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The term “self-catalyzed” as applied to protein processing reactions might be considered a
contradiction, since catalysis implies that the catalyst is regenerated without change. However,
as our understanding of protein autoprocessing reactions such as protein splicing advances, it
is becoming clear that they have many of the hallmarks of enzymatic reactions. In this review,
we will examine the properties of protein splicing elements, or inteins, and show how these
can be understood in terms of enzyme catalysis, both with respect to substrate specificity and
the stabilization of reactive intermediates. q 2001 Academic Press
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INTRODUCTION

In recent years, a number of protein processing reactions have been described that
are distinguished by the fact that they occur in the absence of accessory proteins and
involve as their first step the N-S or N-O acyl rearrangement of a peptide bond
involving a cysteine, serine, or threonine residue (Fig. 1). Since such peptide bond
rearrangements do not occur spontaneously at neutral pH, these protein processing
reactions have been described as “self-catalyzed” in spite of the fact that the “catalyst”
is not regenerated in a form capable of promoting additional reaction cycles. In the
case of protein splicing, the classical experiments by Xu and coworkers (1) established
that all information required for catalysis resides in the intein, the intervening sequence
that is excised in this process. Inteins, which range in size from 146 to 609 amino
acids (2) and are inserted into host proteins before a cysteine, serine, or threonine
residue, catalyze the first three of the reactions shown in Fig. 2 (for a recent review,
see Ref. 3). In this article, we will look at protein splicing from the point of view
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FIG. 1. Protein autoprocessing reactions initiated by self-catalyzed N-O or N-S acyl rearrangements.
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of classical enzymology in order to gain a better understanding of its mechanism
and specificity.

PROTEIN SPLICING VIEWED AS AN ENZYMATIC REACTION

Let us begin by examining the reactions catalyzed by inteins from the point of
view of the enzymologist. Protein splicing involves the action of an enzyme—the
intein—on two substrates—the N-extein and the C-extein—which leads to the break-
ing of the peptide bonds linking the intein and the exteins and the formation of a
new ester bond between the exteins, as indicated in Fig. 2. The ester bond subsequently
rearranges spontaneously to a peptide bond. In step 1, the nucleophilic side chain of
the N-terminal residue of the enzyme attacks the C-terminal carbonyl carbon of
substrate 1, forming an acyl-enzyme intermediate (the linear ester intermediate) with
the concomitant scission of the peptide bond between the enzyme and substrate 1.
In step 2, the enzyme catalyzes the transfer of substrate 1 to the nucleophilic side
chain of the N-terminal residue of substrate 2, yielding an ester product that is
still linked to the C-terminus of the enzyme by a peptide bond (the branched ester
intermediate).2 In step 3, the peptide bond linking the product to the enzyme is broken
by the nucleophilic attack of the b-amido group of the C-terminal asparagine of the
enzyme on its a-carbonyl carbon. The product is released as a thermodynamically
and kinetically unstable peptide ester (5), which rearranges spontaneously to the
corresponding amide (step 4). The first two steps in the protein splicing pathway are
the equivalent of a double-displacement mechanism, with the complication that the
enzyme is initially joined to the substrates by covalent bonds, one of which is broken
in the course of the reactions. The third step is a mechanistically unrelated nucleophilic
displacement reaction to yield an intein with a C-terminal aminosuccinimide residue.
It has not yet been determined whether the hydrolysis of the aminosuccinimide moiety
in step 4 is spontaneous or catalyzed by the intein.3

SUBSTRATE SPECIFICITY IN PROTEIN SPLICING

The fact that inteins are often found in closely related proteins, presumably owing
to horizontal transfer mediated by the homing endonucleases that are embedded in
most inteins (7,8), provides an opportunity to examine substrate specificity in protein
splicing. The amino acid sequences of inteins inserted at allelic sites in a particular
host protein have usually diverged much more than those of the host proteins them-
selves. For example, the DNA gyrase A subunits of six different mycobacterial species
have an average sequence identity of 96%, but the inteins that are inserted at equivalent
sites in these proteins are on average only 65% identical. This divergence implies
evolution of the inteins subsequent to their insertion to optimize protein splicing in

2 In some inteins, formation of the acyl-enzyme intermediate (step 1) is circumvented by the direct
transfer of substrate 1 to the nucleophilic side chain of the N-terminal residue of substrate 2, thus
combining reactions 1 and 2 into a single step (4). In the terms of our discussion, this alternative mechanism
does not involve an acyl-enzyme intermediate and thus represents a single-displacement reaction mecha-
nism, contrasting with the double-displacement mechanism illustrated in Fig. 2.

3 This question could be answered by analysis of the excised intein. Spontaneous hydrolysis would
lead to an equilibrium mixture of C-terminal asparagine and isoasparagine residues, whereas intein-
catalyzed hydrolysis would produce only one of these isomers (6).
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the context of the host protein. One would expect this optimization to involve specific
interactions of the intein with the host proteins that improve the efficiency of protein
splicing under physiological conditions and to minimize the occurrence of side reac-
tions. Evidence for such specificity was obtained by a detailed study of the GyrA
intein of Mycobacterium xenopii (9). When a fusion protein containing the GyrA
intein together with 64–65 GyrA residues at its N- and C-termini is expressed in
Escherichia coli, protein splicing occurs with high efficiency in vivo (86% at 378C
and 100% at 168C). When the native GyrA residues at the intein C-terminus are
replaced by a foreign polypeptide, protein splicing becomes temperature-sensitive
(only 2% protein splicing at 378C but 100% splicing at 168C). When the native GyrA
residues at the intein N-terminus are replaced by a foreign sequence, no protein
splicing is seen either at 37 or 168C. These observations suggest that productive
protein splicing requires interactions between the intein and adjacent extein residues.
Experiments with the split DnaE intein of Synechocystis sp. PCC 6803 also showed
that efficient protein splicing requires flanking extein sequences, with optimal splicing
activity observed with five DnaE residues adjacent to the intein N-terminus and three
DnaE residues at the C-terminus (10).

An interesting aspect of these specificity studies is that the various reactions in the
protein splicing pathway are differentially affected by the presence of adjacent extein
residues. Although the absence of native GyrA residues at the N-terminus of the M.
xenopii GyrA intein completely prevents protein splicing, reactions 1 and 3 of the
protein splicing pathway can still occur, leading—under appropriate conditions—to
cleavage of either of the scissile bonds linking the intein to the exteins (9). Indeed,
protein splicing mediated by inteins inserted between foreign exteins is generally less
efficient than splicing in the native context and is accompanied by considerable
cleavage at the N- and C-terminal splice junctions (e.g., 1,11,12). This is reminiscent
of the uncoupling of the steps in complex enzymatic reaction pathways that sometimes
occurs in the presence of substrate analogs. For example, in the presence of 5-
oxo-L-proline analogs such as L-2-imidazolidone-4-carboxylate, 5-oxo-L-prolinase
catalyses ATP hydrolysis without amino acid cleavage (13). Similarly, when presented
with noncognate amino acids, some aminoacyl-tRNA synthetases catalyze the hydroly-
sis of the aminoacyl adenylate intermediates rather than the transfer of the amino
acid to tRNA (14). In the case of protein splicing, it appears that the transesterification
reaction (step 2) is most sensitive to perturbation of substrate structure, with the
result that the cleavage reactions are uncoupled from transesterification and occur
autonomously. One might expect step 2 of protein splicing, in which the N-extein is
transferred to the nucleophilic side chain of the N-terminal residue of the C-extein,
to involve relatively extensive intein–extein (enzyme–substrate) interactions and thus

FIG. 2. An enzymologist’s view of the mechanism of protein splicing. The unspliced precursor and
the splicing intermediates are partitioned by the dotted lines into enzyme and substrate moieties as
discussed in the text. The amino acid residues that participate directly in the chemical transformations
are shown (X 5 O or S) and the remainder of the intein and exteins are shown by circles or boxes, which
are not to scale. The scissile peptide bonds linking the intein to the exteins are shown by the elongated
heavy line.
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be particularly sensitive to extein structure. Unfortunately, nothing is known about
the catalytic groups in the intein that promote the transesterification reaction. However,
genetic studies by Anraku and coworkers (15) provide some information concerning
the intein residues that interact with the N-extein. These researchers found that
replacing the three nonpolar intein amino acid residues adjacent to the conserved
His–Asn sequence at the C-terminus of the yeast VMA intein is detrimental to protein
splicing but that this effect can be suppressed by compensating mutations in the three
nonpolar residues near the C-terminus of the N-extein, suggesting a direct interaction
between these groups of amino acids. Such an interaction was not supported by a
recent crystallographic analysis of the yeast VMA intein (16), but it should be noted
that this structure was based on the crystals of a Zn(II) complex unable to carry out
the transesterification reaction and involved nonnative N-extein residues.

STABILIZATION OF ESTER INTERMEDIATES

One of the hallmarks of enzyme catalysis is the diversion of substrate binding
energy to the stabilization of the transition state and closely related intermediates
(17). At this time, little can be said about the stabilization of the transition state in
protein splicing and related forms of self-catalyzed processing reactions involving N-
S or N-O acyl rearrangements (Fig. 1). The transition state must be closely related
to the oxythiazolidine or oxyoxazolidine intermediates, which have not been studied
directly. However, the highly unfavorable equilibrium of N-S and N-O acyl re-
arrangements of peptide bonds at neutral pH (18) and the extremely rapid rate of the
reverse reaction (5) allows us to invoke the Hammond postulate and conclude that
the linear ester intermediate is also close to the transition state. By estimating the
relative stabilities of the unspliced precursor and the ester intermediate, one should
be able to obtain information about transition state stabilization.

Protein Splicing

The equilibrium position of the N-S acyl rearrangement involving the Saccharo-
myces cerevisiae VMA intein has been measured after arresting further amide-ester
interconversion by adding 8 M urea and then estimating the amount of ester intermedi-
ate by reaction with hydroxylamine (19). The position of the amide-ester equilibrium
depends strikingly on the amino acid at the C-terminus of the N-extein. The equilibrium
constant for the N-S acyl rearrangement ranges from less than 0.05 (with Gly, Ala,
Ile, Ser, Gln, His, Cys, Asn, or Pro at the N-extein C-terminus) to more than 1 (with
Phe, Trp, Glu, Tyr, Val, or Met) or even to 10 (with Leu). The unexpectedly high
equilibrium constants observed when the scissile bond linking the N-extein to the
intein involves the last two groups of amino acids suggests that this peptide bond
may be subject to strain, which is relieved upon rearrangement to an ester, presumably
owing to the interaction of the intein with the side chain of the C-terminal N-
extein residue.

This type of interaction is a different aspect of the specificity of protein splicing
than the one discussed in the preceding section, which involved more extensive
sequence elements and was reflected primarily in the efficient coupling of the various
reactions in protein splicing. An unfavorable interaction of the C-terminal residue of
the S. cerevisiae VMA N-extein with the intein, which is relieved in the course of
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the N-S acyl rearrangement and presumably also in the intervening transition state,
would promote the reaction both kinetically and thermodynamically. It is akin to the
type of enzyme specificity that is expressed in terms of kcat or kcat/KM rather than KM

and results from the stabilization of the transition state and closely related intermediates
by sacrificing substrate binding energy (17). Of course, unlike classical enzymes which
bind diffusible substrates, inteins are already covalently linked to their “substrates” and
must sacrifice “substrate binding energy” through “built-in” structural instability of
the unspliced precursor. Evidence that this principle may generally underlie N-S acyl
rearrangement is beginning to emerge from the crystal structures of several inteins
and autoprocessing proteins.

The first indication that the scissile bond linking the N-extein to the intein may
not be a typical, stable peptide bond came from the crystallographic analysis of the
GyrA intein of Mycobacterium xenopi, the first intein to be crystallized with at least
a nominal extein, in this case a single alanine residue replacing the entire N-extein
(20). The observed electron density was incompatible with a trans conformation of the
scissile bond but was consistent with a less stable cis peptide bond. If the corresponding
peptide bond in the functional protein splicing precursor were indeed in the strained
cis conformation as suggested by the crystal structure of its analog, one could account
for several aspects of protein splicing. The unusually large equilibrium constant of
N-S acyl rearrangements in protein splicing could be explained by the fact that the
energy of cis peptide bonds is about 5 kcal mol21 higher than that of trans peptide
bonds (21), which would make the N-S equilibrium about 4000-fold more favorable.
In addition, in terms of the position of its atoms, the oxythiazolidine anion intermediate
resembles the substrate with a cis peptide bond more than it would a trans peptide
bond (Fig. 3), a factor that may contribute to the lowering of the activation energy
of the N-S acyl rearrangement, thereby increasing its rate.

Crystallographic analysis of a nonsplicing variant of the S. cerevisiae VMA intein
fused to short extein segments revealed a rather different form of substrate destabiliza-
tion (16). In this case, the scissile bond is in the normal trans conformation, but the
main chain geometry of the C-terminal N-extein residue is distorted, with a t angle
(N-Ca-C) of 1008, 108 less than the ideal value, owing in part to H-bonding with Ile-
434 in the C-terminal portion of the intein. Provided that the unstable conformation
surrounding the scissile bond is not brought about by amino acid substitutions in the
intein or unnatural or absent exteins, the crystallographic data suggest that various
inteins may have evolved different modes of destabilizing the scissile bond to promote
catalysis of the N-S acyl rearrangement.

Protein Autocleavage

Examination of the crystal structure of glycosylasparaginase, which undergoes a
self-catalyzed N-O acyl rearrangement of an aspartyl-threonine bond, provides another
example of the destabilization of an unprocessed precursor (22,23). The scissile bond
between Asp-151 and Thr-152 lies near the C-terminus of a loop that makes a tight
turn near the scissile bond, with the a-carbons of amino acid residues 150 and 153
less than 8 Å apart and no stabilizing backbone hydrogen bond between the carbonyl
oxygen of residue 150 and the amide nitrogen of residue 153. A tight turn of this
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FIG. 3. Mechanism of the N-S acyl rearrangement inferred from the crystal structure of an analog
of the GyrA intein of M. xenopi. The diagram shows the amino acid residues at the N-terminal splice
junction and the side chains of the amino acids thought to be involved in catalysis, with cysteine replacing
serine at the intein N-terminus of the crystal structure, as in the natural intein. The positions of the C,
N, and O atoms are based on the atomic coordinates of the precursor analog determined by Klabunde et
al. (20) and were modeled by the RasMol program. The positions of the H-atoms and the atoms of the
oxythiazolidine anion are estimates. (From Ref. 3).

type that does not involve proline or glycine is unusual and creates significant confor-
mational strain on the polypeptide backbone. Indeed, the peptide bond between Thr-
152 and Ile-153 deviates more than 208 from planarity and the backbone t angles
(N-Ca-C) of several residues near the scissile bond, including Asp-151, deviate more
than 98 from the standard value of 1108. These distortions are estimated to raise the
energy of the polypeptide backbone by more than 5 kcal mol21 just for the nonplanar
peptide bond (23). The relaxation of this conformational strain by the N-O acyl
rearrangement would significantly shift the amide-ester equilibrium in favor of the
ester intermediate.

Pyruvoyl Enzyme Formation

A different mode of destabilization of a peptide bond to promote a self-catalyzed
N-O acyl rearrangement was revealed by crystallographic analysis of aspartate decar-
boxylase. This pyruvoyl enzyme is synthesized as a single polypeptide chain, p, that
undergoes self-cleavage at a Gly-Ser bond to generate a and b subunits, with the b
subunit carrying an N-terminal pyruvate residue (24). The active enzyme crystallizes
as a nominal tetramer with the structure (ab)3(p), which has only 3 pyruvoyl groups,
presumably owing to negative cooperativity in the processing reaction. The 2.2 Å
electron density map is inconsistent with a peptide bond at the potential cleavage site
between Gly-24 and Ser-25 of the unprocessed p subunit but shows a satisfactory
fit with a Gly-Ser ester bond, suggesting that the N-O acyl shift in the p subunit has



INTEINS AS ENZYMES 127

yielded a stable ester. The stability of the peptide ester in the crystals of the aspartate
decarboxylase tetramer, grown at pH 7.5, is remarkable. Two factors may be responsi-
ble for the stabilization of the ester: the relief of steric strain within the 5-amino acid
loop containing Gly-24 and Ser-25, which is unusually short for a loop linking two
b strands, and the protonation of the free serine amino group by Tyr-58. This suggests
a fourth way in which the self-catalyzed rearrangement of a peptide bond to an ester
can be promoted by the destabilization of the polypeptide precursor.

COMPARISON TO CLASSICAL ENZYMES

The amino acids that play major roles in the catalysis of protein splicing have been
identified by the analysis of conserved sequence features (e.g., 2,25), by mutagenesis
(e.g., 26,27), and by the examination of crystal structures (16,20,28). They include
cysteine or serine, histidine, aspartate or glutamate, and asparagine, residues that also
play key roles in the catalysis of peptide hydrolysis by proteases. Indeed, discussions
of the mechanism of protein splicing often make use of analogies to the catalytic
mechanism of serine proteases and employ terms such as “catalytic triad” and “oxy-
anion hole.” Such analogies are of value as long as they are not viewed too rigidly
or taken to imply evolutionary relationships. Moreover, allowance must be made for
the fact that protein splicing is not governed by a universal mechanism, as shown by
the existence of “noncanonical” inteins, in which highly conserved amino acid residues
are replaced (e.g., 29) and the recent demonstration of a protein splicing mechanism
that does not involve an acyl-enzyme intermediate (4). Because all known inteins
have significant amino acid sequence homology, attesting to a common evolutionary
origin, it is not likely that protein splicing mechanisms are as diverse as the mechanisms
by which proteases hydrolyze peptide bonds. On the other hand, the various groups
of proteins that catalyze N-S or N-O acyl rearrangements are quite unrelated and, as
we have seen in the preceding section, have evolved quite different mechanisms for
enhancing the relative stability of the ester intermediates.

Let us close our discussion by focusing on the way in which inteins do differ from
classical enzymes, because it reveals a catalytic strategy that one sees more often in
the chemical laboratory than in enzymes. This difference is related to the fact that
the N- and C-termini of inteins are linked to their substrates by peptide bonds that
must be broken in the course of catalysis. What is remarkable is not the chemical
mechanism by which this occurs, namely transacylation, but that these transacylations
occur between adjacent amino acid residues or within a single residue, leading to 5-
membered cyclic intermediates. As illustrated by the familiar chemical models that
have been used to illustrate the contribution of “propinquity” to enzymatic catalysis,
intramolecular reactions in relatively rigid systems can provide a significant entropic
advantage over the corresponding bimolecular reactions and result in substantial rate
accelerations (17). In the case of protein splicing, the “intramolecular” nature of steps
1 and 3 (Fig. 2) can partially compensate for the poor nucleophilicity of the reacting
groups, such as a cysteine thiol with a pKa of 8.2 (30) or an asparagine amido group.4

The use of the “propinquity”principle to reduce dependence on optimized catalytic

4 In contrast, the transesterification reaction (step 2), which does not involve cyclic intermediates,
involves a much better nucleophile, a cysteine thiol with a pKa of 5.8 (30).
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groups may have played an important role in the evolution of inteins. Because the
single active center of inteins must catalyze three separate reactions, the freedom to
optimize the catalytic groups involved in each of the reactions is necessarily limited.
The only other familiar example of enzyme catalysis that takes advantage of the
“propinquity” principle is the formation of an internal thioester in a-macroglobulins
(31) and complement proteins C3 and C4 (32), which occurs in a tetrapeptide segment
and yields a 17-membered cyclic intermediate in what appears to be a self-catalyzed
reaction (33). It may not be accidental that inteins, a-macroglobulins, and complement
proteins C3 and C4 have another feature in common: the need to catalyze only a
single reaction cycle. Whereas catalytic efficiency is an important driving force in
the evolution of classical enzymes, reaction rate is not at a premium in protein
autoprocessing. Indeed, protein splicing provides a setting in which relatively primitive
and inefficient catalytic mechanisms will do. This suggests that instead of searching
for analogies between inteins and classical enzymes, it may be more appropriate to
view inteins as primitive enzymes that still have features characteristic of an early
stage in the evolution of protein catalysts.
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