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ABSTRACT

Inteins (protein introns) are internal portions of protein sequences

which are post-translationally excised while the flanking regions are spliced

together making an additional protein product. Inteins have been found in a

number of homologous genes in yeast, mycobacteria and extreme

thermophile archaebacteria. The inteins are probably multi-functional,

autocatalyzing their own splicing and some were also shown to be DNA

endonucleases. The splice junction regions and two regions similar to homing

endonucleases were thought to be the only common sequence features of

inteins. 

This work analyzed all published intein sequences with recently

developed methods for detecting weak conserved sequence features. The

methods complemented each other in the identification and assessment of

several patterns characterizing the intein sequences. New intein conserved

features are discovered and the known ones are quantitatively described and

localized. The general sequence description of all the known inteins is derived

from the motifs and their relative positions. The intein sequence description

is used to search the sequence databases for intein-like proteins. A

sequence region in a mycobacterial ORF possessing all of the intein motifs



3

and absent from sequences homologous to both its flanking sequences is

identified as an intein. A newly discovered putative intein in red-algae

chloroplast is found not to contain the endonuclease motifs present in all

other inteins. The yeast HO endonuclease is found to have an overall intein-

like structure and a few viral polyprotein cleavage sites are found to be

significantly similar to the inteins amino-end splice junction motif. The inteins

features described may serve for detection of intein sequences.

Key words: protein splicing, post-translational processing, protein motifs,

dodecapeptide motif, LAGLI DADG, endonucleases, polyproteins, sequence

analysis, database searches.

Abbreviations: aa, amino acid(s); C’, carboxyl; cp, chloroplast; dod,

dodecapeptide; mt, mitochondrial; N’, amino; open reading frame, ORF; S.,

Saccharomyces;
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Protein splicing is a recently discovered post-translational process in

which an internal segment from a precursor protein is excised and the

flanking regions rejoined, thus creating two protein products (Kane et al.,

1990). The process is apparently self-catalyzed by the internal region

termed intein (Xu et al., 1993, Perler et al., 1994). Inteins were found in

homologous proteins from phylogenetically diverse species : the 69 KDa

subunit of vacuolar ATPase of the yeasts Saccharomyces cerevisiae (Kane

et al., 1990) and Candida tropicalis (Gu et al., 1993), the recA proteins of

the mycobacteria Mycobacterium tuberculosis (Davis et al., 1991; Davis et

al., 1992) and Mycobacterium leprae (Davis et al., 1994), the DNA

polymerases of the extreme thermophilic archaebacteria Thermococcus

litoralis (Hodges et al., 1992; Perler et al., 1992) and Pyrococcus species

strains GB-D (Xu et al., 1993) and KOD1 (Imanaka, 1994), and the pps1 open

reading frame (ORF) of Mycobacterium leprae (this work). The only apparent

common feature of the spliced proteins is the presence of a nucleotide-

binding domain near or within their intein integration region (Neff, 1993).

Inteins are difficult to identify from sequence data since they are in

the same reading frame as the spliced protein and only a few short

conserved sequence features were reported to characterize them. In

addition, no convenient biological assay exists for protein splicing. If the
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sequence of an intein-less protein homolog to the spliced protein is known

the intein presence can be recognized by the similarity of its exteins

(sequence regions flanking the inteins; Perler et al., 1994) to the homologous

sequence (Neff, 1993). Such a scheme can be practically deployed by

computational sequence analysis. However, this type of a search requires

pairwise comparison of sequences and the time for such comparisons is

proportional to the square of the sequence lengths. This analysis has to be

performed for each sequence suspected of harboring an intein. The large

amount of known and potential protein sequences makes this approach time

consuming. Of course, this approach needs intein-less homologs to identify

inteins.

An alternative approach for identifying inteins is to search the

sequence databases for protein sequences with conserved intein features.

Such a search is not for a specific intein but for any sequence containing

their common features. Each database sequence is separately compared

with each relatively short pattern. The time for such a search is linearly

related to the length of the analyzed sequences. The approach is directed to

only search for the conserved intein features which are probably relevant to

their structure and/or function. No intein-less homologs are required for the

method and its results can improve as we know more about the conserved
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features of inteins.

The currently known inteins were reported to have rather dissimilar

sequences, apart from the splice junction regions and dodecapeptide (dod 1 )

motifs (Davis et al., 1992; Cooper and Stevens, 1993; Xu et al., 1993;

Anraku and Hirata, 1994; Davis et al., 1994). The present study reports the

identification of additional conserved sequence features and refinement of

the known ones. Searching for sequences containing the intein conserved

sequence features is demonstrated to be a useful tool for identifying intein

sequences. The study identifies a number of proteins which were found to

have regions significantly similar to the intein sequence features. By

examining the known functions of proteins with intein sequence features

possible roles for these features are suggested.

RESULTS and DISCUSSION

(a) Mycobacterium leprae pps1 intein

Sequence blocks (Henikoff and Henikoff, 1991) of the conserved dod

elements and the C’ end were constructed from the Sce VMA, Ctr VMA, Mtu

1 These motifs are also known as decamers (Waring et al., 1982), P1/P2 (Michel et
al., 1982) and LAGLI-DADG (Hensgens et al., 1983). However, the term dod (dodecapeptide)
seems to better describe these motifs whose conserved length is usually 12 aa.
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recA, Mle recA, Tli pol 1, Tli pol 2 and Psp pol 1 inteins.

A search of the GenBank sequence database found the M. leprae pps1

ORF (Robison, 1993) to have a significant similarity (P<3.4*10-8) to the

sequence blocks. The pps1 sequences flanking the region with the intein-like

features are homologous to sequences of ORFs from the probable plastid

genome of Plasmodium falciparum (Williamson et. al, 1994) and the

chloroplast (cp) genomes of Red algae (Kostrzewa and Zetsche, 1992;

Kostrzewa and Zetsche, 1993; M. Reith, personal communication) (Figure 1).

The pps1 ORF was previously suspected to contain an intein (Smith, 1993)

due to its similarity to the HO endonuclease (Russell et al., 1986) and Tli pol

2 intein (Perler et al., 1992). The proposed intein has a length of 386 aa

(Figure 2) and is found to have all of the recognized intein motifs (following

section; Table 1).

The pps1 ORF is the second protein to be identified as containing an

intein in M. leprae after the recA protein (Davis et al. 1994). The function of

the pps1 ORF and its plastid encoded homologs is unknown. The intein was

named Mle pps1 according to published nomenclature conventions and added

to the intein registry with the designation 'theoretical' (Perler et al., 1994).

(b) Identification of intein conserved regions
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Encouraged by the usefulness of the recognized intein conserved

features in identifying of the pps1 intein, a systematic search for all

conserved sequence features was done on all ten published intein sequences.

Seven conserved regions were found in the intein sequences using the ASSET

and MACAW programs (Table 1 and Figure 3). In addition to the previously

reported splice junctions and two dod motifs (Davis et al., 1992; Hodges et

al., 1992; Shub and Goodrich-Blair, 1992; Cooper and Stevens, 1993;

Doolittle, 1993; Gimble and Thorner, 1993; Gu et al., 1993; Xu et al., 1993;

Anraku and Hirata, 1994; Davis et al., 1994) three more conserved motifs

were detected.

In addition to their sequence conservation the locations of the motifs

are also conserved relative to the intein ends and to each other (Figure 4).

Motif A starts at the amino acid (aa) preceding the amino (N’) end of the

inteins and motif G ends at the aa following the carboxyl (C’) end of the

inteins. The C’ splice junction area is composed of two motifs (F and G) which

are either consecutive or separated by one or two aa. The second dod motif

(E) is preceded by motif D by six or nine aa. The distance between the two

dod motifs (C and E) is also conserved (see below).

(b1) Motif A
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Motif A defines the N’ end splice junction but is only found in the inteins

having a cysteine at their N’ end. The motif is not found in the Tli pol 1, Tli

pol 2, Psp pol 1 and Psp pol 3 inteins all of which have serine at their N’ end.

Nevertheless, cysteine and serine are similar chemically and these residues

at the inteins N’ end may have the same role in protein splicing process. If a

motif describing the N’ end of all inteins does exist the currently available

number of sequences is too small for it to be detected. When more intein

sequences will be known the N’ end area should be reexamined and a

statistically meaningful motif might be found for all the inteins.

Alternatively, inteins with serine N’ end might have a distinct motif analogous

to motif A. At present only two distinct intein sequences with serine N’ end

are known (see sequences section below).

(b2) Motif B

One of the models for protein splicing suggests an N→O acyl shift of

serine or threonine residues at the splice sites with the assistance of a

histidine residue and suggests the conserved histidine at the C’ splice

junction as the necessary histidine (Hodges et al., 1992; Wallace, 1993).

Substituting the C’ splice junction histidine in the Tfp1 protein allowed some

splicing activity (Cooper et. al, 1993) and it was suggested that another
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histidine residue in the intein might perform the catalytic function (Cooper

and Stevens, 1993). The seventh residue in motif B is invariably a histidine

and might fulfill the required function.

(b3) Motifs C and E

Motifs C and E define the dod elements. These motifs are

characteristic of dod homing endonucleases found in organellar and nuclear

genomes of many species, mostly in group I introns (Doolittle, 1993). In

homing endonucleases the elements are typically 80 to 160 aa apart and

twelve aa long (Lambowitz and Belfort 1993; Pietrokovski, unpublished

results). The intein dod elements have similar lengths and distances between

them. The lengths of the two intein dod motifs were found to be 9 and 14 aa,

respectively, and their distances from each other - 92 to 133 aa (Table 1).

The intein dod elements are very similar to the homing endonuclease dod

elements, yet some differences are apparent (Figure 5). The most obvious

resemblance is in the prevalence of glycines in the fourth and tenth positions

of both elements and in the eighth position of the first dod element, and the

presence of an acidic aa (aspartate or glutamate) in the ninth position of

both elements and in the seventh position of the second element. The main

differences between the intein dod elements and the Podospora anserina and
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Saccharomyces cerevisiae (S.cerevisiae ) mitochondrial (mt) dod elements

are the absence of an acidic aa from the seventh position of the first intein

element, the presence of an aromatic aa (phenylalanine, tryptophane and

tyrosine) in the first and last positions of the fungal dod elements and the

lack of conservation in the first, eleventh and twelfth positions of the intein

first dod element.

The differences between the intein and Podospora anserina and

S.cerevisiae mt dod elements might be due to non-specific sequence

variation or to possible constraints in the inteins sequences. The significance

of these differences might be clarified by the determination of more intein

sequences and the elucidation of the roles of the dod elements in the

endonuclease function.

(c) Sequences with intein motifs

The identified conserved sequence features from all ten intein

sequences were used to construct sequence blocks. The SwissProt and

GenBank sequence databases were searched for sequences with regions

similar to the blocks and having the same order and distances from one

another as the blocks.
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(c1) Porphyra purpurea chloroplast dnaB intein

The cp dnaB protein of the red algae Porphyra purpurea contains a 150

aa region which is not found in homologous dnaB proteins (M. Reith personal

communication). The region contains segments significantly similar to intein

motifs B, F and G (Figure 6). The region starts with a cysteine and its first

14 aa together with one aa preceding it make a significant motif with the

corresponding positions of the N’ splice junction motif (not shown). The

region is most likely an intein but one which lacks the dod and D motifs.

Unlike the sequences of all the inteins known so far, the putative dnaB

intein does not include the dod motifs which also characterize the dod homing

endonucleases. Several inteins are endonucleases (Perler et al., 1994), but

this function was shown to be independent from the protein splicing activity

in the Tli pol 2 intein (Hodges et al., 1992). Thus, it might be that the dod

motifs are required for the endonuclease activity of both inteins and dod

homing maturases but are unnecessary for the protein splicing activity of

inteins. 

(c2) HO endonuclease

The HO endonuclease (Russell et al., 1986) is found to have significant

similarities to six of the seven intein motifs (Figure 7). This yeast protein is
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a site specific double-strand endonuclease which initiates the mating type

switch by cutting a specific locus. The HO endonuclease was previously

recognized to be 33% identical to one intein sequence, the Sce VMA intein

(Hirata et al., 1990; Kane et al., 1990). The similarity found in this work

shows this endonuclease to resemble the intein family not just to one of its

members. 

Most notable are the position of the region similar to the N’ splice

junction motif and the absence of the C’ splice junction motif. The N’ end of

the HO endonuclease is similar to the N’ splice junction motif (motif A), with

the initiation methionine corresponding to the inteins first aa. The first aa in

the motif (corresponding to the last aa of the N’ extein) does not have a

counterpart in the HO sequence. The only intein motif not found in the HO

endonuclease is the C’ splice junction (motif G).

The HO protein is a site specific DNA endonuclease and is not known to

undergo protein splicing. However, four of the known inteins were found to be

endonucleases (Perler et al., 1994). Hence, it can be assumed that at least

some of the intein motifs found in the HO endonuclease are related to the

endonuclease activity while the missing motif G does not. The intein-similar

region of the HO endonuclease ends at the start of the potential DNA binding

Zinc finger domain of the protein (Russell et al., 1986). This may be further
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indication for the domain structure of the HO endonuclease. 

The resemblance of the HO endonuclease and intein family indicates

that the HO endonuclease may have originated from an intein sequence which

lost its protein splicing ability by changes in its splice junction regions.

Alternatively, inteins may have originated from the HO endonuclease or

perhaps both have a common origin. According to the HO origin hypothesis

the C’ splice junction was lately acquired by inteins. This scheme seems to be

more complicated than the mere loss of this junction in the HO endonuclease

implied in the common origin and the intein origin hypotheses. 

The HO endonuclease seems to be related to the dod homing

endonucleases both in sequence and function. The two contain the dod

elements and mediate the homing of specific sequences into particular

genomic locations by cutting that site (Strathern et al., 1982; Kostriken et

al. 1983; Dujon 1989). However, the HO endonuclease also includes intein-

specific motifs so its resemblance to inteins can not be due only to the

similarity of both to the dod endonuclease family. In light of this study’s

finding perhaps the HO endonuclease is in someway an intermediate between

the intein and homing endonuclease families. It will be interesting to see if

protein splicing activity could be induced by replacing the HO endonuclease

initiation methionine with cysteine, introducing the C’ splice junction motif at
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the appropriate position (1-4 aa from the end of motif F), and inserting the

resulting sequence inside another protein sequence.

(c3) Polyproteins

Polyproteins undergo specific proteolytic processes similar to those of

protein splicing (Wallace 1993). For example, the final proteolytic cleavage of

the picornaviruses polyprotein is apparently autocatalytic (Arnold, et al.,

1987) and some of the recently discovered prokaryotic polyproteins contain

spacer regions which are removed in the polyprotein maturation (Thony-

Meyer et al., 1992). The post-translational cleavage of viral polyproteins

occurs by a number of different processes involving autocatalysis and

different types of viral and cellular proteases. Only some of these processes

might be related to protein splicing. 

Two independent cases of viral polyproteins where sequences similar to

the inteins N’ splice junction motif (motif A) were adjacent to cleavage sites

are detected. The sequences are among the SwissProt entries with the

highest similarity to this intein motif. 

Three species of flaviviruses, from the Japanese encephalitis virus

group, are found to have a sequence region significantly similar to the N’

splice junction motif three aa from the cleavage point of the major envelope
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protein E from the nonstructural protein NS1 (Figure 8A).

The region immediately following the cleavage point between the VP4

and VP2 coat proteins in the human rhinovirus 1A polyprotein is found to be

significantly similar to the N’ splice junction motif (Figure 8B). This cleavage

was already noted as being an intein-like processing event (Wallace, 1993). 

The discovery of even a few polyprotein cleavage regions similar to the

inteins N’ splice junction motif is probably not due to chance. While the

polyprotein sequences are approximately 1.8% of all SwissProt sequences

each contains only a few cleavage sites in sequences typically hundreds to

thousands of aa long (E. Kolker, personal communication). Furthermore, the

positions of the two motif-similar regions identified near the cleavage sites

are the same, occurring 3 or 5 aa C’ to the cleavage point.

(d) How common are inteins ?

Four years after the discovery of the first intein (Hirata et al., 1990;

Kane et al., 1990) ten inteins have been reported. While inteins have been

found in the three kingdoms of living organisms they are present in only a

few specific genes. One explanation is that the inteins identified so far can

move laterally across species more easily than they can move between non-

homologous genes. However, integration into specific sites in homologous
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genes, i.e. sequence homing, which is common in mobile introns (Dujon,

1989), cannot fully explain the known intein distribution since some of the

host genes harbor different inteins at different locations (Perler et al.,

1992; Xu et al., 1993; Imanaka, 1994; Davis et al., 1994). 

It may very well be that all the presently known inteins are only a

distinct sub-set of a more diverse spectrum of inteins. As shown in this

work all the published intein sequences are of the same general sequence

structure. However, the sequence structure of the Porphyra purpurea cp

dnaB putative intein illustrates that inteins with only part of this sequence

structure do exist. Inteins might be found to be more varied and not so rare

if one only could identify them better.

(e) Validity of the observed motifs

The validity of the motifs presented in this work is supported by a

number of sources. The use of different methods for identifying and

assessing the studied motifs reduced the drawbacks of each individual

method and enabled the detection of subtle motifs. While difficult to

quantify, the identification of the same motifs by independent methods

attests to their authenticity.

Together with the conservation of sequence features in the intein
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proteins there is some variability in parts of the intein motifs and not all the

motifs were found in all of the inteins. The sequence variability could be the

cause of natural polymorphism and indicate non-conserved positions or be

due to the small sample size. The small sample size from which the motifs

were derived is also an obstacle in distinguishing genuine conserved regions

from chance similarities.

It is important to note that the intein motifs presented in this work

are most probably not the ultimate description of the conserved sequence

structure of inteins. New intein sequences, better analysis methods and

structural data and other factors are likely to modify the presented motifs

in future.

CONCLUSION

This work’s refinement of known intein motifs and the recognition of

additional ones was made possible mainly due to the increasing number of

available intein sequences and to new techniques for identifying and utilizing

conserved sequence features (Henikoff and Henikoff, 1991; Lawrence et al.,

1993; Neuwald and Green, 1994).

The known intein sequences are shown by this work to consist of a
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number of conserved features in an otherwise dissimilar sequences. This

implies some structural and/or functional selection for the intein motifs. The

presence of similar sequence regions in different inteins is probably due to a

common role of these regions rather than simply to a common origin. Inteins

are not large proteins, with similar sizes, and at least some are multi-

functional, hence it is likely that they all have the same overall structure.

The description of the intein motifs and the inferences about their

roles presented in this work can aid the construction of modified and new

polypeptides which can undergo protein splicing. Such polypeptides can help

us understand the protein splicing mechanism and may become powerful

biotechnological tools.

METHODS and SEQUENCES

Nomenclature

An alignment of equal length (ungapped) sequence segments is termed

a block (Posfai et al, 1989; Smith et al., 1990). A conserved block describes

a motif - a pattern occurring and characterizing a group of sequences. 

Intein names and protein splicing nomenclature are according to Perler

et al. (1994).
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Sequences

The ten published intein sequences Sce VMA, Ctr VMA, Mtu recA, Mle

recA, Tli pol 1, Tli pol 2, Psp pol 1, Psp pol 2, Psp pol 3 2, and Mle pps1 were

used in this work. The sequence sources (database accession codes) are Sce

VMA: SwissProt P17255; Ctr VMA: GenBank M64984; Mtu recA: SwissProt

P26345; Mle recA: GenBank X73822; Tli pol 1 and 2: SwissProt P30317; Psp

pol 1: GenBank U00707; Psp pol 2 and 3: GenBank D29671; Mle pps1:

GenBank U00013. The sequence databases used in this work are the

SwissProt protein databank release 27 (Bairoch and Boeckmann 1993) and

the GenBank nucleotide database release 81, in finding the pps1 intein, and

release 83 for all other searches (Benson et al., 1993). 

All the intein sequences are not more than 34% identical, along the

whole sequence, to each other except for the Psp pol 1, Psp pol 3 and Tli pol

1. These three inteins are highly similar to each other (59%-64% identities

along the whole sequences, not shown). Without proper weighing these

sequences would bias the search for conserved regions in the intein

2 The Pyrococcus species strain GB-D DNA polymerase intein was renamed Psp pol
intein 1 and the two additional inteins discovered in P.species strain KOD1 DNA polymerase (
Imanaka, 1994) named Psp pol intein 2 and Psp pol intein 3 according to the published
nomenclature conventions (Perler et al. 1994).
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sequences and the calculation of their significance (Altschul et al., 1989).

Consequently the Psp pol 1 and 3 intein sequence were only included in the

blocks calculation. In these calculations the sequences are given branch

proportional weights (Thompson, 1994).

Computer programs

Conserved blocks were detected and evaluated with the ASSET

(Neuwald and Green, 1994) and MACAW (Schuler et al, 1991) programs. The

Gibbs sampling method (Lawrence et al., 1993) in the MACAW program was

used for identifying the sequence blocks. The block limits were chosen to

maximize the score using the BLOSUM62 comparison matrix (Henikoff and

Henikoff, 1992).

Protein and nucleotide databases were searched with sequence blocks

using the blimps program (Wallace and Henikoff, 1992). The blimps search

results were assembled and evaluated with the MULTIMAT program (Henikoff,

1992). 

Motifs were graphically displayed as sequence logos using the

MAKELOGO program (Schneider and Stephens 1990). 

All the programs were obtained from the following computer sites by

anonymous FTP - ncbi.nih.gov (ASSET, MACAW, MULTIMAT and blimps),
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ftp.ncifcrf.gov (MAKELOGO).

Motif determination

The MACAW program scores each position in an alignment using an

amino acids (aa) similarity matrix (BLOSUM62). The total score of an

alignment is the sum of all its position scores. The program calculates the

chance probability for the appearance of an alignment score by a statistical

formula using an extreme value distribution model of alignment scores

(Karlin and Altschul, 1990; Altschul et al., 1994). The resulting p-value is

independent from the ones calculated by the ASSET and Gibbs methods.

These two methods were used to detect the inteins motifs. They each

employ different principles in their identification and evaluation of motifs

(Neuwald and Green, 1994). 

An alignment was considered a motif only if it was found significant (p-

value < 1*10-2) and had the same relative position to other identified motifs

in all the sequences. To avoid detecting regions shared by just a subgroup of

the inteins, only motifs appearing in the majority of the sequences were

considered. The motif boundaries were taken to maximize the motifs score

(minimizing the p-value).
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FIGURE LEGENDS

Figure 1. Similarity of the M.leprae pps1 ORF to a Red Alga chloroplast ORF.

The dot plot identifies 23 aa windows which have at least 7 identities. The

regions identified by the blocks are marked with the block names. The dot

plot of the pps1 ORF and ORF 470 from P.falciparum (Williamson et. al,

1994) give a very similar result. Data for pps1 from GenBank accession

U00013, for ORF 487 from Mike Reith, personal communication.

Figure 2: Sequence of the intein in the M.leprae pps1 ORF. 

Numbers indicate positions in the pps1 ORF. The intein sequence (positions

202 to 587) is in upper case.

Figure 3. Sequence logo of the intein conserved motifs.

The height of each aa in a position is proportional to its frequency there. The

aa at each position are stacked according to their frequency, the most

common being on top. The total height of each position is adjusted to signify

the information content (conservation) of the aa at that position (Schneider

and Stephens 1990). The logo was constructed from all the intein sequences

excluding the Psp pol 1 and 3 sequences (see Methods and Sequences). The

minimal and maximal number of intervening aa is indicated between the



motifs names. Error bars at each position show ± one standard deviation of

its information content. The variance is due to the number of sequences

used to calculate the information content (Schneider et al., 1986). Only the

ends of the error bars are shown. Arrows mark the intein boundaries.

Figure 4. Positions of the inteins conserved motifs.

A schematic diagram of the intein sequences aligned along the dod motifs

(motifs C and E). The intein names and lengths are beside each sequence.

Rectangles indicate motifs and are marked with their names.

Figure 5. Dod motifs in inteins and fungi.

Sequence logos of dod motifs 1 and 2 in inteins and in the mt genomes of the

ascomycetes Podospora anserina (Pa mt) and S.cerevisiae (Sc mt). Logo

features as in Figure 3. The Podospora anserina dod logos were constructed

from 18 non-homologous dod maturase sequences from the mt genome of

Podospora anserina (GenBank accession X55026) - LSU r1; COX1 i7a, i7b, i8,

i10, i11, i12, i13, i15; COX2 i2; COB i1, i3(B); ND1 4a; ND4 i1; ND4L i1; ND5 i1,

i2, i3. The S.cerevisiae dod logos were constructed from 10 non-homologous

dod maturase sequences from the mt genome of S.cerevisiae (GenBank

accession M62622) - LSU rI; COX1 i3, i4, i5α , i5β; COB i2, i3; RF1; RF2; RF3.

The intein dod logos constructed as in Figure 3.



Figure 6. Intein motifs in the Porphyra purpurea cp dnaB putative intein.

Schematic sequence diagram as in Figure 4. Dotted box marked with A’

indicate similarity to the N’ half of motif A. The expectant value for finding

the multiple block hits is 3.2*10-5 (Henikoff and Henikoff, 1994).

Figure 7. Intein motifs in the S.cerevisiae HO endonuclease.

Sequence from SwissProt accession P09932. A. Schematic sequence

diagram as in Figure 4. B. The sequence regions corresponding to the motifs.

Conserved aa in the motifs are underlined. The start and end positions of the

regions are given below the line and the number of intervening aa and

distance between the last region and the end are given above. The expectant

value for finding the multiple block hits is 5.5*10-20 (Henikoff and Henikoff,

1994).

Figure 8. Intein N’ splice junction motif in polyproteins.

The sequence regions corresponding to motif A are in upper case and the

preceding segments in lower case. Conserved aa in the motifs are underlined.

The start and end positions of the sequences are given below the line. Double

arrows mark the polyprotein cleavage points and single arrows mark the

position corresponding to the inteins N’ splice junction. A. Flaviviruses. The



positions of the scores of the regions with motif A in all the SwissProt

scores (33329 sequences) are - top 99.95% for the Murray Valley

encephalitis virus, top 99.4% for the Japanese encephalitis virus and top

98.9% for the West Nile encephalitis virus. SwissProt accessions P05769,

P32886 and P06935, respectively. B. Human rhinovirus. The position of the

motif score in all the SwissProt scores is in the top 99.3%. SwissProt

accession P23008.



Block A (N’ end) a P=6.7*10-6  b

Intein c sequence position d

Sce VMA GCFAKGTNVLMADGSIECIENIEVGNKVMG  0-29
Ctr VMA GCFTKGTQVMMADGADKSIESIEVGDKVMG  0-29
Mtu recA KCLAEGTRIFDPVTGTTHRIEDVVDGRKPI  0-29
Mle recA GCMNYSTRVTLADGSTEKIGKIVNNKMDVR  0-29
Tli pol 1 -  -
Tli pol 2 -  -
Psp pol 1 -  -
Psp pol 2 RCHPADTKVVVKGKGIINISEVQEGDYVLG  0-29
Psp pol 3 -  -
Mle pps1 GCLTADARINVKGKGLVSIADVQPGDEVFG  0-29

Block B P=9.6*10- 3

Sce VMA FTCNATHEL  73- 81
Ctr VMA FTVSADHKL  68- 76
Mtu recA VWATPDHKV  67- 75
Mle recA FAATPNHLI  73- 81
Tli pol 1 INITAGHSL  90- 98
Tli pol 2 IDVTEDHSL  82- 90
Psp pol 1 ITITEGHSL  90- 98
Psp pol 2 LKCTPNHKL  54- 62
Psp pol 3 IKITSGHSL  90- 98 
Mle pps1 LEATGNHQF  62- 70

Block D P=1.0 e

Sce VMA KNIPSFL 301-307
Ctr VMA KSIPQHI 319-325
Mtu recA KTIPNWF 195-201
Mle recA - -
Tli pol 1 KRIPSVI 359-365
Tli pol 2 RKIPEFM 228-234
Psp pol 1 KRVPEVI 358-364
Psp pol 2 - -
Psp pol 3 KRIPEFV 358-364

Mle pps1 KRLPAWI 219-225

Block F P=1.3*10-10

Sce VMA DYYGITLSDDSDHQFLLAN 430-448
Ctr VMA NYYIGTLAEETDHQFLLSN 447-465
Mtu recA RARTFDLEVEELHTLVAEG 417-435
Mle recA SMNRFDIEVEGNHNYFVDG 342-360
Tli pol 1 EGYVYDLSVEDNENFLVGF 513-531
Tli pol 2 EGYVYDIEVEETHRFFANN 367-385
Psp pol 1 DGYVYDLSVDEDENFLAGF 512-530
Psp pol 2 EGKVYDLTLEGTPYYFANG 337-355
Psp pol 3 DGYVYDLSVEDNENFLVGF 511-529
Mle pps1 EKPTYDIQVVGLENFVANG 363-381



Block C (first dod) P=1.5*10-14

Sce VMA   LLGLWIGDG 211-219
Ctr VMA   LLGTWAGIG 202-210
Mtu recA   LLGYLIGDG 115-123
Mle recA   VLGSLMGDG 115-123
Tli pol 1   LLGYYVSEG 282-290
Tli pol 2   LVGLIVGDG 148-156
Psp pol 1   LLGYYVSEG 281-289
Psp pol 2   LAGILLAEG 118-126
Psp pol 3   LLGYYVSEG 281-289 
Mle pps1   LLGLWLGDG 143-151 

Block E (second dod) P=2.7*10-10

Sce VMA TFLAGLIDSDGYVT 317-330
Ctr VMA SLIAGLVDAAGNVE 335-348
Mtu recA NLLFGLFESDGWVS 213-226
Mle recA LVLAIWYMDDGSFT 209-222
Tli pol 1 SFLEAYFTGDGDIH 375-388
Tli pol 2 AFLRGLFSADGTVT 244-257
Psp pol 1 AFLEGYFIGDGDVH 374-387
Psp pol 2 SVLRGFFEGDGSVN 216-229
Psp pol 3 AFLEGYSSAMATST 374-387 
Mle pps1 ALIGGLVDADGWTE 235-248

Block G (C’ end)  f P=6.0*10- 8

Sce VMA VVVHNC 450-455
Ctr VMA ALVHNC 467-472
Mtu recA VVVHNC 436-441
Mle recA VMVHNS 361-366
Tli pol 1 LYAHNS 534-539
Tli pol 2 ILVHNT 386-391
Psp pol 1 LYAHNS 533-538
Psp pol 2 ILTHNS 356-361
Psp pol 3 VYAHNS 532-537

Mle pps1 IVAHNS 382-387



Table 1. Conserved sequence blocks of inteins 

a The blocks correspond to the motifs discussed in the text and use the same names.

b P values calculated by the MACAW program taking the whole lengths of the eight intein

sequences (excluding the Psp pol 1 and 3 inteins, see Materials and Sequences) as the searched

sequence space.

c Intein names according to Perler et. al (1994).

d The first aa in block A is outside the intein sequences being the last aa in the preceding exteins 

e A significant p value for block D (2.3*10-4) is found when only the regions between blocks C

and E are taken as the searched sequence space. 

f The last aa in block G is outside the intein sequences being the first aa in the following exteins.
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1994) give a very similar result. Data for pps1 from GenBank accession U00013, for ORF 487 from Mike

Reith, personal communication.
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Figure 2: Sequence of the intein in the M.leprae pps1 ORF. 

Numbers indicate positions in the pps1 ORF. The intein sequence (positions 202 to 587) is in

upper case.
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intein names and lengths are beside each sequence. Rectangles indicate motifs and are marked

with their names.
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Figure 6. Intein motifs in the Porphyra purpurea cp dnaB putative intein.

Schematic sequence diagram as in Figure 4. Dotted box marked with A’ indicate similarity to the

N’ half of motif A. The expectant value for finding the multiple block hits is 3.2*10-5 (Henikoff

and Henikoff, 1994).
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A.

Sce HO endonuclease

100 aa

A B C D E F
586 aa

B.
                              50         128          85        10              104                   127

MLSENTTILMANGEIKDIANVTANSYVMC...LQCTAGHKL...MLGLWLGDG...KQIPEFM...AFLAGLIDSDGYVV...ESTVYGLTIEGHKNFLLGN...

1                          29   79     87   215   223   308 314   324        337   441             459

motif A                         motif B     motif C     motif D   motif E          motif F

Figure 7. Intein motifs in the S.cerevisiae HO endonuclease.

Sequence from SwissProt accession P09932. A. Schematic sequence diagram as in Figure 4. B.

The sequence regions corresponding to the motifs. Conserved aa in the motifs are underlined. The

start and end positions of the regions are given below the line and the number of intervening aa

and distance between the last region and the end are given above. The expectant value for finding

the multiple block hits is 5.5*10-20 (Henikoff and Henikoff, 1994).



A.

   ⇓   ↓

vhadtGCAIDITRRELKCGSGIFIHNDVEAWIDRY Murray Valley encephalitis virus

791                             825

   ⇓   ↓

vhadtGCAIDITRKEMRCGSGIFVHNDVEAWVDRY Japanese encephalitis virus

792                             826

   ⇓   ↓

vhadtGCAIDIGRQELRCGSGVFIHNDVEAWMDRY West Nile virus

785                             819

B.

   ⇓     ↓

rldspsvEACGYSDRIMQITRGDSTISSDDVANAVVG Human rhinovirus 1A

42                                  78

Figure 8. Intein N’ splice junction motif in polyproteins.

The sequence regions corresponding to motif A are in upper case and the preceding segments in

lower case. Conserved aa in the motifs are underlined. The start and end positions of the

sequences are given below the line. Double arrows mark the polyprotein cleavage points and

single arrows mark the position corresponding to the inteins N’ splice junction. A. Flaviviruses.

The positions of the scores of the regions with motif A in all the SwissProt scores (33329

sequences) are - top 99.95% for the Murray Valley encephalitis virus, top 99.4% for the

Japanese encephalitis virus and top 98.9% for the West Nile encephalitis virus. SwissProt

accessions P05769, P32886 and P06935, respectively. B. Human rhinovirus. The position of

the motif score in all the SwissProt scores is in the top 99.3%. SwissProt accession P23008.


