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Abstract Inteins are protein-intervening sequences found
inside the coding region of different host proteins and are
translated in-frame with them. They can self-excise through
protein splicing, which ligates the host protein flanks with a
peptide bond. In this study, four different species of the
genus Penicillium were investigated for the presence of
inteins inside the conserved splicing-factor protein PRP8.
We identified 157 to 162 amino acid in-frame insertions in
the PRP8 protein of Penicillium chrysogenum, Penicillium
expansum, and Penicillium vulpinum (formerly Penicillium
claviforme). The Penicillium PRP8 inteins are mini-inteins
without a conserved endonuclease domain. We demonstrat-
ed that the PRP8 mini-inteins of P. chrysogenum, P.
expansum, and P. vulpinum undergo autocatalytic protein
splicing when heterologously expressed in E. coli, in a
model host protein, and in a divided GFP model system.
They are, thus, among the smallest known nuclear-encoded,
active splicing protein elements. The GFP assay should be
valuable as a screening system for protein splicing inhibitors
as potential antimycotic agents and as tools for studying the
mechanism of protein splicing of fungal mini-inteins.

Introduction

Inteins are self-catalytic protein-splicing elements that
disrupt a host gene and its protein product (Liu 2000). At
the protein level, the intein is excised precisely and its
flanking sequences, termed N- and C-exteins, are joined
with a peptide bond to produce the mature spliced protein
(Perler et al. 1994). Protein splicing is a posttranslational
processing event that releases an internal protein sequence
from a protein precursor. The mechanism of protein
splicing typically consists of four steps: two acyl

rearrangements at the two splicing junctions, a trans-
esterification between the two junctions, and cyclization of
a residue at the C-terminal junction. The splicing reaction
is, thus, dependent on three highly conserved residues at
both splice-site junctions. The vast majority of inteins
posses an asparagine residue at their C-termini and a
hydroxyl- (serine) or thiol- (cysteine) containing residue
after each splice junction (Paulus 2000; Pietrokovski 2001;
Gogarten et al. 2002).

Protein-splicing elements were first described in fungi,
when an in-frame insertion was identified in the Saccha-
romyces cerevisiae VMA gene encoding a vacuolar
ATPase. The insertion was unrelated to the sequence of
homologue ATPases and it was demonstrated that the
mature VMA protein lacked the protein insertion (Hirata et
al. 1990; Kane et al. 1990). Meanwhile, inteins have been
found in all three domains of life: Eukaryotes, Bacteria and
Archaea [InBase, the New England Biolabs Intein database
(Perler 2002)]. They are present in proteins with diverse
functions including metabolic enzymes, enzymes involved
in DNA repair, DNA and RNA polymerases, spliceosomal
factors, proteases, ribonucleotide reductases, and the
vacuolar-type ATPase (Pietrokovski 2001; Perler 2002).
The majority of inteins contain two discrete functional
domains, the homing endonuclease domain and the
splicing domain (Liu 2000; Pietrokovski 2001).

Because of their endonuclease activity, fungal inteins
appear to spread by the same mechanism as that described
for introns that harbour a homing endonuclease (Gogarten et
al. 2002). The endonuclease domains of inteins are not
involved in protein splicing (Belfort and Roberts 1997). This
splicing is carried out by a ∼140-amino-acid splicing
domain. Inteins containing an endonuclease domain are
termed large inteins; inteins without an endonuclease
domain are termed minimal inteins (mini-inteins) (Liu
2000).

So far, several inteins have been detected in fungal
organisms (Pöggeler 2005). They are located in the VMA
gene of ascomycetous yeasts and in the prp8 gene of
basidiomycetes and filamentous ascomycetes. The PRP8
protein is one of the largest and most highly conserved
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nuclear proteins occupying a central position in the
catalytic core of the spliceosome (Grainger and Beggs
2005). A short intein without an endonuclease domain was
shown to be present in the prp8 gene of the fungal
pathogen Cryptococcus neoformans (Butler et al. 2001).
Subsequent studies have found allelic (occupying the same
genetic site in different species) PRP8 inteins with a large
endonuclease domain in the ascomycetes Histoplasma
capsulatum, Aspergillus nidulans, and Aspergillus fumiga-
tus (Liu and Yang 2004). Recently, large inteins have been
identified in the glutamate synthase gene glt1 of the yeasts
Debaryomyces hansenii and Pichia guillermondii, as well
as in the glt1 gene and the chitin synthase gene chs2 of the
filamentous ascomycete Podospora anserina (Butler et al.
2005).

Inteins are typically found inserted in regions of their
host proteins that are especially well-conserved across
species, thus facilitating the amplification of this region by
PCR. In this study, we investigated the distribution and
evolutionary history of PRP8 inteins in the genus Penicil-
lium. Four different species of Penicillium were examined:
P. expansum, P. chrysogenum, P. vulpinum (formerly P.
claviforme), and P. thomii. These species were selected
because of their frequency in nature and their ability to
grow on a wide variety of substrates. Moreover, some
species of the genus Penicillium produce important
secondary metabolites that are mycotoxins and antibiotics.
P. chrysogenum is one of the major producers of the β-
lactam antibiotic penicillin (Elander 2003). P. expansum is
the causal agent of blue mold rot, the most devastating
pathogen in harvested fruits. It causes significant loss to the
fruit industry and is of concern in fruit products because of
its production of the mycotoxin patulin (Pitt 1979; Majerus
and Kapp 2002). P. thomii was found to have no PRP8
intein; thus, in this paper, we report the characterization of
PRP8 mini-inteins of P. chrysogenum, P. expansum, and P.
vulpinum by sequence analysis and splicing activity.

Materials and methods

Gene cloning and sequence analysis

Escherichia coli strain SURE was used as host for plasmid
amplification (Greener 1990). Cloning and propagation of
recombinant plasmids was done under standard conditions
(Sambrook et al. 2001). Penicillium strains used in this study
were obtained from the culture collection of the Ruhr-
University Bochum, Department of General and Molecular
Botany: P. chrysogenum, Pch-1; P. expansum, Pex-1; P.
vulpinum, Pvu-1, and P. thomii, Pth-1. For isolation of total
genomic DNA, mycelia were cultivated for 2–3 days in Petri
dishes containing 20ml of CCM (Walz and Kück 1995). The
extraction of DNAwas performed according to Pöggeler et
al. (1997). Coding sequences of prp8 inteins and parts of
their flanking exteins were amplified by doing polymerase
chain reaction using the primer pair prp8-5 (5′-ATGAA
GAGCAATCCATTCTGGTGGAC-3′) and prp8-3 (5′-

TTGGCACGGTTGATGGTAGGTGACCACCA-3′). Prim-
ers were designed according to the prp8 sequences of the
fully sequenced genomes of Aspergillus fumigatus (at http://
www.tigr.org/tdb/e2k1/afu1/), Aspergillus nidulans, Fusari-
um graminearum, Magnaporthe grisea, and Neurospora
crassa (at http://www.broad.mit.edu/annotation/fungi).

The amplified DNAs were cloned into a pDrive plasmid
vector (Qiagen, Hilden, Germany). At least two clones
were subjected to automated sequencing by MWG-Biotech
Customer Service (Ebersberg, Germany). Nucleotide
sequences were deposited in the EMBL database under
the following accession numbers: P. thomii, AM042014; P.
chrysogenum, AM042015; P. vulpinum, AM042016; and
P. expansum, AM042017.

Sequence analysis

Protein sequence alignments were performed using the
ClustalX program (Thompson et al. 1997).

Protein splicing analysis in E. coli

To construct gene expression plasmids, PRP8 intein
coding sequences with 5 N- and 4 C-terminal extein
residues were amplified with the following pair of primers:
prp8-if (5′-GGATCCTTCTGGGAGAAAGCGTGTCTC
GC-3′) and prp8-ir (5′-GGATCCATGGTGATGGTGATG
GTGAGATCCTCTTTCGAAACCACTGTTGTGCAG-3′).
Both primers generated BamHI sites at the 5′ ends, and a
RGSHHHHHH-tag in case of the prp8-ir. The PCR ampli-
fication products containing the prp8 intein coding sequence
with flanking extein sequences (5aa and 4aa, respectively) of
P. chrysogenum, P. vulpinum, and P. expansum fused to the
RGS-His-tag were cloned into PCR cloning vector pDrive
(Qiagen, Hilden, Germany). DNA sequences were con-
firmed by sequencing the PCR fragments (MWG-Biotech
Customer Service, Ebersberg, Germany). Subsequent to
sequencing, plasmids were digested with BamHI and the
531-bp (P. chrysogenum), 546-bp (P. expansum), and 543-bp
(P. vulpinum) intein-His-tag fragments were cloned into the
single BamHI sites of the GST-vector pGEX-4T-1 (Amers-
ham Bioscience, Europe GmbH, Freiburg, Germany),
respectively. The BamHI fragments were either fused in
frame with the GST gene of pGEX-4T-1 (pGPch-1, P.
chrysogenum; pGPvu-1, P. vulpinum; pGPex-1, P. expan-
sum) or fused in antisense orientation with the GST gene of
pGEX-4T-1 (pGPch-2, P. chrysogenum; pGPvu-2, P.
vulpinum; pGPex-2, P. expansum). A splicing incompetent
variant of plasmid pGPex-1 was prepared by generating
amino acid substitutions at the C-terminal splice site junction
of the P. expansum intein. To replace the C-terminal Asn
codon of the intein and the first residue of the C-terminal
extein we used oligonucleotides prp8-if and prp8-ir-3 (5′-
GGATCCATGGTGATGGTGATGGTGAGATCCTCTTTC
GAAACCAGCGTGGTGCAG-3′) for PCR amplification of
the P. expansum prp8 intein. Oligonucleotide prp8-ir-3 leads
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to an His/Ala substitution at the Asn/Ser wild-type intein/
extein junction. To generate pGPex1-1, the amplified
fragment was cloned in frame to the GST gene into the
BamHI site of pGEX-4T-1.

To introduce the intein of P. expansum into a split version
of the GFP protein, we used plasmid pHGSapS (a kind gift
from Henry Paulus, Boston Medical Research Institute) and
constructed plasmid pHGPexS. Plasmid pHGSapS is
identical to pHGSap described in (Gangopadhyay et al.
2003a), except for the substitution of the Ser codon TCG for
the Cys codon TGTat positions 6195–6197 (Paulus, personal
communication). Plasmid pHGSapS encodes a variant of
GFPUV (Crameri et al. 1996)with aHis-tag at theN-terminus,
the substitutions E125V and I129S, and a nonapeptide
insertion after I129S. The insertion is flanked by tandem SapI
sites. To construct pHGPexS, the P. expansum intein was
amplified with oligonucleotides SaPex-1 (5′-GCTCTTC
GTGCCTTGCCAAGGGAACCCGTCTA-3′) and SaPex-2
(5′-GCTCTTCGCGAGTTGTGCAGGACAAGGTAGTC-3′)
generating SapI recognition sites at both ends of the intein.
The insertion of the PRP8 intein adjacent to GFP S129 was
effected by the SapI strategy previously described by
Gangopadhyay et al. (Gangopadhyay et al. 2003b), using
the coding region for the P. expansum intein flanked by
SapI sites to replace the nonapeptide insert in plasmid
pHGSapS. The DNA sequence of all plasmids was verified
by sequencing at MWG-Biotech Customer Service (Ebers-
berg, Germany).

Plasmid encoded proteins were overexpressed in E. coli
strain BL21(DE3) Gold (Stratagene, La Jolla, CA, USA).
Cultures were grown in liquid Luria Broth (LB) medium at
37°C with shaking to a culture density (A600) of about 0.6
and incubated with 0.5 mM isopropyl-1-thio-β-D-galacto-
pyranoside (IPTG) at 37°C for 4 h. Cells were harvested by
centrifugation and lysed in SDS-containing gel-loading
buffer in a boiling-water bath before electrophoresis in a
15% SDS-polyacrylamide gel.

The protein transfer to polyvinylidene difluoride Western
blotting membrane (Biometra, Göttingen, Germany) was
performed by using a semi-dry blotting system (Biometra,
Göttingen, Germany). The detection was carried out with a
(1:6,000) polyclonal anti-His-RGS antibody (Qiagen, Hil-
den, Germany) or with a (1:100,000) anti-GST antibody or
with a (1:8,000) polyclonal anti-GFP living-colours peptide
antibody (BD Bioscience, France) and with the chemilumi-
nescence Western blotting kit (Roche, Germany), as
described by the manufacturers.

GFP fluorescence measurements

Recombinant GFP fusion protein was isolated as described
by Gangopadhyay et al. (2003a). Cultures (50 ml) of E. coli
strain BL21(DE3) Gold (Stratagene, La Jolla, CA, USA)
transformed with pHGSapS and pHGPexS were grown at
37°C in Luria broth supplemented with 100 μg/ml ampicil-
lin. At a culture density (A600 nm) of 0.5, the cultures were
induced with 0.5 mM IPTG and allowed to grow for another

4 h at 37°C. Cells were harvested by centrifugation at
6,500×g for 10 min, resuspended in 3 ml of buffer A
(20 mM sodium phosphate, pH 7.5, 0.5 M NaCl) and
disrupted by sonication. The pellet obtained by centrifuga-
tion at 16100×g for 20minwas resuspended in 2ml of buffer
B (buffer A supplemented with 8 M urea) to extract the
inclusion bodies and centrifuged at 16,500×g for 10 min to
remove the insoluble material. Renaturation of the purified
inclusion bodies in 8 M urea was affected by dialysis at 4°C
against 200 volumes of buffer C (20 mM sodium phosphate
buffer, pH 7.0, supplemented with 0.5 M NaCl and 0.5 M
arginine) with three buffer changes at 30-min intervals. GFP
fluorescence was measured with a JASCO spectrofluoro-
meter (Model FP-6500/6600, Jasco International Co., Japan)
using an excitation at 395 nm by scanning the emission
spectra between 450 and 600 nm. The band width for both
excitation and emission spectra was 5 nm.

Results

The prp8 gene of three Penicillium species contains
an intein

To assess the occurrence of inteins in the prp8 gene of
species of the genus Penicillium, putative intein-containing
fragments, according to the insertion site of previously
identified C. neoformans, A. nidulans, A. fumigatus, andH.
capsulatum prp8 inteins (Butler et al. 2001; Liu and Yang
2004) were amplified from the genomic DNA of P.
chrysogenum, P. expansum, P. vulpinum, and P. thomii.
PCR amplifications were performed with oligonucleotides,
allowing the detection of an intein sequence in an
approximately 300-bp fragment of the prp8 gene encoding
the conserved 3.2 region of the PRP8 protein. The presence
of an intervening sequence, an intein and/or intron
sequence, can thus be revealed by the amplification of a
longer PCR fragment. While the amplification of the P.
thomii genomic DNA revealed a fragment of 300 bp, a
fragment of approximately 800 bp was amplified from the
genomic DNA of P. chrysogenum, P. expansum, and P.
vulpinum (Fig. 1).

The prp8 amplicons were cloned and their sequences
were determined. The results confirmed an intron- and
intein-less prp8 fragment in P. thomii and the presence of
an intervening sequence of 471, 486, and 483 bp in the P.
chrysogenum, P. expansum, and P. vulpinum prp8 genes,
respectively. The deduced amino acid sequence revealed
that they encode relatively small mini-inteins ranging in
size from 157 to 162 amino acids. Similar to the PRP8
inteins of strains of the basidiomycete C. neoformans, but
in contrast to PRP8 inteins of the filamentous ascomycetes
A. nidulans and A. fumigatus, an endonuclease domain is
missing in the Penicillium PRP8 inteins (Liu and Yang
2004).

The Penicillium inteins are located at exactly the same
insertion site as inteins of C. neoformans, A. fumigatus, A.
nidulans, and H. capsulatum (Butler et al. 2001; Liu and
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Yang 2004). This insertion site is within an exceptionally
well-conserved domain of PRP8 proteins, which is referred
to as the 3.2 region. This region of the PRP8 protein is
purportedly responsible for promoting RNA-mediated
catalysis between the conserved 3′ splice site, the 5′ splice
site, and the branchpoint of introns (Grainger and Beggs
2005). Apart from the conserved integration site, other
sequence features indicate that the Penicillium prp8
intervening sequences encode inteins: the inteins are in-
frame with the PRP8 sequence and all amino acid residues
providing nucleophilic groups in self-splicing reactions are
present (Liu 2000; Noren et al. 2000). These include the
first cysteine, the penultimate histidine, and the last
asparagine residues of the inteins, as well as the first
serine residue of the downstream extein. Moreover,
conserved sequence blocks [A, B, F, and G (Pietrokovski
1994; Perler 2002)] were identified when the Penicillium
inteins were aligned with known fungal PRP8 inteins
(Fig. 2). Hereafter, the inteins identified in P. chrysogenum,

P. expansum, and P. vulpinum are referred to as Pch PRP8,
Pex PRP8, and Pvu PRP8, respectively.

Analysis of protein splicing of Penicillium PRP8
inteins

To determine whether the prp8 inteins of P. chrysogenum, P.
expansum, and P. vulpinum are functional, we tested their
protein-splicing activity in E. coli cells. Plasmid-borne
fusion genes were constructed to produce proteins in which
the Penicillium inteins (plus their 5-aa native N-extein
sequences and 4-aa native C-extein sequence) were fused to
an N-terminal GST protein and a C-terminal His-tag (Fig. 3).
Similarly, fusion proteins consisting of an N-terminal
maltose-binding protein and a C-terminal thioredoxin have
been used in previous studies to analyze the activity of fungal
PRP8 inteins (Liu and Yang 2004). A C-terminal His-tag as
C-extein, together with an N-terminal maltose-binding
protein, has been previously used to analyze splicing of a
Pyrococcus abyssi intein (Mills et al. 2004).

In our experimental system, splicing in E. coli is
expected to result in the conversion of the 49.9–51.0-kDa
GST-Intein-His-tag (GIH) precursor to the 32.2-kDa GH-
spliced product and the 17.7–18.8-kDa excised intein (I).
Cleavage at the N-terminal splice junction would be
expected to result in the production of G (29.3 kDa) and IH
(20.6 to 21.7 kDa).

SDS-PAGE analysis resulted in bands consistent with
the formation of spliced products (GH) and excised inteins
(I), which were identified by their predicted size. Precursor
proteins, spliced products, and a splice intermediate
consisting of the intein and the C-terminal His-tagged
extein were further identified by using an anti-His-RGS
antibody. The precursor (GIH) and the intein/C-extein
splice intermediate (IH) of E. coli cells carrying pGPch-1
were only detected after a prolonged exposure, indicating
the protein splicing was most efficient with the Pch PRP8
intein. The identity of His-tagged GST-splice products was
also verified by Western blot analysis with an anti-GST
antibody (Fig. 3). Penicillium inteins were also introduced
in antisense orientation into the vector pGEX-4T-1. E. coli
transformants carrying these constructs (pGPch-2, pGPex-
2, or pGPvu-2) did not exhibit any protein-splicing activity.
Only in the case of pGPvu-2 was the GST protein
synthesized. Most probably because of instability of the
GST fusion with the antisense constructs, E. coli
transformants carrying pGPch-2 or pGPex-2 did not
synthesize the GST protein at all.

Temperature did not influence the splicing efficiency of
the Penicillium mini-inteins. Each of the Penicillium PRP8
inteins showed efficient protein splicing at room temper-
ature as well as at 37 or 42°C with little or no precursor
protein remaining (data not shown). Similarly, tempera-
ture-independent splicing has previously been reported for
the A. fumigatus, A. nidulans, and C. neoformans PRP8
inteins. Only the H. capsulatum PRP8 intein has been
shown to exhibit significantly less protein-splicing activity
at 37°C (Liu and Yang 2004).
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Fig. 1 PCR amplification of the prp8 gene fragments from P.
thomii, P. chrysogenum, P. expansum and P. vulpinum. a Schematic
comparison of prp8 fragments amplified from P. chrysogenum,
P. vulpinum, P. expansum, and P. thomii with the prp8 gene of
C. neoformans. Inteins are indicated in grey, introns as black
bars. b Gel electrophoresis of PCR amplicons produced with
primer pair prp8-5 and prp8-3 from the genomic DNA of P.
thomii, P. chrysogenum, P. expansum, and P. vulpinum. Lane C
represents a negative control without DNA
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Amino acid substitution at the intein/C-extein junction
prevent splicing of the Pex PRP8 intein

To confirm that the splicing mechanism of the Penicillium
PRP8 inteins involves the four steps of the splicing
procedure identified for the majority of inteins, the activity
of a mutated Pex PRP8 intein (encoded by pGPex1-1) was
analyzed. Substitution of the conserved intein terminal Asn
by His and the C-terminal flanking residue Ser by Ala
completely prevented splicing activity (Fig. 4). SDS-PAGE
and Western blot analysis using the anti-His-RGS antibody
detected a band consistent with the production of massive
amounts of GIH precursor, however, no cleavage or splicing
products. Additional bands referring to cleavage or splicing
products remained also undetectable with use of the anti-
GST antibody (data not shown). Under the same conditions,

fusion of wt Pex PRP8 intein to the N-terminal GST and the
C-terminal His-tag resulted in the formation of the splicing
and cleavage products GH, IH, and I. Thus, our result having
no cleavage or splicing products after mutation of the
terminal Asn and the C-extein Ser +1 suggests that Pex
PRP8 intein protein splicing requires the conserved residues.

The Pex PRP8 intein can excise itself from a foreign
host protein

To investigate whether the protein-splicing mechanism of
the Pex PRP8 intein is only achieved by the intein sequence
alone and does not require host protein residues immedi-
ately adjacent to the intein, the splicing activity of the Pex
PRP8 intein was examined by placing it into the foreign

Cne_ne          FWEKACLQNGTRLLRADGSEVLVEDVQEGDQLLGPDGTSRTASKIVRGEERLYR---IKT

Cne             FWEKACLQNGTRLLRADGSEVLVEDVQEGDQLLGPDGTSRTASKIVRGEERLYR---IKT

Cne_gr          FWEKACLQNGTRLLRADGSEVLVEDVQEGDQLLGPDGTSRTASKIVRGEERLYR---IKT

Cba             FWEKACLQNGTRLLRADGSEILVEDVQEGDQLLGPDGTSRTASKIVRGEERLYR---IKA

Pvu             FWEKACLAKGTRLLRYDGTEINVEDVREGDQLLGPDGEPRRAFNIVSGIDRLYR---VKI

Pch             FWEKACLAKGTRLLRCDGTEINVEDVREGDLLLGPDGEPRRAFNIVNGIDRLYR---IKI

Pex             FWEKACLAKGTRLLRYDGTEINVEDVREGDQLLGPDGEPRRAFNIVNGIDRLYR---IKI

Nfi             FWERACLAKGTRLLRYDGSEIEVQDVKEGDLLLGPDGGPRRAFNIVNGEDRLYR---IKI

Afu             FWEKACLAKGTRLLRYDGSEIEVQDVKEGDLLLGPDGGPRRAFNIVNGKDRLYR---IKI

Ani             FWEKACLANGTQLLRYDGTKVNVEDVKEGDLLLGPDGGPRRAFNVVSGKDRLYR---IKI

Hca             FWEKACLAKGTQLLRYDGTKVGVENVREGDLLLGPDGEPRRAFNIVSGRDRLYR---ISI

Cla             FWEKSCHAEGTELIKFDRSVVKVEDVVEGDRLLGPDGSPRLVSNLVSGCDRLYRFEFSRS

                ***::*  :**.*:: * : : *::* *** ****** .* . ::* * :****      

Cne_ne          HEGLEDLVCTHNHILSMYKERSGSERAHSPSADLSLTDSHERVDVTVDDFVRLPQQEQQK

Cne             HEGLEDLVCTHNHILSMYKERSGSERAHSPSADLSLTDSHERVDVTVDDFVRLPQQEQQK

Cne_gr          HEGLEDLVCTHNHILSMYKERFGREGAHSPSAGTSLTESHERVDVTVDDFVRLPQQEQQK

Cba             DE-LEDLVCTHNHILSLYKKRSGSEQDPSPSTDLSSTDSYERVDVTVDDFVRLPQQEQQK

Pvu             GGEKEDLVVTPNHILVFYREG---------PSDGPENAERQTVEITAAEFATLSTEERSL

Pch             GGEKEDLVVTPNHILVLYRE------------DGSKNVEKQTVEITAAEFAALSTEERSL

Pex             AGEKEDLVVTPNHILVLYREEE--------ASDGPKNAERQTVEITAAEFAALSTEERGL

Nfi             DGSKEDLVVTPNHILVLHREKRA-----TTFESMPSTNAEEPGNGDDDELPEVSAAERYD

Afu             GGSKEDLVVTPNHILVLHR-----(TSD, 222 aa)-------GDDDELPQVSAEERYD

Ani             DGDKEDLVVTANHILVLHRAKAM-----NTSVCFDRSKEQQGGAGEQLDISEVSAAERYD

Hca             DADKEDLVVTPNHILVLHH---------------EKEN------QKRQSELSASATERYD

Cla             GGEVESLVVTDNHIMMLKRAN------------VVLSGSGDAGQLEVLD--QISVREQFE

                    *.** * ***: : :                             .    .  *:  

Cne_ne          YQLFRSTASVRH----------------ERPFTSKLDTTLLRINSIELEDEPTKWSGFVV

Cne             YQLFRSTASVRH----------------ERPSTSKLDTTLLRINSIELEDEPTKWSGFVV

Cne_gr          YKLFRSTDFVRR----------------EQPSASKLAT-LLHINSIELEEEPTKWSGFVV

Cba             YRLFRSTGFKRA----------------DQPSTSSLAT-LLHIMSIQLEEKPTKWSGFVV

Pvu             YSAFTSPAVEKG----------------AEGSAAQMHS--FKVEDISLESEKTEWAGFRV

Pch             YSAFTSPRAEKG----------------ADDS-AQTHS--FKIEQVSLESEKTEWAGFRV

Pex             HSAFTSSRVEKD----------------VENSAPQMHS--FKIEHINLEYEETEWAGFRV

Nfi             TVEMTAAEFAAL-(Endo, 354 aa)---RLIPQTHS--FMIKDISLEPETTEWAGFRV

Afu             TVEMTAAEFASL-(Endo, 454 aa)---RLIPQTHS--FMIKDISLEPEATEWAGFRV

Ani             TVEMTAAEFAAL-(Endo, 442 aa)---RLIPQSHS--FAIKDISLESEATEWAGFRV

Hca             TVEMTAADFAAL-(Endo, 387 aa)---SPVSQAHS--FTIKGIHLESEMTEWAGFRV

Cla             IVQKTAAEVAAM-(Endo, 365 aa)---RYLPQQHT--FRIKSVTLESKSTPWYGFAV

                     :.                          ..  :  : :  : ** : * * ** *

Cne_ne          DKDSLYLRHDYLVLHNSGFE

Cne             DKDSLYLRHDYLVLHNSGFE

Cne_gr          DKDSLYLRYDYLVLHNSGFE

Cba             DKDSLYLRHDYLVLHNSGFE

Pvu             DKDQLYLRHDYLVLHNSGFE

Pch             DKDQLYLRHDYLVLHNSGFE

Pex             DKDQLYLRHDYLVLHNSGFE

Nfi             DKDQLYLRHDYLVLHNSGFE

Afu             DKDQLYLRHDYLVLHNSGFE

Ani             DKDQLYLRHDYVVLHNSGFE

Hca             DKDQLYLRHDFLVLHNSGFE

Cla             DSDRQYLRHDWMVLHNSGFE

                *.*  ***:*::********

A

B

F

G

Fig. 2 ClustalX alignment of
fungal PRP8 inteins. The 5-aa
N-extein and 4-aa C-extein se-
quences are shown in bold
italics. Conserved blocks of
inteins are shaded in grey and
underlined. Positions of the en-
donuclease domain (Endo) and
the putative tongs domain of A.
fumigatus (TSD) are indicated.
The numbers of amino acids of
these domains are given in
parenthesis. The abbreviations
and accession numbers for the
intein sequences are: Cba,
Cryptococcus bacillisporus,
(Q6TEQ9); Cne_gr, Cryptococ-
cus neoformans var. grubii,
(Q6TER0); Cne_ne,
Cryptococcus neoformans var.
neoformans, (Q6TER1); Cne,
Cryptococcus neoformans
(Q8X1J5); Cla, Cryptococcus
laurentii (Q58TW4); Pex, Peni-
cillium expansum (AM042017);
Pch, Penicillium chrysogenum,
(AM042015), Pvu, Penicillium
vulpinum, (AM042016); Ani,
Aspergillus nidulans
(AAX89368.1), Afu, Aspergil-
lus fumigatus (AAV91021), Nfi,
Neosartorya fischeri
(AAT79351.1); Hca, Histoplas-
ma capsulatum (Liu and Yang
2004). Symbols represent gaps
introduced to optimise align-
ments; * mark identical amino
acids, . mark similar amino
acids
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GFP protein. For this purpose, we cloned the Pex PRP8
intein without flanking PRP8 extein sequences into the
SapI site of the gfp vector pHGSapS and generated vector
pHGPexS. Plasmid pHGSapS was used in this experiment
because it encodes a variant of GFPUV (Crameri et al.
1996) with an Ile-to-Ser substitution at amino acid position
129. This choice assured that after cloning of the Pex PRP8
into the SapI site of pHGSapS, the first C-terminal extein
residue was a Ser residue, which was demonstrated to be
important for splicing activity of Pex PRP8 (Fig. 5a).
Previously, it was demonstrated that GFP fails to form its

chromophore in vivo when interrupted by an intein inserted
adjacent to residue 129, but that subsequent protein
splicing allows fluorescence to develop (Ozawa et al.
2000; Gangopadhyay et al. 2003a). Thus, polypeptides
inserted at this position cause the protein to form inclusion
bodies, and only when the inserted polypeptide is an intein
the renatured fusion protein can undergo protein splicing
and chromophore formation. After induction with IPTG at
37°C, extracts of E. coli cells transformed either with
pHGSapS or with pHGPexS were analyzed by SDS-
PAGE and Western blot analysis (Fig. 5b). As expected,
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Fig. 3 Protein splicing in E.
coli. a Schematic illustration of
vectors used in this analysis.
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fusion protein precursors (GIH),
the splice products (GH), inteins
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inteins of P. chrysogenum (Pch),
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plasmid pHGSapS led to the synthesis of a 31.2-kDa GFP,
whereas, plasmid pHGPexS led to the synthesis of a 49.1-
kDa GFP-intein precursor and small amounts of the
spliced 30.3-kDa GFP protein. The identity of the
precursor and the spliced GFP was verified by Western
blot analysis with an anti-GFP antibody. In addition, we
detected a band of about 13 kDa in the Western blot,
which corresponded to the size of the C-terminal GFP
extein. This GFP derivative might result from a C-
terminal cleavage event of the precursor. A faint band of
approximately 36 kDa might represent the N-terminal
GFP-intein moiety of this cleavage event. When inclusion
body fractions from E. coli transformed with plasmids
pHGPexS were extracted with 8 M urea and renatured by
dialysis GFP, fluorescence was obtained (Fig. 5c). In
contrast, no fluorescence was observed with renatured
inclusion bodies from plasmid pHGSapS transformants.
Previously, it was already demonstrated by Gangopadhyay
et al. (2003a) that the small 9-aa peptide insertion at residue
129 interferes with chromophore formation. The fluores-
cence observed upon renaturing the inclusion bodies
encoded by plasmid pHGPexS was, therefore, due to
prior excision of the Pex intein by protein splicing.

Discussion

We have identified PRP8 mini-inteins in P. chrysogenum,
P. expansum, and P. vulpinum. To our knowledge, the
Penicillium PRP8 inteins are among the smallest nuclear-
encoded inteins identified so far. Only a 155-amino-acid
PRP8 mini-intein of the filamentous ascomycete Neosar-
torya glabra (AAX39414.1) identified in a BLAST search
was smaller than the 157-amino-acid P. chrysogenum
intein. When compared with each other, all three Penicil-
lium inteins display a high degree of sequence conserva-
tion. Amino acid identity of the splicing domain among
species of the genus Penicillium ranges from 84.6%
(between P. expansum and P. chrysogenum) to 86.4%
(between P. expansum and P. vulpinum). Pairwise compar-
ison of PRP8 inteins from different fungal organisms after
excluding the homing endonuclease domain and the
putative tongs domain (Werner et al. 2002; Liu and Yang
2004) revealed a high degree of amino acid conservation
within the protein-splicing domain of PRP8 inteins.
Sequence identity of the splicing domain is even over
60% between Penicillium species and other filamentous
ascomycetes, and ∼48% among species of the genus
Penicillium and different Cryptococcus strains and species
in the basidiomycete phylum. Because of the high degree
of sequence conservation of fungal PRP8 inteins and their
identical insertion site, a common origin of the PRP8
inteins has been suggested previously (Liu and Yang 2004;
Butler et al. 2005).

The Penicillium inteins were shown to be active in
protein splicing in E. coli. Mutagenesis of a conserved
intein residue and the first C-terminal extein residue
revealed that at least for the splicing of the P. expansum
PRP8 intein, these amino acids are essential. For inteins
derived from other organisms, it has been shown that
substitution of amino acids located at three conserved
positions at the N- and C-terminus of the intein and the
amino acid directly following the intein C-terminus blocks
protein splicing but still produces some side products.
Substituting the C-terminal Asn into Ala, into Gln, or into
Asp has previously been shown to block C-terminal
cleavage of different inteins while still allowing N-terminal
junction cleavage and branched intermediate formation (Xu
and Perler 1996; Shingledecker et al. 2000; Southworth
et al. 2000). However, in addition to the N-terminal Asn
residue of the intein, we substituted the +1 Ser residue of
the C-terminal P. expansum extein. According to the
standard splicing pathway, the C-terminal nucleophile (Ser
+1) is predicted to cleave the N-terminal splice junction.
Mutation of Ser +1 should, thus, block the N-terminal
splice junction cleavage observed in our analysis (Noren et
al. 2000). Thus, it seems that the Pex intein follows the
four-step splicing mechanism described for the majority of
inteins (Liu 2000; Noren et al. 2000). The high degree of
sequence conservation makes it very likely that the protein-
splicing mechanism of Pch PRP8 and Pvu PRP8 is very
similar to Pex PRP8 splicing.

Insertion of the Pex PRP8 intein into the foreign GFP
protein revealed that, similar to inteins from other
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organisms, the P. expansum PRP8 mini-intein with the first
downstream extein residue contains sufficient information
for splicing in foreign proteins (Davis et al. 1992; Cooper et
al. 1993; Xu et al. 1993). Western blot analysis revealed
that several side products occurred during protein splicing
of the GFP-intein fusion protein. These products might be
abortive single-splice junction cleavage products that have
often been observed when inteins have been inserted into
foreign proteins (Davis et al. 1992; Cooper et al. 1993; Xu
et al. 1993; Telenti et al. 1997; Chong et al. 1998). It has
been suggested that they might result from suboptimal
proximal extein sequences chemically or sterically inter-
fering with packing at the active site (Noren et al. 2000).
However, although surrounded by an altered proximal
extein sequence, the GFP-Pex PRP8 intein fusion exhibited
a clearly visible splicing activity. Upon solubilisation in
8 M urea followed by renaturation, the heterologously
expressed GFP-Pex intein fusion protein was able to

undergo protein splicing to yield GFP capable of under-
going the rearrangements that lead to the formation of the
fluorescent chromophore (Fig. 5c).

Previously, it has been suggested that fungal PRP8
inteins are not tolerated in mature PRP8 proteins, making
them attractive as drug targets (Liu and Yang 2004). Our
finding of protein splicing of the Pex PRP8 intein inside a
modified GFP may be used to design an in vitro screening
system for protein-splicing inhibitors of fungal PRP8
inteins (Gangopadhyay et al. 2003a; Paulus 2003). Because
of their compactness and high splicing activity inside
foreign proteins, Penicillium PRP8 mini-inteins provide a
paradigm for a minimal protein-splicing element in
filamentous fungi. Moreover, they may be used for the
development of new intein-mediated protein-engineering
applications in fungal systems, such as protein purification,
addition of fluorescent biosensors, and expression of
cytotoxic proteins (Noren et al. 2000; Perler 2005).
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Temperature-sensitive splicing variants may be used for the
generation of temperature-sensitive alleles, which were
recently demonstrated to represent useful tools for the
investigation of gene function (Zeidler et al. 2004).
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