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Abstract

Essl is a peptidyl prolyl cis/trans isomerase that is required for virulence of the pathogenic fungi
Candida albicans and Cryptococcus neoformans. The enzyme isomerizes the phospho-Ser-Pro
linkages in the C-terminal domain of RNA polymerase I1. Its human homolog, Pinl, has been
implicated in a wide range of human diseases, including cancer and Alzheimer’s disease.
Crystallographic and NMR studies have demonstrated that the sequence linking the catalytic
isomerase domain and the substrate binding WW domain of Pinl is unstructured and that the two
domains are only loosely associated in the absence of the substrate. In contrast, the crystal structure
of C. albicans Ess1 revealed a highly ordered linker that contains a three turn a-helix and extensive
association between the two tightly juxtaposed domains. In part to address the concern that the marked
differences in the domain interactions for the human and fungal structures might reflect crystal lattice
effects, NMR chemical shift analysis and 1°N relaxation measurements have been employed to
confirm that the linker of the fungal protein is highly ordered in solution. With the exception of two
loops within the active site of the isomerase domain, the local backbone geometry observed in the
crystal structure appears to be well preserved throughout the protein chain. The marked differences
in interdomain interactions and linker flexibility between the human and fungal enzymes provide a
structural basis for therapeutic targeting of the fungal enzymes.
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1. Introduction

Ess1isapeptidyl prolyl cis/trans isomerase (PPlase) that is essential for viability in the budding
yeast Saccharomyces cerevisiae [1,2], where it plays a critical role in regulation of gene

© 2010 Elsevier B.V. All rights reserved.

1To whom correspondence should be addressed. lemaster@wadsworth.org. Telephone: +001-518-474-6396. Fax: +001-518-473-2900.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McNaughton et al.

Page 2

transcription by RNA polymerase 11 [3]. Ess1 binds to the carboxy terminal domain of the
largest subunit of RNA pol Il [3-5] and controls protein association via its isomerization
activity at the phospho-Ser-Pro peptide bond in the heptad (Tyr-pSer-Pro-Thr-pSer-Pro-Ser)
repeat segment [6]. The human homolog of Ess1, called Pin1, binds to a wide range of proteins
that have been implicated in human disease states, including cancer and Alzheimer's disease.
As aresult, Pinl has become an active focus of therapeutic drug development [7,8].

Ess1 is required for the virulence of the pathogenic fungi Candida albicans and Cryptococcus
neoformans, which cause life-threatening infections in humans [9,10]. Immunocompromised
patients are particularly susceptible to these pathogens, and although several potent antifungal
drugs are available for clinical use, drug resistance is an escalating problem [11,12]. All
clinically used inhibitors target the fungal cell wall and membrane pathways. The development
of inhibitors that target other pathways would be useful for combination therapies [13]. If the
differences in conformation that have been observed between the human Pinl and fungal Ess1
enzymes in the crystal state are maintained under more physiological conditions, these
structural variations may enable Ess1 to be exploited as a viable alternate target for drug
development.

X-ray crystallographic analyses [14,15] of the human Pinl enzyme reveal a two-domain
structure containing a prolyl isomerase catalytic domain and a smaller WW domain that tightly
binds peptides containing the phospho-Ser/Thr-Pro motif. The two domains are linked by a
conformationally disordered segment of about 12 residues, including four residues for which
no electron density could be observed. Although the WW and PPlase domains are closely
packed together in the crystal structure, NMR studies [16,17] demonstrate that in the absence
of substrate binding there is extensive conformational flexibility in this linker segment, and
few stable interactions occur between the two domains. However, when cognate peptides are
bound, correlated molecular tumbling of the two domains is induced.

The X-ray structure of the apo- form of the C. albicans Ess1 enzyme [18] reveals a linker region
that is 11 residues longer than that of Pin1. In marked contrast to the human enzyme, the linker
segment of Ess1 is well-ordered in the X-ray structure and includes a three-turn a-helix.
Furthermore, the juxtaposition of the WW and PPlase domains differs substantially from the
packing observed in the Pinl crystal structure, resulting in much more extensive interdomain
interactions. The clearly defined electron density throughout the linker segment suggests
limited flexibility in the relative orientation of the two domains, with the result that the active
site of the PPlase domain and the peptide binding site of the WW domain are rigidly separated
by ~ 50 A.

In marked contrast, the flexibility of the linker in Pinl enables the WW and PPlase domains
to reorient largely independently of one another [16,17]. The distance between the active site
of the WW domain and that of the PPlase domain in Pin1 varies from 20 A to 81 A among ten
solution NMR structures (pdb code INMV [17]) and the crystal structure (pdb code 1PIN
[14]). This suggests that the two Pinl domains can re-position themselves to optimize the
relative orientation and separation of the primary substrate recognition site and the active site
S0 as to obtain enhanced activity. To exploit this structural variability, bivalent ligands have
been designed that simultaneously bind to both domains of Pin1 with affinities in the nanomolar
range [19]. The resultant affinities depend upon the length of the polyproline linker that tethers
the WW- and PPlase-directed ends of the ligand.

If pharmaceutical design is to make use of the suggested difference in interdomain mobility
for the human Pin1 and fungal Ess1 enzymes, it is important to demonstrate that the sequence
linking the two domains in Essl indeed lacks conformational flexibility and that the
conformation of the enzyme in solution is consistent with that found in the crystal. Here, we
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report NMR analysis of C. albicans Ess1 which demonstrates that the conformation and
flexibility of the fungal enzyme in solution is consistent with that anticipated from the
crystallographic structure.

2. Materials and methods

2.1. Recombinant protein expression and purification

Construction of the Ess1 expression plasmid and protein purification were carried out as
previously described [18]. In summary, following growth at 22°C to an optical density of 0.6
at 600 nm, 0.5 mM isopropylthiogalactoside was added and expression of the Ess1 protein
proceeded for 4 hours. After cell lysis, the His-tagged fusion protein was initially purified on
a Ni2*-NTA affinity column. Following thrombin digestion, the Ess1 protein was further
purified by gel filtration. For uniform 1°N labeling, strain BL21 (DE3), bearing the pCaEss1
expression plasmid, was grown in M9 minimal medium containing 1.2 g / L of 1°NH,4CI. The
carbon source was changed to 2 g / L of [U-13C] glucose for expression of the 13C labeled
protein sample. The protein samples were equilibrated in 50 mM potassium phosphate buffer
pH 6.50 containing 5 mM dithiothreitol-d;o and 7% 2H,0 and then concentrated to 0.5 mM
by centrifugal centrifugation for NMR data collection.

2.2. NMR data collection and backbone resonance assignment

NMR resonance assignment and relaxation experiments were recorded at 25°C with a Bruker
Avance 600 MHz spectrometer and a Bruker Avance Il 800 MHz spectrometer, both equipped
with triple resonance cryoprobes. Experimental data were processed with Felix software (Felix
NMR, Inc.). The 13C and 15N chemical shifts were referenced indirectly using the y13¢/y1H
and y15n/y1n ratios, respectively [20]. 2D 1H-1°N HSQC, 3D HNCO, HN(CA)CO, HNCACB
and HN(CO)CACB experiments were carried out to establish backbone resonance assignments
for all nonproline residues, excepting residues Arg 18, Ser 19 and His 20 in loop 1 of the WW
domain. The 1H, 13C and 15N backbone resonance assignments of the C. albicans Ess1 prolyl
isomerase have been deposited in the BioMagResBank (accession number 16690). 3D HBHA
(CO)NH, HC(C)H-TOCSY and (H)CCH-TOCSY experiments were used to establish a partial
assignment of the sidechain H and 13C resonances as well.

2.3. NMR relaxation measurements and analysis

Backbone amide T, and T, relaxation measurements [21] were carried out with the use of a
recycle delay of 1.6 sec. Longitudinal relaxation delays of 0.05, 0.08, 0.13, 0.20, 0.08, 0.30,
0.50, 0.80, 0.30, and 1.35 sec were used. Delays of 16.96, 33.92, 50.88, 16.96, 84.80, 118.72,
152.64, 84.8, and 186.56 msec were used to measure transverse relaxation. The exponential
decay constants were estimated using Monte Carlo analysis of the uncertainties with the
Curvefit program [22]. {*H}-1°N NOE relaxation measurements [21] were collected in
duplicate to provide uncertainty estimates, using a 5.0 sec recycle delay.

Order parameter analysis was carried out with the Modelfree program [23]. An axially
symmetric molecular diffusion tensor analysis was applied, using coordinates derived from the
X-ray structure [18]. Hydrogens were introduced into the structure with the Reduce program
[24]. An axial diffusion ratio of 1.31 and an effective molecular correlation time of 11.8 ns
were obtained. The optimal dynamical model for analysis of each backbone amide was assigned
according to the previously described protocol [23].
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The chemical shifts of the 1H, 13C and 1°N resonances of a protein are well known to be acutely
sensitive to secondary and tertiary structure. The chemical shifts for the 13C and 1°N resonances
of the backbone atoms have long been used to identify the a-helical and B-sheet segments of
the chain [25]. The sensitivity of these chemical shifts to the local backbone conformation is
such that reasonably robust predictions of the ¢ and y dihedral angles of individual residues
can be obtained. On average, only about 2% of the (¢,y) predictions of the TALOS algorithm
[26] differ substantially from the values found in the X-ray structures. When combined with
robust a priori protein modeling algorithms, chemical shifts can provide efficient experimental
filters for identifying accurate tertiary structures [27,28].

To examine the consistency between the Essl structure in the solution and crystal states, we
assigned the 1H, 13C and 15N backbone resonances and analyzed the chemical shifts of the
resonances with the TALOS algorithm. In panel B of Figure 1 are displayed the ¢ and v dihedral
angles for each residue in the Ess1 X-ray structure. Immediately recognizable are the a-helical
segments, which are characterized by comparatively uniform (¢,y) dihedral angle values.
Among these helical segments is that of residues 43 to 55, corresponding to the linker segment
helix. The short a4 helix near residue 130 deviates from this pattern of uniform (¢,y) dihedral
angle values, reflecting the fact that this segment is more accurately characterized as a turn
containing a single canonical (i, i+3) hydrogen bonding interaction. The remainder of the
residues exhibit (¢,y) dihedral angles that span the typical range of the Ramachandran plot.

Panels C and D of Figure 1 illustrate the difference between the backbone dihedral angles
predicted from TALOS analysis of the backbone chemical shifts and those observed in the X-
ray structure. Along most of the protein chain, the differences between the chemical shift-
predicted and crystallographically observed (o,y) dihedral angles are reasonably small. In
particular, for residues 43 to 55, the TALOS chemical shift analysis accurately predicts the
local backbone geometry of the linker segment helix. With the exception of two loop segments
within the PPlase active site, this chemical shift analysis supports the interpretation that the
backbone structure of Ess1 is well preserved between crystal and solution.

There are substantial deviations between the X-ray-determined and chemical shift-predicted
backbone dihedral angles for a short segment extending from Asp 126 to the start of the 04
helix at His 130 and for a longer segment extends from Ser 80 to Ser 93 (Fig. 1C and 1D). The
homologous segments of the human Pinl sequence are Asp 112 to Ala 116 and Ser 67 to Thr
79, respectively. The shorter loop contains the Cys 113 residue that had been proposed to act
as a nucleophile in the catalysis of prolyl isomerization [14], although subsequent mutational
analysis [29] has provided support for a non-covalent mechanism of catalysis as has been
posited for other prolyl isomerases [30-32].

The X-ray structure of C. albicans Ess1 exhibits a closed conformation for the two loop
segments within the PPlase active site. Similarly, in the initial X-ray structure of Pin1,
determined with an Ala-Pro dipeptide and a sulfate ion bound to the PPlase active site [14],
the catalytic loop spanning residues 64-80 adopted a closed conformation, partially
surrounding the pseudo-substrate. In contrast, the subsequent X-ray structure of Pinl with a
phospho-Ser-Pro containing peptide bound to the WW domain [15] showed that same PPlase
catalytic loop had switched from a closed form to an extended open form, despite being far
distant from the WW domain peptide binding site. On the other hand, NMR structural analysis
[17] of Pinl in the absence of either the Ala-Pro peptide or sulfate ion indicates that the residues
64-80 of the catalytic loop remain in a closed conformation. These various results indicate a
significant degree of conformational plasticity within the active site of the PPlase domain of
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Pinl. The disparity between the (¢,y) backbone dihedral angles predicted from the chemical
shift analysis and those observed in the high resolution X-ray structure of the C. albicans Ess1
for these active site loop segments suggests conformational variability in this enzyme as well.

3.2. 15N relaxation analysis of the Ess1 prolyl isomerase backbone mobility

Attypical magnetic field strengths, the {{H} - 15N heteronuclear NOE experiment is maximally
sensitive to motions that occur on a timescale of a few hundred ps. When heteronuclear NOE
measurements were carried out on Pinl [16], essentially all of the residues within both the WW
domain and the PPlase domain had NOE values around 0.8, consistent with limited internal
motion of the individual H-N bond vectors in the sub-ns timeframe. In dramatic contrast, the
12 residues of the linker region between the two domains had NOE values around —0.2,
comparable to the values for the residues at the mobile N-terminus. Similar markedly smaller
values for the 1°N T4/T, ratios were also reported for the Pin 1 linker segment. These data
demonstrate that the backbone of the linker region in Pinl undergoes extensive reorientation
with respect to the remainder of the protein during the timeframe of the overall molecular
tumbling of the protein (~10 ns).

The analogous °N heteronuclear NOE measurements on the C. albicans Ess1 indicate no
comparable difference in conformational dynamics for the region of backbone surrounding the
a-helix of the linker segment or anywhere else along the peptide backbone, excepting the
mobile N-terminus (Fig. 2 and Supporting Information Table S1). In addition, we

conducted 1°N T4 and T, measurements to obtain a more quantitative estimate of orientational
disorder in the ps-ns timeframe for each H-N bond vector along the backbone, as well as to
derive insight into conformational dynamics in the ms timeframe via linebroadening effects.

The elongated shape of the C. albicans Ess1 protein implies that the effective molecular
tumbling rate, as monitored by NMR relaxation measurements, will be sensitive to the
orientation of each TH-1°N bond vector with respect to the major axis of rotational diffusion.
Coordinates from the C. albicans Ess1 X-ray structure were used in the modeling of rotational
diffusion with the ModelFree program [23] applied to the experimental 1°N relaxation data.
An optimal fit to the relaxation data was found for an axial ratio of 1.31 for the rotational
diffusion tensor and an effective molecular correlation time of 11.8 ns, consistent with that
expected for a monomeric globular protein of 20 kDa molecular weight. The principal axis of
the calculated rotational diffusion tensor closely corresponds to that of the inertial tensor as
deduced from the protein X-ray coordinates. Order parameters measuring the extent of
orientational disorder of the H-N bond vectors were derived using the standard protocol for
the assignment of dynamical models to each vector [23], as implemented in the ModelFree
program.

Overall, the S2 order parameters offer no evidence for large amplitude internal motion along
the entire backbone of Essl (Fig. 3 and Supporting Information Table S2). Modestly reduced
order parameters were observed for a subset of the segments connecting secondary structural
elements, including the junctions at either end of the a1 helix of the linker segment. The lack
of evidence for substantial internal motion in either the ps-ns timeframe or the ps-ms timeframe
offers additional support for the interpretation that the overall structure observed in the
crystallographic analysis is well preserved in solution. In an asymmetrically tumbling protein,
if the orientations of the individual amide H-N bond vectors are incorrectly modeled with
respect to the axis of the molecular diffusion tensor, the resultant errors in the relaxation
analysis will manifest themselves as an increase in the apparent internal motion [33]. The
absence of apparent enhanced internal motion predicted from the C. albicans Ess1 relaxation
data is generally consistent with the relative orientations of the individual amide H-N bond
vectors agreeing with the orientations observed in the X-ray structure.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 July 1.
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Loop 1 in the Pin1 WW domain has been shown to directly interact with the phosphate group
of the substrate. No 15N relaxation data are reported for residues Arg 18, Ser 19 and His 20 of
this loop in the WW domain of C. albicans Essl. Indeed, no amide resonances are observed
for these three residues in the standard 2D 1H-15N HSQC spectrum under the experimental
conditions used. The absence of amide crosspeaks for these three residues could result from
either rapid hydrogen exchange with the bulk solvent, or else from conformational exchange
processes occurring in the ms timeframe. Higher sensitivity measurements on the isolated WW
domain of Pinl [34] have demonstrated a strong temperature dependence of the linewidth for
the 1H amide resonances of both the Arg and Ser residues in loop 1, consistent with
conformational exchange dynamics in the ms timeframe. Although lowering the temperature
for the Ess1 sample below the 25°C value used in this study might serve to enhance these
resonances, a corresponding degradation in the quality of the relaxation data for the other
resonances of the protein would result.

Although several residues yielded a provisional prediction of a small line broadening effect
(Rey 0f 1-2 s71) due to conformational dynamics on the ms timescale, none of these residues
lies in either of the two loops of the PPlase active site discussed above. In the relaxation
dispersion analysis of apo-Pin1, the residues exhibiting the largest linebroadening contribution
due to conformational exchange were GIn 75 (Rey Of 3.66 s1) and Glu 76 (Rey 0f 6.77 s71)
[35]. Relaxation measurements on the substrate-bound Pinl complex at a higher magnetic field
yielded Rey values > 10 s~1 for both of these residues and > 3 s~1 for most of the other residues
in the two flexible active site loops (Ser 67 - Thr 79 and Asp 112 - Ala 116).

The present results indicate that the loop consisting of residues 67 to 79 of Pinl undergoes
more extensive motion in the ms timeframe than does the corresponding loop in C. albicans
Essl. This apparent decrease in conformational flexibility for the fungal enzyme may be
explained, at least in part, by the presence of Pro 89 in the Ess1 sequence, which corresponds
to an insertion between Gln 75 and Glu 76 in the Pinl sequence. The conformationally
restrained proline residue in the Ess1 sequence is positioned between the two residues for which
the homologous residues in human Pinl exhibit the largest Rey values observed in the protein.
The backbone geometry for these loop segments in the PPlase active site of Ess1 that is
predicted from chemical shift analysis deviates significantly from that seen in the X-ray
structure. These variations may arise from either crystal lattice-induced differences in the
average local structure for these loop segments or from an averaging among multiple
conformations that occurs in solution within a timeframe that does not appreciably contribute
to NMR relaxation under typical experimental conditions.

4. Concluding remarks

The X-ray crystal structure of C. albicans Ess1 [18] revealed an a-helical conformation for
residues 43 to 55 for which the corresponding sequence in the human Pinl enzyme forms the
unstructured linker segment [14,15]. Subsequent secondary structure predictions for the same
segment of other fungal Ess1 enzymes suggested that the linker segment helix is conserved
among the pathogenic fungi [18]. NMR studies on a fragment of the homologous PinA enzyme
from Aspergillus nidulans, containing the WW domain and an additional ~15 residues, reported
backbone chemical shifts and inter-residue NOE crosspeaks consistent with an a-helix in the
analogous position along the sequence [36]. The chemical shift analysis of the full length C.
albicans enzyme is consistent with the backbone conformation in the crystal structure being
well preserved in solution not only for the interdomain linker segment but throughout nearly
all of the protein.

In marked contrast to human Pin 1 [16,17], 1°N relaxation analysis of the Ess1 enzyme indicates
that the asymmetric tumbling of the protein occurs as a single molecular unit. 1°N relaxation
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alysis of Essl indicates quite restricted internal dynamics on both the ps-ns and ms

timescales. The only apparent substantial exception to this restricted mobility occurs for three
residues in the substrate-binding loop 1 of the WW domain. As a result, the differences between
the yeast and human enzymes in average structure, in conformational dynamics and in the
variability for the interdomain interactions may provide a useful basis for the design of selective
therapeutic agents for the treatment of pathogenic fungal infections.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Chemical shift analysis of backbone geometry for the C. albicans Ess1 enzyme. Panel A
illustrates the X-ray structure of Ess1 [18] in which residues in the WW domain, linker segment
and PPlase domain are indicated in green, red and cyan, respectively. Residues for which
TALOS chemical shift analysis [26] strongly predicts differing backbone geometry are
indicated in magenta, while tentative discrepancies are marked in yellow. In panel B are shown
the backbone dihedral angles ¢ (o) and y(e) from the X-ray structure. The sequence positions
of the a-helices (cylinders) and p-strands (arrows) are displayed along the top of this panel. In
panels C and D are illustrated the differences for the ¢ and v dihedral angles in the X-ray
structure as compared to those predicted from the chemical shifts. TALOS predictions scored
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as good are marked as circles, while tentative predictions are indicated as diamonds. Deviations
above 45° are colored magenta or yellow. As is most notable for glycyl residues, the TALOS
chemical shift analysis is not highly robust in distinguishing between the local mirror images
of (p,y) and (—e,—v). In such cases, the mirror conformation that is closest to the X-ray values
is displayed.
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{1H}-15N heteronuclear NOE analysis of the C. albicans Ess1 enzyme. With the exception of
residues at the N-terminus, the protein backbone indicates only modest internal motion in the
timeframe of several hundred ps. The sequence positions of the a-helices (cylinders) and -

strands (arrows) are displayed along the top.
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Fig. 3.

The 15N relaxation order parameter S2 values for the C. albicans Ess1 enzyme. For each
residue, the 15N T4, T, and heteronuclear NOE data were analyzed in terms of the orientational
order parameter S2 with the ModelFree algorithm using the standard protocol for assignment
of dynamical models to each H-N bond vector [23]. The sequence positions of the a-helices
(cylinders) and B-strands (arrows) are displayed along the top.
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