-prolyl cis/trans isomerases (PPIases)1 are one group of enzymes under study as 

alternative targets (12). PPIases catalyze rotation of the peptide bond preceding proline (13). 

The drugs cyclosporin A and FK506 target the PPIases cyclophilin A and FKBP, 

respectively, and have potent antifungal activity (14). One complication, however, is that 

these compounds, and another, rapamycin (which inhibits FKBPs), are also 

immunosuppressive (15). A likely strategy would be to use these drugs in combination 

therapies at low doses, sufficient for antifungal activity, but not for immune suppression 

(12), or to use non-immunosuppressive analogues (16). An alternative is to target Ess1, a 

member of a distinct class of PPIases called parvulins (17) that do not bind cyclosporin A, 

FK506, or rapamycin, and that have not been linked to immune suppression.

Ess1 was originally identified in Saccharomyces cerevisiae, where it was shown to be 

essential for cell growth (18), and later demonstrated to be a PPIase (19, 20). In S. 

cerevisiae, Ess1 (ScEss1) binds the carboxy-terminal domain (CTD) of the large subunit of 

RNA polymerase II (21, 22) and controls multiple stages of transcription, including 

initiation and elongation (23, 24). Ess1 orthologs have been identified in nearly all 

eukaryotic organisms that have been examined, including flies, humans, and other 

pathogenic fungi (25–29). In C. albicans, Ess1 is essential for growth, and deletion mutants 

arrest mitosis, as they do in S. cerevisiae (27). C. albicans mutants in which the dosage or 

activity of Ess1 has been reduced grow normally in culture but show defects in 

morphogenetic switching, suggesting that, in mammalian hosts, they will be attenuated for 

virulence. In C. albicans, Ess1 is likely to be important for proper expression of virulence-

associated genes. Ess1 has also been identified in Cryptococcus neoformans, another 

common fungal pathogen, where it was shown to be important for virulence in a mouse 

model system (28). These results indicate that Ess1 may serve as a useful, broad-spectrum 

antifungal drug target.

The mammalian homologue of Ess1, called Pin1 (25), has been implicated in a wide range 

of activities, including cell cycle control, signal transduction, and regulation of transcription 

factors (30–32). Misregulation of human Pin1 is associated with certain cancers and 

neurodegenerative diseases (33), although causation has been difficult to demonstrate (32). 

In mice, Pin1 is not essential, although cells isolated from Pin1-deficient mice are delayed in 

re-entering the cell cycle after G1 arrest (34). Mammalian Pin1 is also implicated in 

transcriptional control (35). The crystal structure of human Pin1 has been determined and 

reveals two largely independent structural domains, an N-terminal WW domain and a C-

1Abbreviations: CaEss1, C. albicans Ess1; CTD, carboxy-terminal domain; cfu, colony-forming unit; PPIase, peptidyl-prolyl 
isomerase; MIRAS, multiple isomorphous replacement/anomalous scattering; rmsd, root-mean-square deviation; ts, temperature-
sensitive.
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terminal catalytic domain that has PPIase activity (PPIase domain) (36). The WW domain is 

a proline-binding module found in a large number of signaling proteins (37). In human Pin1, 

it is joined to the PPIase domain by a flexible linker region (38, 39) that is approximately 17 

residues in length. Both domains are capable of binding proline-containing peptides, with 

the preferred target sites being phospho-Ser-Pro or phospho-Thr-Pro (40). Binding affinity 

for substrate peptides is ∼10-fold higher for the WW domain than for the PPIase domain 

(41). Extensive mutagenesis of the human and S. cerevisiae enzymes has shown that both 

domains are critical for in vivo function (reviewed in ref 42).

In this study, we determined the crystal structure of the C. albicans Ess1 apoenzyme 

(CaEss1) and refined it to 1.6 Å resolution. This allowed us to compare the fungal and 

human enzymes, to provide insights into enzyme function, and to illuminate differences that 

could potentially be exploited for antifungal drug design. The C. albicans and human 

proteins are 43% identical at the amino acid level, and as expected, the WW and PPIase 

domains fold to form analogous structures. However, a striking difference is revealed in the 

position of the two domains relative to one another. This is largely due to the presence of a 

novel α-helix in the so-called linker region of the fungal Ess1 that is absent in human Pin1. 

This helix and the interaction with nearby residues likely constrain the WW domain against 

the PPIase catalytic domain, and eliminate the hydrophobic pocket formed in the 

interdomain space of the human enzyme. These differences suggest a different mechanism 

by which the two domains interact to present the substrate to the active site area and may 

lead to strategies for drug design.

Experimental Procedures

Expression of C. albicans Ess1

The primary sequence of CaESS1 has been described (27). The CaESS1 gene was amplified 

by PCR and inserted between the EcoRI and NdeI sites of pUC19, resulting in plasmid 

pCaESS1-C. An NdeI–BamHI fragment (∼800 bp) of pCaESS1-C was recloned into the 

same sites of pET28a for expression in Escherichia coli strain BL21(DE3) (Novagen). The 

His-tagged CaEss1 fusion protein (197 residues) was purified from cells grown at 22 °C 

using Ni–NTA (Qiagen) affinity chromatography, and was used for enzyme assays and 

crystallography. The plasmid for expression of CaEss1 in C. albicans is pCaESS1, and was 

constructed by insertion of a HindIII–BamHI fragment from pGD-CaESS1 (27) into the 

same sites of pABSK2 (a gift from H. Chibana and P. T. Magee, University of Minnesota, 

Minneapolis, MN).

Mouse Model of Infection

Six 4–6-week-old (15–20 g) female BALB/c mice (Griffin Laboratory, Wadsworth Center) 

were injected with 0.1 mL of each C. albicans strain at 107 cfu/mL. For the mutant strains, 

three mice were sacrificed by CO2 asphyxiation on day 1 and on day 5 postinjection. For 

wild-type C. albicans, mice were sacrificed after 1 or 2 days, at which time they were 

moribund. Kidney homogenates were diluted in 1 mL of saline, and the number of colony-

forming units (cfu) was determined by plating of serial dilutions onto YEPD medium 
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containing chloramphenicol (25 μg/mL) and gentamycin (40 μg/mL) and incubating for 5–7 

days at 30 °C. Presented data are average values from two or more mice.

Prolyl Isomerase Assay

A modification of a standard chromogenic assay was used (43). Briefly, 0.05–50 nmol of 

enzyme in 500 μL of 10 mM Tris (pH 8.0) containing 0.2 mM substrate peptide (Suc-AEPF-

p-nitroanilide; Bachem) was prewarmed at 20 °C; 500 μL of prewarmed 2 mg/mL 

chymotrypsin in 10 mM Tris (pH 8.0) was added and rapidly mixed. Reactions were 

monitored at 1.1 s intervals in a Beckman DU-800 spectrophotometer, under temperature 

control, until the absorbance at 390 nm reached a plateau. Data analysis and calculation of 

turnover number were performed as described previously (44).

Purification and Crystallization of CaEss1

Recombinant CaEss1 was overexpressed as described above. Cell pellets were resuspended 

in a solution containing 20 mM Tris-HCl (pH 8.0) and 0.5 M NaCl. After sonication, the 

supernatant was applied to a Ni2+–NTA affinity column for purification. The pooled CaEss1 

fractions were incubated with thrombin and dialyzed overnight at 4 °C against a digestion 

buffer [50 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 5 mM MgCl2, and 2.5 mM CaCl2] to 

remove the His tag. SDS–PAGE analysis was used to monitor the completion of thrombin 

digestion. The sample was applied to a 2 mL benzamidine Sepharose 6B column to remove 

the thrombin. The flow-through was collected and concentrated, after addition of 10 mM 

DTT, in an Amicon stirred cell unit (Millipore) and filtered to remove precipitates. Gel 

filtration chromatography on a Superdex-75 column (Amersham) was used to remove trace 

amounts of contaminants. The peak corresponding to the correct molecular mass (∼20 kDa) 

was recovered, exchanged into a buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 

and 10 mM DTT, and concentrated to approximately 30 mg/mL prior to crystallization.

Crystals of CaEss1 were obtained by hanging drop vapor diffusion methods at room 

temperature. Drops, composed of 2 μL of the protein solution and 2 μL of the precipitation 

buffer, were equilibrated against a reservoir containing 1 mL of the precipitation buffer, 20–

30% PEG 8000, 50 mM KH2PO4, and 0.2 M ammonium acetate. Larger crystals were 

obtained by microseeding the drops 24 h after the initial setup. The crystals belong to space 

group P21 with the following cell dimensions: a = 29.8 Å, b = 59.5 Å, c = 44.8 Å, and β = 

91.1°. There is one molecule in the asymmetric unit, with a solvent content of ∼38%.

Diffraction Data Collection, Structure Determination, and Refinement

Prior to data collection, all crystals were transferred to a cryosolvent consisting of the 

precipitation buffer complemented with 20% (v/v) glycerol. Crystals were flash-cooled in a 

nitrogen gas stream at 100 K. All X-ray diffraction data were collected using an in-house R-

axis IV (Rigaku) detector and processed using HKL/SCALEPACK (45). Data collection 

statistics are summarized in Table 1.

Attempts to determine the crystal structure of CaEss1 by molecular replacement using the 

coordinates of human Pin1 (36; Protein Data Bank entry 1PIN) as the search model failed. 

Therefore, the structure was determined by multiple isomorphous replacement/anomalous 
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scattering (MIRAS) methods. Three heavy atom derivatives were prepared by soaking the 

CaEss1 crystals overnight in the crystallization buffer supplemented with 10 mM heavy 

atom compounds, Hg(OAc)2, K2PtCl4, and KAu(CN)2.

MIRAS phasing, using SOLVE (46), clearly defined the positions of the heavy atoms. An 

interpretable electron density map could be generated after density modification using 

RESOLVE (47). Ten fragments of apolyalanine model containing ∼60% of the CaEss1 

residues could be traced automatically. Refinement of this partial model generated an 

interpretable electron density map for the complete molecule. The model was completed by 

manual rebuilding using TURBO-FRODO (48). The structure refinement was completed 

using CNS (49). After the rigid-body refinement, iterative cycles of simulated annealing or 

minimization and temperature factor refinement were carried out, interspersed with model 

rebuilding into σA-weighted Fo – Fc and 2Fo – Fc electron density maps using O (50). The 

final refinement statistics are summarized in Table 1. All but one residue (Asn11) are within 

the most favored (90.8%) and additionally allowed (8.5%) regions of the Ramachandran 

plot, as defined in PROCHECK (51).

Results And Discussion

CaEss1 Has PPIase Activity

The C. albicans Ess1 protein has been shown to complement S. cerevisiae mutants that lack 

Ess1 (27). However, it had not been previously demonstrated that CaEss1 has enzymatic 

activity. We tested this using a standard in vitro prolyl isomerase assay with synthetic 

peptide substrates. In this assay, chymotrypsin cleaves the substrate after it is converted 

from the cis to the trans form by the isomerase. Cleavage liberates a nitroaniline 

chromophore that absorbs at 390 nm. The results showed that CaEss1 has activity 

comparable to, or slightly greater than, that of the wild-type S. cerevisiae enzyme (turnover 

rates are 19 and 17 s−1, respectively) (Figure 1). Thus, CaEss1 is a peptidyl-prolyl 

isomerase.

CaEss1 Is Important for the Survival of C. albicans in a Mammalian Host

We tested two CaESS1 mutant strains, previously shown to be defective in morphogenetic 

switching (27), for their ability to survive and proliferate in a mouse model system. In this 

assay, a high dose of C. albicans (106 cfu) is injected into the lateral tail vein of BALB/c 

mice, whereupon they establish a persistent infection, usually killing the host within 2–3 

days (52, 53). Mutants attenuated for virulence should live longer and possess lower organ 

loads of C. albicans cells (54). In our experiments, kidneys from infected animals were 

evaluated after 1–5 days for the presence of C. albicans cells.

Indeed, both strains, a heterozygous mutant (ess1Δ/ESS1) and a temperature-sensitive (ts) 

mutant (ess1H171R/ess1Δ), were attenuated for their ability to survive in vivo. Whereas mice 

injected with wild-type C. albicans (SC5314) were dead or moribund after 2 days, mice 

injected with the mutant strains were viable until at least day 5, at which time organ load in 

kidney homogenates was assessed (Figure 2). The results show that organ load is reduced 

more than 100-fold in mice infected with ess1 mutant strains after either 1 or 5 days of 

injection. Thus, CaESS1 appears to be important for survival and proliferation in a host 
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organism. For the ts strain, part of this may be due to inherent slow growth (27). However, 

the heterozygous strain grows normally under laboratory conditions, suggesting that the 

defect is more likely related to its inability to undergo morphogenetic switching. As 

predicted, CaESS1 infection was restored in an ess1Δ deletion strain that carried CaESS1 on 

an episomal plasmid. However, this rescue was lost by day 5, perhaps due to plasmid 

instability in vivo. Acquisition of further evidence demonstrating that CaESS1 is required 

for virulence will require long-term survival studies, as well as the generation of stable 

reconstituted lines in which CaESS1 is chromosomally integrated at the homologous locus.

Three-Dimensional Structure of CaEss1

To better understand the structure and function of the CaEss1 enzyme, the crystal structure 

was determined by MIRAS methods and refined to 1.6 Å resolution. Overall, the molecule 

has a flat, rectangular shape in which the three structural elements (WW domain, linker, and 

PPIase domain) are closely packed, with extensive interdomain contacts (Figure 3). 

Residues 7–37 form the WW domain, a small module consisting of a three-stranded 

antiparallel β-sheet, which has been shown to be important for the recognition of the 

phosphopeptide substrates (37, 41). The PPIase domain, residues 67–177, forms a globular 

domain with an α/β-fold that consists of a central four-stranded antiparallel β-sheet flanked 

by four α-helices. This domain harbors the active site; however, the mechanisms by which it 

participates in substrate recognition and by which it shares this responsibility with the WW 

domain remain to be established. The linker region of CaEss1, residues 38–66, is highly 

ordered, consisting of a type II β-turn (residues 38–41), an α-helix (residues 43–56), a short 

extended segment (residues 58–63), and a type I β-turn (residues 64–67). This linker 

interacts closely with both the WW and PPIase domains.

Comparison with Human Pin1

The WW and PPIase domains of CaEss1 have conformations that are very similar to those 

of the corresponding domains of human Pin1 (Figure 4a,b) (36, 41), as had been anticipated 

on the basis of the high degree of sequence similarity between those segments of the 

proteins. However, there are major differences in the composition and conformation of the 

linker that joins the WW and PPIase domains, and in the relative positions of these two 

domains. These differences could have major implications for the mechanisms by which the 

two proteins interact with their substrates.

Superposition of the WW domains of CaEss1 and Pin1 (Figure 4a) shows a highly similar 

conformation (rmsd of 1.25 Å for residues 8–38), with the only significant difference being 

a 2.0 Å shift in the position of the loop joining β-strands 1 and 2 (residues 18–21). The loop 

conformation seen in the CaEss1 structure appears to be more open than the one seen in the 

Pin1 structures (36, 41). No ligands interact with the WW domain in the CaEss1 structure, 

while the WW domain of Pin1 is in contact with ligands, a PEG molecule (36), or a 

phosphopeptide (41). Therefore, this closed conformation of the domain in the Pin1 

structures may be related to ligand binding, especially since Arg18 (CaEss1 numbering) is 

involved in binding the phosphopeptide in the Pin1 structure. All conserved residues, and 

specifically residues that interact with the phosphopeptide in the Pin1 structure, have similar 

conformations, except for Arg18, which appears to be disordered in the CaEss1 structure. 
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This is consistent with the idea that the flexibility of the loop containing Arg18 plays a role 

in substrate binding by WW domains.

The conformations of the PPIase domains of Pin1 and CaEss1 are nearly identical (Figure 

4b) with an rmsd of 0.51 Å for residues 68–77 and 95–177 (CaEss1 numbering). Most 

importantly, all residues involved in the area of the active site are conserved and have very 

similar conformations. The only significant difference between the two PPIase domains is in 

the conformation of the loop between residues 83 and 92. This loop, which has a one-residue 

insertion in CaEss1 compared to Pin1, was termed the catalytic loop in the studies of Pin1, 

because it was observed in two different conformations in the two crystal structures of Pin1. 

In the complex of Pin1 with an Ala-Pro dipeptide (36), the loop had a “closed” 

conformation, in which it is in the proximity of residues near the active site of the PPIase 

domain. A sulfate ion, which is thought to substitute for a phosphate of the phosphopeptide 

substrate, is inserted between the loop and the active site residues. In contrast, in the 

structure of Pin1 complexed with a CTD phosphopeptide bound by the WW domain (41), 

the loop is in an open conformation, distant from the active site residues. This open 

conformation was attributed to the absence of ligands in the active site area. However, NMR 

studies of Pin1 (38, 39) have not revealed evidence of conformational flexibility in this loop, 

reducing the likelihood that the transition between the two conformations is significant for 

enzymatic activity. In the structure of CaEss1, the conformation of this loop resembles that 

of the closed conformation of Pin1, despite the fact that there are no ligands present in the 

active site. The latter fact itself is surprising since the protein was crystallized from a buffer 

containing 50 mM phosphate. Regardless, this result is consistent with the NMR studies for 

Pin1 and suggests that movement of the loop is not important for either substrate binding or 

catalytic activity.

Previous sequence and structural analyses of Ess1 proteins (27, 36) allowed us to delimit the 

extent of the CaEss1 WW and PPIase domains and an interdomain linker region that 

corresponds approximately to residues 38–66. This linker region, in contrast to that of Pin1, 

is highly structured. In fact, had it not been for extensive structural data showing that all 

other WW domains consist of only a three-stranded β-sheet (55, 56), it would have been 

more appropriate to consider the first 20 residues of the linker, including the α-helix, as an 

integral part of the WW domain. This is exemplified by the presence of a cluster of 

hydrophobic residues at the interface between the three strands of the WW domain and the 

helix of the linker (Figure 4a). This highly ordered structure of the linker is surprising, in 

view of the highly flexible nature of the linker in the Pin1 crystal structures. While the Pin1 

linker is 11 residues shorter than the CaEss1 linker, electron density could not be observed 

for a six-residue segment of the Pin1 linker, indicative of static and/or dynamic disorder in 

the crystal. The residues that could be modeled adopt an extended conformation. Likewise, 

NMR studies of Pin1 have shown that the linker is not structured in solution (38, 39).

Domain Association of CaEss1 Contrasts with the Flexibility of Pin1

Comparisons of the crystal structures of CaEss1 and Pin1 show that the differences in the 

sizes and structures of the linker regions of the two proteins have a profound effect on the 

relative positions and mobilities of the WW and PPIase domains. In the crystal structures of 
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Pin1, the WW domain contacts the PPIase domain through an interaction between the N-

terminal end of strand β3 of the WW domain with helix R4 and strand β6 of the PPIase 

domain. For CaEss1, the primary interaction site involves contacts between residues of the 

N-terminal segment and of strand β1 of the WW domain with the loop between helix R5 

(which corresponds to helix R4 of Pin1) and strand β6 of the PPIase domain (Figure 3). In 

addition, there are extensive interactions between the loops joining strands β2 and β3 of the 

WW domain with the C-terminus of helix α2, the first helix of the PPIase domain. The latter 

contact site is noteworthy, since both the crystallographic and NMR studies of human Pin1 

do not detect interactions with this helix.

Analysis of the relative domain movements, using DYNDOM (57), shows that the WW 

domain of CaEss1 is rotated by approximately 108°, about an axis that runs parallel to the β-

sheet of the PPIase domain, and translated by 11 Å along this axis, compared to the WW 

domain of Pin1 (Figure 5a). Consistent with the more highly ordered linker structure, many 

more close contacts exist between the two domains and between the linker and the PPIase 

domain in CaEss1 than in Pin1, including six hydrogen bonds (Table 2 and Figure 5b) that 

are distributed over a large area compared to three hydrogen bonds that are confined to a 

much smaller area. In fact, the total surface area of the PPIase domain rendered inaccessible 

by the WW domain and linker is 689 Å2 for CaEss1 compared to 587 Å2 of Pin1.

NMR studies for Pin1 have shown that, in the absence of peptide substrates, interactions 

between the WW and PPIase domains in solution are at best of a transient nature, and 

certainly less extensive than those seen in the Pin1 crystal structure (38, 39). These studies 

further showed that the binding of short peptides does not reduce the linker flexibility, but 

that it does increase the stability of the domain association. However, this change in domain 

association is dependent on the composition of the peptide that is used, with the most stable 

association resulting from binding of the optimal substrate of the enzyme (39). It was also 

reported that the NMR data are consistent with a model in which, upon peptide binding, the 

two domains interact in a fashion similar to that seen in the crystal structures. This suggests 

that the Pin1–phosphopeptide complex as seen in the crystal structures is indeed in the 

functional conformation of the molecule. For CaEss1, the highly ordered structure of the 

linker and the extensive contacts between the domains and the linker lead us to believe that 

the domain association seen in the structure of this protein is fixed in a more permanent 

functional conformation.

Examination of fungal and metazoan Ess1 and Pin1 sequences indicates that the novel α-

helix within the linker region of CaEss1 might be fungal-specific. For example, in addition 

to C. albicans, linker sequences from other pathogenic fungi such as Cryptococcus 

neoformans, Candida glabrata, and Aspergillus nidulans are of a length similar to that of the 

CaEss1 linker, and secondary structure predictions suggest that they all contain an α-helix 

(Figure 6). The Ess1s of some generally nonpathogenic yeasts, such as Schizo-

saccharomyces pombe, Kluyveromyces lactis, and S. cerevisiae, also have extended linker 

regions, although not as consistently high in α-helical content. In contrast, the metazoan 

forms of Ess1 and Pin1, ranging from Drosophila melanogaster and Xenopus laevis to 

mouse and human, seem either to lack these extended linker sequences or to have linkers 

that are not predicted to contain α-helices. These linkers are rich in Pro, a residue 
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inconsistent with helical conformations, and Gly, a residue that promotes flexibility. 

Consequently, the linkers of the metazoan proteins are all expected to be unstructured. 

Consistent with the idea that the linker region of the fungal enzyme is important for 

function, a mutation in this region of S. cerevisiae Ess1, G43V (corresponding to Gly40 of 

CaEss1), renders the cells slow-growing and temperature-sensitive (22).

It is tempting to suggest that the α-helix plays some fungal-specific role, for example, by 

interacting with other proteins that are important for virulence or other fungal-specific 

functions. Alternatively, the structured linker, which limits domain mobility, might serve to 

restrict substrate recognition. In the metazoan Pin1 proteins, flexibility in this linker may 

broaden the spectrum of substrates that can be recognized, and perhaps add the capacity for 

additional regulation. The fact that the human and Drosophila Pin1/Ess1 enzymes function 

in S. cerevisiae (25, 26) indicates that they recognize at least the essential fungal substrates, 

despite the absence of structured linkers, demonstrated for human Pin1 or predicted for 

Drosophila. The reverse experiment, expressing the fungal enzyme in flies or mice, has not 

yet been attempted.

Role of the WW Domain in Substrate Recognition

Since the WW domain has been shown to have higher substrate binding affinity than the 

PPIase domain (41), the relative positions and orientations of the two domains are likely to 

be important for the mechanism by which Ess1- and Pin1-type PPIases bind and process 

intact, multiple-repeat substrates, such as the CTD of RNA polymerase II. The difference in 

the relative orientations of the WW and PPIase domains of Pin1 and CaEss1 greatly affects 

the location of the phosphopeptide-binding site of the WW domain relative to the catalytic 

site. In the structure of the complex of Pin1 with a single repeat of the CTD peptide 

(YpSPTpSPS, pS = phosphoserine), the phosphopeptide is located in a cleft between the two 

domains (Figure 7a). However, direct interactions with the peptide are limited to residues of 

the WW domain. It was proposed that this cleft represents a primary substrate recognition 

site and that longer substrates will first be bound in this cleft and then will be positioned 

toward the active site. How the protein guides this extended peptide to the active site area in 

the PPIase domain remains to be established. The CTD of RNA polymerase II consists of 

multiple repeats of the heptapeptide sequence (26 in yeast and 52 in human), allowing for 

simultaneous interactions with the WW domain and the active site of the PPIase domain. 

The heptapeptide observed in the Pin1 structure is in an extended-coil conformation and is 

bound in a direction that would require a full 180° turn, in the extended peptide, that is at 

least four repeat units long, for it to reach the active site. Whether such a 180° turn can be 

accommodated by an extended peptide of this composition remains to be determined, 

although there is evidence, from the crystal structures of longer CTD peptides, 14 and 21 

residues, respectively, in complexes with mRNA capping enzyme (59) and with 3′-RNA 

processing factors (60), that multiple copies of the repeat may generate spiral structures.

In the structure of CaEss1, because of the different relative orientations of the WW and 

PPIase domains, there is no corresponding cleft between the two domains. While the 

residues of the WW domain that interact with the phospho-peptide are conserved, they are 

found on an exterior surface of the molecule in CaEss1 (Figure 7b). By superpositioning the 
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WW domain of Pin1 onto that of CaEss1, we have modeled the location of the 

phosphopeptide on the CaEss1 structure (Figure 7c). The most important observation from 

this model is that the peptide binding site is exposed on the surface of the molecule and is 

aligned nearly parallel with the longest axis of the molecule so that an extended peptide, 

consisting of only three or four repeats, could interact with both the WW domain and the 

active site area of the PPIase domain. Access to the active site itself would require a 90° turn 

in the peptide conformation or a conformational change in the PPIase domain near the active 

site. Therefore, the differences in the observed structures of Pin1 and CaEss1 are consistent 

with different mechanisms by which the proteins interact with their substrate for binding to 

the WW domain and isomerization by the PPIase domain.

Conclusion

Here, we have presented evidence that the C. albicans homologue of Ess1 and Pin1 is a 

prolyl isomerase, and that it is important for survival in a mammalian host. Isomerase 

activity against synthetic peptide substrates is similar to that of the S. cerevisiae enzyme and 

of human Pin1 (61). The 1.6 Å crystal structure of CaEss1 revealed a strong similarity of the 

WW and PPIase domains, compared to those in human Pin1, but striking differences in the 

manner by which they are joined. These differences provide insight into possible functioning 

of parvulin-class PPIases on their natural substrates, and may suggest strategies for 

developing specific inhibitors for antifungal applications. Future work with CaEss1 will be 

aimed at understanding the role of the α-helix-containing linker region in enzyme function, 

and its importance in vivo.
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Figure 1. 
PPIase activity of C. albicans Ess1 using a standard protease-coupled assay. The substrate 

(Suc-AEPF-pNA) was subjected to proteolysis by chymotrypsin, which releases the p-

nitroaniline (pNA) from the peptide only when the E–P bond is in the trans conformation. 

The release of pNA was monitored during the assay at 20 °C by its absorbance at 390 nm, 

and the data were linearized as described in Experimental Procedures. Shown are 

representative graphs of experiments carried out in triplicate. The lines indicate the least-

squares fit of the data; only every 15th data point is shown for clarity. The blank indicates 

no isomerase enzyme added. The results indicate that CaEss1 has activity comparable to that 

of the control S. cerevisiae enzyme (ScEss1).
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Figure 2. 
Organ load of C. albicans ess1 mutants in a mouse model of infection. The fungal burden in 

host animals was assessed by measuring the organ load in the kidney, which provides a 

sensitive and convenient method for monitoring the progression of systemic infections (54). 

Mice infected with different strains of C. albicans were sacrificed at the indicated number of 

days following initial infection (details in Experimental Procedures). The organ load of 

kidney homogenates is given in colony-forming units. The results show that ess1 mutants 

have reduced organ loads after infection for 1 day, and that mice infected with ess1 mutant 

strains were still viable after 5 days. The strains used were wild-type SC5314 (WT), a 

heterozygous mutant ess1Δ/+ (CaGD1), a ts mutant ess1H171R/Δ (CaGD3), and a 

“reconstituted strain”, ess1Δ/+, +pCaESS1 (CaGD2 + pABSK2-CaESS1), and have been 

described (27). As indicated in the figure, even a reduction of the ESS1 gene dosage by one-

half (i.e., heterozygous mutant, ess1Δ/+) is sufficient to attenuate virulence nearly 100-fold 

in this assay.
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Figure 3. 
Three-dimensional structure of CaEss1. The three structural elements, the WW domain 

(green), the linker (red), and the PPIase domain (cyan), are tightly packed together to form a 

compact molecule.
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Figure 4. 
Domain structure comparison of CaEss1 with human Pin1. (a) Superposition of the WW 

domain of Pin1 (magenta) onto the WW domain and linker of CaEss1 (green) showing the 

overall similarities of the folds of the three-stranded β-sheet domains. The residues that form 

a hydrophobic core between the WW domain and the linker are shown in cyan. (b) 

Superposition of the PPIase domains of CaEss1 (green) and Pin1 (magenta).
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Figure 5. 
Difference in the relative positions of the WW and PPIase domains of CaEss1 (green) and 

Pin1 (magenta). (a) A rotation by 108° about the axis shown in black followed by a 

translation of 11 Å positions the WW domain of Pin1 onto that of CaEss1. (b) Interdomain 

contacts observed in the structure of CaEss1. Residues involved in hydrogen bonding 

contacts among the WW domain (green), the linker (red), and the PPIase domain (cyan) are 

shown in orange with black dotted lines indicating the hydrogen bonding contacts.
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Figure 6. 
Sequence alignment of the linker region of Ess1 and Pin1 orthologs from different 

organisms. The sequences were aligned on the basis of highly conserved motifs within the 

WW and PPIase domains, some of which are shown within the large brackets. Shaded 

residues are the most highly conserved. The box denotes the residues in C. albicans that 

form a long α-helix in the crystal structure. Sequences in blue are from pathogenic fungi, 

and those in black are from other fungi that are not normally pathogenic. Sequences in 

purple are from metazoans. Bold residues (also highlighted in red) are helix-breaking 

residues or residues that do not promote helices (proline or glycine). Secondary structure 

predictions were performed for all linker regions using NNPREDICT (58). Sequences that 

are predicted to be α-helical are underlined. In general, fungal linker regions are predicted to 

include α-helices, whereas metazoan linkers probably do not.
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Figure 7. 
Comparison the phosphopeptide binding site of the WW domains of Pin1 and CaEss1. (a) 

Structure of Pin1 with the phosphopeptide bound in the cleft between the WW and PPIase 

domains. (b) Superposition of the WW domain of CaEss1 (green) onto that of Pin1 

(magenta) with the phosphopeptide (yellow) bound, showing the similarity in the 

conformations of the domains and the locations of the residues that interact with the peptide. 

(c) Model of the location of the phosphopeptide (yellow) on the WW domain of CaEss1. 

The peptide binding site is found on the surface of the molecule, and an extended peptide 

could approach the active site area, identified by the side chains of the catalytic residues 

which are shown in cyan-colored CPK representation, by passing over the area of helix α5 

and strand β6 of the PPIase domain (shown in brown).
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Table 1
Data Collection, Phasing, and Refinement Statistics

derivatives

native Hg Pt Au

data collection

 resolution (Å) 1.6 2.8 2.3 1.6

 no. of unique reflections 20324 3536 6615 18892

 completeness (%) 97.1 (87.7) 92.9 (94.9) 95.4 (91.2) 90.9 (70.4)

 Rsym (%) 4.6 (20.1) 6.9 (32.1) 5.7 (48) 8.9 (24.1)

 I/σ(I) 29 (2.9) 12.7 (2.7) 22.7 (2.0) 22 (3.7)

MIRAS phasing

 resolution range (Å) 20–1.6

 no. of sites 4 4 5

 Riso (%) 24 35 35

 Rano (%) 8.5 7.0 5.6

 figure of merit 0.37

refinement

 no. of reflections 20204

 Rcryst 0.200

 Rfree 0.242

 rmsd from ideality

  bond lengths (Å) 0.004

  bond angles (deg) 1.3

  dihedrals (deg) 22.9

 average B-factor (Å2)

  protein 27.2

  water (369) 38.2
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Table 2
Hydrogen Bonding Contacts between Residues of the WW Domain and the Linker with 
the PPIase Domain of CaEss1

WW domain atom PPIase domain atom distance (Å)

  Thr4 OG1 Gly177 O 2.73

  Thr13 OG1 Glu159 OE2 2.75

  Arg15 NH1 Glu159 OE1 2.84

  Gln28 OE1 Val160 N 2.83

  Gln28 NE2 Val160 O 2.74

  Ser29 OG Leu111 O 2.68

linker atom PPIase domain atom distance (Å)

 Tyr49 OH His156 ND1 2.69

 Leu61 O Arg175 NH2 2.72

 Asn63 OD1 Gln67 2.78

Asp65 N 2.79
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