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Abstract

Prp8 is a critical pre-mRNA splicing factor. Prp8 is proposed to help form and stabilize the spliceosome
catalytic core and to be an important regulator of spliceosome activation. Mutations in human Prp8
(hPrp8) cause a severe form of the genetic disorder retinitis pigmentosa, RP13. Understanding the
molecular mechanism of Prp8’s function in pre-mRNA splicing and RP13 has been hindered by its large
size (over 2000 amino acids) and remarkably low-sequence similarity with other proteins. Here we
present the crystal structure of the C-terminal domain (the last 273 residues) of Caenorhabditis elegans
Prp8 (cPrp8). The core of the C-terminal domain is an o/f3 structure that forms the MPN (Mprl, Padl
N-terminal) fold but without Zn>* coordination. We propose that the C-terminal domain is a protein
interaction domain instead of a Zn**-dependent metalloenzyme as proposed for some MPN proteins.
Mapping of RP13 mutants on the Prp8 structure suggests that these residues constitute a binding surface
between Prp8 and other partner(s), and the disruption of this interaction provides a plausible molecular

mechanism for RP13.
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Pre-mRNA splicing is carried out by the spliceosome, a
huge RNA/protein complex made of five snRNAs and
over 100 protein factors. Prp8 is a key factor for pre-
mRNA splicing. Prp8 was proposed to help form/stabilize
the catalytic core and to be an important regulator in
spliceosome activation (Collins and Guthrie 2000;
Grainger and Beggs 2005). Prp8 is the only spliceosome
protein that extensively cross-links with the 5’ splice site,
the 3" splice site, the branch point sequence, and the U5
and U6 snRNAs, all of which are considered components
of the catalytic core (Grainger and Beggs 2005 and
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references therein). In addition, Prp8 interacts with a
number of protein partners required for spliceosome acti-
vation (Grainger and Beggs 2005 and references therein;
Brenner and Guthrie 2006; Liu et al. 2006; Small et al.
2006). Many Prp8 mutations suppress or enhance splicing
defects caused by splice-site mutations and other muta-
tions affecting spliceosome activation or the second step
of splicing (Grainger and Beggs 2005 and references
therein). Several mutations in the C terminus of Prp8 are
associated with RP13, a severe form of human genetic
disorder retinitis pigmentosa, which leads to progressive
photoreceptor degeneration in the retina and eventual
blindness (McKie et al. 2001; van Lith-Verhoeven et al.
2002; Kondo et al. 2003; Martinez-Gimeno et al. 2003).

Understanding the molecular mechanism of Prp8’s
function in pre-mRNA splicing and RP13 has been
difficult due to its large size and low-sequence similarity
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with other proteins. Prp8 is one of the largest (over 2000
amino acids in length) proteins in the nucleus. Prp8 has
remarkably low-sequence similarity with other proteins,
making it difficult to deduce function from sequence
analyses. However, Prp8 is highly conserved across spe-
cies, highlighting its essential structural/functional role
for pre-mRNA splicing. To better understand the structure
and function of Prp8, we determined the crystal structure
of the last 273 residues of Caenorhabditis elegans Prp8
(residues 2057-2329) to 2.3 A resolution. We designate
this fragment cC273 and the corresponding fragments in
human and yeast hC273 and yC273. The high-sequence
identity between C. elegans and human and yeast Prp8 (86%
and 59%, respectively) makes cC273 a good homology
model for the corresponding human and yeast Prp8s (yPrp8).

Results and Discussion

Overall structure

cC273 forms a compact single-domain structure that can
be further characterized as an MPN domain core (174
residues) tightly wrapped by a small N-terminal (35
residues) and C-terminal (47 residues) extension (Fig.
1A,B). The extreme N-terminal five residues and C-
terminal 22 residues of cC273 are disordered and cannot
be seen in the crystal structure. The MPN core contains a
B-barrel flanked by helices on opposite sides (Fig. 1C).
The overall fold is similar to the MPN domain structure
of Af2198 (a hypothetical protein from Archaeoglobolus
fulgidus) (Tran et al. 2003; Ambroggio et al. 2004),

A

C. elegans Prp8

although ¢C273 has much longer insertions between
secondary structures compared with Af2198 (Figs. 1C,
2). The dominant feature of the N-terminal extension is a
long helix, and the C-terminal extension contains a sig-
nificant portion of loops. Residues in these loops interact
extensively with the rest of the protein and every loop in
the C-terminal extension has a well-defined conforma-
tion, with similar B factors and electron density quality as
the rest of the protein.

MPN domains are present in proteins of several multi-
subunit complexes (Aravind and Ponting 1998; Glickman
et al. 1998; Hofmann and Bucher 1998) and a subset of
MPN domains were proposed to be Zn**-dependent iso-
peptidases, which remove ubiquitin or ubiquitin-like
molecules from target proteins (Maytal-Kivity et al.
2002; Verma et al. 2002; Yao and Cohen 2002). Bio-
informatics analyses predicted the presence of the MPN
domain, one of the only two small putative domains
predicted for Prp8 (Maytal-Kivity et al. 2002; Grainger
and Beggs 2005). However, the MPN domain in cC273
is 43 residues longer at the C terminus than the domain
boundary predicted by bioinformatics analyses (Maytal-
Kivity et al. 2002; Grainger and Beggs 2005). Expression
of the MPN domain predicted by bioinformatics analyses
resulted in completely insoluble proteins (data not shown)
(Bellare et al. 2006), likely due to improper folding
resulting from the incorrect C-terminal domain boundary.

We found that the MPN domain, even with the correct
domain boundaries, does not exist stably on its own: It is
an integral component of the larger cC273 structure, even
though previous literature has widely regarded the MPN
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Figure 1. Structure of cC273. (A) Schematic view of the ¢C273 construct and its MPN core as well as the N- and C-terminal
extensions in the context of the full-length C. elegans Prp8 (not drawn to proportion). (B) Overall structure of cC273 with secondary
structures labeled. The structure is colored from blue to red in a rainbow spectrum from the N terminus to the C terminus. (C)
Superimposition of the MPN domains of ¢cC273 (blue) and Af2198 (yellow). The MPN domain is rotated 90° compared with B to best
show the comparison. Labels 1-3 are examples of insertions that are much longer in cC273 than Af2198.
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Figure 2. Multiple sequence alignment among cC273, hC273, yC273, and Af2198. The three Prp8 sequences are aligned using
MultAlin (Corpet 1988). Af2198 is aligned with cC273 based on structural superimposition. Secondary structures as they are observed
in the crystal structures of ¢C273 and Af2198 are labeled on top of the cC273 sequence and the bottom of the Af2198 sequence,
respectively. 3;¢ helices are not differentiated from o helices and are both labeled as helices with prefix « for simplicity. Gray
represents residues that are disordered in the crystal structure. Gray bars highlight residues in the JAMM motif. Boxed and underlined

residues are missense and frameshift RP13 mutants, respectively.

domain as an independent domain (Aravind and Ponting
1998; Glickman et al. 1998; Hofmann and Bucher 1998;
Maytal-Kivity et al. 2002). When we removed the N-
terminal or C-terminal extension or both, the truncated
cC273 expressed at similar levels as the entire cC273, yet
the majority of the protein was insoluble (Supplemental
Fig. 1). We suggest that the entire cC273 is a single
domain structure whose central MPN core is a ‘“‘sub-
domain” instead of an independent ‘“domain.”

C273 is likely a protein-interaction domain

There has long been speculation whether the presence of
the MPN domain in Prp8 represents a unique connection
between Prp8 and de-ubiquitination activity as proposed
for some MPN proteins (Maytal-Kivity et al. 2002; Tran
et al. 2003). This subset of the MPN proteins contains the
JAMM motif (E-x[n]-H-x-H-x[7]-S-x[2]-D, where x de-
notes any amino acid). These proteins were thought
to coordinate a Zn>* ion (through the conserved His and
Asp residues) and function as Zn**-dependent isopepti-
dases to remove ubiquitin or ubiquitin-like molecules
from target proteins (Maytal-Kivity et al. 2002; Verma
et al. 2002; Yao and Cohen 2002). The MPN domain of
Prp8 contains a partial JAMM motif, where the first Glu
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and one of the His in the canonical JAMM motif are
changed to Gln (Fig. 2). The change from His to Gln does
not necessarily exclude Zn>* binding, since Gln can still
coordinate Zn>* (Lesburg et al. 1997). Using anomalous
data collected at the wavelength of zinc’s absorption
edge, we demonstrated that cC273 does not bind Zn**
even when soaked with ImM ZnCl, (data not shown).
There is no water or other cations occupying the equiv-
alentZn>* position. Consistent with this observation, muta-
tion of all four non-Ala residues in the JAMM motif to
Ala in yPrp8 did not produce any phenotype at a permis-
sive temperature, suggesting that the JAMM motif is not
important for Prp8’s function (Bellare et al. 2006). Taken
together, Prp8 does not bind Zn>* and is unlikely a Zn**-
dependent isopeptidase like some MPN proteins.
Instead, available evidence suggests that C273 is a
domain specialized for protein—protein interaction in Prp8.
yC273 was found to bind ubiquitin, even though it does not
have deubiquitination activity (Bellare et al. 2006). The last
94 residues in hPrp8 (which mostly fall in the C-terminal
extension of C273) were reported to bind a multifunctional
protein PAI-2 (Fan et al. 2004). Yeast two-hybrid analyses
showed that the C-terminal region of yPrp8 interacts with
Brr2 (van Nues and Beggs 2001) and hPrp8 (1986-2335)
interacts with Brr2, Snul 14, and the N-terminal domain of
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Prp8 (Liu et al. 2006). To examine whether C273 directly
interacts with some of the protein factors listed in the above
yeast two-hybrid analyses, we performed GST-pull down
assay using yeast yC273. We demonstrated that GST-
yC273 specifically pulled down in vitro-translated yeast
Snull4 (ySnull4) (Fig. 3), confirming the direct physical
interactions between C273 and Snull4. Previous data also
demonstrated the interaction between the N-terminal region
of Prp8 and many other proteins (Boon et al. 2005;
Grainger and Beggs 2005 and references therein; Liu
et al. 2006). Taken together, the large Prp8 may segregate
its functions into different regions of the protein: Regions in
the middle of Prp8 contact RNA (Reyes et al. 1996; Turner
et al. 2006), whereas the N- and C-terminal regions are
likely the protein interaction domains that associate with
other spliceosome proteins. Prp8 may use these interactions
to regulate the assembly or activation of the spliceosome
(Kuhn et al. 1999, 2002; Kuhn and Brow 2000; Bellare
et al. 2006; Small et al. 2006).

Retinitis pigmentosa mutants likely disrupt
protein interactions

C273 contains all known RP13 mutants. To gain insight into
the RP13 disorder, we mapped equivalent RP13 mutants
onto the cC273 structure (the equivalent C. elegans residues
are designated by prefix c-, and their corresponding human
residues are in parentheses). The structure shows that all 12
RP13 mutations are located in the C-terminal extension
(Figs. 2, 4A). Of these, the eight residues located at and
downstream from c-R2303 (h-R2310) are particularly
revealing for understanding the molecular mechanism of
RP13. ¢-R2303 and c-F2307 (h-R2310 and h-F2314) reside
near the end of the C-terminal extension and face the

ySnuii4 == —-—

L. GST-yC273

W | GsT

Figure 3. GST-yC273 can pull down in vitro-translated ySnul 14 (residues
618-1008). GST alone and GST-yC273 were expressed in E. coli, purified
with glutathione resin, incubated with in vitro-translated ySnul14 (*°S-
labeled), washed, and separated by SDS-PAGE. The polyacrylamide gel
was stained with Coomassie Blue to show equal loading of GST and GST-
yC273 (bottom). The gel was dried, and bound ySnul14 was visualized by
autoradiography (fop).

solvent (Fig. 4A). The remaining five frameshift and one
missense RP13 mutations are downstream from c-F2307
(h-R2314) and fall within the terminal peptide that is
disordered in the cC273 structure. We reason that because
these residues either face the solvent or reside on disordered
terminal peptides, mutations at these sites are unlikely to
affect the overall structure of cC273.

To test this hypothesis, we generated hC273 carrying
four RP13 mutants at or downstream from h-R2310
(h-R2310K, h-R2310G, h-F2314L, and a 21-nt deletion
immediately downstream from h-V2325). All mutants
were expressed in Escherichia coli at similar levels as
the wild type and led to production of well-behaved
soluble proteins. Gel-filtration chromatography showed
that all four mutants eluted identically to the wild type as
monomers (Fig. 4B). Additionally, circular dichroism
(CD) spectroscopy indicated that all four proteins had
essentially identical secondary structure content and
melting temperatures (Fig. 4C).

We further determined the crystal structure of cC273
R2303K mutant (equivalent to h-R2310K) to 2.1 A reso-
lution. The c¢C273 R2303K mutant had identical solution
behavior as the wild type and crystallized under similar
conditions. The crystal structure of this mutant is identical
to the wild type, with the only exception being that c-R2303
was replaced with Lys and the side chain of c-E2300
moves slightly (OE2 moves 2.5A) to form a hydrogen bond
with ¢c-K2303 in the mutant structure (Fig. 4A). Since the
¢-R2303K mutant causes zero disturbance to the overall
structure of ¢C273 and both ¢c-E2300 and c-R2303 are
completely exposed to solvent, the most logical explanation
for the biological effect of this mutation is that it disrupts
the interaction(s) between Prp8 and other partner(s).

The above data support the hypothesis that the extreme
C-terminal peptide of Prp8 (c2303-c2329, corresponding
to h2310-h2335) constitutes a direct binding interface
between Prp8 and other partner(s). Mutations on this
surface, therefore, could lead to the disruption of the
critical protein—protein interactions necessary for func-
tion, providing a possible molecular mechanism that
underlies the RP13 disorder. Although the peptide down-
stream from c-F2307 (h-F2314) is disordered in our
crystal structure, it may take on a defined conformation
upon interaction with its partner. The three residues in
this region, where missense mutations occur (c-R2303,
c-F2307, and c-F2328, corresponding to h-R2310, h-F2314,
and h-Y2334), are likely key residues on this interface that
interact with Prp8’s binding partner. Since the side-chain
conformation of c¢-E2300 (h-E2307) is altered in the
¢-R2303K mutant, c-E2300 (h-E2307) may contribute to
this interaction as well.

Inspection of the remaining RP13 mutants on the
four residues upstream of c-R2303 (h-R2310) on the
cC273 structure further supports the role of the lost
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Figure 4. RP13 mutations. (A, left) Residues corresponding to the human RP13 mutations (ball and stick models) are located on the
C-terminal extension of the ¢C273 structure (ribbon diagram). Dark blue, cyan, and purple backbones represent the N-terminal
extension, MPN core, and C-terminal extension, respectively. (Middle) RP13 mutants on a surface representation (Nicholls et al. 1991) of
the cC273 structure. Note that c-P2294 is partially exposed to the protein surface and c-Y2297 and c-H2302 are completely buried and
invisible from the protein surface. (Right) Structural comparison of the cC273 R2303K mutant (silver backbone and silver residues) and
wild-type cC273 (blue backbone and blue residues). (B) S200 gel filtration profiles and (C) CD spectra of four RP13 mutants indicate
that these mutations do not affect the overall folding of the protein. All proteins were expressed and purified under identical conditions.

protein/protein interaction in the RP13 disorder. Three of
these residues (c-P2294, c-Y2297, and c-H2302, equivalent
to h-P2301, h-F2304, and h-H2309) are located immedi-
ately upstream of c-R2303 (h-R2310) pointing inward
toward the protein and interacting with other residues on
the protein (Fig. 4A). Mutations of these residues are very
likely to disrupt these interactions, consequently altering
the conformation of the downstream C-terminal peptide.
These mutations may also destabilize the protein to a
certain extent, since the hydrophobic protein surface that
is normally covered by these residues will now be exposed.
The frameshift mutation located at c-1.2291 (h-L.2298) will
have a similar effect as the three missense mutations,
altering the conformation of the downstream C-terminal
peptide and indirectly disrupting the interaction between
Prp8 and other partners.

1028 Protein Science, vol. 16

RP13 mutants possibly disrupt the binding between Prp8
and one of its spliceosome partners (such as Brr2, Snul 14,
or the N-terminal region of Prp8) or ubiquitinated splic-
ing factor(s). A retina-specific splicing or alternative
splicing product may be highly sensitive to these disrup-
tions. Alternatively, the RP13 mutations may disrupt the
interaction between Prp8 and a yet to be defined partner,
which reflects an unknown function of Prp8 specific to
the retina.

Implications for the structure and function
of other MPN proteins

A subset of the MPN proteins containing the JAMM
motif was proposed to be metalloenzymes, but the
general function of many ‘“plain” MPN proteins remains
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unknown. cC273 is the first MPN protein structure
determined outside of the archaeca MPN protein realm,
providing a unique opportunity to evaluate the structure
and function of eukaryotic MPN proteins in general.
Contrary to the popular notion that the MPN domain is
an independent structure and function unit, we demon-
strated that the MPN domain in Prp8 is an integral com-
ponent of the larger single-domain structure of cC273.
Tran et al. (2003) also noted that with the exception of
archaea Af2198, none of the typical MPN domains can be
expressed as soluble proteins. Multiple sequence align-
ment of cC273 and six representative MPN proteins show
that a small N-terminal extension and a much longer
C-terminal extension are always present on each side of
the MPN domain (Supplemental Fig. 2). An attractive pos-
sibility is that, like cC273, the MPN domain in other
proteins is also an integral component of the structure and
function of the entire protein and should be more
accurately regarded as ‘““subdomain.” The MPN domain,
in general, may serve as a common scaffold that accom-
modates different N- or C-terminal extensions to create
unique protein-interaction surfaces (together with the
MPN domain core) in different MPN proteins.

Supporting the above idea, Rpn8 and Rpnl1 (two MPN
proteins in the proteasome lid complex) are involved in
extensive interactions with other subunits (Fu et al. 2001;
Sharon et al. 2006) and the MPN domain and residues
in the C-terminal extension are both required for these
interactions (Fu et al. 2001). Although the JAMM-
containing MPN proteins were thought to act as metallo-
enzymes, none of these proteins have been demonstrated
to have enzymatic activity on their own (Maytal-Kivity
et al. 2002; Verma et al. 2002; Yao and Cohen 2002; Tran
et al. 2003; Ambroggio et al. 2004). It is worth considering
whether these MPN proteins also bind another protein(s)
that together fulfill substrate binding and/or enzymatic
activity. The possible function of the MPN domain as a
common scaffold for creating unique protein-binding sur-
faces in each MPN protein may also be the underlying
reason why MPN domains appear in several multiprotein
complexes with drastically diverse functions—from protein
degradation (proteasome and signalosome) to splicing
(spliceosome) to translation (elF3).

Materials and Methods

Protein expression and purification

C. elegans Prp8 residues 2057-2329 (cC273) were subcloned into
a pGEX-6P-1 vector (GE Healthcare) and expressed in E. coli
strain XA90 as a GST-fusion protein. The fusion protein was first
purified using glutathione sepharose resin and cleaved using
PreScission protease (GE Healthcare). The resultant cC273 was
further purified on a Superdex-200 (S200) gel-filtration column
and concentrated to 12 mg/mL for crystallization trials.

Crystallization and data collection

cC273 was crystallized by the hanging-drop vapor diffusion
method using a well solution containing 0.1 M Hepes (pH 7.0),
14% PEG4000, and 0.2 M MgCl,. The cC273 R2303K mutant
was generated using the QuikChange Site-Directed Mutagenesis
kit (Stratagene) and was expressed and purified using a protocol
similar to that used for the native protein. cC273 R2303K was
crystallized using a well solution containing 0.1 M Hepes (pH
7.0), 14% PEG4000, and 0.22 M MgCl,. All crystallographic
data were collected using the mail-in data collection program at
the National Synchrotron Light Source (NSLS). Data were
processed using the HKL.2000 package (Otwinowski and Minor
1997) and data statistics are shown in Supplemental Table 1.

Structural determination

The structure of cC273 was determined using the Se-Met SAD
method and programs Solve and Resolve (Terwilliger and
Berendzen 1999) with Se-Met positions identified by program
HKL2MAP (Page and Schneider 2004). The initial electron
density map was of excellent quality and most of the main chain
and side chains were traced without any ambiguity. The
structure of the R2303K mutant was solved with the Molecular
Replacement method using the native cC273 as a model (with
R2303 replaced with Ala). Refinement of both structures was
performed using CNS (Brunger et al. 1998) and refinement
statistics are shown in Supplemental Table 1. Coordinates of
both structures have been deposited in the Protein Data Bank
with ID code 2P87 (cC273) and 2P8R (R2303K).

CD spectroscopy

CD spectroscopy was performed on a Jasco-810 spectrometer
using 0.2 mg/mL protein in 25 mM Tris-HCl (pH 8.0) and
100 mM NaCl. Each spectrum was an average of eight wave-
length scans collected at 0.2-nm intervals from 198 to 250 nm.
Temperature-induced denaturation was monitored by CD at a
wavelength of 222 nm using 0.6 mg/mL protein from 5°C to
90°C. CD data points were taken at 1°C intervals at a scan rate
of 60°C/hour.

GST pull down

ySnull4 (residues 618—1008) was subcloned into a pTNT
vector (Promega) and in vitro translated using °S-Met
(GE Healthcare) and the TnT Quick Coupled Transcription/
Translation System (Promega) following the manufacturer’s
instructions. In vitro-translated ySnull4 was incubated with
glutathione resin containing GST-yC273 in binding buffer
(50 mM Tris-HCI at pH7.5, 120 mM NaCl, 2 mM EDTA,
0.2% NP40, 1 mg/mL BSA) at 4°C for 1 h. Resin was washed
four times with binding buffer minus BSA, added with 2X SDS
sample buffer and boiled for 5 min. The sample was analyzed on
a 12% SDS—polyacrylamide gel, stained with Coomassie Blue,
dried, and visualized by autoradiograph.
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Note added in proof

While this manuscript was in preparation, the structure of the
C-terminal domain of yPrp8 was published (scPrp8p>'*"~>*"7)
(Pena et al. 2007). We and Pena et al. both reached similar
conclusions independently. The two structures are highly similar
(overall RMSD 1.5A for C, atoms) with differences concentrated
on the loop regions (Supplemental Fig. 3). ¢cC273 should be a
better homologous model for hPrp8, considering hPrp8 is 74%
identical to cPrp8 and 43% identical to yPrp8 in this region. The
last nine residues in scPrp8p?'*’*7 protrude from the compact
portion of the structure and engage in crystal packing contacts.
Most of the equivalent residues and the additional 16 C-terminal
residues in our structure are disordered. The apparent flexibility of
this C-terminal peptide supports the hypothesis that this peptide
may become ordered and adopt different conformations upon
interacting with other protein(s). We showed that yC273 pulled
down in vitro-translated ySnull4, which complements the yeast
two-hybrid analyses performed by Pena et al. (2007) with hPrp8.
The similar conclusions independently arrived from structural
studies of Prp8 from two species strongly support the general
function of the C-terminal domain as a protein-interaction domain
and the role of disrupted protein/protein interaction in RP13.
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