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Structure and evolution of the spliceosomal
peptidyl-prolyl cis—trans isomerase Cwc27

Cwc27 is a spliceosomal cyclophilin-type peptidyl-prolyl cis—
trans isomerase (PPlase). Here, the crystal structure of a
relatively protease-resistant N-terminal fragment of human
Cwc27 containing the PPTase domain was determined at 2.0 A
resolution. The fragment exhibits a C-terminal appendix and
resides in a reduced state compared with the previous oxidized
structure of a similar fragment. By combining multiple
sequence alignments spanning the eukaryotic tree of life and
secondary-structure prediction, Cwc27 proteins across the
entire eukaryotic kingdom were identified. This analysis
revealed the specific loss of a crucial active-site residue in
higher eukaryotic Cwc27 proteins, suggesting that the protein
evolved from a prolyl isomerase to a pure proline binder.
Noting a fungus-specific insertion in the PPlase domain, the
1.3 A resolution crystal structure of the PPlase domain of
Cwc27 from Chaetomium thermophilum was also determined.
Although structurally highly similar in the core domain, the
C. thermophilum protein displayed a higher thermal stability
than its human counterpart, presumably owing to the
combined effect of several amino-acid exchanges that reduce
the number of long side chains with strained conformations
and create new intramolecular interactions, in particular
increased hydrogen-bond networks.

1. Introduction

In peptides, rotation around the planar peptide bond is
energetically restricted owing to its partial double-bond
character, allowing the peptide backbone to adopt either a
trans (backbone torsion angle @ = 180°) or a cis (w = 0°)
conformation. Under physiological conditions, peptides
virtually exclusively adopt trans conformations owing to steric
hindrance of the cis form. The main exceptions are Xaa—Pro
peptide bonds (where Xaa is any amino acid). Proline, with
its unique backbone-linked five-membered ring, increases the
steric conflicts of the frans isomer, which lowers the difference
in free energy between the cis and trans isomers and thus
raises the cis content to 5.7-6.5% (Stewart et al, 1990;
MacArthur & Thornton, 1991; Pal & Chakrabarti, 1999).

In the cell, Xaa-Pro peptide-bond isomerization is cata-
lyzed by peptidyl-prolyl cis—trans isomerases (PPlases; EC
5.2.1.8; Fischer et al., 1984) that act by stabilizing the syn
transition state. Currently, the exact catalytic mechanism of
PPIlases is unclear, although several alternative mechanisms
have been proposed (Fanghénel & Fischer, 2004). PPIases
usually work as molecular chaperones (Gething & Sambrook,
1992; Gothel & Marahiel, 1999) by catalyzing a rate-limiting
folding step that involves a Xaa-Pro cis—trans isomerization
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(foldase; Lang et al., 1987; Lin et al., 1988; Davis et al., 1989;
Kiefhaber et al., 1990; Fransson et al., 1992; Tan et al., 1997,
Yang et al., 1997) or by stabilizing a folding intermediate and
thereby protecting it from aggregation (holdase; Freskgard et
al., 1992; Lilie et al., 1993; Baker et al., 1994; Bose et al., 1996;
Freeman et al., 1996; Baneyx, 2004; Ou et al., 2008). Moreover,
PPIases can elicit conformational switches in already folded
proteins (Yaffe et al., 1997; Zhou et al., 1999; Brazin et al., 2002,
Andreotti, 2003; Sarkar et al., 2007). In contrast to the classical
view of PPlases as rather promiscuous enzymes, there is
evidence for sequence-specific proline isomerases, such as the
phosphorylation-dependent Pinl, which binds to pSer/pThr-
Pro motifs (Ranganathan et al., 1997; Yaffe et al., 1997; Zhou
et al., 1999). Besides the pure enzyme-client relationship,
PPlases are capable of mediating long-term interactions via
their catalytic centre (Dorfman et al, 1997). In other cases,
PPlases participate in protein—protein interactions via their
PPIase domain that do not involve the catalytic centre (Reidt
et al., 2003; Xu et al., 2006; Stegmann et al., 2010; Wang et al.,
2010) or via a non-PPlase domain (Wang, Han et al., 2008).
Some PPlases serve as scaffolding proteins in supramolecular
complexes (Goel et al, 2001) and are essential for the
assembly of large multimeric protein complexes such as
photosystem II (Fu et al., 2007). Using these functions, PPIases
are involved in many cellular processes including regulation
of mitosis (Ping Lu ef al., 1996), gene-expression steps (Nelson
et al., 2006), including transcription (Morris et al, 1999;
Gullerova et al., 2007) and pre-mRNA splicing (Teigelkamp
et al., 1998; Horowitz et al., 2002), post-transcriptional gene
regulation (Smith et al., 2009; Iki et al., 2012) and cell signalling
(Kimmins & MacRae, 2000; Brazin et al., 2002; Yurchenko et
al.,2002; Lummis et al., 2005; Sarkar et al., 2007; Schlegel et al.,
2009). Furthermore, they play an important role in muscle
differentiation (Hong et al., 2002), stress response (Hong et al.,
2002; Kumari et al., 2012), mitochondrial apoptosis (Lin &
Lechleiter, 2002; Leung et al., 2008) and the immune response
(Anderson et al., 1993), and also in phage (Eckert et al., 2005)
and viral infections as in the case of HIV (Dorfman et al., 1997,
Zhao et al., 1997) and Hepatitis C virus (HCV; Watashi et al.,
2005; Chatterji et al., 2009).

Cyclophilins (Wang & Heitman, 2005) were the first
described PPlase family; they were initially isolated from
bovine thymocytes and recognized by their ability to bind the
immunosuppressive drug cyclosporine A (CsA; Handschu-
macher et al., 1984). Later, their PPIase activity was discov-
ered (Fischer et al., 1989; Takahashi et al., 1989). Cyclophilins,
which were found to be ubiquitously present in all cellular
compartments, including mitochondria, endoplasmic reti-
culum, Golgi, nucleus and cytoplasm (Danielson et al., 1988;
Haendler et al., 1989; Schneuwly et al., 1989; Shieh et al., 1989;
Liu & Walsh, 1990; Hayano et al., 1991; Matouschek et al.,
1995; Rassow et al., 1995; Dartigalongue & Raina, 1998; Wang
& Heitman, 2005; Gullerova et al., 2006), are highly conserved
in evolution and have been identified in bacteria, archaea and
eukaryota (including fungi, plants, insects and mammals) and
share a high degree of sequence similarity (Schonbrunner et
al., 1991; Galat, 1999; Pemberton, 2006).

In humans, there are 17 cyclophilins (Davis et al., 2010):
PPIA, PPIB, PPIC, PPID, PPIE, PPIF, PPIG, PPIH, PPILI1,
PPIL2, PPIL3, PPIL4, PPIL6, PPWD1, RANBP2, AsCwc27
and NKTR. Human cyclophilins can be subdivided into single-
domain and multi-domain cyclophilins. Single-domain cyclo-
philins contain just a PPIase domain, whereas multi-domain
cyclophilins contain additional domains/regions such as RNA-
recognition motifs (RRMs; in PPIE and PPIL4), arginine—
serine-rich (RS) domains (in PPIG and NKTR), U-box motifs
(in PPIL2), WD40 domains (in PPWD1) and tetratricopeptide-
repeat (TPR) motifs (in PPID and RANBP2) (Davis et al.,
2010). High-resolution X-ray or NMR structures of the PPlase
domains of 13 human cyclophilins have been determined
[PPIA, PDB entry 2cpl (Ke, 1992); PPIB, PDB entry lcyn
(Mikol et al., 1994); PPIF, PDB entry 2bit (Schlatter et al.,
2005); PPIH, PDB entry 1qoi (Reidt et al., 2000); PPIL1, PDB
entry 1xwn (Xu et al., 2006); PPIL3, PDB entry 20k3 (Huang
et al., 2005); PPIC, PDB entry 2esl; PPIE, PDB entry 2r99;
PPIG, PDB entry 2gw2; PPIL2, PDB entry 1zkc; NKTR, PDB
entry 2he9; Cwc27, PDB entry 2hq6 (Davis et al., 2010);
PPWD1, 2a2n (Davis et al., 2008)]. All cyclophilins share a
common architecture consisting of an eight-stranded anti-
parallel B-sheet and two a-helices that pack against the sheet,
with an overall root-mean-square deviation (r.m.s.d.) of below
2 A. Although conserved in fold, three of 15 tested cyclo-
philins showed no PPIase activity and did not bind CsA (Davis
et al., 2010). The active site is highly conserved and includes
the catalytic Arg55 (in PPIA as a reference sequence) and
additional residues including Phe60, Met61, Gln63, Alal01,
Asn102, Phel13, Trp121, Leul22 and His126 (Ke et al., 1994;
Zhao et al., 1997, Howard et al., 2003). The strongest corre-
lation between PPlase activity and natural occurring variation
of active-site residues was found at position 121, where
deviation from Trp to His or to Glu abolishes PPlase activity
(Bossard et al., 1991; Davis et al., 2010).

Eight of the 17 human cyclophilins reside in the nucleus
and are associated with the spliceosome, a multi-megadalton,
highly dynamic protein—-RNA machinery responsible for pre-
mRNA splicing (Wahl et al., 2009), i.e. PPIE (Mi et al., 1996;
Rappsilber et al., 2002; Zhou et al., 2002; Chen et al., 2007),
PPIG (Bourquin et al., 1997), PPIH (Horowitz et al., 2002;
Chen et al., 2007), PPIL1 (Rappsilber et al., 2002; Zhou et al.,
2002; Chen et al., 2007), PPIL2 (Rappsilber et al., 2002; Zhou
et al.,2002; Chen et al., 2007), PPIL3b (Rappsilber et al., 2002;
Zhou et al., 2002; Chen et al.,2007), PPWD1 (Rappsilber et al.,
2002; Zhou et al, 2002; Chen et al., 2007) and hsCwc27
(Rappsilber et al., 2002; Chen et al., 2007). The spliceosome
has to assemble and disassemble for each splicing reaction,
requiring a multitude of fast and precise structural rearran-
gements. Cyclophilins could serve in such tasks by making use
of their manifold potential: they might act as molecular
switches involving the cis—trans isomerase activity, as protein
chaperones, in particular as foldases and holdases, as specific
proline binders or as scaffolding units in spliceosomal
complexes. Some PPlases associate with the spliceosome in a
way that leaves their PPlase active site unobstructed, as in the
case of PPIH, which associates with the U4/U6 snRNP protein
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Domain organization of Cwc27. Secondary-structure prediction and domain organization of H. sapiens and C. thermophilum Cwc27. From top to bottom:
fraction present in the X-ray structure, domain organization (8, B-strands 9 and 10), isoforms of full-length proteins (black bars; v1, splice variant 1; v2,
splice variant 2), secondary-structure prediction with REPROFSec (blue, B-strand; red, helix), secondary-structure prediction with PROFsec (blue, B-
strand; red, helix) and solvent-accessibility prediction with PROFAcc (blue, solvent-exposed; yellow, buried) from PredictProtein (Rost et al., 2004).

Prp4 through a region that is located opposite to its active site
(Reidt et al., 2003). Functionally, cyclophilins might play a role
in alternative splicing in higher eukaryotes (Pemberton, 2006;
Wabhl et al., 2009), since several members are not present in
yeast, or might be involved in coupling splicing to the tran-
scription machinery (Mesa et al., 2008).

The human peptidyl-prolyl cis—trans isomerase Cwc27
homologue (hsCwc27), also called antigen NY-CO-10
(Scanlan et al., 1998) or serological defined colon cancer
antigen 10 (SDCCAG10), belongs to the multi-domain
cyclophilins. In addition to the N-terminal PPlase domain,
it contains an elongated, solvent-exposed C-terminus of
unknown function. Two isoforms of hsCwc27 exist: both
contain an identical N-terminal cyclophilin-type PPlase
domain (residues 11-166) but differ in the length of the
C-terminal region (residues 167-472 in Q6UX04-1 and resi-
dues 167-390 in Q6UXO04-2; Fig. 1). hsCwc27 is recruited to
the spliceosomal B**' complex (Agafonov et al., 2011), a stage
where the spliceosome is not yet fully catalytically active
(Wahl ef al., 2009). Using an NMR-based assay, Davis and
coworkers found AsCwc27 to lack cis—trans isomerase activity
(Davis et al., 2010). The lack of activity was associated with a
change at position 121 from tryptophan in the canonical PPIA
sequence to glutamate in AsCwc27. Nevertheless, AsCwc27 was
able to bind to a proline-containing peptide. In the same study,
a crystal structure of the PPlase domain of AsCwc27 (residues
8-172; hsCwc27%'"%) was found to contain a disulfide bond
between Cys44 and Cys164.

Here, we present the crystal structure of an N-terminal
fragment of AsCwc27 (residues 6-178; hsCwc27°7®) obtained
by limited proteolysis, which includes the PPlase domain in its
reduced state. Furthermore, we determined the structure of
the PPlase domain of a lower eukaryotic orthologue of
hsCwc27, Chaetomium thermophilum Cwc27 (ctCwc27), the
first reported PPIase structure from this species. A comparison
of the two structures suggested a molecular basis for the
differences in the thermostability of the two proteins.
Sequence analysis of Cwc27 orthologues throughout the

eukaryotic spectrum suggested that Cwc27 has evolved from a
bona fide PPlase to a pure proline binder.

2. Materials and methods
2.1. Molecular cloning

A plasmid containing the cDNA of full-length AsCwc27
isoform 2 (UniProt ID Q6UX04-02) was ordered from Biocat.
A plasmid containing a synthetic open reading frame (ORF)
for full-length ctCwc27 was ordered from Thermo Fisher
Scientific. Full-length ORFs were cloned into the pETM11
vector to direct the production of proteins with N-terminal
TEV protease-cleavable Hiss tags using EMP cloning as
described in Ulrich et al. (2012). Truncations were introduced
by inverse PCR as described in Ulrich et al. (2012).

2.2. Protein production and purification

Proteins were produced in Escherichia coli Rosetta 2 (DE3)
or E. coli BL21 (DE3) RIL cells in auto-inducing ZY medium
(Studier, 2005) for 24 h at 18°C. The following steps were
performed at 4°C. The cells were resuspended in solubilization
buffer (50 mM sodium phosphate pH 8.0, 500 mM NaCl,
30 mM imidazole, 5 mM B-mercaptoethanol) and lyzed using
a Sonopuls Ultrasonic Homogenizer HD 3100 (Bandelin).
The proteins were bound to Ni-NTA resin (GE Healthcare),
washed, and eluted with elution buffer (250 mM imidazole
pH 8.0, 150 mM NaCl, S mM B-mercaptoethanol). The tags
were cleaved with 1:50 TEV protease during overnight dialysis
against 10 mM sodium phosphate pH 8.0, 150 mM NaCl,
30 mM imidazole, 5 mM B-mercaptoethanol and cleaved
samples were again passed over Ni-NTA resin. The flow-
through was collected, concentrated and subjected to size-
exclusion chromatography in SEC buffer (10 mM Tris-HCl
pH 8.0, 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT). The peak
fractions were pooled, concentrated and flash-frozen in liquid
nitrogen.
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2.3. Thermal stability assay

Samples contained protein at a concentration of 0.05, 0.075
or 0.1 mg ml™" in 20 mM sodium phosphate pH 8.0, 300 mM
NaCl and 5x SYPRO Orange (Life Technologies). Thermal
stability assays were performed in parallel using an RT-PCR
machine (Mx3005P QPCR system, Agilent Technologies) by
monitoring the fluorescence emission at 610 nm while ramping
through a temperature gradient from 25 to 95°C in 71 steps.
Melting-temperature (73,) values were calculated from the
raw data by curve fitting with the Boltzmann equation using
Origin (OriginLab). The average T,, was taken as the arith-
metic mean of 21 measurements (the unfolding of each protein
monitored seven times at each of the three concentrations)
with stated errors representing the standard deviations.

2.4. Phylogenetic analysis

A protein BLAST search (http:/blast.ncbi.nlm.nih.gov)
with AsCwc27 as the query sequence was conducted against
the high-quality sequenced genomes of 30 model organisms
(Fig. 2) which cover the entire eukaryotic tree of life
(Ciccarelli et al., 2006; Fritz-Laylin et al., 2010). BLAST hits
were considered to be significant if the BLAST scores were
higher than 50, the E values were lower than 1 x 10~'° and
the query coverage was higher than 40%. These criteria were
selected to avoid false positives, which might arise based on
the high sequence identity of the PPlase domain.

2.5. Secondary-structure prediction

Secondary-structure predictions were performed with
PredictProtein (http://www.predictprotein.org; Rost et al.,
2004). Helices, B-strands and loops were predicted by
REPROFSec and PROFsec, and solvent accessibility was
predicted by PROFAcc.

2.6. Crystallization

Full-length AsCwc27 splice variant 2 (residues 1-390) at a
protein concentration of 55 mg ml~"' was used in sitting-drop
vapour-diffusion experiments with commercial screens at 18°C
and with 0.1 pl protein solution plus 0.1 pl reservoir solution
per drop. Three-dimensional needle crystals were obtained
after one month in 0.1 M magnesium formate, 15%(w/v) PEG
3350. This solution had a pH of 6.8 and did not contain a buffer
component.

The PPIase domain of ctCwc27 (residues 1-201) at a protein
concentration of 432mgml~' was used in sitting-drop
vapour-diffusion experiments with commercial screens at 18°C
and 0.1 pl protein solution plus 0.1 pl reservoir solution per
drop. Initial crystals were obtained after 2 d in a third of all
conditions. The best hits were obtained in 0.1 M sodium
acetate pH 4.6, 8% (w/v) PEG 4000. Larger crystals were
produced in 24-well sitting-drop plates under the same
conditions with 1 pl protein solution plus 1 pl reservoir solu-
tion per drop.

2.7. Data collection and structure determination

Prior to data collection, the crystals were mounted in a loop,
soaked in cryoprotecting solution [0.1 M magnesium formate,
15%(w/v) PEG 3350, 25%(v/v) glycerol for hsCwc27; 0.1 M
sodium acetate pH 4.6, 8% (w/v) PEG 4000, 30% (v/v) ethylene
glycol for ctCwc27] and flash-cooled in liquid nitrogen.
Diffraction data were collected on beamline BL14.2 of the
BESSY 1II storage ring, Berlin, Germany at 100 K. For
hsCwc27, a crystal-to-detector distance of 240 mm was used to
collect 130 images of 1° per image with an exposure time of 5 s
at a wavelength of 0.91841 A. For ctCwc27, a crystal-to-
detector distance of 130 mm was used to collect 300 images
of 1° per image with an exposure time of 5 s at a wavelength
of 0.91841 A. Both structures were solved by molecular
replacement with Phaser (McCoy, 2007) using the structure
coordinates of hsCwc27%'7* (PDB entry 2hq6; Davis et al,
2010) as a search model. The structures were corrected and
completed by manual model building with Coot (Emsley &
Cowtan, 2004). Refinement of the hsCwc27 structure was
performed with REFMACS (Murshudov et al., 2011). B factors
were refined isotropically. The ctfCwc27 structure was refined
with phenix.refine (Afonine et al.,2012). B factors were refined
anisotropically with the exception of H atoms.

2.8. Accession numbers

Structure coordinates and diffraction data for AsCwc27°7®
and ctCwc27°?"" have been deposited in the Protein Data
Bank (http://www.pdb.org) as PDB entries 4r3e and 4r3f,
respectively.

3. Results and discussion

3.1. Structure of a relatively protease-resistant fragment of
hsCwc27

As of 20 May 2014, close to 300 structures of PPlase
domains had been deposited in the Protein Data Bank (http:/
www.pdb.org), but although many PPIases contain additional
domains next to their PPIase domain, no multi-domain PPlase
structure has been determined to date. In AsCwc27, an elon-
gated C-terminus that is predicted to be solvent-exposed and
partially «-helical is appended to the N-terminal cyclophilin-
type PPlase domain (Fig. 1). We cloned and purified full-
length AsCwc27 (isoform 2) but noticed signs of protein
degradation during purification and upon incubation at room
temperature (Fig. 3a). Crystals only appeared about one
month after crystallization setup and analysis of the crystals
by SDS-PAGE showed a single band of ~17 kDa (full-length
protein 53.8 kDa; Fig. 3b). Thus, a stable hsCwc27 fragment
formed in the crystallization drops, presumably produced by
residual proteases in the preparation, and eventually crystal-
lized. Diffraction analysis revealed that the crystals belonged
to the same space group and exhibited similar unit-cell para-
meters as a published PPlase-domain structure of hsCwc27
(PDB entry 2hq6; Davis et al., 2010; Table 1). We solved the
2.0 A resolution structure of the hsCwc27 fragment contained
in our crystals by molecular replacement with the coordinates
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# Organism Tax|D UniProt ID* BLAST score® Query coverage® Seq. identity® E-value® Reviewed'
[ ] 1 Homo sapiens 9606 QB6UX04 967 100% 100% 0.E+00 Yes
2 Ornithorhynchus anatinus 9258 XP_007663633.1 199 23% 83% 5.E-60 No
3 Gallus gallus 9031 E1CO0I5 667 100% 77% 0.E+00 No
4 Takifugu rubripes 31033 XP_003965379.1 538 97% 67% 0.E+00 No
5 Danio rerio 7955 Q72W86 600 100% 71% 0.E+00 Yes
6 Branchiostoma floridae 7739 C3ZRN2 466 99% 56% 4.E-160 No
7 Ciona intestinalis 7719 XP_002125951.2 419 100% 50% 1.E-141 No
8 Strongylocentrotus purpuratus 7668 W4XQF1 417 100% 53% 1.E-140 No
9 Drosophila melanogaster 7227 Q9VTN7 380 97% 46% 8.E-126 No
10 Caenorhabditis elegans 6239 QI9XXI17 313 97% 42% 1.E-100 No
11 Nematostella vectensis 45351 A7RQN6 449 99% 54% 9.E-154 No
12 Trichoplax adhaerens 10228 B3S110 421 96% 52% 2.E-143 No
) 13 Amphimedon queenslandica 400682 XP_003390321.1 236 53% 56% 2.E-74 No
_.Cl_), 14 Monosiga brevicollis 81824 A9UTIO 281 44% 63% 5.E-92 No
g 15 Pseudozyma antarctica 84753 MOM3H9 238 52% 49% 4.E-73 No
< ‘)| 16 Schizosaccharomyces pombe 4896 042941 255 44% 56% 3.E-79 No
E g 17 Saccharomyces cerevisiae 4932 Q02770 75.9 55% 28% 2.E-14 Yes
>3 LL | 18 Neurospora crassa 5141 Q7SBX8 236 90% 36% 1.E-70 Yes
L || 19 Chaetomium thermophilum 209285 GORY38 227 90% 35% 2.E-67 No
= 20 Dictyostelium discoideum 44689 Q55G43 230 44% 51% 5.E-69 No
< 21 Entamoeba histolytica 5759 C4M525 110 26% 42% 3.E-28 No
22 Physarum polycephalum 5791 - 23.5 5% 41% 1.5 -
23 Arabidopsis thaliana 3702 Q6Q152 308 95% 41% 3.E-98 No
24 Physcomitrella patens 3218 A9T5X8 286 95% 41% 7.E-90 No
25 Chlamydomonas reinhardtii 3055 A8J9P9 285 44% 62% 3.E-88 No
e 26 Paramecium tetraurelia 5888 AOBH25 242 50% 46% 3.E-73 No
< 27 Thalassiosira pseudonana 35128 B8BQW7 137 31% 47% 2.E-38 No
D] |P| 28 Phytophthora ramorum 164328 - 227 1% 28% 4.E+00 -
29 Naegleria gruberi 5762 D2VH68 197 43% 48% 1.E-59 No
30 Leishmania major 5664 E9AFV2 111 23% 44% 2.E-27 No
|| 31 Giardia lamblia 5741 V6TZ19 98.6 33% 38% 2.E-23 No
F = Fornicata 2If the UniProt ID is not available, the NCBI reference sequence ID is indicated.

Di = Discicristates

St = Stramenopiles

A = Alveolates

Pl = Plantae

Am = Amoebozoa

C = Choanoflagellates
Exc = Excavates

SAR = Stramenopiles, Alveolates, Rhizaria

®BLAST scores are calculated with the BLOSUM®62 scoring matrix.
°Percentage of query sequence covered by alignment with the database sequence.
dPercentage of identical residues of query sequence and BLAST hit within covered region.

Protein sequence entry reviewed by UniProtKB/Swiss-Prot.

°E-value: number of hits expected by chance when searching a database of particular size.

Figure 2

Cwc27 tree-of-life analysis: results of BLAST searches with AsCwc27 against the indicated species.

of the published hsCwc27 PPlase-domain structure and
refined it to an R, of 17.2% and an Ry, of 21.7% (Table 1).
Residues 6-178 of hsCwc27 (hsCwc27°'7®) could be traced
in the electron density, closely corresponding to the region
contained in the previously published structure (residues 8-
172). The common regions of both structures are very similar,
with an r.m.s.d. of 0.5 A for 167 common C* atoms; Supple-
mentary Fig. S1'). Our structure contains one Ramachandran
outlier, Asp150, located in a highly flexible loop between
a-helix 2 and B-strand 8, and two rotamer outliers, Ile6 and
GlIn7, representing the two N-terminal residues.

Besides the canonical cyclophilin core with eight anti-
parallel B-strands, two «-helices and a short a-helical turn,
hsCwc27°""® contains a short S-segment (Fig. 4a). Residues

! Supporting information has been deposited in the IUCr electronic archive
(Reference: DW5118).

Arg56, Phe6l, Ile62, GIn64, Alal02, Asn103, Phel14, Glul22,
Leul23 and His127 in B-strands 3, 4 and 6, as well as in the
extended loop connecting B-strands 6 and 7, form the proline-
binding pocket (Fig. 4b). This pocket is occupied by a glycerol
molecule, the hydrophobic hydrocarbon scaffold of which
faces the hydrophobic part of the pocket, while its three
hydroxyl groups are involved in an extensive hydrogen-bond
network involving Arg56, Gln64, Asn103, Glul122, His127 and
Glul53 (Fig. 4b and Supplementary Fig. S2). In AsCwc27, a
glutamate at position 122 replaces the canonical tryptophan,
tyrosine or histidine of active PPlase (Davis et al., 2010) but is
not involved in binding the glycerol.

Although globally highly similar, the AsCwc27°"7® structure
and the previously determined AsCwc27%"? structure exhibit
two subtle differences. Firstly, our structure includes a
C-terminal stretch (residues 173-178) that is not contained in
hsCwc27°'7> and which does not belong to the canonical

3114 Ulrich & Wahl - Cwc27
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Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Resolution range (A)

44.27-2.00 (2.05-2.00)

Data set hsCwc27%7178 ctCwc2752"
Data collection _
Wavelength (A) 0.918 0.918
Temperature (K) 100 100
Space group P65 P2,2:2,
Unit-cell parameters a=b=2859,¢c=550, a=258.6,b=587,
(A, °) o= =900, c=593,
y =120.0 a=p=y=90.0
Matthews coefficient 3.01 2.18
(A’Da™)
Solvent content (%) 58.8 43.1

33.98-1.30 (1.33-1.30)

Reflections
Total 120743 (5456) 297230 (17551)
Unique 30399 (2114) 49760 (3368)
Completeness (%) 99.3 (93.5) 97.7 (90.7)
Multiplicity 4.0 (2.6) 6.0 (52)
RineasT (%) 14.3 (84.6) 3.7 (25.9)
(Ilo(1)) 9.7 (1.6) 29.7 (6.6)
CCypn 99.4 (48.9) 99.9 (61.8)
Wilson B factor (A2) 30.5 19.1
Refinement
Unique reflections 14902 49755
Ryorct (%) 172 (24.2) 12.1 (13.6)
Riree$ (%) 21.7 (28.3) 14.3 (18.9)
No. of atoms
Total 1588 3586
Protein 1371 3171
Water 199 296
Glycerol 18 -
Ethylene glycol — 90
Polyethylene glycol — 22
Acetate — 7
B factors (A?)
Total 264 20.1
Protein 24.7 17.7
Water 36.6 33.7
Glycerol 43.0 —
Ethylene glycol — 48.1
Polyethylene glycol — 55.6
Acetate - 59.9
R.m.s.d.q
Bond lengths (A) 0.006 0.008
Bond angles (°) 1.084 1.246
Ramachandran plot
Favoured (%) 98.3 98.0
Allowed (%) 12 2.0
Outliers (%) 0.6 0.0
Rotamer outliers (%) 1.4 0.5

T Reas = Y ANChKD/INChil) — 1} 3, 1 (hkl) — (I(hkd)) /Y340 3 1 (hkD), where
(I(hkl)) is the mean intensity of symmetry-equivalent reflections and N(hkl) is the
multiplicity. £ Ryonc = Yt [1Fobsl — [Featel|/ 2 pis [Fops| (working set, no o cutoff
applied). § Rpee is the same as Ryon but calculated on 5% of the data that were
excluded from refinement. 9 Root-mean-square deviation from target geometry.

PPlase domain (Fig. 4a). It lies on top of helix o1 and forms
interactions with the loop connecting B-strands 4 and 5. More
precisely, Aspl73 forms a salt bridge with Arg38, Ile174 is
engaged in hydrophobic interactions with Ile41 and Phel71,
the backbone O and N atoms of Ile175 make hydrogen bonds
to GIn42 both directly and via a water molecule, and Argl77
forms hydrogen bonds directly to Glu46 and via water to
Glu76 and Ser77 (Fig. 4c). These extensive interactions
explain the relative protease resistance of the C-terminal
appendix and suggest that it structurally stabilizes the PPIase

core. Secondly, our structure is in its fully reduced state and
does not contain a disulfide bond between Cys44 and Cys164
as present in hsCwc27%'7* (Fig. 4d). hsCwc27 is a nuclear
protein and is therefore exposed to a reductive environment
which does not support the formation of disulfide bonds.
Furthermore, the very similar structures of both molecules
show that the disulfide bond is not necessary for fold stability.
In addition, the cysteines involved in disulfide-bond formation
in hAsCwc27%'7%, Cys44 and Cysl64, are not universally
conserved in Cwc27 proteins (Fig. 5 and Supplementary Fig.
S3). Finally, although Cys44 and Cysl64 are conserved in
several human cyclophilins (in 12 of 17 in the case of Cys44
and in ten of 17 in the case of Cys164), none of the 13 known
cyclophilin structures contains a disulfide bond between these
residues. Therefore, the physiological relevance of the disul-
fide bond observed in the previous hsCwc27%'"? structure is
questionable.

As the regions of AsCwc27 C-terminal of residue 178 are
highly susceptible to degradation (Fig. 3a), they are most
either poorly structured or attached via a flexible linker to the
PPlase domain. The former possibility is supported by the
predicted solvent-exposed nature of the C-terminal part with
isolated secondary-structure units (Fig. 1). As in many other
intrinsically unstructured protein regions, the C-terminal
portion of AsCwc27 may be involved in protein—protein
interactions, for example with the spliceosomal C complex
protein FRA10AC1 (Hegele et al., 2012).

3.2. Identification of Cwc27 proteins across the eukaryotic
kingdom

While the cyclophilin protein family comprises 17 members
in humans, only eight cyclophilins are found in yeast
(Pemberton, 2006), among which is a Cwc27 protein (Fabrizio
et al., 2009). Notably, eight of the human cyclophilins are
associated with the spliceosome (Wabhl e al., 2009), while the
Saccharomyces cerevisiae Cwc27 protein (scCwc27) is the
single spliceosomal cyclophilin in this species (Fabrizio et al.,
2009). As alternative splicing is pervasive in humans (Wang,
Sandberg et al., 2008) but has a significantly lower extent in
yeast (Kempken, 2013), the above situation suggests that
human spliceosomal cyclophilins may be involved in alter-
native splicing decisions and that the functions of spliceosomal
cyclophilins may have changed during the course of evolution.
To further investigate the latter possibility, we performed a
comprehensive phylogenetic search for Cwc27 proteins,
combining multiple sequence alignments, tree-of-life analysis
and secondary-structure prediction. A major difficulty in
specifically identifying Cwc27 proteins is the high sequence
conservation of all cyclophilin-type PPIase domains (>60% in
all binary combinations) and the relatively low conservation of
the regions C-terminal of the PPIase domains. In identifying
true Cwc27 proteins, we raised the cutoff for the query
coverage to 40% in addition to the criteria E-value <1 x 107"
and BLAST score > 50. Furthermore, we noticed that 11 of the
17 human cyclophilins can easily be distinguished because
their sequences terminate 13 or fewer residues C-terminal of
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their PPIase domains (PPIA, PPIB, PPIC, PPIE, PPIF, PPIH, to the 305-residue C-terminus of ~sCwc27. Conversely, NKTR
PPIL1, PPIL3, PPIL6, PPWD1 and RBP2), in sharp contrast proteins exhibit an extremely long C-terminus (1286 residues
in human). Furthermore, PPIL2

256 M 1d 11d M X P M proteins can easily be distin-
150 — = = guished because of their ~250-
1?2 - — ; residue N-terminal extension,
= | . which is not present in Cwc27

0~ w= [ —hsCwc27 FL ; : -
.’ - = — proteins, which start with the
37 = PPlase domain. To additionally
il B distinguish true Cwc27 proteins
25| i from other cyclophilins, we
- : a — — perf(?rrped seconda'lry-structure
_— Crystals predictions for all hit sequences
. 3 e (Supplementary Fig. S4), as the
15 N-terminus of hsCwc27 exhibits
a unique signature of secondary-
structure elements that clearly
10 - differs from all other human
cyclophilins. Finally, some cyclo-

philins that show a similar posi-

() ®) tion of their PPIase domain and a
Figure 3 ) . similar overall length to AsCwc27
Crystallization of hisCwc27. (a) SDS-PAGE of full-length AsCwc27 splice variant 2 after 1 d and after 11 d differ from Cwc27 proteins in the
of incubation at room temperature. (b) Left panel, SDS-PAGE of washed hsCwc27 crystals (lane X) grown p ;
from a setup with full-length protein (lane P) as the input material. Middle panel, lane X with increased secondary-structure signatures of
contrast. Right panel, HsCwc27 crystals obtained approximately one month after crystallization setup. their C-termini (Supplementary
Lane M contains molecular-mass marker (labelled in kDa).

Novel C-terminal residues
(¢

Proline-binding centre
(®)

Figure 4
Crystal structure of AsCwc27°'7%. (a) Cartoon representation of AsCwc27°'7%. Secondary-structure elements are labelled («, a-helix; B8, S-strand).
Residues 173-178, which are not present in the previously published structure of the AsCwc27 PPlase domain (PDB entry 2hq6; Davis et al., 2010), are
coloured red. Residues of the PPlase core are shown in blue. (b) The proline-binding pocket. Residues homologous to the active-centre residues of
hsPPIA are presented as blue sticks; a glycerol molecule located in the pocket is presented as orange sticks. The electron-density map is an F, — F,
OMIT map contoured at +30 calculated from a refined model without active-site residues and glycerol. (¢) Details of the interaction of residues 173-178
(red sticks) with residues of the PPIase core (blue sticks). Relevant water molecules are shown in black; hydrogen bonds and salt bridges are shown as
dashed black lines. This view is rotated +67° about the x axis; +83° about the y axis and +164° about the z axis compared with that in (a). (d) Comparison
of hsCwc27 residues Cys44 and Cys164 in their reduced state (present structure) and in their oxidized state (PDB entry 2hq6; Davis et al., 2010). The
electron-density map is an F,, — F, OMIT map contoured at 30 calculated from a refined model without Cys44 and Cys164.
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Fig. S4). For example, PPIL4 proteins contain a C-terminal
RRM domain with the typical B,a18,850,84 topology (Maris et
al., 2005) and a unique exposed/buried pattern, while PPIG
proteins display a presumably weakly structured C-terminal
RS-domain and PPID proteins contain three TPR motifs,
resulting in an array of buried a-helices. In contrast to these
proteins, Cwc27 proteins have a mainly o-helical, solvent-
exposed C-terminus, with two predicted short, adjacent
B-strands (B9 and B10). All BLAST hits which passed our
quality criteria showed a Cwc27-like pattern of secondary-
structure elements (Supplementary Figs. S3 and S4).

Based on the above criteria, we found that Cwc27 is
conserved from animals to fungi, amoebozoa, plants and even
alveolates (Paramecium tetraurelia; Fig. 2), which separated
from the animal, fungi and plant lineages almost two billion
years ago (Hedges et al., 2004). One of the hits with the lowest
sequence identity to AsCwc27 was scCwc27 (28%; Q02770),
which differed significantly more than Cwc27 representatives
from other fungal species (Pseudozyma antarctica, 49%
sequence identity; Schizosaccharomyces pombe, 56%;
Neurospora crassa, 36%; C. thermophilum, 35%; Fig. 2). The
sequence deviation manifests especially in a series of charge-
inversion mutations of surface residues in the PPIase domain

of scCwc27: hsLys35 versus scGlu33, hsArgd96 versus
scAsp87R, hsArgll9 versus scAspl06, hsAspl2l versus
scLys108, hsLys126 versus scAspll3, hsAspl36 versus

scLys123 and hsArgl43 versus scGlu130. Even hsArg56, which
corresponds to a key catalytic residue in enzymatically active
cyclophilins, is replaced by Glu54 in scCwc27 (Supplementary
Figs. S3 and S5). Some of these changes occurred in a
compensatory fashion, e.g. the salt bridge AsArg119-hsAsp121
in human was converted to an Aspl06-Lys108 interaction
in S. cerevisae. The large number of sequence changes in

hsCwc27 residue

Homo_sapiens/Q6UX04/1-472
Callus_gallus(E1COI5/1-477
Takifugu_rubripes|XP_003965379.1/1-468
Danio_rerio/Q7ZW86/1-470
Bronchiostoma_floridae|C3ZRN2/1-490
Ciona_intestinalis|XP_002125951.2/1-502
Strongylocentrotus_purpuratus/W4XQF1/1-501
Drosophila_melanogaster/Q9VTNZ/1-502
Caenorhabditis_elegans|Q9XX17/1-483
Nematostella_vectensis/A7RQN6/1-473
Trichoplax_adhaerens/B35110/1-442
Monosiga_brevicollis|ASUTIOf1-230
Pseudozyma_antarctica/M9M3H9/1-411
Schizosaccharomyces_pombe|042941/1-463
Saccharomyces_cerevisiae [Q02770/1-301
Neurospora_crassa|Q758X8/1-541
Chaetomium_thermophilum[CORY38/1-577
Dictyostelium_discoideum|Q55C43/1-493
Arabidopsis_thaliana/Q6Q152/1-504
Physcomitrella_patens/A9T5X8/1-497
Chlamydomonas_reinhardtiilA8J9P9/1-619
Paramecium_tetraurelia|[AOBH25/1-489

hs secondary structure

ct secondary structure

Figure 5

scCwc27 compared with AsCwc27 is most likely not owing to
evolutionary distance alone, as Cwc27 proteins in other fungal
species and in evolutionarily more distant species (plants and
alveolates) show a higher sequence identity (Fig. 2). A more
likely reason is a genome-wide duplication event which
occurred in S. cerevisiae after its separation from the Kluy-
veromyces lineage (Wolfe & Shields, 1997; Seoighe & Wolfe,
1999; Ladriere et al., 2000). An increased number of copies per
gene allows a higher mutation rate. Subsequently, because of
functional redundancy, extra copies of genes are rapidly lost
and the remaining copies comprise a higher number of
mutations compared with the original gene.

3.3. Cwc27 developed from an active PPlase to a pure
proline binder

Previously, it was noted that a tryptophan at position 122
(hsCwc27 numbering; corresponding to position 121 in the
archetypical AsPPIA) is optimal for prolyl-isomerase activity
and that tyrosine or histidine at this position strongly reduce
but do not necessarily exclude this function, whereas a
glutamate at this site, as found in Cwc27, abolishes PPlase
activity (Davis et al., 2010). Of the 17 human cyclophilins, only
hsCwc27 contains a glutamate at position 122. 13 of the 22
Cwc27 proteins identified in our tree-of-life analysis also
contain a glutamate at the position homologous to position
122 in human and thus are also expected to be inactive (Fig. 5
and Supplementary Figs. S3). In addition, Dictyostelium
discoideum Cwc27 contains an asparagine at position 122,
which also renders it inactive (Bossard et al., 1991; Liu et al.,
1991; Zydowsky et al., 1992). However, several Cwc27 proteins
contain a histidine at this position (Bronchiostoma floridae,
Stronglyocentrotus purpuratus and Saccharomyces cerevisiae),

Glu122 Cysl164
FFFT-LGR--ADELNNKHT | FGKV PHNP - HRIIIK S CEVL F
FFFT-LGR--ADELNNKHT | FGKV PLSP-HKIRSSEVLF
FFFT-LGR- -ADELNNKHT | FGKV PLKP-HKLRTAEVLHS
FFFT-LGR--ADELNNKHT | FGKV PLNP-HKIRSTEVLHS
FFFT-LDR--ADHLHGKHT | FAKV PLHP - HKIKATEVLFN
FEFE-LGP- - CNDLNKKHT | FGKV PINP-PFIKWTKMLAN
FFIT-LGP--CEHIQGKHT | FGK | PVYP-PKIKSTAVLAN
FEFX- FAP--TPELQNKNTLFGK I PMHA - HRIVSTEVLSN
FFFT- IGDRGAPELDKKHT | FGKV PVTF-YKITGARIDNN
FFFT-LDR--ADELNGKHT | FGKV HP LYP-PKV IRTEVLSN
FEFT-LDR--ADELNGKNT | FGKV PLYP-PKIIKTEVLAN
FFIT-LDR--ADELTGKHTMFGKV PDDP-P I 1KRIEVLIN
FFLT-LDA--TPELQGKHTLMGRV PRYP-PKLIEVRVVEN
FFIT-LGP--TPEWNG LFGRV PVFP-PKIISTEVIDN
WF ITVLAD- - SKHV LNDCNVFGK | FMYP-AVLKDVEIT
FFFT- LGK- - ADELTGKNFMFGRYV PLYP- IKITRIEIL
FFFT-LGK--AEELNNKNTLFGRV PQYP-VKITNIE
FEFX-LAK--TENLTKKHEVFGRV LPLFP-PKIISTNVV
FFFN-LDK- - COWLDKKHT | FGKV PLDPAPKILSVEVL
FFIT-FDR--CDWLDKKNT I FGK I PLHP-PVINSVEVL
FFIT-LDK--ADWLNNRINE I FGRV PLEP-PVIREAEVV
FFIT-LDS--CPWLQKRHEIFGMY  QPVTP- 1 FIKSAQVVID
B6 a p7 B3
—) - — ——)
6 B7 [

— e —

Conservation of hsCys44, hsGlul22 and hsCys164. Excerpts from a multiple sequence alignment of 22 Cwc27 proteins identified in our tree-of-life
analysis. The alignment was built with Jalview (Waterhouse et al., 2009) and calculated with the MUSCLE algorithm (Edgar, 2004). Secondary-structure
annotations are derived from our structures. The full alignment is presented in Supplementary Fig. S3.
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allowing moderate isomerase activity. A tryptophan, required
for optimal isomerase activity, is present in the Cwc27 proteins
of the four species in our analysis that are most divergent from
human: Arabidopsis thaliana, Physcomitrella patens, Chlamy-
domonas reinhardtii and Paramecium tetraurelia. This obser-
vation indicates that either these four species readopted a
PPlase activity in their Cwc27 proteins or, more likely, that
Cwc27 started as an active PPlase (Trpl122) but over time
significantly reduced (Tyr122 or His122) or lost (Glul22) its
catalytic activity. The inactive Cwc27 proteins retained the
ability to bind proline-containing peptides (Davis et al., 2010).

Many other enzyme families also encompass members that
lack key catalytic residues and have lost their enzymatic
activities. However, such pseudo-enzymes are not ‘dead’
proteins but are capable of fulfilling important cellular func-
tions, in many cases by having retained certain aspects of their
original roles as an enzyme, such as certain binding/interaction
abilities. For example, in the case of rhomboid proteases,
proteolytically inactive paralogues, the so-called iRhoms, have
maintained the ancestral ability to bind to type I transmem-
brane proteins but have lost their ability to cleave their targets
(Adrain & Freeman, 2012). Furthermore, some proteins were
originally considered to be pseudo-enzymes but have appar-

75

\

50

37

(b)

2 @ —ctCwc27 PPlase domain

hsCwc27(6-178)
ctCwc27(6-201)

ently retained enzymatic functions under very specialized
conditions. For instance, the neuronal Ca®*/calmodulin-
activated serine-threonine kinase CASK lacks residues indis-
pensable for canonical phosphoryl transfer but may embody
a noncanonical kinase mechanism (Mukherjee et al., 2008).
Higher eukaryotic Cwc27 proteins may have undergone a
similar evolution. While they may exert roles in spliceosomes
that are based purely on their remaining ability to bind
proline-containing peptides, it remains to be seen whether
these proteins, in contrast to isomerizing many different target
peptides, might have evolved to catalyze the isomerization of
very specific sequences, potentially involving Glul22 in the
selection process. Further work, especially the identification
of the in vivo targets of Cwc27, will be necessary to better
understand the role of Cwc27 as a proline binder or a
specialized enzyme.

3.4. Structural comparison with a lower eukaryotic Cwc27
PPlase domain

While establishing the evolutionary history of Cwc27
proteins, we noted that certain fungal Cwc27 representatives
(from N. crassa and C. thermophilum) had acquired a specific

©

Figure 6

Crystal structure of ctCwc27' "', (a) SDS-PAGE of purified ctCwc27'2". (b)
ctCwe27' " crystal obtained 2d after crystallization setup. (¢) Superposition of
ctCwe27%%" (red) and hsCwc27'7® (green). Secondary-structure elements are
labelled (o, a-helix; B, B-strand). The r.m.s.d. is 0.9 A for 168 C* atoms. (d) Residues
80-106 forming the fungus-specific loop of ctCwc27. The central buried Arg96 is
presented as yellow sticks and interacting loop residues are presented as red sticks.
Relevant water molecules are shown in black and hydrogen bonds are shown as dashed
black lines. This view is rotated by —35° about the x axis, +87° about the y axis and +30°
about the z axis compared with that in Fig. 3(a). (e) The proline-binding pocket of
ctCwc27. Residues corresponding to the active-centre residues of hsPPIA are
presented as blue sticks and an ethylene glycol molecule located in the pocket is
presented as orange sticks. The electron-density map is an F, — F. OMIT map
contoured at 3o calculated from a refined model without active-site residues and
ethylene glycol.
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hsCwc27 PPlase domain
ctCwc27 PPlase domain
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Figure
Molecular basis for the increased thermal stability of the ctCwc27 and hsCwc27 PPlase domains. (a) Representactgllfe thermal unfolding graphs of PPIase
domains of hsCwc27°'7® (green) and ctCwc27'2%! (red). Relative fluorescence is indicated in arbitrary units. The melting temperature (7y,) is the
average Ty, of 21 independent measurements each; the reported errors represent the standard deviations. For more detailed results, see Supplementary
Table S1. (b) Comparison of the intramolecular interactions of residues that are presumably relevant for the increased thermal stability of the PPIase
domains of ctCwc27'°! (red) compared with the PPlase domains of AsCwc27°'® (green). Substituted residues are presented as yellow sticks;
interacting residues are presented as red (ct) or green (hs) sticks. Relevant water molecules are shown in black and hydrogen bonds are depicted as
dashed black lines. Comparisons of the environments of ¢/Thr33 and cfThr36 with hsAla33 and hsAla36 (b), of ctThr180 with the homologous region in
hsCwc27 (c), of ctHis43 with hsLeud3 (d), of ctArg158 with hsLys132 (e), of cfTrp121 with AsLeul44 (f) and of ctGlu129 and ctAsn107 with AsAlal04 and
hsPro82 (g) are shown.
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~25-residue insertion in their PPlase domains, the sequence
of which is conserved (20 of 25 residues; Supplementary Fig.
S3). To investigate the structural consequences of this addi-
tional element, we produced and purified the PPIase domain
of C. thermophilum (UniProt ID GORY?38; residues 1-201;
ctCwc27' 2% Fig. 6a). Well diffracting crystals were obtained
within 2d (Fig. 6b). The structure was solved using the
published structure of ~sCwc27%7? as a search model and was
refined at 1.3 A resolution to an R0 0f12.1% and an Ry, of
14.3% (Table 1).

Comparison to the hsCwc27 structures revealed that the
fungal-specific element (residues 80-106 in ctCwc27) formed
an additional loop between B-strands 4 and 5 which did not
alter the structure of the core PPlase domain (r.m.s.d. of 0.9 A
for 168 common C* atoms between ctCwc27 and hsCwc27,
Figs. 6¢, 6d and Supplementary Fig. S6). The proline-binding
centre of the ctCwc27 PPlase domain contains the conserved
residues Arg56, Phe6l, Ile62, Gln64, Alal27, Asn128, Phel40,
Glul48 and Leul49, as well as the nonconserved Asnl53
(Fig. 6e and Supplementary Fig. S3). It is occupied in our
structure by an ethylene glycol molecule, which is located
approximately at the position of the glycerol molecule in the
human structure. Again, the hydrophobic hydrocarbon back-
bone faces the hydrophobic pocket, whereas the hydroxyl
groups are participating in an extensive hydrogen-bond
network in the proline-binding pocket. One hydroxyl group
directly interacts with GIn64 and via water molecules with
Arg56, Asn128 and Asn128; the second hydroxyl group binds
via water to Arg56 and to Asn153. In contrast to the situation
in the human structure, in the C. thermophilum structure we
can observe double conformations of Glul48 and Lys152,
allowing both residues to participate in the hydrogen-bond
network of the proline-binding centre (Fig. 6e and Supple-
mentary Fig. S7). The cysteines of hsCwc27 that form a
disulfide bond in the oxidized PPIlase-domain structure (PDB
entry 2hg6) are not conserved in C. thermophilum (hsCys44
versus ctSerd4 and hsCys164 versus ctlle192). The additional
fungal-specific loop is internally stabilized by a buried arginine
residue, ctArg96, that engages in hydrogen bonds to cfTyr79,
ctAla83, ctPhe84, cfTrp91 and, via water, to ctAsn100 and
ctGly102, as well as in a m-stacking interaction with cfTrp91
(Fig. 6d). It engages in extensive interactions with the PPIase
core (loop residues ctAsp80, ctHis99 and ctAsn100 hydrogen-
bonding to ctGly7S, ctSer77, ctAsnl07, ctGlul29 and cfThr134;
ctTrp81 and ctGIn95 forming water-bridge interactions with
ctAsp110 and ctGly111). Based on these extensive interactions
with the core domain, the loop could contribute to the fold
stability of the protein. Alternatively, or in addition, based on
its exposure at the surface of the PPlase domain it could form
part of a protein—protein interaction site.

3.5. Structural basis for the increased thermal stability of
ctCwc27

The optimal growth temperature of C. thermophilum is
45-55°C and the organism can even tolerate temperatures
of up to 60°C (La Touche, 1948; Amlacher et al., 2011). In a

comparative thermal stability assay, we measured the
temperature-dependent unfolding of human (residues 1-173)
and C. thermophilum (residues 1-201) Cwc27 PPlase-domain
constructs. Both proteins were measured at three different
concentrations, each with seven replicates, resulting in 21
measurements per protein. We observed T, values of 48.12 &
0.52 and 51.32 &£ 0.12°C for the human and C. thermophilum
proteins, respectively (Fig. 7a and Supplementary Table S1),
resulting in a net stability gain of 3.2 £ 0.64°C for ctCwc27' ",
The start of the transition in the C. thermophilum protein was
shifted upwards by ~3°C (38.14 £ 1.56°C compared with
35.24 £ 0.83 °C in the human protein) and exhibited a steeper
slope (more cooperative unfolding) so that it completed at
approximately the same temperature as in the human protein
(55.71 £ 0.56°C compared with 55.38 £ 1.60°C in the human
protein; Supplementary Table S1). Thus, the higher T, of the
ctCwc27 PPlase domain is almost entirely accounted for by
the stabilization of the fully folded state, as opposed to the
stabilization of intermediate conformations.

In some cases, the higher thermal stability of thermo-
tolerant proteins compared with their mesophilic counterparts
can be explained by major structural differences, such as
clamping ‘thermo helices’ (Than et al., 1997; Auerbach et al.,
1998) or homodimerization (Dams et al., 2000). A similar
effect may be exerted by the fungus-specific loop of ctCwc27,
which is engaged in extensive interactions with the PPlase
core (see above). However, the loop is presumably not the
only reason for the increased thermal stability, as it is also
found in the Cwc27 protein of the mesophilic fungus N. crassa
(Supplementary Fig. S3). Another common strategy for
thermal stabilization in proteins is the replacement of residues
with left-handed side chains (@, ¥ of approximately 60°, 30°;
Nicholson et al., 1989) by glycine (90°, 0°) since the B-carbon,
which is not present in glycine, causes steric hindrance with the
carbonyl O atom of the same residue (Ishikawa et al., 1993;
Macedo-Ribeiro et al., 1996, 2001). Although a substitution to
glycine increases the entropy difference between the unfolded
and folded state, the released conformational strain leads to
an overall gain in thermostability (Ishikawa et al., 1993). The
amino-acid composition of the human and C. thermophilum
PPlase domains is rather similar, but there is an overall
reduction in long charged amino acids, i.e. Asp, Glu, Lys and
Arg (hs, 25.1%; ct, 20.9%) and an increase in glycines (s,
9.5%; ct, 13.2%) in C. thermophilum (Supplementary Table
S2). At the structural level, we observed the replacement of
residues with left-handed side chains by glycines: hsAlad7 (¢ =
63.1°, ¢=21.1°) by ctGly47 (¢ = 82.2°, = 11.0°) and hsAsn51
(¢ =59.2°, ¥ = 27.7°) by ctGly51 (¢ = 81.9°, = —2.5°). An
additional way to achieve higher thermostability is to increase
the number of intramolecular interactions (Macedo-Ribeiro
et al., 1996; Auerbach et al, 1997). In ctCwc27, amino-acid
substitutions that generate additional intramolecular inter-
actions include changes to threonines (ctThr33 versus hsAla33
hydrogen-bonding to cfPhe29 and ctCys37; ctThr36 versus
hsAla36 hydrogen-bonding to ctGlulll and via water to
ctLys109 and cfThr154; ctThr180 versus hsAspl152 hydrogen-
bonding to ctArgl82 and ctlle177; Figs. 7b and 7c), although
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the fraction of threonines is only slightly increased (hsCwc27,
6.0%; ctCwc27, 7.1%; Supplementary Table S2). Additional
interactions are also owing to histidines (cfHis43 versus
hsLeu43 hydrogen-bonding to ctTyr48, via water with ctAsp46
and m-stacking with c¢fTyr48; Fig. 7d), arginines (ctArgl58
versus hsLys132 interacting with c¢tGlu27 and hydrogen-
bonding to ctGInl0; Fig. 7e), tryptophan (cfTrpl71 versus
hsLeul44 hydrogen-bonding to ctGIn21 and m-stacking with
ctPhe54; Fig. 7f) and glutamate or asparagine (ctGlul129 versus
hsAlal04 hydrogen-bonding to ctAsnl07 versus hsPro82;
Fig. 7g). Thus, as in many other thermally stabilized proteins
(Macedo-Ribeiro et al., 1996, 2001; Auerbach et al., 1997), the
increased thermal stability of the ctCwc27 PPlase domain
compared with that of AsCwc27 is most likely owing to the
combined effects of several individual amino-acid exchanges.
Several of the contributing amino-acid variations, such as
ctHis43 versus hsLeud3 or ctIrpl71 versus hsLeuldd, are
unique to C. thermophilum among the Cwc27 proteins iden-
tified in our study.
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