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ABSTRACT

Previous analyses have shown that inteins (protein
splicing elements) employ two structural organizations:

the ‘canonical’ Nintein-Dod-inteinC found in dozens of
inteins and a ‘non-canonical’ Nintein-inteinC described

in two inteins, where Nintein at the N-terminus and
inteinC at the C-terminus are conserved domains
involved in self-splicing and Dod is the Dod DNA
endonuclease (DNase). In this study, four non-canonical
inteins, each with unique structural features, have been
identified using alignment-based Hidden Markov
Models. A Nintein-inteinC intein, carrying an un-
precedented replacement of the N-terminal catalytic
Cys(Ser) by Ala, is described in a putative ATPase
encoded by  Methanococcus jannaschii Three
replicative proteins of  Synechocystis spp. contain

inteins with the organizations: (i) ~ Nmen X —inteinc
where X is an uncharacterized domain and Dod DNase

is located in an alternative open reading frame (ORF)
being embedded between two novel CG and YK
domains; (ii) Nintein-HN-inteinC, where HN stands for
phage-like DNase from the EX (H-HX3H family;
(iii) Nintein> |<inteinC, where > |< indicates that the
intein domains are associated with a disrupted host
protein encoded by two spatially separated ORFs. The
expression of some of these newly identified inteins may
affect the intein hosts. The variety of structural forms of
inteins could have evolved through invasion of self-
splicing proteases by different mobile DNases or the
departure of mobile DNases from canonical inteins.

INTRODUCTION

site-specific DNA endonuclease (DNase) encoded by a self-splicing
intron or associated with an inteitil(12), and some DNase genes
were shown to be bona fide mobile elements invading intergenic
regions and DNase-less copies of introh3-{7). Three large
families of mobile DNases were identified which are associated with
self-splicing introns and which are named after the conserved
sequences LAGLI-DADG (Dod)18-20), GIY-YIG (21) and
EX1H-HX3H or H-N-H (22,23). Proteins belonging to these
families are also encoded in a variable genetic context, although only
the Dod-type DNases were so far identified in inteins. Eight
conserved sequence blocks or motifs were recognized in all but two
inteins, and two blocks (C and E or Dodl and Dod2) are the
hallmarks of the Dod protein famil24,25). (Hereatfter, inteins with

a full complement of the intein blocks are called ‘canonical’). Two
non-canonical (‘minimal’) inteins lacking a region encompassing
blocks C, D, E and H were also describ2d,45) as well as
similarities between inteins and the yeast mate-switching HO DNase
(25,26) and the autoproteolytic domain (Hh-C) of signalling
hedgehog (Hh) proteing4,27) were documented.

Intein-promoted protein splicing and gene mobility can
functionally be separate@&). The N-terminal residue of inteins,
which is always either Cys (Cys-inteins) or Ser (Ser-inteins) and
part of block A, was shown to initiate splicing at the N-terminal
border of inteins. Another nucleophile, the N-terminal residue of
the C-extein, which is always Ser, Cys or Thr in cooperation with
the strictly conserved C-terminal Asn (block G) residue of the
intein, mediate subsequent steps leading to intein excision and
religation of inteinsZ9-32). Two conserved His residues in blocks
B and G were implicated in protein autoprocessing as well
(25,30,32) and they, together with the other catalytic residues, are
spatially juxtaposed(). The blocks C and E are not important for
splicing but crucial for intein mobility28,34). The recent X-ray
structure of Saccharomyces cerevisiadVIA (PI-Scd) intein
revealed that the Dod DNase blocks are organized with a separate

Many genes are known to be interrupted with alien sequence@&juctural domain which is looped out from the rest of the intein
which are removed from gene products with concomitant religatidmody forming a continuoys-sheet 83).

of flanking sequences in the process called splicing. InterveningPrevious studies have shown comparative sequence analysis to
sequences removed during RNA and protein splicing are callégt the most powerful tool for the identification of inteins
introns and inteins, respectively; religated sequences are nanféd,25,35-38). In this study, four new non-canonical (putative)
exons or exteins, respectively4). A number of parallels between inteins, each with unique sequence features, were identified using
inteins and a subset of introns, known as self-splicing introns, wertdden Markov Models (HMMs) 39,40) trained on multiple
noticed B—7). Splicing of these molecules proceeds exclusivelgequence alignments of previously identified inteins. These
(inteins) or often (introns) autocatalyticalk},&,9). Certain genes findings are rationalized within a model describing inteins as
encoding inteins and self-splicing introns can move into amolecular ensembles of proteolytic and, optionally, DNase
intein/intron-less allele of the host gene, a process called ‘introdbmains of independent origin which may have diverse expression
intein homing’ 6,10,11). The homing event is initiated by a mechanisms affecting host proteins.
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METHODS, DATABASES AND APPROACH RESULTS AND DISCUSSION

i i i i A M.jannaschii ATPase encodes a minimal intein which
Global multiple amino acid sequence alignments were generatgghy be defective in splicing

with the assistance of the Clustaliiy) package using different

parameter settings4{). Blocks conserved in some multiple The M.jannaschiigenome was reported to encode 14 proteins
alignments were verified and assessed using the MACAW suwibntaining 18 inteins24,36). This analysis (see legend to FY.
(42). Some multiple alignments were used as templates fdvas identified an additional intein M.jannaschiiinserting after
building larger alignments in the constrained simulated annealirigly404 within an MJ0781 ORF reported previously to be similar
regime within the HMMERY.8) package43). This package was 0 a putative ATPase encoded by the plasmid RK2 kibA gene
used to generate HMM84,40) trained on multiple sequence (Mja KIbA) (36). The intein-less version dja KIbA has been
alignments employing the Blossum50 scoring table46) as found_ to be the most closely related to five uncharacterized
prior and the maximum discrimination methé@) HMMs were ~ Proteins other than the RK2 kibA gene product (EjgFour of
used to search Swissprot-34, SP-Trembl-2, Genpeptide-100{JgS€ proteins are of archael origin encodedviggnnaschii,
homemade protein databases with the programs employing f§thanococcus voltandSulfolobus solfataricysvhile the fifth
Smith-Watermar(?) and Needleman-Wunsckgj algorithms. orlglnates_from green SL_JIfur bact_e@h_lloro_blum limicola.Like
Similarity of a sequence with a model was assessed in bitesoorﬁrai'r?t(?:'inSZM)' the Mja KIbA intein disrupts a conserved
information (bits) and matches of >16 (when searching 92).

. . : TheMja KIbA intein is small (168 aa) being the third ‘minimal’
Swissprot-34) and 17 bits (SP-Trembl-2/Genpeptide-100) We'iﬁod-lesjs intein identified so fgr the t\)NO otﬁers b&ipgDnaB
considered to be significanB8Y). Some multiple sequence ’

X ; . andMxe GyrA inteins 4,25). An Asn/Ser splice junction was
alignments were converted into the Swise-generat&d ( jgentified at the intein/C-extein border but Ala replaces the
weighted profiles corrected for a bias sequence representatigfyaiytic Cys(Ser) nucleophile at the intein N-terminus (Big.
(50) and were used to search databases. Searches of Ngis |atter being a unique feature found only in the KIbA intein.
redundant Databases (NRD) with single sequences were perform@sk N-terminal Ala can not catalyze the N-terminal proteolytic
with a family of Blast program$(,52). Repeats in proteins were cleavage 8,32) implying that the KIbA precursor is not likely
identified using the SAPS progran3. Logos of multiple to be spliced. The substitution of the catalytic Cys(Ser) by Ala
alignments were generated using the Delila program packageght have been accepted in the course of co-evolution of the
(54) and a script of Pietrokovski available through ftp://KIbA intein and its host to prevent intein excision after the host
bioinformatics.weizmann.ac.il/pub/software/logoaid/ . Alignmentdecame dependent on the intein. The other explanations include:
are presented using the BOXSHADE program downloade(i) transsplicing of the KIbA intein with involvement of another
through ftp://ulrec3.unil.ch/pub/boxshade/ . intein; (i) incorrect sequencing of the first codon of the KIbA intein.
Building an all-inclusive multiple alignment of inteins was
initially explored using different inteins identified previously
(24). Typically, a procedure started from a ClustalW-mad
alignment of clogely related Inteins and, using results_of dat_ab firee inteins with very unusual organizations were identified in
;sea_rches, an allgnme_nt of inteins as large as possible V\_/lth ® Synechocystigenome %5) in the Ssp ORFs, sll1360
!nteln blocks £4,25) being correct!y aligned, was generated in aNDNA-polymerase I/t, Pol-lliy/t), sll2005 (DNA-gyrase B,
iterative manner. Further extention of the alignment proceedgghyB) and sIr0603 (DNA-polymerase dil Pol-llla). The
using three non-overlapping parts of inteins derived from thgynechocystigproteins hosting” inteins are predicted to be
N-terminal (Nintein), middle (Dod) and C-terminal (inteinC) components of the replicative apparatus and the insertions were
regions, respectively. The Nintein encompasses blocks A and Bund within the conserved areas after Glu129 (sli1360), Gly436
Dod domain blocks C, D, E and H and inteinC blocks F and Gsll2005) and Tyr774 (slr0603).
The C-terminal border of the Nintein and N-terminal border of the Three new inteins start with Cys. Nintein and inteinC domains
inteinC were determined from comparisons of a new ‘minimalas well as the C-terminal Asn/Cys(Ser) splice junction have been
intein recognized in thilethanococcu@nnaschiiORF MJO78  recognized in the sll1360 and sll2005 ORFs, although only a
with other inteins (see legend to Fib). and were set not far variant of the Nintein was identified in the slr0603 ORF (E)g.
downstream from block B and upstream from block FA Dod domain was not identified in either of these ORFs by
respectively. The boundaries of the Dod domain were limited jifferent methods (not shown), despite the Nintein and inteinC
the N-terminal border of block C and C-terminal border of blocklomains of sll1360 and sli2005 being connected by sequences
H. Divergent sequences of variable size in different intein!9nd €nough to encompass an additional domain {rig.

between the Nintein and Dod, and the Dod and inteinC domains

were exc_lud_ed from further analyses. Alignment_s of th_e thr_eBNA-gyrase B subunit intein contains a DNase domain of

parts of inteins were extended and completed in an iteratiyge EX1H-HX 3H family

manner. Also, to search databases, some HMMs were trained on

multiple alignments of artificial minimal inteins from which the Upon ana|ysis of the GyrB sli2005 intein, a margina| S|m||ar|ty
part delimited by the Nintein and inteinC domains was removegas initially detected between the middle part of this protein and
and the flanking sequences were religated. As a result of thig intron-encoded DNase from phage RB3, a variant of phage T4
study, four ‘non-canonical’ inteins and non-intein relatives o{56). This DNase belongs to a subset (called hereafter HN) of the
them were identified and are described below. EX1H-HX3H DNase family 22,23, A.Gorbalenya, unpublished

eT hree new non-canonical inteins irBynechocystis
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Fsp Pol-1 TE: Q51334
Mja TFIIE 6 GB:UG7T522
Hia Bpol_A* GB:U67547
Ml& Rech SP:P35901
Mxe Gyrd CITGDALVAL<10 WIGTANEPLL<TE EIKPGOYAVI<104 9 VYSLEVDTADHAFI<190 F\ GB:UGETRTE
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Eszp elllislx LELIYGTLLGDG=14]1 EEGMAWWYMDDG=237 GR:DI090Y
Ssp s1lr0603 CLSFGTEILT<10 IRATSDHRFL<TS EIFARCLDLL< %4 GB:D203917
Ssp 8111572 FTIIPVVMV< 23 IFDIGLEQ=DHNFL< GR:DR0S04
Fan MDSi3 7 SFFFIMSEI<261 LYTRTRETE 291 TE:QO02686
Pan COIi2 157 SYFEILDEI<208 LYSRSREQEDEIFY=228 VISHNS<230 TE:Q02578
Mia MI1093 TE: Q538438
M7a UBTS01x GR:U6T501
KMja MI03L4 GB:UGT486
¥ja MI0398 GB:UsT482
Cal MTS AMUNV<10 FSLTEKHLVF<T6 TE: Q94129
Dme HH TPESTALL<10 LTVTPAHLVS<75 RIEEKNQVLV< 29 SE: Q02936
consensus ck § GLEE & &t SH && Sk gd GkéE & EEEgEEEgAY &l & bdg Bk & & vydik v 3 fx && hH#

Figure 1.Nintein, Dod and intenC domains in new non-canonical inteins. Shown is an excerpt from three ClustalW-made multiple elipom@atssing domains:
(Nintein), 44 Ninteins and its homologs from 8@HO DNase and 26 Hh proteins; (Dod), 68 Dod proteins including 40 intein-associated and 28 of non-intein origin;
(inteinC), 46 inteinCs and four related domains of intronic origin (unpublished). The alignment is limited to eight colmevéu five protein groups separated

by blank lines and including, from top to bottom: (i) a set of canonical infeapdP0l-1,Mja TFIIB and Rpol_A andMle RecA); (ii) two known minimal inteins

(Mxe GyrA andPpu DnaB); (iii) new inteins lja KIbA, SspGyrB, Pol-lliy/t (sll1360 and sll1360x ORFs) and Pohil(slr0603 and sll1572 ORFs); numbering
according to the Cyanobase (55)]; (iv) two intronic Dods containing inteinC doRaimND5i3 andPan COli2) along with new free-standing Dod-proteins from
M.jannaschiiiMJ1098, MJ0314, MJ0398 and U67501x, the latter is a new composite ORF containing two frameshifts and a terminationiselwoded by
nucleotides 69-729 in the complementary strand of the U67501 entry; numbering accordiyjemtteschiidatabase (36)] and (v) two representatives of the Hh
proteins CelM75 andDmeHH). The blocks may contain more columns than shown. In the Dod domains, the two other blocks (D and H) are also ca@5¢rved (24
but not shown. Not all proteins have a full complement of the conserved blocks (see also text). New inteins and relatacadeintified as follows. Thdja

KIbA intein matched 10 previously described inteins of archael origin using Blast [probability of finding them by chaatzbasa df the same siB £3.26'18-9.0e9.

A subsequent analysis of these matches identified two regions, Nintein and inteinC, conddjaédbA and 11 Ser-inteins. These regions are separated by only

4 aa in the KIbA intein or a Dod domain in the Ser-inteins. Two blocks conserved less than those previously describBdi(2eh@3intein and Hn the intein

C, flank the (DNase) insertion from the N-terminal and C-terminal sides, respectively. The MACAW corfiriedg(20) reliability of these blocks for the KIbA

and eight Ser-inteins, but in some other inteins, only a tentative assignment was possible which should be confirm@apuhitshed). The Nintein and inteinC
domains were also identified in thr&gnechocystiproteins. Th&spPol-llly/t sli1360 and GyrB sll2005 ORFs were hit with 40.78 and 31.33 bits, respectively, by
an HMM trained on a multiple alignment of 17 previously recognized inteinsSgpteol-Illa two ORFs, sIr0603 and sll1572, were scored with 29.62 and 13.40 bits,
respectively, by an HMM trained on a multiple alignment of 36 artificial Nintein-inteinC proteins. This HMM also matchee2@. B4 9its) anll00 aa region in

the most N-terminal part of the five Hh-C fraaenorhabditis elegan®0) and subsequent searches matched other 21 Hh including those shown. Sixty-four of the
68 Dod domains were classified with the minor or major groups. The minor group was identified as follows. THespE®Ia#y/T sll1360x ORF, nucleotides
10962-11936 in the complementary strand of the D90907 entry with no reference in the published Cyanobase (55), has(Peerd Set8ds being next best

to the self-match by the 216 aa Dod-containing sequence delimited by Nintein and inteinC dadkfieiReoA intein using the ThlastN. A group of 20 Dod domains
distinct from the other Dod proteins was identified in the course of the Blast- and HMM-based iterative database sedechieslepgndently withlle RecA and
Sspsli1360x sequences. This group also includes MJ1098 and 17 intronic (putative) DNases (see Fig. 3D for accession numajergrolipewas identified through
iterative searches initiated with intein Dod domains and is composed of 44 Dods including 38 of intein oriyijatimaschiORFs(MJ0314, MJ0398 and U67501x),

and four other Dods. An HMM trained on an alignment of this group did not give significant scores to the minor group Dwidbddhput matched free-standing and
intronic Dod proteins outside the training set, indicating that this group can be enlarged. It matched (ZBaBIN&itS)3 which has a close homol&gn COIi2 (61).

The latter was hit (13.99 bits, a marginal, next to the true score) downstream of the Dod domain by an HMM trained teirtBe Agese as well as other two intronic
proteins (unpublished) contain the Dod domain fused with a domain closely resembling inteinC. The position of the lmseessiduleck in the intein, Hh-C domain

and Dod protein is listed to the right of the block. The last residue of block G belongs to C-extein. Accession numbvensatheshight. GB, GenBank; TE, Trembl;

SP, SwissProt. Intein designation and nomenclature were as described (2,24) with minor modifications. First three ¢etisyardemoand the following letters depict
protein. Intron-encoded proteins contain suffices i in their names. Pol-1, DNA-polymerase, 1st intetnaRdImbl-1l/T, DNA-polymerase I and I/t subunits; GyrA

and GyrB, DNA-Gyrase A and B subunits; Pps, unknown function; DnaB, DnaB replicative helicase; RRblAApolymerase subunit”’ATFIIB, transcription factor

11B; COl, cytochrome oxidase; ND5, NADH ubiquinone reductase subunit 5; M75 and HH, hedgehog QettaBzenorhabditis elegans; Dme, Drosophila melanogaster
Mja, M.jannaschii; Mxe, Mycobacterium xenopi; Mle, Mycobacterium leprae; Pan, Podospora anserina; Ppu, Porphyra purpurao@smusp; Sce, S.cerevisiae;

Ssp, Synechocyssp; Tli, Thermococcus litoralisColors: magenta, invariant residues; red and green, conserved and similar residues, respectively, in >55% positions i
the original all-inclusive alignments. Groups of similar residues: &, I,L,V,M,FY,W; |, WY,F; $, D,E,N,Q; @, K,R,H; #,9b,SX53. X, frameshift. The position of the
blocks within the sll1572 ORF is indicated taking into account a 21 aa residue extention from the postulated initiatotdviiee (58lrection.

results) and subsequent analysis confirmed the region of the GysB005 intein or its ancestor, given the origin of the GyrB HN
sll2005 intein to be the core domain conserved in viral HMlomain relatives (Fig3A).

proteins (Fig3A). In the GyrB sllI2005, the HN domain is located

not far downstream from the predicted C-terminal border of thg A-polymerase Illy/it Dod domain is encoded in an

Nintein, at a position occupied by the Dod domain in the majorityiarnative ORF to the intein ORF and has complex

of inteins (Fig.3A and the GyrB scheme in FigB). Although relationships with the other Dods

a parallel has already been drawn between DNases from the

EX1H-HX3H and Dod families32,23), this is the first case of an A putative DNase, in this case of the Dod-type, was also identified
HN domain being identified in an intein. A phage might havén an ORF alternative to that of the Polgtl slli1360 (named
been involved in the transfer of the HN domain into the GyrBll1360x). This ORF is located within a genome region delimited
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Figure 2. Multiple alignment ofM.jannaschiiKIbA protein and its closest relatives. The alignment was generated with the ClustalW program (the most variable
N-terminal and C-terminal parts of the alignment as well as the main portion of the intein are not shown). Genpeptidgd@®sohiidatabase (MJ) identificators

are listed at the left and GB identificators at the right. The positions of the most left residue in the raws of sequelhasstas distances to the end of the protein

are indicated at the left and right sides, respecti@iyChlorobium limicola; Mvo, Methanococcus voltae; Sso, Sulfolobus solfatafibesintein-less version of

Mja KIbA (consisting of 553 aa) have matched the five other proteins (474-352 h@e29) on top of the kIbA gene product (298 aa) using ThlastN. MJ1287_8,

a frameshifted fusion of the previously reported MJ1287 and MJ1288 ORFs (36). Other designations see Figure 1 legend.

in the intein ORF sll1360 by blocks B and F (the Pgltll acids and include among others a CECGCG run. In the sll1360x
scheme in Fig3B and see below). It was found that the DodORF, an almost perfect copy (69—74 &) ©f this hexapeptide
domains of Pol-IN/T sll1360x andMle RecA intein are grouped flanks the CG domain from the C-terminus, indicating that the
together and separately from dozens of homologs associated witigion upstream of the Dod domain may be composed of the two
the other inteins (named minor and major groups, respectivelgiistantly related CG domains (the sli1360x scheme in38Y.
(Fig. 1). In line with this observation, the Dod domains of the minor In theSspPol-llly/t, the conserved N-terminus of the first CG
and major groups are different in many positions of blocks Dod1 ahmain of the sll1360x ORF overlaps with the C-terminal border
Dod2, the most conserved sequences of these proteins. [For instafabe sll1360 Nintein and the conserved C-terminus of the YK
in the Dod2, only positions 156 (Leu dominancy) and 164 (Gldomain overlaps with the N-terminus of the sll1360 inteinC (the
dominancy) have a similar residue profile and in at least sevé&l-llly/t scheme along with the sll1360 and sll1360x ORFs
positions (153, 155, 157, 158, 159, 161 and 162), the two grouppanslations in Fig3B). This overlapping organization indicates
differ strikingly (Fig.3C)]. Each of the two groups also includesa complex expression mechanism of the ORFs representing the
non-described previously free-standing Dod-proteins fromsll1360/sll1360x locus. The two ORFs might be expressed
M.jannaschiias well as intronic homologs (legend to Big.This  essentially independently, albeit in a coordinated manner, from
indicates that the Dod domains of the different genomic origins ateo initiator AUG codons in different frames using one or two
evolutionary interleaved and may form a common pool in onmRNAs. Alternatively, the ‘canonical’ three-domain intein might
genome, e.gM.jannaschiiencoding canonical and non-canonicalbe produced from the slli1360/sl11360x mRNA by a ribosome
inteins and free-standing Dods, or in a species community. slippage mechanisnb®) which would allow two frameshifts,
back/forward (-1/+1), with reading of the sll1360x domains
Pol-Ill y/t Dod is flanked by two novel CG and YK domains in-frame and between the Nintein and inteinC domains (the
within the ORE Pol-llly/'t scheme in Fig3B). Either of these mechanisms would

o n i affect host protein expression. [Very recently, splicing oS
The sll1360x Dod domain is flanked by additional domains o1yt intein has been demonstrate@stherichia col(58)].
either side (the Pol-§T sll1360x scheme in Fi@B). At the

C-terminus, immediately downstream of the DNase domain, ) : o

small unique domai_n af35 aa (called YK domain aftv_er the two ?nggt%?/ zop!r:ggg Sgdp(fﬁroigh'\'gsée;ﬁgtﬁm'ggggff are

most conserved residues) is located. It is conserved in the proteins

of the minor group (Fig3D) indicating that the Dod and YK Not only the CG domain unites the sll1360x and HSPDCM4x

domains have co-evolved in these proteins. ORFs, they also both include a DNase domain, although
Unlike the YK domain, a unique 119 aa sequence upstream lalonging to the two different families, Dod and HN, retpely.

the sll1360x Dod domain (the sll1360x scheme in38j.is not  Within the HSPDCM4x ORF, the HN and CG domains are

conserved in the proteins of the minor group implying that iseparated by only a short peptide with loop-forming potential

might have become associated with the DNase relatively recenf@DDLRSPGEPNP) (HSPDCM4x sequence beneath the GyrB

The N-terminal region of the sll1360x ORF product includes acheme in Fig.3B). Remarkably, the HN domain of the

Cys-rich 50 aa domain (named CG after the conserved residuetPDCM4x ORF revealed a strong sequence similarity to that of

whose homolog was also detected in the HSPDCM4x ORF of thiee GyrB sll2005 intein. Thus, the phage ORF, through the HN

archaeHalobacterium salinariunphagegH [(57), the C-terminal and CG domains, ‘links’ two unrelatesl/nechocysti®Nase-

half of the alignment placed between the GyrB and sll1360gontaining ORFs (the GyrB sll2005 and PoWttl sll1360x

schemes in Fig3B]. In the two sequences, the majority of theschemes and the alignment between them in38Y. The CG

34% identical residues belong to the active-site forming amindomain may cooperate with different DNase domains given the
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spE2i ESLVVDHIDRNEHNNHF SNLEMVSREENSSNISADTE  70-106 GB:U04812
phi-Ei EDLVVDHIDODEMBHCSHNLEMVSREENSMNISADTR.  69-105 GB:U04813
splli EGLVVDHFDGETFIMMLSTNLREVTORKINVENQMSRGT  69-105 SP:P34081
sppl GEELINHIDGDETMNYFRNLEWCDHFENLMHAYMTGE 70-106 GB:X678065
LL-rlt MEATVOHIDGNREMNS IDNLEMATYSENNSRFETIGY  68-104 GB:U38906
LL~Hi EFNTVHHINGIKTINRAVNLEWASRSEOMYHAYCHHL,  74-110 GB:L37351
Y38_EPT7 KGYYIDHIDGNPLNDALDNLRIALPKENSWMMETEKS  28-64 SP:P03797
RENBL RTDEIHHKDGNREMNDLOWIMCLSIQEHYDIHLACKD 21-57 GB:X59078
ToYer2 PELEVDHEDRDRLMNLSKDMLOVLSKIEHORKTHEDNG  70-106 GB:Y00364
Toytrl SELEVDHEDRMELNFSLOMLVVMTKQDHRIKTTVERG  73-109 GB:Y00364
ABTEn SNWTVHHIDNDPSMNHCONLVRASPETORKEQRFMET 159-195 GB:U42580
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Figure 3. (Above and overleafsynechocyst®NA-gyrase B subunit and DNA-polymerasey/itlsubunit inteins: domain organization and relatives. For designations see
Figures 1 and 2 legends unless otherwise spec#igdlignment of the DNase domain 85pGyrB intein and a selected set of the viral HN DNases. An HMM trained
on the depicted alignment of 16 viral HN proteins (22,23; A.Gorbalenya, unpublished results) scored the sll2005 ORF 7 89 bitthe other proteins, excluding

the training set, in the Genpeptides-100. The coordinates of sequences within the proteins are listed at the righti ap82atéR IDNA-polymerase intron-encoded
DNases fronBacillus subtilishacteriophages SP82, spO1 and phi-E, respectively;Bgpbtilisphage SPP1 ORF36.1; LL-tliactococcus lactibacteriophage rit ORF41;
LL-Hi: Lactobacillus lactidacteriophage LL-H intron-encoded ORF168; RBNBtoli phage RB3 intron-encoded T-even endonuclease IIl; Y38_BRGdli phage T7
ORF38; T5Ytrl and T5YtrZ.coli phage T5 ORFs in the tRNA gene cluster; A87R, A354R and A4/2amecium bursarihlorella virus 1 ORFs. The latter three
ORFs contain two copies of the HN domain (indicated with suffices n and c). Cons. family, residues conserved ki-ithésEXamily (unpublished).) Domain
organization and sequence features of Ssp GyrB and yollkins and an archael phage ORF. Two schemes depicting the intein/extein organigati@ys and
Pol-llly/t are shown. Between the schemes, alignments of HN domains (left; He-E¢H family residues: +, conserved and *, invariant) and CG domains (right; bar,
the Cys-rich box) are given. Bold, residues conserved in any two sequences. The coordinates of sequences within thdiGRiesatrthanlefSspPol-1lly/T sll1360x

and GyrB sll2005 matched a non-documented 202 aa ORF (named HSPDCM4x) encoded by the 3096-3701 nucleotides within théx@ahé4pait the archael
Halobacterium salinariunphagepH. A ThlastN-mediated search using the 119 aa sequence upstream of the sll1360x Dod reported aRop Gr@@€1ig) between the
14-63 aa stretch and a region (105-154 aa) of the HSPDCM4x (CG domain). A reciprocal ThlastN-mediated search confidingd(tiysrfiatch = 0.0064). The
sli2005 HN domain was among three top matdRes.084) hit by the HSPDCM4x ORF product using BlastP. No assignment was produced for the GyrB regions flanking
the HN domain and enclosed between the Nintein and inteinC, and for thg/PslHIB60 region embedded between the Nintein and inteinC (not shown). Beneath the
SspPol-llly't scheme, two regions of tiSynechocystigenome (D90907) along with translation from the sll1360 and sll1360x ORFs are depicted. Italic bold, sequences
of the Nintein and inteinC domains, and those conserved in the CG and YK domains (D) in colours to match the @jdwaggs.df the Dod1 (block C) and Dod2
(block E) of the minor and major groups of Dod proteins. The logos (54) were produced using ClustalW-generated aligrshews) (@bthe minor group (top line)

and major group (bottom line) of the Dod domains. One standard deviation of the information content at each positied.iColdicet: black, A,L,1,V,M; blue, FY;W,
violate, K,R,H; red, D,E; yellow, N,Q; light green, S,T,C; green, G; pinf)RVi{ltiple alignment of the YK domains. These domains were identified as part of the
ClustalW-generated alignment of proteins of the Dod minor group (Fig. 1 and unpublished). Three conserved blocks of tha Wirdoredfied with the MACAW

which guided a slight adjustment of the alignment within the least significant blBck 1.9e8 using a searching space delimited by the Dod block H and the YK block
2). The distances to block H of the Dod domain (left) and to the end of the protein olyferieeA YK domain, to the inteinC domain (right) are indicateda, Allomyces
macrogynus; Ceu, Chlamydomonas eugametos; Cpa, Chlamydomonas pallidostigmatica; Csm, Chlamydomonas smithii; Chu, Chlamydicniand€a,
Kluyveromyces lactis; Kth, Kluyveromyces thermotolerans; Pca, Pichia canad&@8isapocytochromb; Lsr and Ssr, large and small subunit ribosomal RNAs
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Figure 4. The extein/intein organization of the disrupted DNA-polymerasestlibunit ofSynechocystifA scheme of the intein/extein organizatiorsspPol-Illa

in comparison witlk.coliintein-free Pol-11tr, and an alignment &spPol-1lla with bacterial Pol-1lix around the site of the intein insertion are shd¥eo, Escherichia
coli; Sty, Salmonella typhimurium; Vch, Vibrio cholera; Hin, Haemophilus influéfaraother abbreviations see Figures 1 and 3. Bold, identical residueSspthe
Pol-llla exteins and Pol-Itt of other origins.

structural organizations of Polyft sll1360x and HSPDCM4x the reconstitution proceeds with the religation of the exteins, this
ORFs. Some of the conserved Cys/His/Glu residues of C@ould imply that the disrupted intein is splicing-competent and
domain might be involved in the metal-mediated binding of otheéinvolved in the process. Such a role in the extein expression
protein(s) or DNA/RNA and, through this activity, the CG couldwould secure intein survival. Alternatively, ti8sp Pol-llla
assist the DNase. The CG and DNase domains might cooperatght function as a non-covalently bound complex of the exteins
in cis being expressed on the same protein, e.g. the HSPDCMdith the intein being splicing-defective, although possibly
or the Pol-lliyt sll1360x ORF products, or itrans when proteolyticaly active and involved in formation of the complex.
expressed on different proteins of the same organism, e.g. thélthough it is presently unclear how ti&spPol-llla gene
sll2005 and sll1360x intein-associated produc&imechocystis became disrupted, an intein DNase might have been involved.
The sll1572/sIr0603 intein may have originally consisted of the

DNA-polymerase llla Nintein and inteinC are associated canonical three domains and resided within a non-disrupted
with the disrupted host protein encoded by two spatially Pol-llla_encoded by @ynechocystiancestor. Subsequently,
separated ORFs intein DNase might have initiated a relocation of either the

N-extein or the C-extein along with a part of the intein. In line

The Nintein domain identified within the Polilslr0603 ORF  with this hypothesis, homologs of one of the possible derivatives
consists of B5 aa residues (Fit) and comprises the largest part of such the event, a Dod-inteinC combination, were recognized
of the 123 aa C-terminal sequence which is fused with the 774 @aproteins encoded by self-splicing introns (HigPan ND5il
N-extein but, surprisingly2@), not flanked by the C-extein (Fig).  and COIi2). However, in tifespPol-llla, no vestiges of a DNase
Instead, a putative C-extein part of Pobills encoded within the domain were found in the vicinity of either slr0603 Nintein or
479 aa sll1572 ORF which is located far distant from slr0603 isll1572 inteinC domains (not shown) that would be compatible
the Synechocystigenome §5). The 1-774 aa portion of the with a scenario in which the DNase departed for a new destination
slr0603 protein combined with the 58-479 aa portion of thafter splitting the gene.
sli1572 are perfectly aligned with Poldllof other origins (Fig4
and data not shown). Accordingly, the N-terminal portion of thgoNCLUSION
sll1572 (1-57 aa) has features found in inteinCs including the
Asn/Cys splice junction as well as residues conserved in blockgith new non-canonical inteins described in this paper, the number
F and G although only a marginal score was given to it by aof known intein organizations has expanded from two to five and
HMM trained on the other inteins (Fifjgnd4). Collectively, the  evidence has been presented that, in addition to the Dod proteins, the
above results strongly suggest that the DNase-less intein DiNase of another family (HN) can also be an integral part of an
associated with th8spPol-Illa and consists of the Nintein and intein. The variety of structural forms of inteins could have evolved
inteinC domains encoded by two spatially separated ORFs. through invasion of self-splicing proteases by different mobile

Assuming that an active form 86pPol-llla includes domains DNases or the departure of mobile DNases from canonical inteins.
present in the N-extein and C-extein, the active and essential-fdilhese DNases could also infect self-splicing introns and intergenic
replication enzyme must reconstitute from the expressed partstdfjions in cellular and viral genomes [see &s8J)].
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An intein lacking DNase activity is bound to be eliminated?1
unless the host benefits from its presence [the loss hypothe%is
(24)]. Since four currently known DNase-free inteins [two
reported previously24,25) and two described in this paper] are 4
in the minority among inteins, they may represent only a fraction
of the original set of DNase-free inteins that have survived
providing a selective advantage to their hosts. The presence of tfie
N-terminal Ala in theMja KIbA intein and the existence of the ,;
disrupted intein associated wiispPol-llla can be rationalized 28
within the framework of this model. Inteins may assist their hosts
in different ways, for instance, through participating in controlling?®
host gene expression, as was discussed above for the vit
important Pol-libi and Pol-lli/T of Synechocysti he cell viability
may therefore be under the control of inteins that would depend on
one another to survive and might interact to improve fitness.
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