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REVIEWS

Protein splicing and its evolution in eukaryotes
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Inteins, or protein introns, are parts of protein sequences that are post-translationally excised, their
flanking regions (exteins) being spliced together. This process was called protein splicing. Originally
inteins were found in prokaryotic or unicellular eukaryotic organisms. But the general principles of
post-translation protein rearrangement are evolving yielding different post-translation modification of
proteins in multicellular organisms. For clarity, these non-intein mediated events call either protein
rearrangements or protein editing. The most intriguing example of protein editing is proteasome-mediated
splicing of antigens in vertebrates that may play important role in antigen presentation. Other examples of
protein rearrangements are maturation of Hg-proteins (critical receptors in embryogenesis) as well as
maturation of several metabolic enzymes. Despite a lack of experimental data we try to analyze some
intriguing examples of protein splicing evolution.
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Introduction. Splicing is well known to be a proces-
sing mechanism that excises an internal region from a
precursor molecule with subsequent ligation of the
flanking sequences. Until recently splicing was re-
vealed only for nucleic acids. However, in 1990,
Stevens et al. have found that one yeast protein —
VMAI —acquire an ability of unusual posttranslational
modification via process, similar to DNA and RNA
splicing [1, 2]. By analogy they named this process
«protein splicing». Below we briefly describe the main
concepts of this phenomenon.

Protein splicing is an autocatalytic process and is
independent of any cofactor or enzyme, differing the-
reby from posttranslational processing (Fig. 1). It was
proposed to use the term intein (internal protein) for the
central protein region, which is subject to excision;
terms N- and C-extein (external protein) for the corres-
ponding flanking sequence [2, 3].
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Primary structure of inteins. More than 100
inteins are describe for today [4]. Usually a size of
inteins vary from 134 to 650 amino acid (aa) residues
[5, 6], although there are some exceptions (giant inteins
TerDnaE-1 and TerDnaB-1 — 1308 and 1650 residues
correspondingly) [6, 7]. Inteins can be divided into four
large groups: maxi-inteins (with central endonuclease
domain), mini-inteins (lacking the endonuclease do-
main), trans-splicing inteins (the splicing junction
belong to different proteins) and Ala-inteins (with non-
canonical Ala as the N-terminal amino acid, see later)
(Fig. 2) [8-10].

Analysis of sequences found the most important
sites and motifs within inteins (Fig. 2) [4, 11-13].
Position 1 at the N-terminus of an intein is almost
always occupied by Cys or Ser or, in extremely rare
cases (in Ala-inteins) by Ala. Second most important
motif is a short C-terminal sequence of 8 residues,
seven of which belong to the intein and the eighth one
is the N-terminal residue of C-extein. These two last
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Fig.1. General scheme of protein splicing

lation factors [15]. However, their distribution is highly
nonuniform. For instance, intein-coding sequences
were found in 19 genes only in Methanococ-
cus jannaschii, whereas no intein-coding sequences are
in the genomes of more than 30 species (prokaryotes
and eukaryotes), including Arabidopsis thaliana, Ag-
robacterium tumefaciens, Escherichia coli K12, Dro-
sophila melanogaster, Homo sapiens etc. [4].

The majority of intein sequences were found in the
genomes of prokaryotes, mostly archaebacteria and
eubacteria. A gene usually harbors one or, in rare ca-
ses, two intein-coding sequences (3—4 very rarely). In
eukaryotes, inteins were found in genomes of about 50
taxons mostly of primitive eukaryotes (Saccharomyces
cerevisiae, D. hansenii, Rhodothermus marinus etc.)
[4, 9, 16-20]. Also inteins were found in plastids of
some unicellular organisms (4/gae porphyra, Euglena
gracilis, Chlorella vulgaris, etc. [4, 15, 21-23]).

Horizontal transfer is an important mechanism

Maxi-inteins — 450-600 aa
Mini-inteins — 130-300 aa

Fig. 2. General structure of inteins

residues play an important role in hydrolysis of a
peptide bond between intein and C-extein [4, 13], that
is necessary for the final step of splicing.

A more detailed description of the functional mo-
tifs and chemical mechanism of the splicing is omitted
here and can be found in the previous works (e. g. [8,
14]).

Evolution of inteins in prokaryotes and
primitive eukaryotes. Apparently, inteins have
appeared early in evolution [5, 15]. This is indirectly
supported by the fact that they are spread in all three
domains of life. Intein host proteins are very diverse,
including DNA and RNA-polymeres, ATPases, pro-
teases, metabolic enzymes, transcription and trans-

e

DOD-endonuclease domain (maxi-intein)

Linker (mini-intein)

or

allowing the spreading of intein sequences. This is
evident from the fact that inteins of homologous
proteins from different species often share many
features [8]. The possibility of horizontal transfer of
inteins between prokaryotes and eukaryotes is evident
from some data. For instance, inteins within the dnaB
of two different organisms (R. marinus and Syne-
chocystis sp. PCC6803) display far higher homology
as compared to the exteins [22, 24]. Also transfer of
inteins can occur between non-allelic genes, which is
possibly due to endonucleolytic cleavage of a similar,
though not identical, site [15]. This hypothesis is
supported by the fact that the M. leprae and M. tu-
berculosis genomes have three homologous inteins in
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ppsl, recd, and dnaB, while the intein insertion sites
are non-homologous [4].

Inter-specific horizontal transfer of inteins is me-
diated first at all by viruses. Intein-coding sequences
were found in the genomes of several prokaryotic and
eukaryotic viruses [19, 25-27]. The presence of intein
sequences in virus genomes (i. e. intein APMVPol in
polB of the Mimivirus [19, 27]) provides a brilliant
illustration for the mechanism ensuring horizontal
transfer of inteins.

As mentioned above, horizontal transfer is an
important mechanism of spreading intein sequences
resulting in similarity of inteins of homologous
proteins from different species [8]. An evident
example is provided by eukaryotic chitin synthase
intein PanCHS2. This intein was found in P. anserine,
but its analogs were not detected in the chitin synthase
genes of other species. Unexpectedly, PanCHS2 is
highly homologous to glutamate synthase intein
PanGLT1 [15]. This finding suggests a horizontal
transfer of intein-coding sequences between nonallelic
genes and different hosts.

Evolution of protein splicing’s principle in
higher eukaryotes. It’s fairly to presume, that a
principle of protein splicing should inherits and up-
grades in eukaryotic organisms. Different papers have
described non intein-mediated protein rearrange-
ments in eukaryotes. The mechanism of these re-
arrangements is not autocatalytic and modifications are
catalyzed either by specific protease [20, 28] or by
proteasome [16—19, 29]. For clarity, it was suggested to

call these non-intein mediated events either protein
rearrangements or protein editing. Here we consider
some of interesting cases.

Post-translational rearragement by reverse pro-
teolysis in plants. One of examples of post-trans-
lational modification, namely, protein splicing by
reverse proteolysis, was discovered in plants. It was
observed in case of lectin concanavalin A (ConA)
[29] — protein which binds specifically to certain struc-
tures found in various sugars, glycoproteins, and
glycolipids, mainly internal and nonreducing terminal
alpha-mannosyl groups.

Some time ago it was showed, that maturation of
this protein occured in non-typical way. Although the
exact mechanism of this splicing in plants is still not
clear, the fact that all digestion occurs before Asn, sug-
gests a participation of some endopeptidase. Indeed, in
vitro study showed that specific enzyme as- paraginyl
endopeptidase (AEP) could digest ConA and then
re-ligate the fragments by its reverse proteolytic
activity [20, 30].

The initial precursor of ConA (glyco-pro-ConA) is
first activated by deglycosylation to pro-Con A (Fig.
3). Pro-Con A is then cleaved to produce two distinct
proteins that are transposed and relegated to become a
mature ConA. A biological role of such rearrangement
it is not clear.

Proteasome-mediated protein splicing. Recently it
has been shown that proteasomes are cell compart-
ments where not only protein degradation but also
post-translational protein modifications occur [16, 17].
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Hanada et al. have discovered that antigen maturation
and presentation for cytotoxic T-lymphocytes (CTLs)
is performed by proteasome through protein splicing
mechanism (peptide excision and re-ligation) (Fig. 4).
They found, that CTLs, killing cancer cells
overexpressing fibroblast growth factor-5 (FGF-5),
recognize presented by MHC class I molecules a
nine-residue FGF-5 peptide generated by protein
splicing. Using the proteasome inhibitor, the authors
evidenced that FGF-5 protein splicing observed in their
system is proteasome-mediated. This splicing was
conducted by 20S proteasome in vitro and in vivo. They
showed that in contrast to intein splicing, that usually
excised polypeptide of not less than 134 aa in length,
the excised polypeptides in their system were only
18—40 aa [17]. Thus, the proteasome-mediated splicing
overcomes the limitation, associated with the length of

intervening sequences, and can be considered as a next
step of protein splicing evolution. The detailed me-
chanism of proteasome-mediated splicing you can find
n [17]. Shortly, it was shown that proteasome p-su-
bunits directly catalyze protein rearrangement in a way
very similar to protein frans-splicing.

Implications of these process allow the immune
system to monitor non-contiguous peptide sequence
generated post-translationally. This capability repre-
sents an enormous increase in the ability of immune
cells to recognize intrinsic and foreign proteins.

Intein-like processing of embryonic signal proteins
of the Hedgehog (Hh) family. Signal proteins of the Hh
family were found in human, mouse, insects, and other
multicellular organisms. The Hh family proteins play a
crucial role for embryo development [5, 8, 24, 31-33].
In context of our review the autocatalytic maturation of
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Fig. 5. Role of N-O and N-S acyl shifts in autoprocessing of various proteins [31]: 4 — protein splicing X = S or O; B — autoprocessing of
Hedgehog proteins Ch-OH = cholesterol; C—autoprocessing of glycosyl asparaginase X = O; D —autoprocessing of pyruvoyl enzymes X =0

Hh proteins will be considered. The Hh proteins are
synthesized as inactive precursors consisting of two
domains, N-terminal signal domain (Hh-N) and C-ter-
minal catalytic domain (Hh-C) (Fig. 5, B). Hh-C forms
an intein-like domain, containing conserved motifs si-
milar to intein. The structural similarity suggests a
common origin of the inteins and Hh proteins. Yet their
host organisms differ: the inteins occur mostly in
unicellular, whereas the Hh proteins were found only in
multicellular organisms [8, 32].

In contrast to the inteins, during the Hh proteins
during maturation excise themselves onto two parts.
The reaction requires an endogenous inductor,
cholesterol. As a result, the peptide bond between
Hh-N and Hh-C parts is disrupted and cholesterol is
covalently linked to Hh-N. Modified with cholesterol,
Hh-N migrates toward the plasma membrane as a re-

ceptor or is exported from the cell to perform its
function [30, 32].

Autocatalytic modification of enzymes. Similar to
protein splicing, the reactions with subsequent hydro-
lysis of the peptide bond are involved in maturation of
several enzymes like N-terminal nucleophilic hydro-
lases, N-terminal aminotransferases, and pyruvate-de-
pendent enzymes (Fig. 5, C, D) [22, 31, 33, 34]. In-
terestingly that their autoprocessing is catalyzed by
domains that totally differ in sequence and three-di-
mensional structure from the inteins, but chemical prin-
ciples are the same.

Catalytic activity of enzymes from the first two fa-
milies depends on highly reactive Ser, Thr, or Cys lo-
cated at the N-end. The mechanism of autoprocessing
can be considered on the example of Flavobacteri-
um meningosepticum glycosyl asparaginase, since a si-
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milar mechanism is involved in maturation of glycosyl
glycosyl asparaginase of other organisms, including
H. sapiens. The mature enzyme is a heterodimer en-
coded by one gene. An inactive protein precursor is
converted into an active form as a result of auto-
catalytic cleavage of the peptide bond before Thr152,
yielding two separate subunits, a and . The reaction is
triggered by an N—O shift with generation of the ester
bond, which is then hydrolyzed (Fig. 5, C) [22, 31]. As
aresult, Thr152 becomes the N-terminal residue of the
[B-subunit. Substitution of Thr152 with an amino acid
residue of a different type (other than Ser or Cys) to-
tally abolishes cleavage.

Biological functions of protein splicing into the
cells. The function of inteins was initially explained in
terms of «egoistic genes». An intein utilizes the endo-
nuclease domain to spread itself into the genome, and
Hint domain to cut-and-paste host protein, preserving
its biological activity (i. e., viability of the host cell).
Located within a protein sequence, an intein utilizes the
cell mechanism of protein expression, including the
regulatory sequences of the host gene and its mRNA,
that testifies to the selfishness of the intein sequence.

However, this point of view is rather naive. The
intein sequences can indeed be classified as mobile
elements according to some of their features, first and
foremost, processes of homing [8, 15]. However, while
retrotransposons occur in many copies in the genome,
intein sequences are restricted to certain sites of par-
ticular genes, and their genomic distribution directly
correlates with the copy number of an intein-coding
gene. Also because inteins are integrated in highly
conserved regions, the functions of host protein before
and after excision of an intein should be different.

It seems more probable that free inteins (after
splicing) perform still unknown regulatory and en-
zymatic functions in the cell [35]. For instance, inteins
may regulate the activity of the host enzymes through
regulation of their maturation via cis- or trans-splicing.
The most evident example is the arrangement of active
enzyme (DnaE in Synechocystis sp. PCC6803) from
two different proteins through the trans-splicing
mechanism [14, 15, 36]. The N- and C-terminal halves
of DnaE (catalytic subunit of DNA polymerase I1I) are
encoded by two separate genes, dnaE-N and dnaE-C,
respectively.

10

The dnaE-N product consists of a N-extein
sequence followed by a 123-aa intein sequence,
whereas the dnaFE-C product consists of a 36-aa intein
sequence followed by a C-extein sequence. The two
intein sequences together reconstitute a split mini-
intein, which mediates reconstitution of the full active
DnaE. Its means that here the intein can be an in-
tegrated regulator of polymerase activity.

In addition, the cleaved off inteins may catalyze
certain reactions in the cell, using its activated N-
terminal nucleophilic group and acting similarly to ac-
tivated glycosyl asparaginase, ConA or pyruvoyl en-
zymes [22].

The occurrence of protein splicing in vertebrates
has important implications for the complexity of the
vertebrate proteome and for the immune recognition of
own and foreign peptides. A principle of protein spli-
cing is fully used by immune system of mammalians
and plants. Its usage allows to combine different parts
of antigens providing a logarithmic increase of possible
combinations.

In eukaryotes, DNA recombination and RNA spli-
cing were already known to increase the number of dif-
ferent proteins produced by each of mammalian genes.
The discovery of protein splicing adds new tools to this
kit. In a broader context, the existence of protein spli-
cing in vertebrates greatly increases the cell’s options
for converting genetic information on the post-trans-
lation level. All together splicing (DNA, RNA, protein)
is a powerful mechanism allowing to realize the main
principle of multi-functionality — transformation of
original compact genetic information into wide di-
versity of protein structures and functions after its re-
alization.

I1. JI. Cmapokadomcokuil
BbiskoBuii crmaiicuHr Ta HOro €BOJIIOLIs B €yKapioTHUX OPraHi3MiB

Pesrome

Iumeinu, abo 6inkogi inmponu, — ye 6inK06i nOcAi008HOCMI, AKI AG-
MOKAMAanimu4Ho GUPI3A0MbCA NICAA MPAHCAAYIT, 3MUBAIOYU DAAH-
Kytoui Oinsauku (excmeinu). Taxuil npoyec Hazeano 6LIKOBUM
cnaaticuneom. Cnouamky inmeinu 6us6ieHo y npoxkapiomis i 00Ho-
KAIMUHHUX eykapiomis. Ane 3azanbHuil NpUHYuUn noOCMmMpaHc-
JAYIUHOI nepecmanosku OLIKIE e8ONIOYIOHY8AE PAZOM 13 IHCUBOIO
mamepiero. Ha cb0200ni yina nHuska 6inkie y 6a2amoxkaimunHUx
0p2aHi3ZMi6 MOOUPIKYEMbCS 30 MEXAHIZMAMU, NPUHYUNOBO CXOICU-
Mu 3 Oinkosum cnaaticuneom y baxmepii. L]i npoyecu ompumanu na-
38y 6i1K06020 pedazysanus. Halyikasiwum unaokom 6iiko602o
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peoazysanhs € «macy8amnHsy enimonie aHmu2eHie npomeacomoio,
wo gidiepae 8axciugy poiib y npoyeci npezenmayii aHmueeny Kii-
munamu. [Hwumu npuxknadamu cayeyroms Oospieanus Hg-6inkie
(peyenmopie, KpUMUYHUX O KOPEKMHO20 NPOMIKANHA eMOpioze-
He3y) abo 003pisanHs HU3KU Memaboniunux ¢pepmenmis. Hezsasnca-
oYU Ha Opaxk excnepumeHmanvHux Oauux, 6 02140i 3podieHo
cnpoby onucamu HAUACKpAgiwi Npuxiaou eonioyii y euuyux ey-
Kapiomis.

Knrwouosi cnosa: 6inkosuil cnaaiicune, 0Oinkoge peoazy8amHs,
npomeacomad, eonNIoYisl.

I1. JI. Cmapokaoomckuil
BenkoBblii CIUIaiCUHT U €TI0 DBOJIIOLUS Y 9YKapHUOTHBIX OPTaHU3MOB

Pesrome

Humeunvl, unu 6eaxkosvle uHmMpPOHbl, AGIAIOMCA YACMbIO OENK0BOU
noCc1e008amenbHOCIU, KOMOPAs CAMOBbIPE3aemcs nocie mpanc-
aaYuU, cuugas rankupyiowue yuacmru (skemeunst). Takoil npo-
yecc Hazeamn 0eakogulM cnaaucuneom. HM3HauaibHoO UHMeEUHbl
obHapyscenvl y npokapuomos u 00HOKIeMounslx syKapuomos. Ho
00wl NPUHYUN NOCMMPAHCAAYUOHHOU OenK08OU NnepecmanosKu
9601I0YUOHUPOBAN 6Mecme ¢ dHcusol mamepueu. Ha cecoons yenviii
A0 0enK08 y MHO2OKIEeMOYHbIX OP2AHUZMO8 NOO8ep2aemcs Moou-
Guxayuam, NPUHYURUATLHO CXOINCUM € DENKOBbIM CHAAUCUHSOM Y
baxmepuil. Imu npoyeccol HOAYUUNU HA36AHUE DETK0B8020 peddaK-
mupoeanus. Haubonee unmepecuvim ciyuaem 6eiko8o2o pedaxkmu-
POBAHUS ABNACMCA «NEPEeMmAcO8Ka» INUMON0E AHMUSEHOE NPO-
meacomamu, Ymo, NO-UOUMOMY, MOJICEM Uepams ONPedeieHHyI0
POJIb 6 npoyecce npeseHmayuy anmueena Kiemkamu. Jpyeumu npu-
mepamu cayscam dospesanue Hg-benxos (peyenmopos, kpumuuec-
KUX 01 KOpPeKmHo20 nNpomeKanus sIMopuocenesa) uiu 0o3pesanue
paoda memaboauveckux gepmenmos. Hecmomps na neoocmamox
IKCNEPUMEHMANbHBIX OAHHBIX, 8 0030pe cOenana NOonblmKd Onu-
camy Haubonee ApKue npUMepbl I80II0YUU OETKOB020 CNIAUCUHeA Y
BHICULUX IVKAPUOMOB.

Knrouesvie crnosa:b6enkoswiii cnaaiicune, 6eikogoe pedaKmupo-
sanue, NPoOmMeacoma, I60110Yus.
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