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Dissecting the Chemistry of Protein Splicing and Its Applications

Christopher J. Noren, Jimin Wang, and Francine B. Perler*

In memory of Holger W. Jannasch

Inteins are internal polypeptide se-
quences that are posttranslationally
excised from a protein precursor by a
self-catalyzed protein-splicing reac-
tion. The protein splicing domain
(~150 amino acids) activates cleavage
of the peptide bonds at the N- and
C-terminal splice junctions, with con-
comitant formation of a new peptide
bond between the flanking polypep-
tides (exteins). The intein plus a single
C-extein amino acid can break two
peptide bonds, form a new peptide
bond, cleave DNA, and initiate mobil-
ity of the intein gene. Nearly 100 in-
teins have been identified with Ser or
Cys at the intein N terminus and the
triad, His-(Asn/Gln)-(Ser/Thr/Cys), at
the C-terminal splice junction. These
conserved residues are known to par-

ticipate in well-studied chemical reac-
tions in other enzymes, which led to a
flurry of proposed splicing mecha-
nisms. This review focuses on the
three-year period during which a com-
bination of experimental approaches
revealed the steps of the protein-splic-
ing pathway, disproving many pro-
posed mechanisms while supporting
others. The protein-splicing mecha-
nism involves four coupled nucleophil-
ic displacements: 1) an N —O(S) acyl
shift of Ser/Cys at the intein N termi-
nus; 2) a transesterification reaction
to form a branched intermediate with
two N termini; 3) cyclization of the
intein C-terminal Asn/Gln to release
the intein; and 4) an O(S) —N acyl
shift of Ser/Thr/Cys to form a native
peptide bond between the exteins.

How the intein facilitates these reac-
tions at the molecular level is only
beginning to be elucidated. Under-
standing the mechanism of protein
splicing has resulted in the develop-
ment of a variety of intein-mediated
protein-engineering applications, such
as protein purification, addition of
fluorescent biosensors, expression of
cytotoxic proteins, protein semisynthe-
sis, and segmental labeling of proteins
for NMR analysis. Inteins in pathogen-
ic microorganisms provide new targets
for drug discovery.

Keywords: autocatalysis - bioorganic
chemistry - peptides - protein splicing
- transesterifications
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1. Introduction

Protein biosynthesis was initially thought to be a simple
process in which the genetic information in DNA was directly
copied into messenger RNA (transcription), which in turn
directed the biosynthesis of protein (translation). There are,
however, many genes that encode intervening or terminal
amino acids (aa) that are absent in the mature protein. When
these sequences are removed from RNA prior to translation
of the mature messenger RNA, the process is called RNA
splicing and the intervening sequences are termed introns
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(Scheme 1B). Posttranslational removal of polypeptide seg-
ments can occur by protein splicing, autoprocessing, or proteo-
Iytic cleavage. In protein splicing, a specific type of intervening
sequence, termed an intein,!!! is excised from an internal site in a
precursor protein and the surrounding polypeptides (the
exteins) are ligated to form the mature protein (Scheme 1A).
Protein splicing yields two stable protein products from a single
gene, the excised intein and the ligated exteins, and is directly
analogous to RNA splicing of introns.

Inteins are members of a growing family of autocatalytic
enzyme-like proteins that perform chemical reactions using
the same strategies as enzymes, but do not act on multiple
substrates. Other examples of autoprocessing include auto-
cleavage of N-terminal nucleophile amidohydrolase precur-
sors (glycosylasparaginase, penicillin acylase, proteasome,
etc.), formation of pyruvoyl enzymes, processing of Hedgehog
embryonic signaling proteins, RecA-assisted autocleavage of
LexA or lambda repressor, and activation of plasma pro-
teins.> 3 All of these processes, including protein splicing, are
initiated by a nucleophilic attack by the activated side-chain
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thiol or hydroxyl group of Cys, Ser, or Thr at an amide bond.
Protein splicing is more complicated than these other
autocatalytic reactions since it requires rapid sequential and
spatial coupling of four distinct nucleophilic displacements.

Protein splicing proceeds by an intramolecular pathway
requiring no exogenous cofactors.* 3 All of the information
necessary for splicing resides within the intein polypeptide
plus the first extein amino acid at the C-terminal splice
junction.*'1 A given intein can excise from a variety of
flanking peptide sequence contexts provided that it precedes
its cognate C-extein residue, albeit with varying efficien-
cies. "1 To avoid confusion,'! the term “protein-splicing
element” has been used when referring to the splicing-
competent intein plus the C-extein Ser, Thr, or Cys residue, as
the intein alone cannot mediate protein splicing.

A number of applications have been developed which take
advantage of context-independent intein excision, including
splicing-dependent protein synthesis,!' 13 self-cleaving affin-
ity tags for protein purification,” ' a novel polypeptide
ligation system for protein semisynthesis,!'> 1721 segmental
labeling of proteins for NMR analysis,['> 2211 and addition of
fluorescent biosensors.'>?21 Development of these systems
involved genetic and biochemical manipulation of protein-
splicing elements, guided by the known mechanism of protein
splicing. This review will focus on the stepwise elucidation of
the protein-splicing mechanism and modulation of the splic-
ing reaction to create these novel applications. Additionally,
we will relate recent structural information to the known

mechanistic data in an attempt to dissect the functional
requirements for each step in the splicing pathway.

1.1. Inteins Splice as Proteins, Not as RNA

In 1990 two groups independently observed that the open
reading frame of the gene for Saccharomyces cerevisiae
vacuolar ATPase (Sce VMA) was almost twice as large as
that of the observed protein product and included 454 aa that
had no similarity to other vacuolar ATPases.>?* It seemed
unlikely that this intervening sequence was an intron because
it had no similarity to known introns, and because it was in-
frame with the predicted mature protein—a condition un-
necessary for RNA splicing. By 1993 five more in-frame
insertions were found in other genes* 2?2 The rapid
processing of these native precursors in their natural hosts
or in Escherichia coli left only indirect methods to prove that
intein excision was at the protein level. Modifying the “central
dogma” of gene expression demanded direct evidence.
Several experimental approaches failed to detect spliced
RNA.[10:23.24.27.28] Gjlent substitutions that change putative
essential intron sequences, but not protein sequence, had no
effect on splicing,® whereas disrupting the intein reading
frame blocked splicing.['% 2621 The breakthrough came in 1993
when scientists at New England BioLabs established the first in
vitro splicing system. This allowed purification of an active
protein splicing precursor and demonstration of its subsequent
splicing in the absence of other proteins or cofactors.[
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Scheme 1. A comparison of protein splicing of inteins (A) and RNA
splicing of introns (B).

1.2. Intein Mobility and Homing Endonuclease A ctivity

Similar intein alleles have been found in the same position
in homologous genes from closely related and highly diver-
gent organisms,® 232 3 although intein distribution is spora-
dic amongst species. The DNA G+ C content and codon
usage indicate that some intein genes have recently been
transmitted between organisms,* 34 and mobility of an intein
gene has been experimentally demonstrated in S. cerevisiae.l’"!

Several types of introns are also mobile genetic elements.
An intron encoded homing endonuclease! initiates mobility
by making a double-stranded break which starts a gene con-
version pathway.['> 3 3] Homing endonucleases are a class of
sequence-specific double-stranded endonucleases that recog-
nize and cleave DNA at or near the intron or intein insertion
site in homologous genes lacking the element.?> %! Many
inteins are bifunctional proteins that also exhibit homing
endonuclease activity (see Section 1.3).[26:28 37,38, 41, 43, 4] [f an
intein-containing allele enters a cell by sexual reproduction,
infection, conjugation, transduction, etc., it expresses the
intein. The intein endonuclease activity cleaves the intein-
minus copy of the gene at or near the intein insertion site
(“home”). Since the homing endonuclease recognition site is

Angew. Chem. Int. Ed. 2000, 39, 450-466
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interrupted by the intein, the intein-plus gene is the only intact
copy of the allele available to repair the cleaved intein-minus
gene. Repair of the cleaved intein-minus allele using the intact
intein-plus allele as the template results in unidirectional gene
conversion into an intein-containing allele. In a similar
fashion, intein-minus homologues present on phage, viruses,
plasmids or other episomal elements can pick up an intein
when they pass through a cell containing an intein-plus
homologue.

There are four families of homing endonucleases based on
the conserved signature motifs that give each family its
name.?®l Sequence comparisons indicate that most inteins
harbor dodecapeptide motif (DOD) family homing endonu-
cleases, although one intein carries an H-N-H family homing
endonuclease (Figure 1 and Section 1.3).[1:26: 29313541 The
intein DOD homing endonuclease region is identified by
the presence of characteristic motifs, termed intein blocks C,
D, E, and H.[?-32 3.4 Several lines of evidence suggest that
homing endonuclease genes invaded both intron and intein
genes during evolution.

N-terminal C-terminal
splicing region splicing region
blocks A N2 B N4 C DE H FG

+1 >

Figure 1. Conserved intein characteristics. A protein-splicing precursor
containing an intein with a DOD-type homing endonuclease is depicted
with conserved motifs listed above and conserved residues involved in
catalysis shown below. Nucleophiles are boxed. Note that some inteins
begin with Ala. Intein splicing regions (white boxes) are separated by
either an endonuclease domain as depicted or a short linker. By
convention, the numbering of amino acids in protein-splicing precursors
is as follows: Intein amino acids are numbered from the intein N terminus
to its Cterminus starting with 1. N-extein amino acids are denoted as
negative numbers starting with —1 at the N-terminal splice junction and
counting back towards the N terminus of the precursor. The amino acids in
the C-extein are numbered from its N terminus (the C-terminal splice
junction) to the C terminus of the precursor, beginning with +1 and
including a plus sign to denote the C-extein. Arrows indicate the direction
of sequential numbering of residues.

1.3. Intein Distribution and Conserved Characteristics

Protein splicing is ubiquitous in nature, with 97 inteins
discovered as of July 4, 1999 in unicellular organisms from all
three domains of life (eubacteria, archaea, and eucarya) as
well as in a virus and a prophage.-2 %1 For more up to date
information about inteins, see InBase, the intein registry at
http://www.neb.com/neb/inteins.htm].*

A protein is considered to be interrupted by an intein if:
1) extein homologues lack the intervening sequence,

2) the intervening sequence is over 100 aa,

3) the intervening sequence contains intein motifs,

4) the observed protein product is the same size as the
predicted open reading frame minus the intein.

The numbering of amino acids in protein splicing precur-
sors is shown in Figure 1.
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Inteins range in size from 134 to 600 aa.” Some of the
larger inteins are bifunctional proteins with endonuclease
activity. Ten conserved sequence motifs are present in most
inteins (Figure 1).-340 In a typical protein splicing precur-
sor, the central intein region (encoding a linker or a homing
endonuclease domain) is flanked by the N-terminal splicing
region (blocks A, N2, B, N4) and the C-terminal splicing
region (blocks F and G), which are in turn flanked, respec-
tively, by the N-extein and the C-extein (block G).*? Thus, the
precursor has a organization like that of Russian nesting dolls
(Figure 1). In the Sce VMA intein, part of the homing
endonuclease has been transposed into the N-terminal splic-
ing region;¥#1 comparative sequence analysis suggests that
this organization may be rare among known inteins.B! 32 3% 421
Approximately 10 % of inteins have a small linker in place of
the homing endonuclease domain.’]

The intein splicing domain includes blocks A, N2, B, N4, F,
and G (Figure 1). No single amino acid is conserved in all
inteins. Instead, intein blocks contain related amino acids
even in the most conserved positions. All known inteins have
a Ser, Thr, or Cys residue on the C-terminal side of both splice
junctions, except for two intein families which have Ala at the
N-terminal splice junction (Figure 1). N-terminal Edman
degradation revealed that the free Tli Pol-2 intein begins with
Ser, indicating that the conserved Ser or Cys at the upstream
splice junction is the first residue of the intein.?*! All known
inteins end in Asn, except two that end in Gln. Block B
contains a Thr-(2 aa)-His motif which is also found in serine
proteases, where the His is part of the serine protease catalytic
triad.*! A second conserved His is present in block G as the
penultimate residue in about 90% of inteins.”) There is no
consensus residue preceding the intein at the C terminus of
the N-extein. Since related, but not identical, amino acids are
present in conserved motifs, different amino acids act as
nucleophiles and assisting residues in each intein. However,
conservative substitution of splice junction Ser, Thr, or Cys
residues often impairs or inhibits splicing. Therefore, subtle
differences in pK,, nucleophilicity, and conformational prop-
erties amongst various inteins potentially increase the com-
plexity of any unified protein-splicing mechanism.

Almost all combinations of splice-junction Ser, Thr, and
Cys residues have been observed, except for the presence of
Thr at the intein N terminus.?! This absence of Thrl may be
due to sample size, since mutation of the TIi Pol-2 intein
N-terminal Serl to Thr permitted efficient splicing.?®! If the
multiple intein alleles are counted as one intein family, there is
little preference for thiol —thiol (36 %), hydroxyl —hydroxyl
(18%), or thiol-hydroxyl combinations (46% ). However,
with the presently available set of 39 different intein alleles
with Ser, Thr, or Cys at both splice junctions, there is a bias for
Cys at the N-terminal splice junction (82 %) and against Cys
at the C-terminal splice junction (36 %).

1.4. Inteins and Hedgehog Protein Autoprocessing
Domains

Although protein splicing has yet to be observed in a
multicellular organism, the Hedgehog family of embryonic
signaling proteins has an autoprocessing domain which most
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likely shares a common ancestor with inteins.*>4>4] The
Hedgehog autoprocessing domain and the splicing domain of
inteins have a common fold (the HINT module),*! share two
motifs (blocks A and B),* “Tland perform similar chemical
reactions (see Section 2.6).[4 4 4. 481 The Hedgehog precursor
is cleaved between the N-terminal signaling domain and the
C-terminal processing domain. At the same time, cholesterol
is attached to the Cterminus of the signaling domain,
anchoring it to the cell surface where it mediates pattern
formation during embryogenesis. Similar autoprocessing
domains have been found in several different nematode
genes of unknown function.[> 4 4

2. Elucidation of the Mechanism of Protein Splicing

Protein splicing results in formation of a native peptide
bond in the ligated exteins.”) The splicing process can be
broken down into three distinct, but coupled chemical
reactions: two protein cleavage events followed by a peptide
ligation event. Many protein-splicing mechanisms have been
proposed, based on the known chemical behavior of the
conserved residues at the splice junction.

2.1. Similarity with Serine and Cysteine Proteases

In the serine and cysteine classes of proteases,”™” the nucleo-
philic hydroxyl or thiol side chain of the respective active-site
serine or cysteine residue attacks the peptide bond of the
substrate at the main chain carbonyl carbon (Scheme 2). This
results in cleavage of the scissile peptide bond, with release of
the C-terminal cleavage product and formation of an acyl-
enzyme intermediate comprising the N-terminal product
covalently attached to the enzyme as a (thio)ester. Hydrolysis
of the (thio)ester linkage releases the N-terminal polypeptide
and regenerates the active protease. The protease reaction is
driven to completion by hydrolysis of the acyl-enzyme
intermediate. As a result, serine and cysteine proteases can
be converted into peptide ligases if water is excluded from the
reaction! or if the active-site nucleophile is mutagenized into
a poor leaving group in the acyl-enzyme hydrolytic step.P? 3

Catalysis of the initial nucleophilic attack on the peptide
bond is enhanced by increasing both the electrophilicity of the
substrate carbonyl group (by interaction of the carbonyl
oxygen atom with adjacent positively charged groups, the
“oxyanion hole”, in the transition state) and the nucleophi-
licity of the attacking hydroxyl or thiol group.F”! The latter is
accomplished by a charge-relay system in which the proton of
the attacking species is transferred in the transition state to an
adjacent histidine residue, which in turn has its pK, (and thus
basicity) raised by interaction with an adjacent aspartate (in
serine proteases) or asparagine residue (in cysteine proteas-
es).5* %] This “catalytic triad” of Asp-His-Ser or Asn-His-Cys
is the hallmark of all serine or cysteine proteases. The
conserved His, Asn/Gln, and Ser/Thr/Cys residues in inteins
(Figure 1 and Section 1.3) are reminiscent of protease cata-
lytic triads, which led us to postulate similar functional roles
for these residues in protein splicing.?% 8]

Angew. Chem. Int. Ed. 2000, 39, 450 -466
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Scheme 2. The serine protease mechanism. The active-site catalytic triad
residues (Asp102, His57, and Ser195) of chymotrypsin are shown, along
with a hypothetical substrate polypeptide in which the scissile bond is
between residue R' and residue R?. Nucleophilic attack by the active-site
serine residue is mediated by simultaneous deprotonation by the adjacent
His57, which in turn is more basic by interaction with the adjacent
negatively charged Aspl02. The developing negative charge on the
carbonyl oxygen atom is stabilized by interaction with the main-chain
protons of Glyl93 and Ser195 (the “oxyanion hole”). Tetrahedral
intermediates are omitted for clarity.

2.2. AnIn Vitro Splicing System Leads to the Discovery of
a Branched Protein Intermediate

Further elucidation of the splicing mechanism was greatly
facilitated by the development of an in vitro splicing system,
which allowed time-resolved studies of splicing of a purified
precursor protein (Figure 2).11 This construct consists of the
Psp-GBD Pol intein from the Deep Vent DNA polymerase,
flanked on the N-terminal side by the E. coli maltose binding
protein (MBP or M) and on the C-terminal side by a 29-kDa
fragment of Dirofilaria immitis paramyosin (P). The Psp-
GBD Pol intein has serine residues at both splice junctions.
This three-part fusion, MIP (for MBP intein paramyosin),
facilitated affinity purification of unspliced precursor on
amylose resin, as well as rapid identification of splicing
intermediates and products by either SDS-PAGE or Western
blot. The MIP context was permissive for splicing, but not
optimal. Splicing was very slow at 12-20°C, but more rapid
above 30°C. This temperature sensitivity was not due to the
isolation of the Psp-GBD Pol intein from an extreme ther-
mophile, since splicing of the native DNA polymerase
precursor in E. coli was too fast to isolate precursor at

Angew. Chem. Int. Ed. 2000, 39, 450-466

0 15 30 80 120 miaal 370

o e Iél

- A T
A4 B
- e FP T
T iy mO
i F¥ =i

Figure 2. Time-resolved in vitro splicing of purified MIP precursor. MIP, a
fusion of MBP, the Psp-GBD Pol intein, and paramyosin, was expressed
under nonpermissive splicing conditions and isolated by affinity chroma-
tography on amylose resin.¥! The initial sample contained the MIP
precursor (132 kDa), a small amount of a slowly migrating MIP precursor
(MIP*), and spliced MP plus free intein (I), and single splice junction
cleavage products (M, IP, MI). Time-resolved splicing of the MIP precursor
in the absence of added cofactors was observed in SDS-PAGE stained with
Coomassie blue. Black box: M (the N-extein); white box: I (the intein);
gray box: P (the C-extein).

20°C. Temperature-dependent splicing due to nonnative
exteins turned out to be rather common.* 3 3l Splicing of
MIP was pH-dependent, with an optimum at pH4.5-6.5 and
a steady decrease in the rate of splicing up to pH 10, at which
point splicing was essentially blocked.[

The MIP system allowed identification of a crucial reaction
intermediate by sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE). MIP samples yielded spliced
products, MP (MBP paramyosin) and the free intein (I), plus
products of single splice junction cleavage (see Section 2.8).
N-terminal splice junction cleavage yielded the N-extein plus
the intein/C-extein (M + IP), and C-terminal splice junction
cleavage yielded the N-extein/intein plus the C-extein (MI+
P). In addition to the expected splicing and cleavage products,
a slowly migrating species appeared early in the course of the
reaction and slowly disappeared as precursor was depleted
and product was formed (Figure2). These kinetics are
characteristic of an intermediate and the slow SDS-PAGE
migration relative to precursor suggested that the splicing
reaction goes through either a covalently multimerized or a
branched intermediate. Sequencing of the slowly migrating
species by N-terminal Edman degradation revealed two
overlapping sequences corresponding to the N termini of
the N-extein (MBP) and the intein.[¥! Formation and stability
of the branched intermediate were pH-dependent: The
branched intermediate reverted to precursor at pH10 and
37°C, implying that the branch linkage is an ester, since the
ester—amide equilibrium would favor the amide at high
pH.P%%8 The existence of this branched intermediate implies
that the precursor undergoes a rearrangement in which
cleavage of the N-terminal splice junction is coupled to acyl
migration of the N-extein to the side chain of a residue in the
vicinity of the C-terminal splice junction. This branched
intermediate structure ruled out a mechanism which predict-
ed that splicing was initiated by Asn cyclization.

Mutagenesis of the Ser, Thr, or Cys nucleophile at either
splice junction to Ala abolished branch formation, whereas
mutagenesis of the intein C-terminal His or Asn had little
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effect on branch formation.! This result immediately
ruled out a hypothetical mechanism in which the C-terminal
Asn residue is the attacking nucleophile in branch forma-
tion.[o!

2.3. Three Proposed Mechanisms Based on a Branched
Protein Intermediate

Three more mechanisms were proposed to explain forma-
tion and resolution of the branched intermediate in the
context of the known mutagenesis data. In mechanism 1
(Scheme 3), independently proposed by Paulus (personal
communication in ref. [4]) and Wallace,®”l both splice junc-
tions undergo an N —O(S) acyl migration in which the
nucleophilic hydroxyl or thiol group of the conserved Ser/Thr/
Cys residues at both splice junctions attack the backbone
carbonyl group of the preceding residue, resulting in chemi-
cally labile (thio)ester linkages at both ends of the intein. The
downstream N —O(S) acyl shift produces a free a-amino
group on the first residue of the C-extein, which in turn
attacks the labile (thio)ester linkage at the N-terminal splice

junction. This reaction breaks the connectivity between the
intein and N-extein, and converts the linear (thio)ester
intermediate into a branched (thio)ester intermediate in
which the intein is joined by an ester linkage to the ligated
exteins at the C-terminal splice junction by a peptide bond.
The branched intermediate is then resolved by cyclization of
the intein C-terminal Asn residue to form a succinimide ring,
thereby cleaving the (thio)ester linkage between the intein
and the C-extein, liberating both the intein and the ligated
extein polypeptides.

In mechanism 23 (Scheme 3) the initial acyl migration is
distal, rather than proximal. The nucleophilic hydroxyl or
thiol side chain of the C-extein + 1 residue attacks the peptide
bond at the N-terminal splice junction, which leads directly to
a branched intermediate in which the N-extein is joined to the
C-extein by a (thio)ester linkage. This reaction is the intra-
molecular analogue of the initial step in the serine/cysteine
protease mechanism, with the branched intermediate equiv-
alent to the protease acyl-enzyme intermediate. In contrast to
mechanism 1, the N-extein, rather than the intein, is joined by
an ester linkage to the C-terminal splice junction in the
branched intermediate. The branched intermediate is re-

mechanism 1 mechanism 2 mechanism 3
[N-extein] / j\mY j\__C-extein
N-extein / j\ intein / j\ .
- - [ C-extein] l N-O shift
OH HO, o T
o) I
) /[ )]\ N-extein LO HO
N-O shift Nesn]. Y Caxtan j\ Hj\
o HzN \[(N
0
— )]\ branch formation . . )
o) linear ester intermediate
\HCO HN" [ Ceextein )J\
oo~~~ [Neextan]
”W
branch formation ) ) \NH [Cedten]
branched intermediate
o NH,
/NHZ o] o
— o) Asn cyclization
13 »
N -_intein
HO [Noexgn HN™ ~[Cedein o j/ o
: : )]\3' "o excised intein
branched intermediate Asn cydlization j\
o H,oN C-extein
NH A shift
HzNj/
o} L
H |Nexte|n|)l\ |Cexte|n|
excised intein Ilgated exteins

Scheme 3. Three proposed protein-splicing mechanisms. All three mechanisms are shown for a hypothetical intein with Ser at both splice junctions, although
the overall mechanism is the same if Cys or Thr is substituted at either or both splice junctions. All tetrahedral intermediates and proton transfer steps are

omitted for clarity. See text for details.
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solved by cyclization of the intein C-terminal Asn residue,
releasing the exteins joined by a (thio)ester linkage. In the
absence of the stabilizing environment of the intein active site,
a spontaneous O(S) —N acyl shift generates the thermody-
namically more stable amide linkage between the ex-
teins. [56, 57, 64, 65]

In mechanism 311 (Scheme 3) an N —O(S) acyl shift occurs
at the N-terminal splice junction, similar to the first step of
mechanism 1. The downstream Ser/Thr/Cys nucleophile then
attacks the resulting (thio)ester linkage, rather than the amide
linkage as proposed in mechanism 2. The remaining steps of
mechanisms 2 and 3 are the same.

The characteristics of the branched intermediate were
central in eliminating mechanism 1, which predicts that the
exteins are joined by an amide linkage and the intein is linked
to the C-extein by a (thio)ester bond. In mechanisms 2 and 3,
the intein and C-extein are connected in the branched
intermediate by an amide and the N-extein by a (thio)ester
linkage. Using the MIP system, it was possible to differentiate
between these mechanisms by taking advantage of the lability
of ester linkages at high pH.l The fully denatured MIP
branched intermediate decayed to M and IP at 65°C and
pH 9, indicating an alkali-labile ester linkage between the
N-extein (M) and the intein/C-extein (IP).1*! This result ruled
out mechanism 1, while supporting mechanisms 2 and 3. A
similar branched intermediate structure was later shown to
exist during splicing of the Sce VMA intein, but was only
observed when Cys + 1 was mutated to Ser.[*]

2.4. Resolution of the Branched Intermediate.

In all three mechanisms (Scheme 3), the branched inter-
mediate is resolved by Asn cyclization to cleave the adjacent
C-terminal splice junction. Asn cyclization during protein
splicing was demonstrated by introducing a methionine five
residues upstream from the C-terminal splice junction of MIP,
and treating the purified excised intein with the methionine-
specific cleavage reagent cyanogen bromide to release the
intein C-terminal tetrapeptide.l®l HPLC revealed approxi-
mately equal amounts of two peptides, both with the expected
composition for the intein C-terminal tetrapeptide. Mass
spectrometry showed that the two peptides differed in
molecular mass by 18 (a water equivalent), as expected for
the hydrolyzed and intact forms of a peptide with a C-terminal
succinimide moiety. The succinimide ring was relatively stable
in vivo and in vitro.[’l The presence of a succinimide moiety
was confirmed using synthetic model peptides, mass spectro-
scopy, and a colorimetric assay in the Psp-GBD Pol inteinl®”!
and by mass spectrometry of peptides from the Sce VMA
intein.[%¢]

Analogous peptide bond cleavage and formation of a
C-terminal succinimide by Asn cyclization occurs in peptides
at pH 7.4(% and during the aging of proteins, such as bovine a-
crystallin.[®! Succinimides are also intermediates in the more
common spontaneous deamidation and isomerization of
internal Asn residues in proteins and peptides.[°® 773 Unlike
protein splicing and a-crystallin aging, the succinimide in
these latter reactions is formed by attack of the main-chain
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amide nitrogen atom on the side-chain carbonyl group.
Hydrolysis of the resultant succinimide at the side-chain or
main-chain carbonyl group then produces an internal aspar-
tate or isoaspartate residue, respectively. In peptides, there is a
competition between attack by the side-chain amide nitrogen
atom on the main-chain carbonyl group versus attack by the
main-chain nitrogen atom on the side-chain carbonyl group;
in most peptides the former reaction predominates, but the
latter reaction is enhanced if Pro, Ser, or His follow Asn in the
peptide.[®® 7 Succinimide formation is thought to be limited
by the ability to deprotonate the main-chain nitrogen atom,
increasing its nucleophilicity.”?! Asn cyclization is also limited
in proteins by conformational constraints, since structural
information suggests that succinimide formation requires a
dihedral ¢ angle of —120° and x angle of 120°.2 Gln
isomerizes to form a six-membered ring structure about ten
times more slowly than Asn forms a five-membered ring
structure due to entropic effects.” Splicing of inteins is orders
of magnitude more rapid than cleavage of peptides by Asn or
Gln (where the half-life is measured in days, not seconds),
suggesting that the splicing element must resemble an enzyme
in facilitating this reaction under physiological conditions (see
Section 2.1).

2.5. Formation of a Peptide Bond between the Ligated
Exteins

Following Asn cyclization and intein excision, the exteins
remain joined by a (thio)ester linkage between the carbonyl
carbon atom of the N-extein — 1 residue and the hydroxyl or
thiol side chain of the C-extein + 1 residue. In the absence of
the stabilizing effect of the intein, a spontaneous O(S) =N
shift occurs, resulting in a thermodynamically more stable
amide linkage between the exteins. Model peptides contain-
ing internal oxygen ester or thioester linkages at Ser or Cys
residues, respectively, rapidly isomerize to the amide
form.[64 03]

2.6. Activation of the N-Terminal Splice Junction for
Cleavage

The final piece of the puzzle concerned the conserved
nucleophilic Serl or Cysl at the N-terminal splice junction.
Unlike mechanism 3, mechanism 2 (Scheme 3) does not
postulate a direct catalytic role for this residue. One
possibility is that the hydroxyl or thiol side chain forms an
essential hydrogen bond, perhaps to the adjacent carbonyl
oxygen atom, which would catalyze the nucleophilic attack by
the C-extein + 1 residue by stabilizing the developing negative
charge in the transition state for the initial tetrahedral
intermediate. Substitution of Serl with Cys in the Tli Pol-2
and Psp-GBD Pol inteins reduced the rate of splicing and the
amount of spliced product after overnight culture,* % while
substitution of Cysl with Ser abolished splicing of the
Sce VMA inteinl® % 741 and substitution of Serl or Cysl with
Ala blocked splicing in all three inteins. However, N-terminal
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splice junction cleavage still occurred after mutation of all
three conserved C-terminal splice-junction residues (His-
Asn-Ser) to Ala.””l These data are more consistent with Serl
and Cysl playing a direct nucleophilic role, as in mechanism 3.
Mechanism 3 postulates that Serl or Cysl can undergo an
N —O(S) acyl rearrangement; the downstream nucleophile
then attacks the resulting (thio)ester linkage, rather than the
amide linkage proposed in mechanism 2. Similar N —O(S)
acyl rearrangements which lead to cleavage of the resultant
(thio)ester bonds are observed in other autocatalytic protein-
processing reactions, including pyruvoyl formation, process-
ing of the Hedgehog proteins, and N-terminal nucleophile
amidohydrolases.> 3 Pyruvoyl formation in prohistidine de-
carboxylase is initiated by an N—O acyl shift of Ser§82.
Mutation of Ser82 to Cys greatly diminished the rate of
pyruvoyl formation, which reflects the less than optimal
match between the nucleophile and the surrounding elec-
tronic environment of the enzyme active site.™ A similar
phenomenon was seen when conservative substitutions of
intein splice junction Ser, Thr, or Cys residues were
made,[® % 28.60.66.74.76.711 when the active-site nucleophile of
serine or cysteine proteases was changed to cysteine and serine,
respectively,’®! or when the autoprocessing active-site Thr of
Flavobacterium glycosylasparaginase was mutated to Cys.™
Hydroxylamine cleavage was used to confirm the acyl shift
in a Ser82Cys mutant of prohistidine decarboxylase.” In
proteins at neutral pH, internal thioester linkages are much
more sensitive to cleavage with hydroxylamine than amide
and oxygen ester linkages.”® The Ser82Cys mutant of prohisti-
dine decarboxylase, unlike the wild-type enzyme, was sensi-
tive to hydroxylamine cleavage. Internal thioesters in proteins
can also be displaced by small thiol reagents, resulting in
protein cleavage. A similar strategy was used to detect
thioester intermediates in processing of the Hedgehog protein
and the Flavobacterium glycosylasparaginase.s -7 801 Mu-
tation of the Psp-GBD Pol intein Serl to Cys reduced both
splicing and branched intermediate formation, but prolonged
incubation in the presence of hydroxylamine, free Cys, or thiol
reagents resulted in increased levels of N-terminal splice
junction cleavage relative to wild-type precursor, diagnostic
of the presence of a thioester linkage at the N-terminal splice
junction.[**- % In the MIP system, hydroxylamine cleavage at
Cysl also occurs in the presence of additional mutations that
block branch formation, indicating that the linear (thio)ester
precedes the branched (thio)ester in the splicing pathway.[%]
The position of hydroxylamine cleavage was confirmed by
mass spectrometry and HPLC analysis of a C-terminal
cyanogen bromide fragment derived from the cleaved N-
extein with comparison to a model peptide containing
the expected C-terminal hydroxamate moiety.®]. Similar
results were later obtained with the Sce VMA intein.[%!
Taken together, these data strongly implicate an N —O(S)
acyl shift at the upstream splice junction as the initial step of
protein splicing according to mechanism 3. However, two
families of putative inteins have an N-terminal Ala residue
(see Section 1.3). Preliminary evidence indicates that at least
one of these inteins is capable of splicing.[!! We propose that
these Alal-containing inteins have evolved to splice using
mechanism 2, since all other intein motifs are intact.
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2.7. The Protein-Splicing Mechanism

The widely accepted mechanism for protein splicing of most
inteins is shown in Scheme 4 and consists of four steps:

1) attack by the side chain of the first intein residue (Ser, Thr,
or Cys) on the preceding carbonyl group, resulting in an
acyl shift of the N-extein to the side chain of the first intein
residue;

2) atransesterification reaction in which the hydroxyl or thiol
group on the first C-extein residue (Ser, Thr, or Cys)
attacks the (thio)ester linkage, resulting in transfer of the
N-extein to the C-terminal splice junction;

3) cleavage of the amide linkage at the intein C terminus by
Asn or Gln cyclization to release the free intein; and

4) spontaneous rearrangement of the (thio)ester linkage
between the ligated exteins to the more stable peptide
bond amide linkage.

Processing of the Hedgehog protein provides an interesting
variation of the intein-mediated transesterification reac-
tion.¥! In the Hedgehog system, nucleophilic displacement
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Scheme 4. The currently accepted mechanism of protein splicing and
single splice junction cleavage. X represents either the oxygen present in
the side chain of Ser or Thr or the sulfur present in Cys. In some inteins, Asn
is replaced by Gln. Inteins with Alal probably splice using mechanism 2
(Scheme 3). All tetrahedral intermediates and proton transfer steps are
omitted for clarity. Points in the pathway where single splice junction
cleavage can occur are also indicated. See text for details. “M” represents
the N-extein, and “P” the C-extein. The presence of a C-terminal
succinimide is indicated by “>".
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of the thioester linkage between the signaling and autopro-
cessing domains occurs when the hydroxyl group of choles-
terol attacks the thioester. This results in the covalent linkage
of cholesterol to the C terminus of the signaling domain,
which serves to anchor the signaling domain on the surface of
the cell where it controls important aspects of embryonic
development.!

2.8. Side Reactions

In addition to the expected excised intein and ligated extein
products, protein splicing typically yields products from side
reactions, especially when splicing precursors are expressed in
heterologous hosts, or when inteins are cloned between
foreign exteins. These products arise from cleavage at either
or both splice junctions without concomitant ligation and are
clear extensions of the mechanism (Scheme 4). Cleavage at
the N-terminal splice junction arises from competing hydrol-
ysis of the linear (thio)ester intermediate versus transester-
ification or by hydrolysis of the (thio)ester in the branched
intermediate prior to Asn or Gln cyclization. Cleavage at the
C-terminal splice junction arises by Asn or Gln cyclization in
the absence of N-extein transfer. Mutating catalytic residues
at one splice junction generally increases the cleavage side
reaction at the other junction.[®? 1460674 For example,
replacement of the intein N-terminal residue with Ala results
exclusively in cleavage at the C-terminal splice junction, while
replacement of the intein C-terminal Asn with Ala results in
cleavage at the N-terminal junction.

2.9. The Role of Proximal Extein Amino Acids

Splicing of chimeric precursors is usually slower than in the
native precursor, with more abortive single splice junction
cleavage products.*!% In our experience, splicing is successful
in less than 25 % of chimeric precursors. Moreover, it is often
temperature-dependent, suggesting that folding of the intein
is impaired.[* % 131 Since all three nucleophiles in the protein-
splicing pathway are splice-junction residues, suboptimal
proximal extein sequences are likely to inhibit splicing by
destabilizing the active site either chemically or by sterically
interfering with packing at the active site.

Although the —1 residue at the N-terminal splice junction
does not actively participate in the splicing reaction as a
nucleophile or assisting group, its carbonyl carbon atom is the
target of three of the four nucleophilic displacements. Several
studies have shown that N-extein proximal residues can
inhibit or block splicing or rescue splicing defective mu-
tants.[> 8147771 Two systematic studies have demonstrated
that some — 1 substitutions can block splicing of the Sce VMA
and Mycobacterium xenopi gyrase A (Mxe GyrA) inteins,
although residues that block splicing of one intein may have
negligible effect on the other intein.[* ! Amino acids that are
most similar to the cognate — 1 residue worked best in these
studies. Certain amino acids at the —1 position can either
reduce the rate of the initial acyl shift or block transester-
ification.l' These observations imply that inteins have
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coevolved with their extein sequences to maximize splicing
efficiency and that it is best to choose intein insertion sites that
are similar to the native insertion site.

2.10. Facilitators of Catalysis and Intein Structure

As discussed in Section 2.1, serine and cysteine proteases
facilitate catalysis using an oxyanion hole to increase the
electrophilicity of the substrate carbonyl and a charge relay
system to increase the nucleophilicity of the attacking
hydroxyl or thiol group.”r”! Inteins probably use similar
strategies. Mutagenesis studies indicate that the conserved
His in block B assists in reactions at the intein N terminus!”’)
and in the Hedgehog protein,[*-# but fail to conclusively
establish the role of the intein penultimate His residue of
block G.

The penultimate His residue is required for splicing and
C-terminal splice-junction cleavage of the Psp-GBD Pol
intein.). However, the His residue of block G does not
appear to be universally required for splicing, although
mutation of this residue generally inhibits splicing to varying
degrees depending on the intein, the extein, and the
substituted amino acid.l % ! Moreover, about 10 % of inteins
naturally have a residue other than His at this position,
suggesting that when a mutation naturally occurs, the intein
can evolve to splice in the absence of a penultimate His.?’]
When four inteins which naturally have Ser, Ala, Phe, or Gly
as penultimate residues were tested for their ability to splice
in E. coli, only the Chlamydomonas ClpP intein failed to
splice.[®1- 83851 Mutation of the penultimate Gly residue of
Chlamydomonas ClpP intein to His®! and of the penultimate
Phe residue of M. jannaschii phosphoenolpyruvate synthase
intein to His® significantly improved splicing. On the other
hand, mutation of the penultimate Gly residue of Methano-
coccus jannaschii RNA polymerase A’ intein to His signifi-
cantly inhibited splicing, resulting in accumulation of the
branched intermediate.[® Thus, splicing in E. coli of inteins
naturally containing penultimate amino acids other than His
may improve or worsen when “reverted” to His, depending on
the intein. These conflicting results may reflect inteins at
different stages of evolution after mutation of their penulti-
mate His residue. Taken together, these data suggest that the
intein penultimate His may facilitate splicing and branch
resolution by Asn cyclization.

Structural data support the role of both conserved His
residues in facilitating protein splicing. The crystal structures
of two inteins and part of a Hedgehog autoprocessing domain
have been determined. % 871 The Sce VMA intein and the
N-terminal portion of the Drosophila Hedgehog protein
autoprocessing domain were both crystallized after excision
from the precursor, while the Mxe GyrA intein was crystal-
lized with a single N-extein residue (Ala—1) and Cysl
mutated to Ser. The Ca trace of all three proteins can be
superimposed over much of the splicing domainl*> 45 4386, 87]
and form a conserved fold termed a HINT (Hedgehog intein)
module.” The HINT module consists of two structural
subdomains with superimposable Ca traces that are related
by a pseudotwofold axis of symmetry and have a single
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hydrophobic core.[*”) The N and C termini are brought into
proximity upon folding of the HINT module, which is
composed entirely of 5 strands and loops.

Unfortunately, the C-extein nucleophile and the scissile
bonds are absent from these structures, except for the
N-terminal splice junction in the Mxe GyrA intein. In the
Mxe GyrA intein structure, Ala—1 and Serl are in a cis
conformation, which may provide part of the driving force for
protein splicing.[*” 88l However, Ala at the — 1 position inhibits
splicing by 90 % and decreases the initial rate of thiol-induced
N-terminal cleavage fivefold when the Mxe GyrA intein is in
the MIP context.'! The positions of Ala—1 and the
C-terminal Asn in this structure may be different than in a
larger precursor due to interaction between the charged
N-terminal a-amino group of Ala—1 and the C-terminal
Asn198 carboxylate group (Figure 3).

Figure 3. The structure of the Mxe GyrA intein active site. Amino acids
present at the Mxe GyrA intein active site and the conserved motifs are
depicted based on the Mxe GyrA intein crystal structure.’”) Two potential
oxyanion holes are indicated by the dashed circles. A pair of dashed lines
indicates a potential hydrogen-bond interaction between the free amino
and carboxy groups of the protein, which may distort the position of these
groups in this protein relative to their position in a precursor with larger
exteins. A third dashed line indicates a potential hydrogen bond between
the hydroxyl group of Thr72 in block B and the nitrogen atom of Ser1 at the
scissile bond.

The crystal structures nonetheless provide insight into some
of the groups assisting in splicing reactions. The structures
reveal an intein with a preorganized active site including two
potential oxyanion holes. In all three structures, several
block B residues are within hydrogen-bonding distance of the
N terminus of the HINT module, potentially interacting in the
precursor with either the N-terminal carbonyl oxygen atom at
the scissile bond or the amine leaving group, forming an
oxyanion hole reminiscent of serine and cysteine proteases
(see Section 2.1). These include, but are not limited to, the
conserved His and Thr residues (Asn in the Sce VMA intein)
in block B (Figure 1 and Section 1.3). In the Mxe GyrA intein
structure, His75 of block B is within hydrogen-bonding
distance to the Ala—1 carbonyl oxygen atom, and Thr72
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and Asn74 of block B are within hydrogen-bonding distance
to the main chain nitrogen leaving group (Figure 3).187)

Several residues could potentially form a second oxyanion
hole to facilitate Asn cyclization (Figure 3). In both inteins,
the penultimate His residue is positioned to form a hydrogen
bond with the C-terminal carboxylate group, and not the Asn
side-chain nitrogen nucleophile. These data suggest that the
His residue acts by either stabilizing the developing negative
charge on the tetrahedral intermediate of the Asn cyclization
reaction or by making the main-chain amine a better leaving
group, but not by increasing the nucleophilicity of the
attacking side-chain nitrogen atom. [ 8 871

No amino acid is interacting with the side-chain hydroxyl or
thiol group at the N-terminal splice junction to increase its
nucleophilicity.[*> 8871 All three structures are of elements
with an N-terminal Cys residue. It would be interesting to see
the structure of an intein with an N-terminal Ser residue, since
such inteins would probably require assistance to increase the
nucleophilicity of Serl, due to its high pK,.

More questions about protein-splicing catalysis remain than
have been answered. Which steps in the pathway does the
oxyanion hole at the N-terminal splice junction assist, and is
there a second oxyanion hole present at the C-terminal splice
junction? What type of conformational changes, if any, are
required to achieve the four coupled nucleophilic displace-
ments, given that three of them attack the same carbonyl
carbon atom? Must side chains move to allow each new
nucleophilic group to attack? What residues help align the
attacking nucleophile with the electrophilic center? Why do
conservative substitutions of Ser, Thr, and Cys usually inhibit
splicing? Is the unusual cis conformation at the Mxe GyrA
intein N-terminal splice junction present in the native
precursor, and if so do the resulting steric constraints limit
the allowable amino acids at the —1 position? A thorough
understanding of the protein-splicing mechanism awaits the
determination of the structure of precursors and intermedi-
ates from inteins with both Cys and Ser splice-junction
residues.

3. Applications
3.1. Control of Splicing

Applications involving control of splicing fall into two
categories: pharmaceutical “switches” and tools for protein
engineering. Inteins are present in essential genes of human
pathogens such as Mycobacterium tuberculosis, Mycobacte-
rium leprae, and Candida tropicalis. Since intein-containing
precursors are inactive, chemical reagents that block splicing
would have significant pharmacological value. Controllable
inteins inserted into foreign contexts provide a method for
activating an enzyme on command, allowing biosynthesis of
cytotoxic proteins or controllable gene knockouts. Splicing
was first controlled by insertion of the intein into a suboptimal
extein context or by intein mutation, such that precursor
biosynthesis and splicing occur at different tempera-
tul‘es."" 8, 13, 60]
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Protein splicing has also been controlled by a novel use of
photochemistry and site-directed mutagenesis (Scheme 5).[3]
With a chemically aminoacylated suppressor tRNA and an in
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Scheme 5. Control of splicing using photoactive groups. Protein splicing of
the Tli Pol-2 intein with a caged photoreactive group is initiated by
photolysis of the 2-nitrobenzyl ether of Serl. o-NB denotes the o-
nitrobenzyl protecting group.®’]

vitro translation system,’® O-(2-nitrobenzyl)serine was in-
corporated in place of Serl in the TIiPol-2 intein. The
“caged” protecting group can be released from the precursor
by brief irradiation with visible light, initiating splicing by
restoring Serl. Photochemically activated protein splicing
should allow a range of time-resolved studies relevant to the
mechanism of protein splicing.

Trans-splicing in vitro is another method of controlling
splicing by splitting the precursor gene into two fragments
which are separately expressed in different cultures
(Scheme 6).112.21. 91921 After purification, the precursor frag-
ments are mixed under native or denaturing conditions,
depending on solubility and reassociation requirements.
Reassembly activates the splicing element, resulting in
ligation of the exteins and release of the intein fragments. In
all cases to date, the precursor has been split in the
dispensable endonuclease domain of the intein. Two out of
three split sites led to functional trans-splicing in the Psp-
GBD Pol intein, and the released split intein complex
retained homing endonuclease activity.l'?l Trans-splicing al-
lows the expression of extremely cytotoxic proteins as well as
segmental protein modification or labeling. Trans-splicing
may also provide a new tool to study protein folding. In
another example of nature mimicking biotechnology (or vice
versa), the catalytic subunit of the replicative DNA polymer-
ase of Synechocystis sp. has been split within its intein by a
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Scheme 6. Trans-splicing: control of splicing by precursor fragmentation.
The precursor gene can be split within the intein and each fragment
expressed in separate cultures. Reassembly occurs in vitro. The intein
fragments (Iy+Ic) reconstitute an active splicing element that then
mediates ligation of the extein fragments (N, C).

genome inversion, but trans-splicing in vivo restores DNA
polymerase activity to maintain viability of this organism.[$4

3.2. Protein Purification Vectors

Understanding the mechanism of protein splicing has
allowed the conversion of an intein into the more common
type of autocleavage element, an autoprotease that cuts a
single adjacent peptide bond. Cleavage at only the N-terminal
splice junction is achieved by mutating one or more C-termi-
nal splice-junction residues to prevent Asn cyclization while
allowing thioester formation.['* 1 % The thioester linkage can
then be cleaved with thiol-specific reagents, including free
cysteine, or by nitrogen nucleophiles such as hydroxylamine.
Several methods have been used to specifically activate the
intein C-terminal splice junction, including mutation of the
Sce VMA intein penultimate His"l and mutation of the — 1 aa
in a temperature-controllable Mxe GyrA intein.['4!

Converting a modified intein, which can only cleave one
splice junction, into a purification vector is achieved by
1) introducing a multiple cloning site adjacent to the active
splice junction for cloning of the target gene and 2) cloning
the gene for an affinity purification tag within the intein or
adjacent to the inactive splice junction (Scheme 7). Precursors
can be expressed in any eucaryotic or procaryotic host. Intein
cleavage is directly activated on the affinity purification
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Scheme 7. Intein purification vectors. Purification of target proteins can be
achieved by cloning the target protein in-frame with the single active N- or
C-terminal splice junction of the modified intein using the multiple cloning
site (MCS).7 14161 After expression under nonpermissive autocleavage
conditions, the fusion protein is isolated on a chitin affinity column using
the chitin binding domain (CBD) affinity tag that is adjacent to the inactive
splice junction. Cleavage is then induced on the column by various methods
including thiol reagents or temperature shift, followed by elution of the free
target protein.

column, resulting in elution of the target protein while the
remainder of the fusion is retained. Two purification vectors
are commercially available (New England BioLabs, Inc.) in
which the Cterminus of the target protein is fused to the
active N terminus of the intein, and a 5 kDa bacterial chitin
binding domain affinity tag is fused to the inactive C terminus
of the intein. The IMPACT system (intein-mediated purifica-
tion with an affinity chitin-binding tag) employs a modified
454 aa Sce VMA intein,'¥! while a second vector employs a
modified 198 aa Mxe GyrA intein.l'* ™ In a third commer-
cially available purification vector which is also part of the
IMPACT system (New England BioLabs, Inc.), a multiple
cloning site for the target protein is adjacent to the C terminus
of a modified Sce VMA intein in which the central endonu-
clease domain has been replaced by the 5-kDa chitin binding
domain and ten codons are in-frame with the N-terminal
splice junction.[’! In this mutated intein, Asn cyclization is
activated by thiol-induced cleavage of the peptide at the
intein N terminus.

Intein-mediated protein purification has several advantages
over other purification methods. No expensive protease is
necessary, and cleavage occurs only at the splice junction and
not at protease-sensitive sites in the target protein. Further-
more, purification of a target protein free of vector-derived
amino acids can be accomplished in one step, since purifica-
tion and cleavage occur on the same column.

3.3. Intein-Mediated Polypeptide Ligation and Related
Techniques

1998 saw the convergence of two previously unrelated
fields, protein splicing and protein semisynthesis, resulting in
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generation of a new protein engineering technique termed
either “expressed protein ligation” (EPL)[' 1% 2. 2] or “intein-
mediated protein ligation” (IPL).I'> 18 The elucidation of the
protein-splicing mechanism occurred simultaneously with the
development of a procedure for protein semisynthesis, termed
“native chemical ligation”.[) In native chemical ligation, a
synthetic peptide with a C-terminal a-thioester moiety is
mixed with a second peptide or protein with an N-terminal
cysteine (Scheme 8A). A highly efficient and chemoselective
intermolecular reaction takes place, forming a thioester-
linked intermediate which spontaneously rearranges by an
S —N acyl rearrangement to form a peptide bond between the
ligated peptides. Thus, native chemical ligation follows all the
steps in the protein-splicing pathway except for the Asn
cyclization reaction which releases the intein from the ligated
exteins (Scheme 4). Native chemical ligation is limited by the
ability to make large peptides by solid-phase peptide synthesis
and the inability to express a polypeptide with a C-terminal a-
thioester or to selectively generate a C-terminal a-thioester in
an unprotected polypeptide.

IMPACT and similar intein vectors (see Section 3.2)
provide unique tools for biosynthesis of an a-thioester at
the C terminus of a target protein, which can then be utilized
in various types of chemoselective condensation reactions,
including modified native chemical ligation. Other intein
vectors yield a polypeptide with an N-terminal Cys residue
after cleavage at the intein C-terminal splice junction.!'* 3]
Alternatively, protease digestion can generate an N-terminal
Cys residue in a biologically synthesized polypeptide.?* 22 To
date, the Mxe GyrA intein,['* ¥l the Sce VMA intein,['¢-20 22
and the Methanobacterium thermoautotrophicum ribonucleo-
side —diphosphate reductase (Mth RIR1) intein™! have been
used to express polypeptides with a C-terminal a-thioester.

Initial studies involved condensation of synthetic peptides
with intein-derived, biologically expressed proteins contain-
ing an a-thioester between the C terminus of the target
protein and the N terminus of the intein (Scheme 8B) to
express cytotoxic enzymes,['¥! to test the effect of phosphor-
ylation on kinase activity and conformation,'” and to
examine protein—protein interactions.'”! Semisynthesis was
achieved by:

1) truncating the target gene immediately prior to the last
cysteine codon or at a nonconserved point near the
C terminus;

2) expressing the truncated enzyme fused to the N terminus
of a modified intein;

3) purifying the truncated enzyme by affinity chromatogra-
phy; and

4) mixing the truncated enzyme with a synthetic peptide
comprising the remainder of the enzyme with an N-termi-
nal Cys, and condensing in the presence of a thiol reagent,
such as 2-mercaptoethanesulfonic acid (MESNA) or
thiophenol. Alternatively, the thiol reagent can be added
first to cleave the truncated protein from the column as an
a-thioester, followed by addition of the synthetic peptide
(Scheme 8B).

Ligated RNase A required refolding for activity, but the
Hpal restriction enzyme did not.'"® The C-terminal Src kinase
(Csk) proteins (50 kDa) catalyze the phosphorylation of a
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A) native chemical ligation

B) intein-mediated protein ligation
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Scheme 8. Comparison of native chemical ligation and intein-mediated protein ligation. A) Native chemical ligation!® involves the coupling of two synthetic
peptides, the N-terminal peptide having a C-terminal thioester linkage and the C-terminal peptide (or protein) having an N-terminal cysteine residue. Mixing
results in transesterification to yield a ligation product in which the two peptides are joined by a thioester linkage with an adjacent free a-amine. The thioester
linkage spontaneously rearranges to the more stable amide linkage. B) Intein-mediated expressed protein ligation'> 12022 utilizes identical coupling
chemistry as native chemical ligation, but the a-thioester on the N-terminal segment is generated by on-column cleavage of a recombinant protein fused to a
cleavage-competent intein. This circumvents the length requirements imposed by synthetic peptide chemistry. CBD refers to the chitin binding domain,
which is used to immobilize the intein, and the triangle represents a chitin moiety attached to a bead. All tetrahedral intermediates and proton transfer steps

are omitted for clarity.

conserved tyrosine within the C-terminal tail of Src kinase
family members (SH2 domain).'’! Using a similar synthetic
approach with an IMPACT vector (Sce VMA intein) and
thiophenol, either a phosphorylated or unphosphorylated
synthetic peptide was condensed with the truncated human
Csk. The resultant kinase was significantly more active when
the phosphorylated peptide was ligated, confirming the role of
phosphotyrosine for activity. A fluorescent tag was included in
each peptide, allowing analysis of the conformation by
limiting proteolysis, which indicated that phosphotyrosine
induced a change in Csk conformation. In the third example, a
C-terminal peptide was ligated to a truncated o’ subunit of E.
coli RNA polymerase to demonstrate that this region of the
protein is involved in protein-—protein interaction in the
holoenzyme and in promoter recognition.!"”]

The second generation of IPL utilizes a biologically ex-
pressed polypeptide with an N-terminal Cys in place of a
synthetic peptide. The N-terminal Cys residue can be
generated with two intein vectors in which the N terminus

Angew. Chem. Int. Ed. 2000, 39, 450-466

of the target protein is fused to the intein C terminus,'* ** but
not with the commercial IMPACT Sce VMA intein C-termi-
nal splice-junction cleavage system!”) (see Section 3.2). Alter-
natively, an N-terminal Cys residue can be generated by
protease digestion of an expressed polypeptide?®?? In each
example, two large polypeptides were solubly expressed in
bacteria and condensed without the need for denaturation or
renaturation.!> 20221

These same techniques can be used to specifically label the
N or C terminus of a protein with any type of tag, which can
either be incorporated into a peptide or displace the intein
from the a-thioester intermediate. For example, the Hedge-
hog autoprocessing domain generates a similar thioester
linkage which allows attachment of cholesterol to the
Cterminus of the released signaling domain by a trans-
esterification reaction involving the hydroxyl group of cho-
lesterol.[46 481

A major breakthrough in NMR spectroscopy for protein
structure determination was achieved with IPL.2Y NMR
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analysis is limited by the loss of resolution with increasing
number of amino acids. Segmentally labeling a protein
reduces the spectral complexity and has been used to study
large proteins whose solution structures were previously
unsolvable by NMR spectroscopy. With IPL, a segment or
domain of a large protein is isotopically labeled in bacteria
with C or N and then ligated to the remaining unlabeled
segment or domain of the protein, also expressed in bacteria.
In a series of separate experiments, different parts of the
protein are labeled prior to ligation by IPL, allowing the
structure of the labeled region to be determined in the context
of the entire folded protein. This technique also provides a
method of studying the effect of ligand binding or domain
interactions by chemical shift perturbation to elucidate
structure —activity relationships by NMR spectroscopy. Sim-
ilar strategies of segmental labeling are possible by trans-
splicing!?l (Section 3.1) and NMR analysis of a small poly-
peptide has been reported after trans-splicing.?!l Although
both trans-splicing and IPL achieve the same result, trans-
splicing is limited by the difficulties of identifying appropriate
sites for intein insertion, the need to reconstitute an active
intein, and the potential need to denature the precursor
fragments prior to reassembly (see Section 3.1).

In another elegant set of experiments, Muir and co-workers
have used intein-mediated expressed protein ligation to
introduce a protein biosensor between the Src homology 3
(SH3) and Src homology 2 domains (SH2) of the Abelson
nonreceptor protein tyrosine kinase (Abl).?2l A synthetic
peptide containing an environmentally sensitive 5-(dimethyl-
amino)naphthalene-1-sulfonamide (Dns) fluorophore was
sequentially ligated to the Abl-SH2 domain at its C terminus
and the Abl-SH3 domain at its N terminus using IPL and
native chemical ligation strategies (Scheme 9). The resultant
semisynthetic protein has an environmentally sensitive dansyl
group in the linker between the SH2 and SH3 domains which
was able to report conformational changes upon ligand
binding. This protein engineering strategy is generally appli-
cable to the insertion of any type of tag, fluorophore, or
unnatural amino acid into a protein of any size or sequence
without the limitations of methods involving chemically
misacylated suppressor tRNA’s or solid-phase peptide
synthesis.

Recently, inteins have also been used to generate cyclized
proteins® and proteins with a C-terminal thiocarboxylate for
protein semisynthesis.’¥ The C-terminal thiocarboxylate was
generated using a 66 aa ThiS peptide, which functions as a
sulfur donor for the biosynthesis of the thiazole moiety of
thiamin. This was fused to the N terminus of the Sce VMA
intein in the IMPACT-CN vector, and the resultant thioester
was cleaved with ammonium sulfide. Five milligrams of ThiS-
COSH peptide were purified per liter of culture.’

4. Summary and Outlook

In less than ten years, protein splicing has shifted from
being a biological oddity to a well-understood, widely
observed process that has generated multiple protein-engi-
neering applications. However, we are still unsure of the
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Scheme 9. Sequential condensation of protein fragments and the incorpo-
ration of a protein biosensor. Sequential condensation of synthetic peptides
or biologically expressed polypeptides using a combination of intein-
mediated expressed protein ligation and native peptide ligation allows
incorporation of a Dns biosensor between the Abl kinase domains SH2 and
SH3.122I After condensation of the synthetic peptide with the C-terminal
polypeptide, the fusion is treated with Factor Xa protease to generate a new
N-terminal Cys. The fusion is then allowed to react with the N-terminal
polypeptide to generate the mature protein product. The same technique
can be used to introduce any unnatural amino acid or chemical reagent at
any desired location in a protein. Xa: peptide with Factor Xa cleavage site.

biological function of inteins. Some suggest that intein genes
are selfish DNA elements that invade other genes with little
penalty after splicing.['3 3> 372489 It has also been suggested
that inteins control expression of the genes in which they
reside.[l! 13.48.84 %] However, the self-processing protein-splic-
ing mechanism seems to leave little room for control,
especially since splicing is rapid under physiological condi-
tions. Natural precursors have not been detected in the native
host, and no growth conditions have been found that
modulate this process in the native organism. It has also been
suggested that inteins may have played an important role in
early evolution.™ Trans-splicing and intein-mediated protein
ligation suggest that inteins could have provided a means of
trial-and-error domain shuffling to generate improved en-
zymes at the protein level, especially prior to the development
of sophisticated DNA recombination pathways. Once DNA
recombination becomes facile, intein genes could provide
islands of homology for recombination between genes encod-
ing smaller protein modules.

Although a general mechanism of protein splicing has been
elucidated (Scheme 4), exceptions to this mechanism exist in
nature. The largest void in our understanding of protein
splicing is how the intein facilitates the four nucleophilic
displacements. Creative approaches to determining the struc-
ture of precursors and intermediates are needed to solve this
problem. For example, how do inteins enhance attack of the
backbone carbonyl group by the Asn side-chain nitrogen
atom, rather than the more common attack of the Asn side-
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chain carbonyl group by the main-chain nitrogen atom? Since
well-known chemical reactions make up the protein-splicing
pathway, the development of applications utilizing inteins has
been rapid. Although intein purification vectors were the first
intein-derived application, intein-mediated expressed protein
ligation and its related applications may prove to be the most
important and widely used intein-derived techniques. The
ability of intein vectors to chemoselectively generate large
polypeptides of any sequence with a-thioesters or N-terminal
cysteines circumvents the limits of solid-phase peptide syn-
thesis. Inteins also provide a new target for drug discovery for
several diseases. The last year has seen the development of
many new protein-engineering applications which utilize IPL
to synthesize cytotoxic proteins, add fluorescent tags to
proteins, segmentally label proteins for NMR analysis, cyclize
proteins, generate C-terminal thiocarboxylates, or introduce
fluorophores into proteins. The list of intein-related applica-
tions will continue to expand as more chemists become aware
of intein-derived tools.

We dedicate this review to the memory of Prof. Holger W.
Jannasch (1927-1998) of the Woods Hole Oceanographic
Institute, whose exploration of extreme environments led to the
characterization of many microbes, including Thermococcus
litoralis and Pyrococcus sp. GB-D, from which were cloned
intein-containing genes that allowed us to define the protein-
splicing mechanism. We thank our colleagues at New England
BioLabs, Virginia Cornish and Tom Muir for valuable
discussions, Karen Sandman, Karen Noren, Tom Evans, and
Maurice Southworth for reading the manuscript, and Tom
Muir for preparing Scheme 9.
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