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PROTEIN SPLICING

*ND Deve Gowda

Protein splicing is defined as the excision of an intervening sequence (intein) from
a profein precursor and the concomitant ligation of the flanking protein fragments
{extein) to form a mature host protein {extein) and the free intein (Perler 1994),
Intein-mediated protein splicing results in @ native peptide bond between the ligated
exteins (Cooper 1993). Extein ligation differentiates protein splicing from other forms
of autoproteolysis and conserved intein motifs differentiate inteins from other fypes
ofin-frame sequences present in one homolog and absent in another homolog.

When we compare the RNA splicing and protein splicing as depicted in the following
illustration, the introns are intervening sequences that are spliced out of RNA before
the mRNA is translated into a protein. The infron and the exon usually do not form
a single open reading frame (ORF). During intein-mediated protein splicing, the
infervening sequence is both present in the mature mRNA and transtated to form o
precursor protein. The intein is then spliced out of the precursor protein. The intein
plus the first C-extein residue {called the +1 amino acid) contain sufficient information
to mediate splicing of the intein out of the host proiein and ligation of the exteins fo
form the active host protein.
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Features and roles of inteins

Inteins are selfish genetic elements. They code for proteins that catalyze their excision
out of the host proteins,ligating the host flanks with a polypeptide bond. This protein
splicing adiivity is autoproteolytic and is not dependent on any host specific factors.
Inteins are very diverse in sequence but all have a protein splicing aclivity i.e.
simple to assay. More than 140 infeins are known from bacieria, archaea and
lower eukaryotes. Inteins protein splicing are excellent system for studying protein
sequence or functional relation. Inteins are known to naturally protein splice in the
cytoplasm of multicellular organisms. Inteins are partial sequences.

The precursor and intermediates or slide products of the reaction corresponding to
N-terminal and C-terminal intein cleavage without ligation were also seen. The
splicing is required to preserve the functional integrity of the host protein.
Endonucloses can be viewed as a substantial driving force in molecuiar evolution.
Through this capacity o make nicks and breaks in DNA, endonuclese genes can
invade sequences to form molecular associations that not only mebilize introns
and inteins but can also provide catalytic function to other proteins. e. g. HNH
endonuclease cassette ‘colicin family’,

Intron endonuclease can provide selective advantages in both phage and archael
systems whereas colicins promote host defense thereby influencing the stability.
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Propensity of endonuclease genes to colonize genomes, can influence genome
stability and configurations by promoting lesions in DNA and subsequent intron-
intein based arrangements.

Mini inteins that are TS+ indicate thot splicing function is contained within the first
94 and last 3500 of the intein. Derivatives of the products of the splicing reaction,
ligated exteins and free intein were readily detected on coomassie gels and their
identity was verified by western blot analysis

Nomenclature of inteins

Inteins are named after the organism and gene in which they are found. The organism
name follows the same consensus as restriction enzymes and uses o 3 letter genus
+ species designation, followed by a strain designation, if necessary. The organism
name is followed by an abbreviation of the extein name. if more than 1 intein is
present in an exiein gene, the inteins are given a numerical suffix starting from 5'to
3 orin order of their identification.

For example, the Pyrococcus furiosus ribonucleoside-diphosphate reductase alpha
subunit gene contains 2 inteins. The organism is abbreviated as ‘Pfu’. Since the
gene has been called the ‘RIR1” gene, the inteins are named using this gene name.
Thus, these 2 inteins are called the Pfu RIR1-1 infein inserted after Gly 301 in the
Pfu RIR1 precursor protein and the Pfu RIR1-2'intein inserted after Pro914 in the Pfu
RIR1 precursor protein.

Note that an intein name, such as the Piu RIR1-1 intein, refers to both the intein
gene and the intein protein. In many publications, the consensus is to italicize the
gene name and to capitalize the first letter of the protein name.

As described below, some inteins are bifunctional proteins that also have
endonuclease activity. When endonuclease activity has been demonstrated, the
intein is also given a second name that follows the endonuclease naming conventions
{Belfort 1997). This name includes the prefix ‘Pl-’, the 3 letter organism abbreviation
and a Roman numeral indicating the order of identification of the intein endonuclease
in that organism. The endonuclease names for the Pfu RIR1- and Pfu RIR1-2 inteins
are Pl-Pful and PI-Pfull, respectively,

There is also a convention for numbering amino acids in inteins. Although we often
number the residues in the precursor as a single protein, as when intein insertion
site locations are given, a second numbering scheme is often used to assist thinking
about inteins in heterologous or foreign exteins. The intein amino acids are numbered
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from N-terminal to C-terminal beginning with the first residue of the intein and
ending with the last residue of the intein. The amino acids in the N-extein: {o) start
with the number 1, (b) include a minus sign prefix and {c) are counted from right
to left (beginning with the last N-extein residue and going towards the N-terminus).
The amino acid preceding the intein is the -1 amino acid. The amino acids in the
C-extein: (a) are numbered beginning at the C-terminal splice junction, (b) include
a plus sign prefix and (c) are counted from amino fo C-terminus.

The first residue following the infein is the mechanistically essential +1 amino acid,

which is not technically part of the intein since the infein is defined as the intervening
sequence that is spliced out of the precursor,

Mechanism
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Itinvolves the precise, self-catalyzed excision of an infervening polypeptide sequence,
the intein, from an inactive precursor protein with the concomitant joining of the
flanking sequences, the exteins, to produce a new functional protein. Allinformation
and cotalytic groups required for protein splicing reside in the intein and the two
flanking amino acids. The excised intein often functions as homing endonuclease,
a propery which makes inteins infectious elements that can be fransferred horizontally
between organisms and even species.

Al information and catalytic groups required for protein splicing reside in the
intein. In the period 1993-96, we succeeded in defining each of the steps in the
protein splicing process by isolating and characterizing the reaciion intermediates.
Protein splicing is @ complex four-step process, which involves;
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1. N-SorN-O rearrangement of a peptide bond adjacentto a Cys or Ser residue
to yield a linear peptide ester,

2. Transesterification with o Cys, Ser, or Thr residue at the downstream splice
junction to yield o branched ester intermediate,

3. Cyclization of an Asn residue coupled to peptide bond cleavage, and

4. Rearrangement of the transient splicing products to yield stable polypeptides.
The first three reactions are catalyzed by the infein, but the final product
rearrangement is o spontaneous, thermodynamically favored reaction that
assures the irreversibility of protein splicing.

The first step in protein splicing is a reversible transition of the peptide bond
between the amino end of the intein and its amino terminal flank {N-extein) into an
ester or thioester bond. This transition depends on a nucleophilic attack of the
bond by the side-chain of the Ser or Cys residues at the amino terminal end of the
infein (-OH or -SH respectively). This reaction is termed N-O when the attacking
atom is an Oxygen and N-S when this atom is Sulfur. This scheme shows the
reaction with a Cys in the intein amino end. All inteins begin with either Ser or Cys
residues,except for the two klbA inteins in M.jannaschii and Pyrococcus horikoshii
OT3. These start with an Ala and if they are active it cannot be through this step
since the Ala side-chain is a methyl group (CH3) not capable of nucleophilic
aftack. '

In the second step the side-chain of the residue C-terminal fo the intein (the first
residue of the Carboxy {C) extein} attacks the ester (or thicester) bond at the amino
end of the intein. Here too the attack is by a polar side chain of a Ser, Thr (both
OH) or Cys (SH).This leads to a transesterification and formation of o branched
intermediate with two amino ends, one of the N-extein and one of the intein. The
intein is joined by peptide bond to the C-extein and the two exteins are joined by a
thio/ester bond. This reaction is also reversible: All known inteins indeed have Ser,
Thr or Cys directly following their C-end. This scheme shows the reaction with a Ser
following the intein carboxy end.
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In the third step the branched intermediate is resolved by the cyclization of the C-
terminal intein residue. The infein is now fully excised from the N and C exteins that
are yet linked to each other by the thio/ester bond. This step is ireversible driving
the reaction forward. Almost all inteins have Asn as their carboxy end (as shown in
this scheme) and its cyclization results in a succinimide ring. Two known inteins
have Gln in their carboxy end and a variation of this step has been proposed to
account for this. In brief, the reaction proceeds through Gln cyclization into a
glutarimide ring.

The final steps consist of spontaneous shift of the thio/ester bond linking the
exteins info a peptide bond (S/O-N acyl rearrangement) and probably some
hydrolysis of the succinimide (or glutarimide) ring at the infein carboxy end fo Asn
and iso-Asn. These reactions are ireversible too and form the maiure host profein,
chemically idenfical to the product of an intein-less gene. Not much is biochemically
known on the fate of the excised intein. In experiments where it is over-produced it
seems to be rapidly degraded. However, genetic and phylogenetic analysis show
that some inteins are also responsible for the homing of the intein gene info
unoccupied intein integration points in homologous genes. This horizontal-transfer
gene conversion is mediated by the homing endonuclease protein domain found
in the central region of most inteins. The reaction is fotally independent of the
protein splicing reaction depicted here.

Inteins can be viewed as o class of highly unusual enzymes: (1) they catalyze three
mechanistically distinct reactions; (2) they act on amino acid residues of their own
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N- and C-termini, so that the infein enzymes are also their own substrate, analogous
to the role of cotalytic RNA in the self-splicing of group | introns; and {3) their
catalytic center comprises the two extremities of a polypeptide chain, a situation
which is rarely encountered in conventional enzymes and suggests an unusual
protein structure. Qur aim is fo elucidate the mechanism of catalysis of protein
splicing by defining the catalytic center of the self-splicing intein, both in terms of
the amino acid side chains involved and their arrangement in 3-dimensional space.

Alternative Protein Splicing Mechanism

Variations in the intein-mediated protein splicing mechanism are becoming more
apparent as polymorphisms in conserved catalytic residues are identified. Several
families of inteins have been identified that begin with Ala rather than the consensus
nucleophiles, Ser or Cys. In standard inteins, an N-terminal Ser, Cys or Thr is
absolutely required for splicing. An N-terminal Ala cannot perform the initial reaction
of the standard protein splicing pathway to yield the requisite N-terminal splice
junction (thio)ester. However, experiments with the M. jannaschii KIbA intein
demonstrated that Ala1 inteins can splice efficiently using an alternative protein
splicing mechanism (Southworth 2000}. In this non-canonical pathway, the C-
extein nucleophile (Ser, Cys or Thr) attacks a peptide bond at the N-terminal splice
junction rather than a (thiojester bond, alleviating the need to form the initial
(thio)ester at the N-termino! splice junction. The remainder of the two pathways is
identical: branch resolution by Asn cyclization is followed by an acyl rearrangement
to form a native peptide bond between the ligated exteins. Just like standard inteins,
the Mja KIbA intein also requires the help of the conserved Thr and His in Block B
to activate the N-terminal splice junction. We have also demonstrated splicing of
the Mle DnaB infein (dnaB-b insertion site, E. Davis, M. Southworth & F. Perler,
unpublished data) which is another Ala1 intein, suggesting that different families of
naturally occurring Alat inteins should be capable of splicing.

The KIbA and Mie DnoB inteins have overcome the barriers to direct nucleophilic
attack on the peptide bond at the N-terminal splice junction that are present in
previously studied inteins with Ser or Cys at their N-erminus. I is unclear why other
inteins can’t perform similar reactions, since the Block B oxyanion hole is still available
to facilitate direct attack on the N-terminal splice junction. Possibly, {thio)ester
formation moy be necessary in standard inteins to align the C-extein nucleophile,
to remove steric hindrances or to induce a conformational shift that allows attack
by the +1 nucleophile (Cys, Ser or Thr). The crystal structure of a S.cerevisiae VMA
intein precursor has helped to resolve this question by revealing that Cys+1 is foo
far away to directly attack either a peptide or a thioester bond at the N-terminal
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splice junction, leading the authors to suggest that inteins must undergo o
conformational shift to allow attack by the Cys+1 nucleophile (Poland 2000). We
propose that Cys+1 (or its equivalent residue) in Ala1 inteins is already in position
to attack the N-terminal splice junction amide bond in the precursors protein,

An Altermative Pyrotein Splicing Mechanism for alal Inteins

Machanism for N-terminal Alal Standaxrd Mechanism
H H
$ K Cysa
: b ;
IR~ - N
O Alal Cys+1
Sexr+1
Thay+1

Direoct
nucleophilic
attack by Cys+l
when alal is

naturally occuring

o Trans— Cys+l

é’\ esterification f;;:_‘l’i

X
%L
ol BEEB Branched Intormediate

Asn Hz
Gln o

lhsn or Gln cyclization
o]

Excised I.m:e.i.n %-N acyl shift

HX
o ™
L -
H
TLigated Exteins
(X represents bha sulfur or oxygen atem in Cys, Ser or Thr sida okains}

A case study

The experimental system used in our studies is the infein from the RecA profein of
Mycobacterium tuberculosis. As a first step in our investigation, we cloned the
RecA intein between two offinity fags as arfificial exteins and genetically dissected
away the portions of the intein that are involved in ifs homing endonudlease function
so as to generate a minimal protein splicing element. Further dissection of the
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protein splicing element into separate N- and C-terminal fragments {about 100
amino acids each) showed that protein splicing can also occur in trans. This allowed
us to develop an efficient in vitro trans-splicing system in which purified N- and C-
terminal intein fragments are reconstituted and allowed to undergo splicing. Under
appropriate conditions, reconstitution and protein splicing can be studied separately,
thus opening the way for analyzing both the structural and the catalytic basis of
protein splicing.

Our experimental system for the study of protein splicing involves the RecA intein of
M. iuberculosis, which plays a eritical role in the repair of the DNA damage incurred
by this pathogen when it invades the macrophages of s host. The elucidation of
the mechanism by which the intein catalyzes protein splicing fo yield active RecA
protein from an inactive precursor may therefore suggest ways o condrol a process
that plays an important rele in the virulence of M. tuberculosis and may !eod to the
development of a new class of anti -mycobacterial drugs.

A. Genetic dissection of the RecA intein
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Phylogeny

The phylogenetic distribution of infeins is sporadic. The presence of an intein ina
particular gene does not necessarily mean that an extein homolog from o closely
related species or strain will have the same intein. For example, look at the inteins
present in the 3 inserfion sites in DNA polymerases from various strains of archaea
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or GyrA inteins in various species of Mycobacterium. At this time, it is not clear
whether this pattern of intein distribution represents loss of ancient inteins or more
recent acquisition of inteins due to intein gene mobility. In many cases analyzed,
the codon usage and GC content of the intein coding region is different from the
surrounding extein coding region, suggesting recent horizontal fransmission.
Organisms that have a large number of inteins may have acquired this large
number of inteins because they (1) can easily take up DNA from the environment
(naturally competent), (2) share viruses, conjugative elements, plasmids, etc. that
have broad host ranges, or (3) have very efficient gene conversion machinery,
double-stand breaks repair systems and/or recombination systems.

Several inteins, such as the DnaB, RIR1, GyrA and Pol inteins, are present at the
same exlein insertion site in extein homologs from several species, including extein
homologs in organisms from different phylogenefic domains. Perler 1997 suggested
that inteins present in the same insertion site of an extein homolog be considered
intein alleles or homologs. Inteins grouped by extein insertion site are tabulated in
the Intein Alleles Section and extein insertion sites are named according fo. Intein
alleles are more closely related to each other than to other inteins in the same
organism or even in the same gene,

Extein proteins may also have multiple inteins present at different inserfion sites
within the extein {for example, Tli Pol, Tsp-TY Pol, Mja RFC, Mja RNR or Pfu RIR ).
Afew proteins have 3 inteins.

intein alfeles are more closely related 1o each other than fo other inteins because
they are either descendants of an ancestral intein or have been recently mobilized
into that site based on homing endonuclease specificity. Another way of saying
this, is that inteins that have the same homing endonuclease specificity are more
related 1o each other than to other inteins. Remember, the homing endonuclease
recognifion site determines the intein insertion site because the double-strand break
made bythe homing endonuclease initiates the site-specific gene conversion reaction
leading fo intein acquisition.

Applications

* Inteinsare naty rally occurring proteins that are involved in the precise cleavage
and formation of peptide bonds in a process known as protein splicing.

*  Genefic engineering has allowed the controllable cleavage of peptide bonds
at either the N- or C-terminus of the intein. '
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* Inteins displaying controllable cleavage have been used in the isolation of
bacterially expressed proteins possessing either a C-terminal thicester or an
N-terminal cysteine.

+  The specific placement of these reactive groups has allowed either protein-
protein or protein-peptide condensation through a native peptide bond.,

*  This review describes the methods used to specifically generate these reactive
groups on bacterially expressed proteins and some applications of this
technique, known as intein-mediated protein ligation.

*  Furthermore, a versatile two intein (TWIN) system will be described which
‘enables the circularization and polymerization of bacterially expressed proteins
or peptides,

»  Construction of a mini-intein fusion system to allow both direct menitoring of
soluble protein expression and rapid purification of farget proteins,

e Affinity purificoﬁdn of recombinant profeins has been facilitoted by fusion fo a
modified protein splicing element (infein).

*  The fusion protein expression can be further improved by fusion to a mini-
intein, i.e. an intein thot locks on endonuclease domain.

+  In mammalian cells, protein-protein interactions constitute essential regulatory
steps that modulate the activity of signaling pathways.

* Inrecent years, several approaches towards understanding the mterochons
have been developed.

*  Protein splicing, the protein equivalent of RNA splicing, is a newly discovered
postiranslational process that proceeds through a branched protein intermediate
and produces two separate polypeptides from one gene.
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