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Variations in the intein-mediated protein splicing
mechanism are becoming more apparent as poly-
morphisms in conserved catalytic residues are identi-
fied. The conserved Ser or Cys at the intein
N-terminus and the conserved intein penultimate His
are absent in the KIbA family of inteins. These inteins
were predicted to be inactive, since an N-terminal Ala
cannot perform the initial reaction of the standard
protein splicing pathway to yield the requisite
N-terminal splice junction (thio)ester. Despite the
presence of an N-terminal Ala and a penultimate Ser,
the KIbA inteins splice efficiently using an alternative
protein splicing mechanism. In this non-canonical
pathway, the C-extein nucleophile attacks a peptide
bond at the N-terminal splice junction rather than
a (thio)ester bond, alleviating the need to form the
initial (thio)ester at the N-terminal splice junction.
The remainder of the two pathways is the same:
branch resolution by Asn cyclization is followed by an
acyl rearrangement to form a native peptide bond
between the ligated exteins.

Keywords: catalytic mechanism/intein/KIbA/
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Introduction

Inteins are intervening sequences that are post-translation-
ally spliced from precursor proteins. Upon excision of the
intein, a native peptide bond is formed between the exteins
(the protein fragments that formerly surrounded the
intein). The intein splicing domain is composed of two
regions that flank a second intein domain consisting of a
small linker or a homing endonuclease (Belfort and
Roberts, 1997; Duan et al., 1997; Hall et al., 1997,
Klabunde et al., 1998; Perler, 1998). As first described in
mobile introns, the embedded homing endonuclease can
initiate intein gene mobility through double-strand break—
repair pathways (Belfort and Roberts, 1997; Gimble,
2000). The intein splicing domain plus the first C-extein
residue direct the self-catalytic protein splicing mechan-
ism, which consists of four steps involving three conserved
nucleophiles: (i) Ser, Thr or Cys at the intein N-terminus
[although Thr has yet to be found at this position, it has
been shown to substitute for Ser in one intein (Hodges
et al., 1992)]; (ii) Asn or Gln at the intein C-terminus; and
(iii) Ser, Thr or Cys at the beginning of the C-extein
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(Pietrokovski, 1994, 1998a,b; Dalgaard et al., 1997; Perler
et al., 1997; Noren et al., 2000; Perler, 2000).

The mechanism of protein splicing (Figure 1) has been
extensively reviewed (Noren et al., 2000). In step 1, the
conserved Ser or Cys at the intein N-terminus undergoes
an acyl rearrangement to form a (thio)ester at the
N-terminal splice junction. This (thio)ester bond is then
attacked by the Ser, Thr or Cys at the C-terminal splice
junction, resulting in cleavage of the N-terminal splice
junction, ligation of the exteins and formation of a
branched (thio)ester intermediate. The branched inter-
mediate is resolved when Asn or Gln cyclizes, breaking
the peptide bond at the C-terminal splice junction. As a
result of a second acyl rearrangement, the (thio)ester bond
between the exteins is replaced by a normal peptide bond.
Reactions at the N-terminal splice junction are facilitated
by an oxyanion hole, which increases the electro-
philicity of the carbonyl carbon of the scissile bond and
includes several amino acids (aa) from intein block B
(Pietrokovski, 1994, 1998b; Dalgaard et al., 1997; Duan
et al., 1997; Kawasaki et al., 1997; Perler et al., 1997,
Klabunde et al., 1998; Noren et al., 2000; Poland et al.,
2000). The conserved intein penultimate His is thought to
assist in Asn and GlIn cyclization (Cooper et al., 1993; Xu
and Perler, 1996; Duan et al., 1997; Klabunde et al., 1998;
Chen et al., 2000; Noren et al., 2000; Poland et al., 2000).
Each step in the standard protein splicing mechanism has
been demonstrated to be required in inteins with consensus
residues in conserved motifs (Noren et al., 2000).

In the last 10 years, over 100 inteins have been
identified in all three domains of life, including bacterio-
phage and a eukaryotic virus [see the Intein Registry in
InBase at http://www.neb.com/neb/inteins.html (Perler,
2000)]. Polymorphism in catalytic residues (including
residues incapable of participating in the requisite chem-
ical reactions) has become more evident as more inteins
have been sequenced (Dalgaard et al., 1997; Perler et al.,
1997; Pietrokovski, 1998a,b; Perler, 2000). Three families
of intein alleles, present in the KIbA protein (Dalgaard
et al., 1997; Gorbalenya, 1998; Pietrokovski, 1998b), the
DnaB helicase insertion site dnab-2 and the Snf2 helicase,
have an Ala at position 1 instead of the conserved Ser, Thr
or Cys (Table I) (Perler, 2000). In all inteins tested to date,
splicing is blocked when a residue other than Ser, Thr or
Cys is substituted at the intein N-terminus (Hodges et al.,
1992; Cooper et al., 1993; Xu and Perler, 1996; Evans
et al., 1999; Mathys et al., 1999; Wood et al., 1999). The
Methanococcus jannaschii KIbA intein was the first intein
identified with an N-terminal Ala and it was predicted to
be inactive (Gorbalenya, 1998; Pietrokovski, 1998b). The
168 aa M.jannaschii KIbA intein also lacks a penultimate
His, but retains other conserved intein residues.
Subsequently, intein alleles were found in KIbA genes
from several archaea: Pyrococcus furiosus (Maeder et al.,
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1999), P.horikoshii OT3 (Kawarabayasi et al., 1998) and
P.abyssi (Perler, 2000). Unlike the M.jannaschii (168 aa)
and P.abyssi (196 aa) KIbA inteins, the P.furiosus (522 aa)
and P.horikoshii OT3 (520 aa) KIbA inteins contain a
homing endonuclease domain. It is unlikely that the
remainder of their signature motifs would be maintained if
these inteins were inactive (unless they had all recently
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Fig. 1. The standard and alternative self-catalytic protein splicing
mechanisms. Inteins that begin with Ala can splice by a modified
mechanism that was originally disproven for standard inteins with
conserved nucleophiles. The two pathways differ in the reactions
required to form the branched intermediate. In the alternative protein
splicing mechanism (left), a direct nucleophilic attack on the
N-terminal splice junction peptide bond by the C-extein nucleophile
replaces the first two steps of the standard intein-mediated protein
splicing pathway (right). Resolution of the branched intermediate and
formation of a peptide bond between the exteins is the same in both
mechanisms. The intein C-terminal Asn can be regenerated by
hydrolysis of the succinimide ring. In some inteins, Asn is replaced by
Gln, which can undergo a similar cyclization reaction (Pietrokovski,
1998a). The oxygen or the sulfur present in the side chain of Ser,

Thr or Cys is represented by an ‘X’, the black box represents the
N-extein and the stippled box represents the C-extein. All tetrahedral
intermediates, assisting groups and proton transfer steps are omitted for
clarity. The standard intein-mediated protein splicing mechanism and
its proof have been recently reviewed in Noren et al. (2000).

lost their N-terminal Ser or Cys). The function of KIbA is
unknown, but it is part of the kilB operon (orfA), which is
thought to be involved in type II secretory pathways
(Dalgaard et al., 1997).

Dalgaard et al. (1997) suggested that the M.jannaschii
KIbA intein could splice by a non-canonical pathway first
described by Xu et al. (1994) in which the C-extein Ser,
Thr or Cys directly attacks a peptide bond at the
N-terminal splice junction, instead of a (thio)ester bond
(Figure 1). This study examines whether KIbA inteins can
splice in Escherichia coli and defines an alternative protein
splicing pathway for the M.jannaschii KIbA intein in the
absence of an intein N-terminal nucleophile.

Results

Splicing of KIbA inteins

The study of protein splicing has been facilitated by
cloning intein genes into model precursors that allow easy
purification and analysis based on size, antibody recogni-
tion and affinity tags. One such system, the maltose-
binding protein—intein—paramyosin (MIP) precursor,
consists of an intein inserted in-frame between the E.coli
maltose-binding protein (MBP) and the ASal fragment of
Dirofilaria immitis paramyosin, and has previously been
used to study splicing of four inteins (Xu er al., 1993;
Telenti et al., 1997; Chen et al., 2000). The M.jannaschii
KIbA intein was cloned into the MIP system with a single
native N-extein residue (Gly) and three native C-extein
residues (Cys-Ser-Gly). Amino acids in the precursor are
numbered as follows: (i) numbering of intein residues
begins at its N-terminus with 1; (ii) numbering of C-extein
residues begins at its N-terminus with +1 and includes
the plus sign to denote C-extein residues; and (iii) the
N-extein residue adjacent to the N-terminal splice site is
numbered —1.

When expressed at either 37 or 15°C, the M.jannaschii
KIbA intein MIP fusion protein spliced to completion
in vivo, as indicated by the presence of spliced MBP-
paramyosin (MP) (72 kDa) and free KIbA intein, and the
absence of MIP precursor or single splice junction
cleavage products (Figure 2). Although the predicted
molecular mass of the M.jannaschii KIbA intein is 18 kDa,
its apparent molecular mass in SDS—PAGE was 22 kDa.
This difference in relative mobility may be due to intrinsic
properties of the protein or to incomplete denaturation of a
protein from an extreme thermophile. Aberrant mobility

Table I. Inteins that begin with Ala

Intein? Size (aa) Insertion site N-terminus Block B C-terminus

Pho KIbA 520 klba-a GHDG/ALYDFS GNEVILTRSHPLFA NGILVSN/CMGT
Pab KIbA 196 klba-a GHDG/ALYYFS GKELVLTQDHPVEV NGIVVSN/CMGT
Pfu KIbA 522 klba-a GHDG/ALYDFS GNEITILTRNHPLAF NGILVSN/CMGT
Mja KIbA 168 klba-a GHDG/ALAYDE RREITLTHDHPVYI EGFAVSN/CSGT
Mav DnaB 337 dnaB-b GVGK/ALALDT GTVIVADAAHQWLT AMVPTHN/STLG
Mle DnaB 145 dnaB-b GVGK/ALALDT GTVIVADAQHQWPT GMVPTHN/STLG
Dra Snf2 343 snf2-a GLGK/AQPLDA GASVEADAEHLWNV GYIVTHN/TLQT

The number of amino acids in each intein is indicated, as is the insertion site in the extein (Pietrokovski, 1998b; Perler, 2000). Splice junctions are
indicated with a slash (/). Amino acid sequences are listed using the single-letter code.
aDra, Deinococcus radiodurans; Mav, Mycobacterium avium; Mle, Mycobacterium leprae; Pab, P.abyssi; Pho, P.horikoshii OT3; Pfu, P.furiosus;
DnaB, DnaB helicase; Snf2, Snf2 helicase. See the InBase database for complete intein motif sequences and references (Perler, 2000).
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Fig. 2. Protein splicing of the M.jannaschii KIbA intein in MIP.
Expression of the MIP precursor in E.coli results in production

of spliced exteins (MP) plus free intein (I). MP lane: a control
MBP::paramyosin fusion protein. Lysate lane: soluble cell extract from
cultures induced for 2 h at 37°C. FT and eluate lanes: MP was purified
by affinity chromatography over amylose resin to yield spliced MP in
the eluate, while free intein remained in the flow through (FT). Only
proteins with a MBP domain will bind to amylose columns. Various
cell lysates contained differing amounts of a highly expressed protein
that co-migrated with MBP, but did not bind to amylose resin. Factor
Xa lane: the eluate treated with Factor Xa protease. The 30 kDa
unlabeled band in the Factor Xa lane is the large subunit of the
protease. SDS—polyacrylamide gels were stained with Coomassie Blue.

was also observed in the intein—paramyosin (IP) fragment
(see below). The identity of MP was confirmed by western
blot analysis with anti-MBP and anti-paramyosin sera (Xu
et al., 1993), and the identity of both MP and the KIbA
intein were confirmed by N-terminal amino acid sequence
(data not shown). Splicing was proven by sequencing
across the extein ligation site in MP. Factor Xa protease
digestion of ligated MP generated 43 and 29 kDa
fragments (Figure 2). The 43 kDa Factor Xa cleavage
product yielded the predicted MBP N-terminal sequence
and the 29 kDa product yielded a sequence that begins at
the Factor Xa cleavage site in the N-extein (GTLEG),
spans the splice junction (G/C) and continues into the
C-extein for 15 aa. The ability to sequence through the
splice junction by Edman degradation indicates that the
exteins are connected by a standard peptide bond.

KIPA genes from several archaea, including all
sequenced Thermococcales strains, contain allelic inteins
inserted at the same site in the kIbA gene (Dalgaard et al.,
1997; Kawarabayasi et al., 1998; Pietrokovski, 1998b;
Maeder et al., 1999; Perler, 2000). Primers for polymerase
chain reaction (PCR) amplification were designed based
on these sequences to examine more Thermococcales
strains for the presence of kIbA intein genes. A 2.1 kb
fragment (similar in size to the expected product
from the P.furiosus kIbA intein) was amplified from
Thermococcales strains GB-C, GI-J and GB-D (Jannasch
et al., 1992; Southworth et al., 1996). DNA sequencing of
the PCR products from strains GB-D, GI-J and GB-C
indicated that these intein genes were inserted at the same

Methanococcus jannaschii KIbA intein

position in the kIbA gene as the other kIbA inteins. The
encoded residues from all three strains were identical
to those of the P.furiosus KIbA intein at the N-terminal
(G/ALYDFSVIQ) and C-terminal (NYVANGILVSN/C)
splice junctions. Splicing of the Pyrococcus sp. GB-D
KIbA intein in MIP was observed in the presence of 163 aa
of native N-extein and 30 aa of native C-extein (data not
shown). Since proteolytic degradation of the precursor
made it difficult to identify precursor and products, no
further characterization was attempted with the
Pyrococcus sp. GB-D KIbA intein.

Mutation of the M.jannaschii KIbA intein
N-terminal Ala1 and C-extein Cys+1

Both protein splicing pathways depicted in Figure 1
predict that the C-extein nucleophile (Cys+1) cleaves the
N-terminal splice junction to form a branched inter-
mediate. In the standard pathway, Cys+1 attacks a
(thio)ester bond, whereas in the alternative pathway, it
attacks an amide bond. In either scenario, mutation of
Cys+1 should block N-terminal splice junction cleavage
and branched intermediate formation, but not C-terminal
splice junction cleavage by Asn cyclization. To test this
hypothesis, Cys+1 in the M.jannaschii KIbA intein MIP
precursor was mutated to Ala. As predicted, both
N-terminal splice junction cleavage and branch inter-
mediate formation were blocked in vivo and after
overnight incubation in vitro of amylose purified protein
(Figure 3; Table II). Overnight incubation resulted in
C-terminal splice junction cleavage, yielding MBP—intein
(MI) and paramyosin. Similar results were obtained with a
Cys+1Ser mutant, indicating that Ser cannot substitute for
Cys in this context (Table II).

Dithiothreitol (DTT) has been used to demonstrate both
linear and branched thioester intermediates from steps 1
and 2 of the protein splicing pathway. It specifically
cleaves thioester bonds in proteins under mild conditions,
but not oxygen esters or amide bonds, and it drives the
formation of the thioester by product elimination (Chong
et al., 1996; Xu and Perler, 1996). This technique could
not be applied to the wild-type M.jannaschii KIbA intein
because no expression conditions were found that allowed
purification of the MIP precursor. In the Cys+1Ala and
Cys+1Ser mutants, DTT failed to cleave the mutated
precursors (Figure 3; Table II).

The effect of substitutions at the M.jannaschii KIbA
intein N-terminus depended on the amino acid present
(Table II). Mutation of Alal to Gly blocked splicing and
thiol induced cleavage. ‘Reversion’ of Alal to Ser or Cys
yielded >90% spliced product. Since Cysl did not
interfere with splicing, the AlalCys mutant was examined
to see if Cys1 was capable of undergoing the acyl shift that
standard inteins use as the first step in the splicing
pathway. In order to examine this question, Cys+1 had to
be mutated to eliminate production of MBP and IP
resulting from DTT cleavage of the thioester in the
branched intermediate. The products formed by the
AlalCys plus Cys+1Ala double mutant were similar to
the Cys+1Ala single mutant, with MIP predominating
in vivo and C-terminal splice junction cleavage pre-
dominating after overnight incubation in vitro (Figure 3;
Table II). Incubation with 50 mM DTT resulted in
N-terminal splice junction cleavage to release MBP.
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Fig. 3. Mutation of Alal, Asn168 and Cys+1 in MIP. Left panel: mutation of Cys+1 blocks splicing and formation of the DTT-cleavable branched
thioester intermediate, while substitution of the intein N-terminal Ala with Cys (in the absence of Cys+1) results in generation of a DTT-cleavable
thioester bond at the N-terminal splice junction. MBP-containing proteins from soluble lysates of the Cys+1Ala (C+1A) MIP single mutant or the
AlalCys Cys/1Ala (A1C/C+1A) MIP double mutant were purified over amylose resin (lane 1) and then incubated overnight at room temperature in
the absence (lane 2) or presence (lane 3) of 50 mM DTT. SDS—polyacrylamide gels were stained with Coomassie Blue. Right panel: mutation of
Asnl168 to Ala blocks splicing and C-terminal splice junction cleavage, resulting in accumulation of the branched intermediate (MIP*), especially at
lower pH. MBP-containing proteins from Asnl168Ala samples were purified over amylose resin, after which the pH was adjusted to the indicated
values (lane 1). The samples were then treated with 20 mM DTT for 20 min (lane 2). The thioester bond in the branched intermediate was rapidly
cleaved by 20 mM DTT to form MBP and IP. Aggregation was observed in the absence of DTT in the sample buffer (lane 1), especially at lower pH.
At higher pH, varying proportions of IP showed aberrant migration patterns, migrating slightly faster than MBP. SDS—polyacrylamide gels were

stained with Coomassie Blue.

Table II. The effects of mutation on splicing and cleavage

Residue Mutation MIP precursor Spliced MP C-terminal cleavage N-terminal cleavage DTT cleavage
MIP none - >90% - - n.d.
Alal Cys, Ser - >90% + - n.d.
Gly + - >90% - -
Thro1 Ala + >90% - - n.d.
Thr93 Ala + ++ +++ - -
His94 Ala + >90% - - n.d.
Asp95 Ala - >90% + - n.d.
His96 Ala >90% - + - -
Serl67 His - ++ +++ - -
Asnl68 Ala >90% - - - >90%
Cys+1 Ala,Ser >90% - + - -
Alal/Cys+1 Ser/Ala >90% - + - -
Cys/Ala >90% - + - +
Ser+2 Ala +++ ++ - - +

Quantification of the molar percentages of M.jannaschii KIbA intein MIP precursor and products after induction at 37°C or overnight treatment with
50 mM DTT in single mutants or the Alal/Cys+1 double mutant. The Ser+2Ala mutant spliced slowly, with >90% spliced product formed after

overnight incubation in vitro at room temperature.

—, <5%; +, 5-25%; ++, 26-50%; +++, 51-75%; n.d., not determined due to >90% in vivo splicing.

These results suggest that, in the absence of Cys+1 and
splicing, Cys1 can undergo the standard intein acyl shift.
An AlalSer/Cys+1Ala double mutant yielded the same
products as the AlalCys/Cys+1Ala double mutant, with
the exception that DTT treatment did not result in cleavage
(Table II). This latter result was expected, since DTT does
not cleave amide bonds or potential oxygen esters under
these conditions (Chong et al., 1996; Xu and Perler, 1996).

Mutation of M.jannaschii KIbA intein block B
residues

Mutation and structural data suggest that residues in intein
block B facilitate reactions at the N-terminal splice
junction (Duan et al., 1997; Kawasaki et al., 1997,
Perler et al., 1997; Klabunde et al., 1998; Pietrokovski,
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1998b; Noren et al., 2000; Poland et al., 2000). Residues in
intein block B were examined to see if they also facilitated
attack by the C-extein nucleophile in the M.jannaschii
KIbA intein. The most highly conserved residues in
block B are a Thr and a His separated by 2 aa (Table I)
(Pietrokovski, 1994, 1998b; Dalgaard et al., 1997; Perler
et al., 1997; Perler, 2000). The M.jannaschii KIbA intein
has two possible Thr-x-x-His motifs beginning at Thr91
and Thr93. Ala scanning was performed on the following
block B residues: Thr91, Thr93, His94, Asp95 and His96
(Figure 4; Table II). Mutation of Thr91 and His94 had no
observable effect on splicing, while mutation of Thr93,
Asp95 and His96 inhibited splicing to varying degrees.
Substitution of Thr93 resulted in mostly C-terminal splice
junction cleavage and a small amount of spliced product.
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Fig. 4. Mutation of residues in the M.jannaschii KIbA intein block B.
Ala scanning of residues in intein block B demonstrates that Thr93 and
His96 are important for splicing, while Asp95 plays only a minor role.
SDS—polyacrylamide gel of soluble cell lysates induced at 37°C was
stained with Coomassie Blue. Lanes are labeled with the block B
mutation present in MIP, using the single-letter amino acid code.

In the Asp95Ala sample, >90% of the precursor spliced,
but a small amount of C-terminal splice junction cleavage
(MI + paramyosin) occurred. The His96 mutation had the
largest effect on splicing, with >90% of the MIP precursor
remaining intact in vivo and after overnight incubation
in vitro. Although expression of the His96Ala precursor at
37°C did not result in C-terminal splice junction cleavage,
expression at 15°C yielded approximately equal amounts
of precursor and C-terminal splice junction cleavage
products (data not shown). Overnight incubation with
50 mM DTT had no effect on the His96Ala mutant,
indicating that this precursor was unable to form the
branched thioester intermediate.

Mutation of the M.jannaschii KIbA intein
C-terminal Asn

Asn cyclization is required for resolution of the branched
intermediate by C-terminal splice junction cleavage in
both protein splicing pathways (Figure 1). As predicted,
mutation of Asnl68 to Ala blocked splicing and
C-terminal splice junction cleavage (Figure 3; Table II).
Unlike other Cys+1 inteins (Hirata et al., 1990; Kane et al.,
1990; Davis et al., 1991, 1994; Chong et al., 1998), small
amounts of a slowly migrating branched intermediate
(MIP*) were occasionally observed with the M.jannaschii
KIbA intein at neutral pH. Several lines of evidence
indicated that this slowly migrating protein was the
branched intermediate: (i) it reacted with anti-MBP and
anti-paramyosin sera (data not shown); (ii) at pH 5, 60% of
MIP* was converted to MBP + IP in 5 min by 20 mM
DTT, with 100% cleavage at 20 min; and (iii) the expected
pair of residues from the two predicted N-termini were
present in each cycle of Edman degradation. The equilib-
rium between the MIP precursor and the MIP* branched
intermediate could be shifted towards MIP* in the
Asnl168Ala mutant by decreasing the pH to 5, or towards
MIP by increasing the pH to 9 (Figure 3). Although the
equilibrium favored the precursor at pH 9, product

Methanococcus jannaschii KIbA intein

elimination by DTT was still able drive thioester formation
and cleavage.

Mutation of Ser167 and Ser+2
The KIbA inteins have a penultimate Ser rather than the
conserved His. Splicing of most previously examined
inteins that naturally lack a penultimate His was more
efficient in E.coli when the penultimate position was
‘reverted’ to His (Huang er al., 1994; Scott et al., 1999;
Chen et al., 2000). In the M.jannaschii KIbA intein,
substitution of Ser167 with His inhibited splicing, yielding
approximately equal amounts of spliced MP and
C-terminal splice junction cleavage products (Table II).
Proximal extein residues affect splicing of many inteins.
Mutation of Ser+2 to Ala slowed splicing, requiring
incubation in vitro at room temperature to complete the
splicing reaction (Table II and data not shown).

Discussion

When we first attempted to decipher the intein-mediated
protein splicing mechanism, we examined two equally
plausible pathways leading to the branched intermediate
(Figure 1) (Xu et al., 1994; Shao et al., 1996; Xu and
Perler, 1996). In a reaction similar to that used by serine
and cysteine proteases, the C-extein nucleophile could
directly attack a peptide bond at the N-terminal splice
junction. Alternatively, the C-extein nucleophile could
attack a (thio)ester previously formed by an acyl re-
arrangement of the intein N-terminal Ser, Thr or Cys. This
latter pathway provided a role for the conserved intein
N-terminal nucleophile. Subsequent splicing studies
demonstrated an absolute requirement for a Ser, Thr or
Cys at the N-terminus of every intein tested (Hodges et al.,
1992; Cooper et al., 1993; Xu and Perler, 1996; Evans
et al., 1999; Mathys et al., 1999; Wood et al., 1999). The
presence of an N-terminal splice junction (thio)ester was
proven by several biochemical and biophysical approaches
(Chong et al., 1996; Shao et al., 1996; Xu and Perler,
1996; Noren et al., 2000). Taken together, all of the
previous data support the four-step protein splicing
mechanism requiring a linear (thio)ester intermediate
and ruled out the alternative pathway involving a direct
attack on the peptide bond at the N-terminal splice
junction. Due to the difference in functionality, Alal
cannot form the initial linear (thio)ester intermediate, so
inteins that begin with Ala are unable to splice by the
consensus protein splicing mechanism. However, this
study demonstrates that at least one family of inteins
beginning with Ala can splice. In fact, splicing of the
M.jannaschii KIbA intein was so efficient that <5%
precursor remained when the wild-type intein was
expressed in a model precursor under all experimental
conditions (as assayed in SDS-PAGE gels stained with
Coomassie Blue). Many standard inteins fail to splice
completely in similar situations. Splicing was also
observed with the larger Pyrococcus sp. GB-D KIbA
intein, which has a homing endonuclease domain, sug-
gesting that splicing is not affected by the type of intein
central domain (linker or endonuclease).

All of the mutagenesis data indicate that the mechanism
of protein splicing in the M.jannaschii KIbA intein is
the same as standard inteins except that the C-extein
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nucleophile (Cys+1) attacks a peptide bond at the
N-terminal splice junction instead of a (thio)ester bond.
As in other inteins, the M. jannaschii KIbA intein
C-terminal Asnl68 is required for branch resolution by
C-terminal splice junction cleavage. In the absence of
Cys+1, no DTT cleavable thioester is formed, no
N-terminal splice junction cleavage occurs and no
branched intermediate is formed. The M. jannaschii
KIbA intein branched intermediate is identical to standard
branched intermediates, having the same two N-termini
(the N-extein and the intein), the same (thio)ester linkage
between the N-extein and the remainder of the precursor,
and the same branch point (the +1 residue at the beginning
of the C-extein). The pH characteristics of the equilibrium
between the precursor and the branched intermediate were
similar in the M.jannaschii KIbA intein Asn168Ala mutant
and the Pyrococcus sp. GB-D DNA polymerase intein (Xu
et al., 1993). The observation that this equilibrium is
shifted towards the branched intermediate at lower pH
suggests that protonation of the leaving group in the
tetrahedral intermediate is the rate-limiting step in branch
formation. The M.jannaschii KIbA intein has apparently
retained the capacity to form a linear thioester if Cys is
present at its N-terminus and splicing is blocked by
mutation of Cys+1 to Ala. However, the slow rate and low
yield of DTT cleavage products from this AlalCys
Cys+1Ala mutant suggest that splicing probably proceeds
by the alternative pathway in the AlalCys precursor. The
presence of a Ser as the second residue in the C-extein
(Ser+2) also raised the possibility that this residue might
somehow substitute for the missing N-terminal nucleo-
phile. However, mutation of Ser+2 to Ala did not block
splicing.

Mutation of Thr93 and His96 in block B inhibited
splicing and thiol cleavage at the N-terminal splice
junction, but not C-terminal splice junction cleavage
(His96Ala exhibited C-terminal splice junction cleavage
when expressed at 15°C). This suggests that these residues
facilitate reactions at the M.jannaschii KIbA intein
N-terminal splice junction. This is consistent with
mutagenesis and structural data from standard inteins
(Duan et al., 1997; Hall et al., 1997; Kawasaki et al., 1997,
Klabunde et al., 1998; Poland et al., 2000). The crystal
structure of the Mycobacterium xenopi gyrase A intein
shows the equivalent residues from block B (Thr72,
His75) in position to assist in nucleophilic displacement
reactions at the N-terminal splice junction (Klabunde et al.,
1998). Similar results were observed with the
Saccharomyces cerevisiae VMA intein (Duan et al.,
1997; Poland et al., 2000). Although the residue equivalent
to Asp95 in the M.xenopi gyrase A and S.cerevisiae VMA
inteins was in position to facilitate reactions at the
N-terminal splice junction, mutation of Asp95 to Ala in
the M.jannaschii KIbA intein had little effect.

In previous studies of inteins that naturally lack a
penultimate His, splicing of three out of four inteins
improved when the penultimate position was ‘reverted’ to
His, indicating that these inteins had not fully adapted to
the loss of this conserved residue (Huang er al., 1994; Wu
et al., 1998; Scott et al., 1999; Chen et al., 2000). In the
one exception, substitution of the native M.jannaschii
RNA polymerase A’ intein penultimate residue by His
resulted in N-terminal splice junction cleavage, suggesting
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that His now inhibited Asn cyclization (Chen et al., 2000).
The M.jannaschii KIbA intein is the second example of an
intein in which splicing is reduced when the penultimate
residue is reverted to His. However, this time a pen-
ultimate His causes Asn cyclization prior to branch
formation. It is possible that, in order to balance a
potentially less efficient or slower rate of branch formation
in the M.jannaschii KIbA intein, an equally inefficient Asn
cyclization step is preferred, which may be provided by the
absence of a penultimate His.

The KIbA inteins have overcome the barriers to direct
nucleophilic attack on the peptide bond at the N-terminal
splice junction that are present in previously studied
inteins with Ser or Cys at their N-terminus. It is unclear
why other inteins cannot perform similar reactions, since
the block B oxyanion hole is still available to facilitate
direct attack on the N-terminal splice junction. Possibly,
(thio)ester formation may be necessary in standard inteins
to align the C-extein nucleophile, to remove steric
hindrance or to induce a conformational shift that results
in an increase in the nucleophilicity of Cys+1. The crystal
structure of a S.cerevisiae VMA intein precursor (Poland
et al., 2000) has helped to resolve this question by
revealing that Cys+1 is too far away to attack directly
either a peptide or a thioester bond at the N-terminal splice
junction, leading the authors to suggest that inteins must
undergo a conformational shift to allow attack by the
Cys+1 nucleophile. We propose that in the M.jannaschii
KIbA intein and other Alal inteins, Cys+1 is already in
position to attack the N-terminal splice junction amide
bond. Substitution of Alal by the more flexible Gly blocks
branch formation, supporting the hypothesis that the
M jannaschii KIbA intein is already aligned for optimal
attack at the N-terminal splice junction. We are presently
working on establishing conditions for structural analysis
of M.jannaschii KIbA intein precursors and intermediates,
which will help resolve these questions. In conclusion, the
robust nature of the intramolecular protein splicing
reaction is becoming increasingly evident as new vari-
ations in the mechanism dictated by nucleophile and
assisting group polymorphisms are identified.

Materials and methods

Cloning and mutagenesis of KIbA inteins

All clones were sequenced by the NEB Core facility and all enzymes were
obtained from New England BioLabs (Beverly, MA) and used as
described by the manufacturer. The M.jannaschii KIbA intein was cloned
by PCR from M.jannaschii genomic DNA (supplied by Gary Olsen and
David Graham, University of Illinois) using the primers 5'-GATGCA-
CTCGAGGGAGCTTTAGCTTATGATGAACCTATTTACTTAAGCG-
ATGGGAAT and 5-GGAATTGAGGCCTGAACAGTTTGAGACAGC
AAAACCTTCGTTTTT. PCR mixtures contained Vent DNA polymerase
(2 units), Vent Polymerase Buffer (New England BioLabs), 200 uM
dNTP, 10 uM each primer and 100 ng genomic DNA in a 100 pl reaction
and amplification was carried out using a Perkin—Elmer Cetus thermal
cycler 480 at 94°C for 30 s, 50°C for 30 s and 72°C for 30 s, for 20 cycles.
The M.xenopi gyrase A intein in pMXP (Southworth et al., 1999) was
replaced with the M.jannaschii KIbA intein PCR product using Xhol and
Stul sites, resulting in pMIP(WT).

The splice junction mutants (AlalCys, AlalSer, AlalGly, Serl67His,
Asnl68Ala, Cys+1Ser, Cys+1Ala, Ser+2Ala and double mutants
AlalCys/Cys+1Ala, AlalSer/Cys+1Ala) were constructed by PCR as
described above, except pMIP(WT) was used as the template, and
appropriate forward and reverse primers were used to introduce the
desired mutation. Block B mutants (Thr91Ala, Thr93Ala, His94Ala,



Asp95Ala and His96Ala) were obtained in a similar manner after the
introduction of a silent Agel site (QuikChange site-directed mutagenesis
kit; Stratagene, La Jolla, CA) downstream of block B in the intein.
Reverse primers with the desired mutations were used in an amplification
reaction and cloned by shuffling the Xhol-Agel fragment into the wild-
type intein.

Pyrococcus sp. GB-D (Jannasch et al., 1992) and Thermococcales
strains GI-J and GB-C (Southworth et al., 1996) were screened for KIbA
inteins using primers designed from conserved sequences in known klbA
genes. A region of the klbA gene spanning the intein insertion site was
amplified using the forward primer 5-CTTCCTGATGGAAGT-
AGAGTCAATG (489 nt from the 5" end of the intein) and reverse
primer 5-CATTATCCTGGGAACGTTCATTGGAGG (84 nt from the
3’ end of the intein). PCR was performed as above, except for use of 50 ng
of genomic DNA and Vent DNA polymerase, Exo~ (4 units) and
extension at 72°C for 132 s, 30 cycles. Agarose gel purified PCR products
were directly sequenced. The Pyrococcus sp. GB-D KIbA intein was
cloned into MIP by PCR using the primers 5-GATGCAAC-
TAGTGGTCTTCCTGATGGAAGTAGAGTCAATG and 5-GGAA-
TTGAGGCCTGTCATTATCCTGGGAACGTTCATTGGAGG, which
contain partial native extein sequences. Amplification was as described
above. The PCR products were digested with Spel and Stul and cloned
into pMP1 (pMXP with the intein replaced by a cassette containing Spel
and Sphl restriction sites inserted between Xhol and Stul), which was also
digested with Spel and Stul.

Expression, purification and protein characterization

All fusions were expressed in ER2683 cells by induction with isopropyl
B-D-thiogalactoside for 2 h at 37 or 15°C overnight, purified over amylose
resin (New England BioLabs) at pH 7.5 and treated with DTT at room
temperature as previously described (Southworth et al., 1999). Purified
protein was digested with Factor Xa protease as described by the
manufacturer (New England BioLabs). Relative molecular masses were
calculated in comparison with a broad range protein marker (New
England BioLabs).

Soluble lysates and purified protein were boiled for 5 min in sample
buffer plus DTT (New England BioLabs), loaded on to a 10-20% SDS—
polyacrylamide gel (Invitrogen, Carlsbad, CA) and either stained with
Coomassie Blue or transferred to nitrocellulose for western blot analysis
with an anti-MBP or anti-paramyosin antibody as described previously
(Xu et al., 1993). The mobility of IP in SDS-PAGE was dependent on the
pH of the sample: it ran at its predicted molecular mass (51 kDa) at pH 5—
6, at an apparent molecular mass of 41 kDa at pH 89 and at a
combination of both at neutral pH. Increasing the time that the sample
was boiled prior to loading resulted in an increased proportion of IP at
51 kDa, suggesting that the more quickly migrating form was not fully
denatured. The M.jannaschii KIbA intein Asnl68Ala mutant was also
examined on 10-20% SDS-polyacrylamide gels in sample buffer (New
England BioLabs) with 0.1 mM DTT or without DTT. The absence of
DTT resulted in aggregation, especially at lower pH. DTT was added to
either the crude lysate or purified proteins in concentrations ranging from
10 to 50 mM to study N-terminal splice junction cleavage. In pH studies,
samples were adjusted to the appropriate pH by adding sodium phosphate
buffer to a final concentration of 0.5 M.

Coomassie Blue-stained gels were digitized with a Microtek
Scanmaker III and the signals quantified with NIH Image 1.51 software
as described previously (Chen et al., 2000). The values for at least two
independent experiments were averaged for each sample. Protein
sequencing was performed as described previously (Chen et al., 2000).
Briefly, protein samples were subjected to electrophoresis on Tris—
glycine polyacrylamide gels (Invitrogen) and transferred to ProBlott
polyvinylidene fluoride membranes (PE Biosystems, Foster City, CA).
The membranes were stained with Coomassie Blue R-250; bands were
excised and each was individually subjected to sequential Edman
degradation. An Applied Biosystems 610A Data System was used for
data acquisition and analysis.
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