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ABSTRACT

The LAGLIDADG and HNH families of site-specific DNA
endonucleases encoded by viruses, bacteriophages as
well as archaeal, eucaryotic nuclear and organellar
genomes are characterized by the sequence motifs
‘LAGLIDADG’ and ‘HNH’, respectively. These
endonucleases have been shown to occur in different
environments: LAGLIDADG endonucleases are found
in inteins, archaeal and group | introns and as free
standing open reading frames (ORFs); HNH
endonucleases occur in group | and group Il introns and
as ORFs. Here, statistical models (hidden Markov
models, HMMs) that encompass both the conserved
motifs and more variable regions of these families
have been created and employed to characterize
known and potential new family members. A number of
new, putative LAGLIDADG and HNH endonucleases
have been identified including an intein-encoded HNH
sequence. Analysis of an HMM-generated multiple
alignment of 130 LAGLIDADG family members and the
three-dimensional structure ofthel-  Crel endonuclease
has enabled definition of the core elements of the
repeated domain ( [BO0 residues) that is present in this
family of proteins. A conserved negatively charged
residue is proposed to be involved in catalysis.
Phylogenetic analysis of the two families indicates a
lack of exchange of endonucleases between different
mobile elements (environments) and between hosts
from different phylogenetic kingdoms. However, there
does appear to have been considerable exchange of
endonuclease domains amongst elements of the same
type. Such events are suggested to be important for
the formation of elements of new specficity.

INTRODUCTION

termed homing because each element is specific for a particular
gene (5). Homing occurs when two genomes are juxtaposed but
only one possesses the mobile element. The only activity the
element provides is a DNA site-specific endonuclease capable of
recognizing and cleaving the intefintron— allele of the gene. For
example, the single group | intron (OMEGA) in the mitochondrial
rrL gene ofSaccharomyces cerevisiaacodes a site-specific
DNA endonuclease @cd) capable of recognizing and cleaving
the introrr large subunit (LSU) rRNA gene at the insertion position
(6,7). Repair of the double-stranded (ds) break by cellular enzymes
via a recombination event employing the intéiriron* allele as
donor results in the element being copied to the recipient genome.
Although the aforementioned elements are mobile by the same
mechanism, they are unrelated with respect to their splicing
mechanism: inteins are spliced at the protein level by an
auto-catalytic reaction, group | introns are self splicing and
archaeal introns are spliced by cellular enzyme(s) (8). However,
most of the site-specific endonucleases they encode are related (4).
The founding members of the largest family of site-specific
endonucleases are mitochondrial group | intron-encoded proteins
possessing two copies of the conserved amino acid motif
LAGLIDADG (9). Additional members of this LAGLIDADG
family have been identified as open reading frames (ORFs) as
well as being encoded by inteins, group | introns and archaeal
introns (4). The precise function of the LAGLIDADG motif is
unknown. Mutation of the first and second aspartic acid (Asp)
residues abolishes the endonuclease activity dbcRl-and
PI-Tlil, respectively(10,11). Furthermore, substrateding of
the mutated P&cé is unaffected suggesting these Asp residues
are involved in catalys{d.0). Purificaion and characterization of
several members indicates that the only co-factor necessary for
the enzymes is magnesium (Rpjions (12). Severatsdies have
characterized the interaction between these enzymes and their
substrates. All the enzymes have long recognition sites (15-30 bp)
that are cleaved in a central position leading to a 4-bpe3hang
(3,12-15). Mutatinal analysis of the recognition sites has shown

Three different types of insertional elements have been showntt@t the enzymes can tolerate variation of the recognition
be mobile via a similar mechanigif+-4). These elments are sequence (7,15-18)o6tprinting of 1-Scé, I-Dmd and PlScé
inteins, group | introns and archaeal introns and their mobility isn their substrates show that they make major and minor groove
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interactions (19—-21). Mepver, IScé remains bound to one of the MATERIALS AND METHODS
two products after cleavage suggesting that it might have additional

roles in the recombination event that leads to intron/intein mobilityidden Markov models

(19). Sveral regions of two other LAGLIDADG family members,

I-Dmd and IPorl, have been identified that are protected fromUsing known LAGLIDADG and HNH family members, the
proteases by substrate binding (22). BLAST suite of programs (47) were rwith default parameters
Some mitochondrial group | intron-encoded LAGLIDADG g 5 merged, non-redundant collection of sequences derived from

family members function or have an additional function ap|r gwissProt and translated GenBank. Database sequences wer
maturases (14,23-25). The maturase activity catalyzes folding Qi sjdered to exhibit a statistically significant similarity to the query

the self-splicing intron and may have evolved from the site-specifig smajiest sum probabilitP(N) < 0.05,P(N) being the lowest
endonuclease(25). Matrase andsite-specific endonuclease ,ohapility ascribed to any set of high scoring segment pairs for each
activities appear to be separable functionsSodk mutation of the  jatapase sequence. HMMs were trained for the LAGLIDADG and
glycine (Gly) residues in one of the two repeated LAGLIDADGNH families by the procedure outlined below and used
motifs selectively abolishes maturase or endonuclease @bty  gypsequently for phylogenetic studies. Efforts were made to
Hidden Markov models (HMMs) are a statistical modellingensyre training resulted in HMMs capable of yielding alignments
method (27-35) that have been appleéntly to the problems of gch that known enzymatic elements aligned. A similar approach
characterizing the common features of a family of related sequencgs.that employed here has been used to model other protein
generating a multiple sequence alignment anoigréizing related,  §omains (36,37,48-51).
but divergent sequences present in sequence databasqsyr each family, HMM was created using the SAM (Sequence
(32,36-42). In préous work(37), a protein gicing domain  Alignment and Modeling Software System) suite running on a
proposed to be common to inteins and hedgehog proteins Wag\SPAR MP-2204 with a DEC Alpha 3000/300X frontend at
examined using an HMM-based approach. In that study, thge University of California Santa Cruz (UCSC). A more detailed
endonuclease domain of inteins was not modelled explicitly bfescription of the HMMs trained and used here can be obtained
was represented simply as an insertion of variable length pres@ewhere (31,52). HMMs may beewied as profiles recast
at a specific position in the protein splicing domain. In order to gaifithin a probabilistic framework and consist of a series of nodes
amore detailed view of the endonuclease domain, a eamepkary  corresponding to columns in a multiple sequence alignment for
HMM-based study of the endonuclease domain was initiateg. set of sequences. The architecture of the HMM captures most
During the latter stage of this study, the results of which argf the features of a family of related sequences. In an HMM, use
presented here, the identification and modelling of inteins as tWst a match state indicates that a sequence has a residue in tha
structurally and functionally distinct domains received experimentaolumn whereas using a delete state denotes that the sequence
support. The three-dimensional structure of th&d@-intein is  does not. Insert states allow sequences to have additional residues
composed of two separate domains (I and Il) with differerhetween columns and represent regions of the sequence that are
structures and functions (43). The catalytic core of domain dot part of the core elements of the family being modelled. To
corresponds to the protein splicing domain modelled previousfyhprove the ability of the HMM to generalize, to fit sequences not
(37) (see also ref. 44) and domain Il copewls to the employed for training, Dirichlet mixture priof®3,54) were
endonuclease domain examined here. In addition to an intei@mpmyed, Free Insertion Modules (FIMs) were utilized at the
encoded LAGLIDADG endonuclease, the three-dimensiondleginning and end of the HMM to allow an arbitary number of
structure of the free-standin@¥el LAGLIDADG endonuclease insertions at either end to accomodate family members that
has been determined by X-ray crystallogra@). The LAGLI-  occurred as domains within larger sequences.
DADG endonuclease in Feé¢ forms a compact domain  The starting training set of BLAST-derived sequences for the
primarily composed of two similar/B motifs. I-Crel functions | AGLIDADG family ranged in length from200 to 300
as a homodimer whose overall structure is similar to that observaskidues. Inspection of initial HMM-generated alignments for the
for the LAGLIDADG domain in PiSceé. LAGLIDADG family indicated the emergence of conserved
Here, the LAGLIDADG family has been modelled explicitly regions in addition to the LAGLIDADG motifs. Furthermore, the
by training an HMM for this family of endonucleases. Antraining set sequences appeared to be comprised of a tandem
HMM-generated multiple sequence alignment of intein, group diuplication of a domaii®0-100 residues long with each domain
intron, archael intron and free standing ORF family members wa®gntaining a copy of the LAGLIDADG motif near its N-terminus.
utilized for phylogenetic analysis. Potential new family memberBifferences in length between sequences could be accounted for by
have been identified and both the common and variable sequettiee presence of a region of variable length between the two domains.
and structural features characterized. Comparison of tfeherefore, an internal FIM was employed to accomodate an
alignment of 130 LAGLIDADG family members with the insertion at this position during subsequent rounds of HMM training.
structure of ICrel has allowed delineation of the essential or coreThis internal FIM demarcates the boundary between the first (P1)
features of the repeated domain present in this family. Anothand second (P2) LAGLIDADG motif containing domains.
site-specific endonuclease family, the HNH or I-Tevlll family, is  Any sequence can be compared to an HMM by calculating the
encoded by group I introns, group Il introns as well as numeroligelihood that the sequence was generated by that model. Taking
other cellular and bacteriophage-encoded enz{#ie46). Here, the negative (natural) logarithm of this likelihood gives the NLL
the HNH family has been modelled using HMMs and a putativecore. For sequences of equal length, the NLL scores measures
bacterial intein-encoded family member identified, therebyow ‘far’ they are from the model and can be used to select
expanding the number and location of elements in this class séquences that are from the same family. To assess the specificity
endonucleases. Evolutionary implications of the results amend sensitivity of an HMM, it can be used in database
discussed. discrimination experiments to distinguish between sequences that
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Table 1.List of the LAGLIDADG family rnembers (Mj_ORF4, Mj_ORF5
and Mj_ORF6 are new members identified in this work)

Hw.m.cox1

Km.m_cox1.2
Km.m _cox13
Km.m cox1.4

Hansenula wingei
Kluyveromyces marsianus
Kluyveromyces margianus
Kluyveromyces marvianus

Tntein-encoded (bacteria, eucarya, archaea)
ME gyrA Mycobacterium flavescens DNA gyrase subunit A [MFDNAGRA]
Mk_gyrA Mycobacterium kansasii DNA gyrase subunit A [MKDNAGRA]
MLgyrA Mycobactersum leprae DNA gyrase A subunit [MLDNAGRA]
MLppslL Mycobacterium leprae ORF similar to red algae chloroplast yca3 protein [/00013]
Ml_recA Mycobacterium leprae recombinase A (recA) [RECA MYCLE]
Mt recA 2 2 b inase A (recA) [RECA.MYCTU]
PI-Mtul [75]; (E.O. Davis, personal communication)
Mg._gyrA Mycobacterium gordonae DNA gyrase subunit A [MGDNAGRA] |
SP_gyrA Synechocystis sp. PCC6803 DNA gyrase subunit A [SYCSLLE]
SP_pollll Synechocystis sp. PCC6803 DNA polymerase IIT subunit [D90907]
Ce.c.dpp Ch h 514/clpp-1ik idase [CLPP_CHLEU]
Ct_vmal Candida tropicalis vacuolar ATP synthase [VATA_CANTR]
1Sc_vmal Saccharomyces cerevisiae vacuolar ATP synthase [VATA YEAST]
PI-Scel [76,.3]
Mjoarr1 Meth 7 hii sacrobic tib iphosph d [MIU67527]
intein 1
Mj_arr.2 Meth 2 i 1 hospk 4 [MIU67527]
intein 2
Mj.gfpt feth j 1 hosph [MJU67582]
Mj-pepl Methanococcus jannaschii ORF MJ0043 similar to P38423 [MIU67462]
Mj_pep2 Methanococcus jannaschii ORF MJ0682 similar to P46850 [MJU67515]
Mj_pep3 Methanococcus jannaschii ORF MJ1124 similar to P32639 [MJU67555]
Mj_polB_1 Methanococcus jannaschii DNA-dependent DNA polymerase family B [MJU67532] intein
1
Mj_polB.2 Methenococeus jannaschii DNA-dependent DNA polymerase family B [MJU67532] intein
2
Mjps Meth h h uvate synthase [MJIU67503]
MjfC_1 Meth h replication factor C [MIU67583] intein 1
MjriC_2 Meth h lication factor C {MJU67583] intein 2
MjxfC.3 feth lication factor C [MIU67583] intein 3
Mjrgyr Methanococeus jannaschii reverse gyrase [MIJU67592]
Mj_rpolA’ Methanococcus jannaschii DNA-dependent RNA polymerase subunit A’ [MJU67547]
Mj.rpolA” Methanococeus jannaschii DNA-dependent RNA polymerase subunit A” [MIUG67547]
Mj_IIB Meth hii iption initiation factor 1IB [MIU67522]
Mjtif Meth j 2 initiation factor (FUN12/bIF-2) [MJU67481]
Mjugd Methanocoecus jannaschii UDP-glucose: dehydrogenase [MIU67548]
Pfrnr 1 Pyrococeus furiosus ribonncleotide reductase (rar) [PFU78098] intein 1
Pfrnr2 Pyrococcus furiosus ribonucleotide reductase (rar) [PFU78098] intein 2
PG pol Pyrococcus sp. GB-D DNA-depéndent DNA polymerase [PSU00707]
spl (F.B. Perler, personal communication)
PK pol 1 Pyrococcus sp. KO PYWKODPOL]
PK.pol-2 Pyrococcus sp. KO PYWKODPOL|
TE_pol_t Thermococeus fumicolans TFDPOLEND] intein 1
Tf pol 2 Thermococeus fumicolans DNA-dependerit DNA polymerase [TFDPOLEND)] intein 2
1Tl pol_1 Thermococcus litoralis DNA-dependent DNA polymerase [DPOL_THELI] intein 1.
{PL-THIL [77, 11]
$Tlpol.2 Thermococcus litoralis DNA-dependent DNA polymerase [DPOL.THEL]] intein 2.
{PI-THI [77, 11] (F.B. Perler, personal ication)
Fiw.m ORF Hansenuls wingei 31785, HASMT_18]
Sb.m RF2 Saccharomyces bayanus RF2 protein [YSCMTRF21, YSCMTRF22]
Se.m_ORF1 Saccharomyces cerevisiae ORF B386/ORF1 [YM38_YEAST]
Sc.aRF2 Saccharomyces cerevisiae RF2 protein [B28439]
Sc.m RF3 Saccharomyces cerevisiae RF3 protein [RF3.-YEAST]
| {Endo.Scel [78]
Su.m.RF3 Saccharomyees wvarum RF3 protein [RF3_SACUV]
Wmm ORF1 | Williopsis mrakii ORF [$42735]
Ws.m ORF1 | Williopsis suaveolens ORF [S42738]
Ws.m ORF3 | Williopsis suaveolens ORF [MIWSATPY] (ORF3)
Scho Sacch cerevisiae homothallic switchi [HOYEAST]
$HO endonuclease [79]
Mj_ORF4 Methanococcus jannaschii ORF MJ1098 [MIU67552]
Mj.ORFS Methanococcus jannaschii ORF MJ0398 [MJU67492]
Mj.ORF6 Methanocoecus jannaschii ORF MJ0314 [MIU67486]
Archaeal intron-encoded
FDmLSU Desulfurococcus mobilis ISU rRNA [22KD DESMO]
- Dmol [80]
Pa.SSU Pyrobaculum’ aerophilum SSU rRNA [A47399]
{Po LSU.1 Pyrobaculum organotrophum LSU rRNA [JC1382] intron
{1-Porl [70]
Po.LSU2 Pyrobaculum organotrophum LSU rRNA [JC1382] intron 2
Group I infron-encoded (eucarya, clioroplast, mitochondria)
TpLSU Trimorphomyces papilionaceus LSU rRNA [§34220]
Ce.c LSUS Chlamydomonas eugametos LSU rRNA [S15139] intron 6
$Ch.c LSU Chlamydomonas humicola LSU rRNA [JC1520]
{1-Chul [81]
Cp.cSSUL Chlamydomonas pallidostigmatica | SSU rRNA [S56764]
{Cp.c.SSU2 | Chlamydomonas pallidostigmatica | SSU TRNA [CRECPCPRG]
{1-Cpall [73]
Agm3SSU Agrocybe aegerita S5U rRNA [AAU54637]
Amm.cob2 | Allomyces macrogynus cob [AMU41288] intron 2 (ORF246)
Amm.cob3 | Allomyces macrogynus cob [AMU41288] intron 3 (ORF233)
Ammcob5 | Allomyees macrogynus cob [AMU41288] intron 5 (ORF242)
Ammcob6 | Allomyces macrogynus cob [AMU41288] intron 6 (ORF361)
Ammcox18 | Allomyees macrogynus cox1 [AMUA41288] intron § (ORF342)
Ammnads | Allomyees macrogynus nads [AMU17010}
Ammmnads_1 | Allomyces macrogynus nad5 [AMU41288] (ORF261)
Cs.m.cyth Chilamydomonas smithii cytb [CSAPOCYTB]
Bnm_cob_1 Emericella nidulans cob [MBIL_EMENI]
Enmcoxl-2 | Bmericella nidulans coxl [C22735)
Enmcoxl3 | Emericella nidulans cox1 [D22735]

cox1 [D31785, HASMT_2] (ORF 1000973)
coxl [S17996] intron 2
coxl [517997] intron 3
coxl [S517998] intron 4

KtmISU | Kluyveromyces thermotolerans
Mp.m_coxl 4 | Marchantia, polymorpha

LSU rRNA [MIKTRRNA]
coxl [525958] intron 4

Mp.m_cox1.8 | Marchantia polymorpha cox {525959] intron 8
Ms.m_cox1 Metridium senile coxl {MSU36783, 1353403] (ORF U36783)
Nematp6.2 | Neurospora crassa atp6 [MINCO3]

Ne.m.cob | Neurospora crassa cob [A28755]

Ne.m.coxl 4 | Neurospors crassa cox1 [MINCCOIG] intron 4
Neamnadi 1l - | Neurospora crassa nad1 [S06367] intron 1
Nemnaddl | Neurospora crasse nad4L [S10840] intron 1
Nemnads 1l | Neurospora crasse nad5 [$10841] intron 1
Nemnad52 | Neurospora crassa nad5 [$10842] intron 2

On.m LSU Ophiostoma novo-ulmi LSU rRNA [S55724]
Pamcoxl2 | Podospora anserina cox1 [C48327] intron 2
Pam.coxl.3 | Podospora anserinia cox1 [D48327] intron 3
Pam.coxl-5 | Podospora anserina cox1 [F48327] intron 5
Pam.coxl7a | Podospora anserina cox1 [H48327} intron 7a
Pam_cox1_7h | Podospora anserine cox1 [148327] intron 7b
Pamcoxl8 | Podospora anserina cox1 [A38888] intron 8
Pamcoxl.9 | Podospora anserina cox1.[B38888] intron 9
Pam.cox1.10 | Podospora anserina cox1 [C38888] intron 10

Pam _cox1_11 Podospora: anserina cox1 [D38888] intron 11
Pa.m_cox1-12 . | Podospora anserina cox1 [E38888] .intron 12
Pamcoxl 13 | Podospora anserina coxl [F38888] intron 13
Pain_cox115 | Podospora anserine coxl [H38888) intron 15
Pa.m.cox22 | Podospora anserina cox2 [S09140] intron 2
Pa.n_cytb.la | Podospora anserina cytb [B48326] intron la
Pam_cytb.3a | Podospora anserina cyth [E48326] intron 3a
PamLSUL | Podospora anserina LSU rRNA [S06606] intron 1
Pamnadld | Podospora anserina nad1 [S06059] intron 4 protein 1
Pamnnad3.l | Podospora anserina nad3 [YMN3_PODAN] intron 1
Pamnaddd | Podospora ansering nadd [YMN4_PODAN] intron 4
PammnaddL1 | Podospora anserina naddL [$09134] intron 1
Pa.mmnaddL 2 | Podospora ansering naddL [S09141] intron 2
Pamnad5.l | Podospora anserina nad5 [$09142] intron 1
Pammnad52 | Podospora anserina nad5 [S09143] intron 2
Pamnad53 | Podospora anserina nad3 [509144] intron 3
Pp.m_cox1 Peperomia polybotrya cox1 [MTPPCOXIG]

Pw.m_cox1.1
Pw.m.cox1.3

Prototheca wickerhamii
Prototheca wickerhamii

coxl [PWMCYTOXI] intron 1
cox1 [PWU02970] intron 3

{Scmcobd | Saccharomyces cerevisiae cob [YMC4_YEAST] intron 4-(bl4)
Maturase involved in splicing of bI4 and al4 [14]
1Scamcox13 | Saccharomyces cerevisiae cox] [YMX3_YEAST] intron 3 (al3)

$1-Seelll [82)

cox1 [QXBY34]

{1-Seell (latent maturase) [24, 14]
coxl [S27138] intron b (al5-a)
{1-SeelV 83, 84]

coxl [S27139] (al5-3)

{Scmcoxl 4 | Saccharomyces cerevisiae

{Sc.m_cox1 5o | Saecharomyces cerevisiae

Sc.m cox1.53 | Saccharomyces cerevisiae

{Se.meytb.3 | Saccharomyees cerevisiae cytb [CYBM_YEAST (bI3)
{Maturase involved in splicing of bI3 [23]
$Sc.m LSU Saccharomyces cerevisiae LSU rRNA [TRAM_YEAST] (w-omega)
11-Seel [7]
Sd.m_cob-2 Saccharomyces douglasii cob [S23208] intron 2 (bI2)
Sd.m_cob_3 Saccharomyces douglasii cob [S23209] (bI3)
Sd.m.cox12 | Seccharomyces douglasii cox1 [$23208] intron 2
Ss.m_SSU Sclerotinia sclerotiorum SSU rRNA [SSU07553]
1Sp.m_cox1_1 hi: h. pombe cox1 [YMC1_SCHPQ] intron 1.
{Maturase involved in splicing of cox1_1 {protein indnces re-
ination when in ichéa coli, mobile intron)
85, 86]
| Spmcoxl2 | Schizosaccharomyces pombe cox1 [YMO2_ SCHPO] intron 2
| YLm_cox3 Yarrowia lipolytica cox3 [YSJTATPTRN]

Sequences are grouped according to their origin. For each sequence, its ab-
breviation, the species name and the protein name are given together with the
databank code in ‘[I't denotes proteins where the enzymatic activity has
been characterized and whose enzymatic name is given in the third column.
Other abbreviations are as follows. .c, chloroplast; .m, mitochondria; atp6,
ATPase subunit 6; cob, cytochrome b; cox1, cytochrome oxidase subunit I;
cox2, cytochrome oxidase subunit II; cox3, cytochrome oxidase subunit Ill;
cytb, apocytochrome b; nad1, NADH dehydrogenase subunit 1; nad3, NADH
dehydrogenase subunit 3; nad4, NADH dehydrogenase subunit 4; nad5,
NADH dehydrogenase subunit 5; rRNA, ribosomal RNA; LSU, large sub-
unit; SSU, small subunit.

log-odds (NLL-NULL) (55,56) scores for all sequences in a
non-redundant protein database obtained from the(BiGland
updated weekly at UCSC. The significance of log-odds scores can
be ascertained by evaluatiig the expected number of false
positives above a given log-odds score in a given database search.
However, since the NULL model does not consider the score
distribution for all ‘random’ sequences, tgalue calculated by
SAM is not a true estimate & but represents an upper bound.
Taking into account the number of sequences in this database
(230 000 different proteins in early 1997) and an expected
number of false positives of 0.01, a significant log-odds score is
22.6. Scores higher than this value denote fewer false positives.

belong to the family used to train it from those that do not. Thié database search was performed and based upon examination of
is achieved by evaluating how much better a sequence fits a motted log-odds scores and an HMM-generated alignment, new
than some underlying background distribution or (simple) nullamily members were identified, added to the training set and the
model (NULL) and assessing the significance of the resultaktMM retrained. This cycle of ‘search, align and retrain’ was
score. Database searching using the HMM involved computingpeated until no new sequences were identified in databases up



Nucleic Acids Research, 1997, Vol. 25, No. 22629

wwoKrT o zZ¥xOxXT WZZZHZOnC T FHRXZZLXZOLZOOZLOZNZAO "I ZOXOOTEOXXO! ace ooz,
>0_NLATOT>NZZ>E>Z IZECIN LA <OLY> 1> XOWOEETHNOTO>ZOTT DOONZZ > > O < ZHBEOZ 00 TONCFSX0NZZIOITOO0ELI><T-OIIT E>ZZEXEOWEOC-UnOQUOnNNan
NI S N B S ST Y- T1 1 <> ol g - S et —>_0->—>__ >>3b>>> o 010> . Sy Sy
ZrnO<XD>00_FUXX>>T>UXNO T X OTOWECETCOCNG> > Y Z L L MO WOOES 57 0> 000f_—>->>>CoCrrrrs _CoOrC>>rZou_ru_oc_occe oo §3

e = e S s 4 I e T e i eSS v

PIRTS S-Sy G sy e € e

Rr  Owe  wrww, E_we<00Lor0 . OF =, .3, ST rrccrcyscos S>u_0¥-_<¥_00a0x  0ZZIOCFWWI0
x ﬂ_ =[], YY_M_N PKSVEG Gm_,ﬂ_ n| T S T N o T TS VYT i FVVVCYYIRYYSSVY_ ,;VV.G,VVVCVVCCCC_S_CAVFVVI_ Bo>>dull o

...... © % ... NNO® L ... LN .. D . e N @~

WL O>E b E>O> I CYOUC> T >Z L EZ0 . HYQRSRDAAYVYYVYTTIIHQTVQ T EE S OB O L L OT R BOF b b L b G € X3 > > F I O FWHE> Ol >
X ZZ, ike_  WZWW L COXXYZOZZZZY 21,020, 0> Z--ZXXIZYXYX00ZZOROZEXWY , 0—0 0 XH-E _XWW>0ZZZR- ©; - ®» FXZYOOWWZZNZZZZOWODNZ , DOFG
COWZOXTIOECOCGENA> D ICX X EX T o_ocaxnxEad 3 a MMM I>WN Y ZYYNNYY I¥YO> IEOFEONYOOII_>>>0<h->ZYYHINOZYX QT Z>XZXTC _O-XOEYS  +

OOETOWNCCNONOTOUXEXGZO0ACOUIACXA0OEOU0Z ,UXEEZ>E ,J , ,00EEZFONCZNAC0LXYZOCEU0 OXTNOOZWOWCCEZNN>000 , XX (JGCOOCZY ., (OZAX__ , Z> . XWZOZZOXTO000 . +
.@m .- . . .00m .® O . o
Y .

>UWHNIXS>>>_>T DHSRHEYKVRYKRKVKVYKE||_H DV.VV.KFPCV.PDDTT5SYETNDPEQYPSYPKDDENNPPKDV VK([KKKKRRQFAQFQH.HHRHHRRnnNHQENYTRKYREYRSDHAAHMSRL zo,
WOT <> 0> 0> L XOD WO~ OEZ>ZWS EE> —E>OEE XN T XYY DO S>> 00X WO -OLXDOAX0 OO0 WS> XXX E> CEXZOXTI00 I > >0 XXX XXX
YT WD EECL P Z > TN > DXNOMENON X > W ZUL WO T O> W > S>> ST U > ZC >SN Z 00 N> WL N> X N D= ZZ>>NZEONE LS CX>T>U TXONDTIT
PuwC_oda x> —— —6TJo="> Jol_ JoooTs =] 2L _a_o>dobz> 33 Jzzbodz[ddo>od@omcoooaslobss> > — o > >>>5555555_>_ 5> _>5>_>_a>_>>>>__>3ob____>_>__5>
ACZLOLOOUOZ0ZXIXXNDOWN>UL>NU>CUO<>T W , L>DWEI>>>0T> ¥ XYY Z>XNUOXW I0>0_0Ddd>>>>>>>UZ I ZZLONEXY>>ZY>OZTNNNNCNOXZOCNIX - XOXCWE>-NONXZI<>>Z>a
v om .. o e D OO @ e e e e P

B R o woowwxx _aZFa .LHVSFYEWWEKCGGGGGGGGG@cGGEGGCGCGGGGGCGCGGGCGGGGGGGGGGGGGGGGGFCCGGG x
T L NNOUNNN NN NN @0 e o DO o GO N NS O 1 ST 7 T T T e 1+ s T e e e NN NN
WZOEOL— —>>>0. WoaxO0COWaEwyw w.).SJ‘n O>Z0 _wozsa 1100 Clxy NZO01_<<LDLIOO0CT COx0<LBZoOTZ QKGNGN X¥OOG>000
TR N ¥ ey N T TR N ) T T
1<OTOT> @ — W e W> >z W n SRy
NFYUCWAZOOZZOZO0TI>WIXXTEONXYZCWOXTUWAR ICTWONXZZ X0

>U O —Z00000I> 0> XW 0> —Je bk > O L ZU X WE O Z W N> > >0 OO >ZZ.
EEAKRKYYYYEETKEKKDEKYNNEVRYEHDEEA o DOTZrwZzYEe>>

TEKKTAAAAASVKKR w I} 4 L < LU LOI> W O > > > > YU >»TTTTITTTOO LN S jefe IS Fdele ¥ 4 coo [e]e} v TaXNO0JCOXTIN¥TOOXTCOOT>]
Bluxb>>aldzb>uz WTDDD* >= F“STLVL S>> 1 S W N ]
TZBEXO0<>>>Y I TOXWOWL WOO>Eu>>UdUATZZEEXXY XY DNET 2> >2>>FZZT>>TITH>>>> 10U XS > XX EXOLW>>>CWOL 1> XU Z>Ou>>OXX>>>u X100 I<XA< 30
W GO < > > > > T W > EENKKRREQDDEKDNRENLDENDVQ_.:DEVEVEEEKKMMNEEVQFVVMLNDSLVLLVVNDERYVYNYEKLLNEErrV.YEHNNVRKHQYRHVNVKVVEVVYRKQVRYTELVENEKLLN

a2

SNEDAFFFFFTEEDE COWXOWZWUWLOWWWLZ UL 00w | ED.DDDEEAAl|F.._.DDKAKQKTKEEEDEAGSEENDAAPPFQSLSFPPD.ED.PQDAYKKNOKMKRRRKQNRLRQSNQQKAKHADYFDNSSAAAAS
oo RN NN e O L o .
Eo>w O _L  >>>Wk-Woa>- KVKVKllVVEEMKPVEHLESVLKHSKRG ZWNT € _>> =Y NO_ LTEEEEKLV.\ILHY > > IS WAL > W
Buwow  DuY¥y ww NKEEEEKEAEEELNEEEAEBEEEN BBz CwoITO>IZ2ZITZZTZZT _ENEEEBEEENNNNNENENDDDDDDDDDDDDDDDQ -
CrYFCOTrTrTo wx ST WOOXHZO-_X0 T »Io O>ZweXEoo:
@HOOCLO00ALNTWOLON—— JVKDDWKKAAlMHISKEKTLMLV|FAVSKYNWWTSSSSLELMLLLLISQQTESSLLLL!L —XXW O

D e
DSLKVKLLVLPTEGYKGGTD
8z0doz[dzzzab-olu 2L <l

B e DZLZZOOINCLZ

O>OO>Z>>AXF>Z->0>ZXZ >N ZC>UNYTIIIIIOOOI OO, LNTTOOLOIT: LCWOPOITZOXZOTOOT

Hea>> - onzzoduddooboa— —w o dzzlooassshlirroduoeoocochuldburiiuvnn v uuufobdobSlne> > F-E Joldel

B2

ocaz OLCEC> CWOEEOXEXW>

[€a>>_ accacasitn — > Y-VYE Es—ax>aul->>> b5 > w

CXOTa - rCCIOrS0COYOCEm>0>CHE>dXO0L , XRILCTEZ>ZEZUINOAG Cx—E_GOCOWYIo®IXNUTTOEa WOTZar— O>XY_TLLTTON

QOZ _ - ZhOOCLEOWAZOTN>>_>>3>FBXZX> , 0> XOX>O>0>XEXTIYYALLL  HOFL>0DNNLD> O -XX>NCC0OEY <AL ALLL IO IZ W k> CLC OO Ll >3 >l WL A <0 S0 O <L L0
L OTOYZWWWOS , ZC TG OWZOXCWOCIWOOHOX  OLT>OUX AUGSG <Z LA > U | WW-Z 0 oz« >< > > CBE> COOUEOW>>>>>>0>0Z000 <O 10> ¥ <>A0>Wo¥>0TA0>0
LOTTAN - L T - TDTAONOODNONAD - (MDD B DNOOTY . @@® (N NDOT DD B DOOOEOO . . NP NN OO M T - N OTTTTT I TONDNODONNTANONTTITT T AT T TN  +

O e N

. e T e e R
Q. mocBn. . <. 0. voxuv co<omrmyy | | .. e T LB Lok x> I I C 5 NN OREONDE . e > BB A3 S>> __ S>>
B> O DDLU > OOT D COO I INE O Z OO AOZ k> 2 O> X O OGO > 23 % 00 <OOUTS CUL MUY CTUY 00 Z> 003 Tr <<_ 0. 0-F0EC0000>> 0000 1000r 0T >T0_SozoIx3>>3_[&
Lz>adozbeso-Huo Hes oo BlaBhand->25> - Skl LGl Esa. > Soc<Sac_ <ol o __ L b__ L.l bbub_Sh_u_LL__uL_GbblGulbibbiuilul]
S ZZIC ULOLLIOI> 0> I<INZ>ZE > TN NINONLI0>TOZ N> > > > > > > ZOZZZHIZSII>TILOI>>>I3>TIZ3ITEEQAINCIN>DOO>>>00NAUZONVO>N>ZNOZ>VDDNDDVNOVNDNN
CGGGGAGGGGEGGGCGGGCGGGGGEGGGGGGGGGGCGGGCAACGGGVGGGGECCGGGGGAAGGsALSCAGGSAAAEGGCGGGGCGGGGGGGGGGGFGG5GGGCGGGGGCGGGGCGCCGGFSEG uwo
DDD EDEDEEEREEEEEDDNEDDDDDDDuuuDaaDDUEDDPDDDDDDDDDDDDHDNDD T T o N N o N N N - N I N i wwwwwwwww L w ol wo

o PETIEPPER c o Pl oo soufivussoa oo MRc o o ssscaaBooiososusuauuBccuuss cBBoe s o T OERCO G0 0 0 o CREEEECIRG G o o CoRERTY Y
|MLVVVLVLVVIVLLFLIL = — ol e > Sluwo oo ozt g g SO C oW N LWL YYLOA 000000000 000AUNOA0AA00A0000A00000) o

PO T ¥ S S~ 77 RISy [ i Y2 5T SY=y ey

LMV
> S>> EC A IIE OO > U CT UL UUN WYY O> > > > CB U >0 > > > > WYYYYWMWMlLVLlMA >>>_ M||AA >>>>>u>r>>>>>>355535353EZIZZ FuITuus>>F
<IOZLOLLLLIIZOCULLLLTZOZ O LNILDOVOU T I <> LN CCUWLZZOOUWWEZ |, CZ OO B> > WULHDONOOWWDGETT>>Z 0> 00T -W-CTWNO0OWWLILICOO0<S <<uWTILuwzIoZcnIZnn3 )
> T W S S O L WY O L UL T O 0 il W >zz>  SOm . 1aaSauo >N CLOOLY It I IBZZZHZ OG> OX > X > > >>00000000.0.0.0.0.F
O AN ENCON D O OO BANNCODNOTNOTNCEIONOLHNCNTCIPONOON —ONNOTHONOBON - NNGDNNNCOOPINNONOOINTHO - NORNONTIIOCDNONIONATOTONGOINOTITOYVOODM
PR rNONODVOTON DT IR~ NTN N NOFTOONOr TOCROOOONOM - .NHNOVLOY = N FNOVNDOTOTTOUNNINNDDMOMBVOVNNOIODOTP =~ OTVRDTN .OHPOOOOAVH DM HNIITOTINTTO .
DO N T N TNNNT - NONNNEDOOONNOONNOBTT - v« o o N . N e e e L L N N e N L N e e DD AN AN NN e

BLOCKS motifs

08:Sp.m_cox1_1
09:Pw.m_cox1_1

Fig 1. cont ...
Insert states are not modelled

phylogenetily an HMM and because the regions in a sequence they represent

trees and ribbon diagrams of molecules were produced usiage the most divergent parts of the molecules, they are likely to be

Trewol (59) and MOLSCRIPT (60),

(including the FIMs) were excluded

MShylogenetic analysis

and non-training set sequences, i.e., one in which the gap in

log-odds scores between the lowest scoring training set sequetddM-generated multiple sequence alignments of the training sets
Figures showing multiple sequence alignments

and the highest scoring non-training set (database) sequencevese utilized as the starting points for phylogenetic studies. The
relatively large (usually >5.0) and the absolute log-odds score falignments only contained match and delete states and insertions

retained for further study. As a consequence of the problemstiespectively.

calculating a true estimate f&; the approach employed here
emphasises training an HMM that discriminates between traini

to January 1997. Multiple models were trained and the final (bes®L. SCRIPT (58),

the lowest training set sequence is >2E6 (0.01).
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Fig 1. cont ...

sources of systematic error. The MOLPHY suite uses a probabilisitikelihood was selected. Local bootstrap probabilities (LBPs) for

procedure for

62)branches in the final tree indicate the bootstrap probability of that

relationships (61,

inferring  phylogenetic

from amino acid sequences by means of a maximum likelihoddrge number of LAGLIDADG family members from all

PROTML, the main program in MOLPHY, infers evolutionary treesoranch when the other parts of the tree are correct. Because of the
method. The star decomposition algorithm of PROTML 2.

3 and thenvironments (130 in total), it was not possible to generate an initial

default JTT model was used to determine automatically an initilee using the Star Decomposition algorithm. Instead, a maximum
tree from an HMM-generated multiple alignment. Starting from thidikelihood distance matrix was calculated and NJdist (heighbour

tree, repeated local rearrangements were employed to searchjdoring) used to compute a tree which was then subjected to local

better topologies

Amongst these final trees, the one with the highesarrangement as described earlier.
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Figure 1. An HMM-generated multiple sequence alignment of the LAGLIDADG
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1omat VYSI S LK L. emaTy :%gggg _____ ca gt 5&";:} 48 family listed in Table 1 (41:Mj_ORF4, 42:Mj_ORF5 and 43:Mj_ORF6 are new
FY e S S T N I T N e A SR o S members identified in this work). Amino acids conserved in the majority of the
:Mt_recA .."ST R18SKR. Q. VFE[VRILISGMDN1 TA[FJAE PMW. GPRGAA227 . . . .
:’gg):"':'\' 5 5:.2 %’3 : '!551\8’ ENE 9 f%éﬁé &;E'Saj E\év Eﬁ%?é‘i‘ sequences are hlghllghtt_ad and columnsthatgre predominantly hydrophob!c are
5 oA SEAY. mHare! EEK VirNrag hHg Eg: 3§g§; boxed. Columns containing ‘.’ correspond to insert states and numbers indicate
5 'jzk NARCE SKGR b NEARN[ T GOAD Q.TH”%] 2V bikdkas the lengths of insertions in sequences at that position (if present). The open
3Migf | As»s‘7 WN. N. THKILILII SDKKSTELIFKKY FT.AKDKME?2 . . . . .
el FILLIFEt e Ky a: pwa j;: SLEDE. 'N‘gg LENED: kgg b<H tr|a_ng|e marks the position of the internal FIM used_to model an insertion of
el CRKLR S REK ¥ ‘EE VIEREENTRTELERIGEE, BERklng variable length. Members of the LAGLIDADG family are comprised of a
§ L EE g‘g;.' 1; ﬁ?jﬁ ]g'éig;;. BERSRNESY YRMERLS tandem duplication of a domain containing the LAGLIDADG sequence motif
“Tf_pol_t P . E . T . . . . .
2T i zgg}lrjg:g & el LA, REEAD Rl T Ly DaK S TIe near its N-terminus. The regions before and after the internal FIM form the first
g SNar 2ok N AV EERT GkEd Y"f Rl JREL: LERKQME (P1) and second (P2) repeated domain respectively. Sequence
3 SAVKL. . HD1 VERIVIYII NEEL P2 KL DK YY1 HV] PKES . . .
gg;x;z KT BMUNENESKGRILKERLERREY  Sakiny 131:Cre.c_Isu_l/crel possesses a single ‘copy of thg repeated domain and
ENATI N TKSPaD, N EVYENRRE TN DRREERE N e PEL ket 7 although not part of the HMM training set, is shown aligned to both P1 and P2.
]réggf ?g i gg TC* ‘ES EE ]'gE'g' :J‘E-s gzg Arrows and cylinders represent tBestrands andx-heli_ces taken from‘ the
ENT o kSR £ VHSEN RRKSE ETRCERIRE Y kit Sl X-ray structure of iErel (45). Equivalent conserved residues (columns in bold,
AR S akBe: Mo OHVILIENEEYSS T ERER LSRN NEERRES S italic font) are labelled A-M (P1) and a—m (P2). A number of these positions
ILSKII|Y20RSK. G. YJ4E ITNYSR. KLIFIA G--.~|E]E ‘éAsg h b ttd98$ |G D tt. tB dF ff t
S B R ave been mutated, 98:80m_coiSaH: G - D mutations at B and - afec
LS LSRN e Sfevii!? endonuclease activity whereas-® mutations at b and f affect maturase
v !éj CYEE R EIRLNVREYpEI AKLYRYILKL T BERELE- - 2 activity (26). 24:Tl_pol_2/PTFil: a mutation at E abolishes endonuclease
35 P vDIabnin: SoNyaue R RY L KeRRYSRIT L pLREN: activity (77). 1:Sc_vmal/Pbcd: D218-N,A at E and D326.N,A at e
ﬂ%g\\; :E E} : %EE E{E;NL ﬁi gi:v RV’4F§VEE ,Llnjg_ g uncouple DNA binding and DNA cleavage activities; K304 (column 94)
FUNTYED KENDN MUE géjgg,sewgf NP KY2 WLl GYIL 7 leads to loss of _gctivity (10,43). In 40:Dm_IsDird _and/_or
ITSE TR R A e a1 S S AR P 3 H M ) REiee 45:Po_lsu_1/Porl, positions marked with + are protected from digestion by
Tpayil: 5Kkt :} QuALRrINARDY DKIERALNITKL: DILIERTL. 10 protease when substrate is bound (22). For comparison, BLOCKS motifs
Ve A RN FRAR: R BRIVl GLEARTE  GREL NI EEYAPALGYEL 16 presents results from a compilation and analysis of intein sequences using a
LINCTILH. . R. KRBT YMRBRVESY. KRLIFPM[I[YKY. PSMR. 1 A
[V RSRK ARG € é% B REBpe TRERBLFERY: EES '.:":? BLOCKS-based rather than HMM-based approach (65). Eight BLOCKS
[ H. . A1 N. KPR Y[ |F . . F .. -
e Eg;g K G- CHVINEKkGRY DRLREFLVEN. MTASHM. . (A—H) were characterized and of these C and E correspond to the LAGLIDADG
KETehi 2oVB. o Sl i RRESH: Stiiaprleirl THESHY: o motifs. An HMM-based analysis of the self-splicing protein domain in inteins
ST BKEN- T GEVINIVINKESM: PLLITKIVERY: j'; ma;é, (37) indicates that BLOCKS A, B, F and G form part of this particular domain
5 QYR TRE R ERIERN SRS Y ETEVREN K Y whilst C, D, E and H are part of the LAGLIDADG domain shown here.
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TGGILIK. 3 1T AMI Alas SKA1KPIF F SaPL R
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VKSR 3BSkie. MRl RTTNERA] L ANN BV HESTH &5
R14 Y. Y. SPEKNVMVIANT YK 11 EY[F CIL il 57
YA dERK Vo EMRERKNRANS ERVEBRY Bl SSHY ) : :
g MO fxBYC £ GMAGRRNTTRETERi WAk PIEIKTKRE final non-redundant protein database searched using the HMM,
s VB Al YRR T n kL EVERR Y EERTER only these training sequences had log-odds seé88. The next
TR A R B highest scoring sequence (47.0) was a fragment of the group 1 intron
m D! N1 :CK QS KTD sY EER N .
by Ijg: CERGIE YMRuEL RRERMINTLRTVARYE pRR Il sequence Sp.m_cox1 2 in Table 1 (databank code A25568). Each
: MR BRI R M ?g o of the subsequent highest scoring sequences appeared to contain .
1 NI SFD. . | DKW c FDC. E TYE NiT[ENPYEL H H H
; Khlches s v bl BRIV R T O e E eV single copy of the repeated domain. These sequences, which were
ﬁ RERIR: KK haSLETERkERTERER YRS ko 4 excluded from the training set, afeanthamoeba castellanii
lo.m_col CUTTN. N ENQF Di1a FF SaPLVGLpPf2 48 - - - .
fmgg* jfi vm 3y E]v SELIEEN) RRERRY ECESCH 1 mitochondrial LSU rRNA intron protein ymf46 (log-odds score
mocob o El R : d 2.
SRS ERl e NS B PVARERE VNS Ny h TRERNE KR 43.0, databank code S4644Bptotheca wickerhaminitochon-
shamiry BRlLE) SNER 2 DVRLER O BYERVERTEERKE: v eip' drial cox1 intron ORF ymf44 (42.6, PWU0297@)castellanii
S mhad. SO ARE b AVBEKL E B : . . ; .
seneit [RSvED BoxaBi Ay 5218 EE &Y REICREH 44 mitochondrial LSU rRNA intron protein ymf48 (37.9, S46447);
Bkenees SaKYYK: vegi3 Ave DEZDANILNMPEENKY: BN S 38 . - : :
gEREA BRLE TRTL S Sm R R i Chlamydqmonas paIIldost|gmat|a‘:hloroplast.!_S_U rRNA in-
ggégfg}m:"gg:t—f ST CERRAT B R R A3 v ]E < tron protein (37.0, CRECPRRNI2A.castellaniimitochondrial
e gmi S83E L mM L "S&&j LoREF Dkt ek 2 LSU rRNA intron protein ymf47 (35.4, S4644®tasmodium

falciparum plastid-like DNA Clp protein which exhibits some
similarity to Sd.m_cob_3 in Table 1 (33.8, PFCOMPIRB);
Chlamydomonas eugametbSU rRNA intron 1 protein (site-
specific DNA endonucleasd&ded) (31.6, DNEI_CHLEUY)63).

The remaining sequences all had log-odds scores <29.6 and
included Chlamydomonas reinhardtii site-specific DNA
endonuclease@rel (23.7, DNEI_CHLRE)64).

There may be potential LAGLIDADG family members or
closely related sequences amongst sequences with log-odds
RESULTS scores <29.6 but these false negatives would have diverged from

: the training set used here to a degree that the current HMM is too
LAGLIDADG family specific and thus unable to classify them as belonging to the
A primary aim of this study was to create and use a specific afamily. Here, sequences with log-odds scores >47.0 are classified
sensitive HMM for the LAGLIDADG family. This involved as belonging to the LAGLIDADG family and consist of those
training an HMM that minimized the number of false positivedisted in Table 1. New members identified in this work are three
(sequences incorrectly identified by the HMM as belonging to thizee-standing archaeal ORFs Mj_ORF4, Mj_ORF5 and
family) and false negatives (sequences not identified by the HMM|_ORF6. Figure 1 shows an HMM-generated alignment of
as belonging to the family). Table 1 lists the LAGLIDADG family members of the LAGLIDADG family and other data. Although
members used to train the HMM. 230 000 sequences in the the HMM was trained without knowledge of, or reference to, the
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A B the four BLOCKS labelled C, D, E and H that have been
- . Ps described elsewhere (65) characterize only some of the conserved
jpw ﬁpz o et oo regions in the family. In constrast, the HMM describes both the
«E variable and conserved regions of the complete P1 and P2
cr o repeated domains.
P7 Py po’ Overall, there is considerable divergence amongst the sequences:

only 8% of the positions (16 out of 193) are highly conserved
(positions labelled B, D, E, F, H, |, J, K, a, b, ¢, e, f, k, |, min Fig. 1).
These highly conserved positions include the LAGLIDADG motifs
Figure 2. (Opposite) Phylogenetic tree for the LAGLIDADG family based (B—F/b—f). Position E/e corresponds to a functionally important
upon the alignment present in the electron_lc appendix (Fig. 1 s_hows aIDASp residug10,11). Paision I/i is located in a negatively charged
alignment of some of these sequences). Intein-encoded, free standing ORFs, . .
archaeal intron-encoded and group | intron-encoded sequences are in red, bIJ@,g'On def,'ned _e!seWhere (9) There are several conserved
green and black respectively. + denotes proteins whose enzymatic activity hddydrophobic positions (boxed). Whilst the gross features of the
been characterized (sequences marked fvithTable 1). The 12 intron-en-  alignment such as the locations of conserved regions are unlikely
COde‘:‘e”d0,””C'Z?f?:rsegfrgg‘fk;“;gon‘ih?:%‘:d%%e“Iei?}ﬁgg(’:r?coorg ;nZiriEaence to change, futher refinement of the HMM and inclusion of
are snown in a . - f .
where data are available,(the host intron su%typg (1AL, 1B1, IB2,I1C2 orCID) andiAGLIDADG sgquences that ha"e. not yet been deposned in the
the location of the endonuclease within the catalytic core (position A, B, ¢, pdatabanks are likely to revise and improve the detailed aspects of
or E) as defined elsewhere (67) are given in parenthesis. A schematic diagrathe model as well as identify new family members. The
of the secondary structure of group | introns (67) is shown above. Exons ar¢{MM-generated alignment represents the current best estimate
depicted as blac_k boxes, P1-B6note the various hellc_al elements and A—E for the features that characterize this family.
denote the location of the endonuclease in the catalytic core. Figure 2 shows the LAGLIDADG family tree and gives an
indication of the phylogenetic relationship between the
three-dimensional structure of either®ie or I-Crel, it has the  endonucleases. The vast majority of elements branch according
capacity to model the core elements of the family because the host elements they are encoded by: group | introns (black),
insertions are generally confined to regions between secondargchaeal introns (green) and inteins (red). Free standing ORFs
structure elements. Examination of the alignment indicates th@lue) do not branch together suggesting that they originated from

o»
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Figure 3.Comparison of the phylogenetic trees for the LAGLIDADG family endonuclease (left) and protein splicing (right) domains.ddégaences in the three
major branches of the left hand tree are colored red, green and blue and this scheme is used to color sequencesade. thbeotiegquences are listed in Table 1.
The trees are based upon the alignment shown in Figure 1 and an alignment of the protein splicing domain of inteinsetseevhfeen(37).
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Table 2. List of the HNH family members used to train an HMM with new  The phylogenetic analysis here provides additional insights into

members identified in this work shown in italic the frequencies of such events. Group | introns have been
classified into different subclasses (67); A cotietabetween
‘ Tesnesded (o] the host intron subclass, the position of the ORF within the
{SP.p_gyrB | Synechocystis PCC6803 [ gyrB [D90g08] t‘ . H H
—— : catalytic core of the host intron and the branching pattern of the
s (bacteria, ~irus, i a, lasmid . H H H
APads Tnabacna 7120 PCCT120 ){z‘igp‘\ in;vol_ved in)devnlnpmm?a] swiLLb o8] AP U38537] endonucleases would Suggest that each insertion site in the
B g Bucts il ORF [xDBAGY) ) catalytic core corresponded to one event. In contrast, Figure 2
Ec mera Bscherichia coli 5-methyleytosine-specific restriction enzyme A (acts at
_ Cheriohs o o seauences) PUCRA-ECOT shows that closely related endonucleases are inserted in different
Tamvss | pesiomenas serueinied o 33 (il ko) 1o vas poBAR] position within the catalytic core of group | introns and in
SP_sil1193 Synechocystis PCC6803: ORF sll1193 [D90901] H H
SPausi0r | Symechocptis POCOSA ORF 12007 [Do0%08 different intron subclasses. For example, the related group |
SP_slr2080 Synechoeystis PCC6803 ORF slr2080 (D920910] . . H
570393 hocystis POORSTS OR s03% Do) ~ intron-encoded endonucleases in the lower cluster are present in
LLH.ORF168 Bact: h: LL-H
OF acteriophage LT, ORF168 [LLHORFI168A] .
BPT4 y03e Bacteriophage T4 P Y !
D h, | b R introns that belong to subclasses B2, IC1 and IC2 and are
oL | B T ORe stibrT inserted in position A, B and D in the catalytic core of the introns.
arris” | Biaeoiae 1 ORE 24 TN This suggests that invasion of an endonuclease domain into the
BEIT: | Dneopiane 1 ok 77 i catalytic core of a group | intron has happened more frequently
zgi,gg?i gacceqop?age Agsl ORFE [APHIC31C] . . H . e
CHLOmT, | Dt gco1 ORET IS v than estimated by the number of insertion sites and families of
Rt R | Biasotug it Oress Bicomoe. endonucleases. Since our analysis suggests there has been n:
iikﬁéiff pam“m:‘ Gt 1 R Az Rt exchange of endonucleases domains between the different classe:
. ursaria orella virus 1 ABT J: M H H
G0N oyt s T — of elements, it is most likely that the source of these domains was
Sg.m_muts Sarcophyton glaucum mutS protein homolog [S3888: H
Pat APHT Fsmémriana!uemgmasa pyorinpAPn ]]m:;;e lh[;jﬁ[sgoéln] other group | introns.
Eclcea2 Escherichie coli colicin E2 [CEA2_ECOLI| . oA
Beleost | i o COETICT elin 57 2253 Two different endonuclease families have been shown to be
Eckeeas | Buohericio co o0 colcin 9 [PQOLR encoded by inteins (see below). Only one site of insertion has
O T it CRE R0, o T pen been observed to date. Thus, a comparison of insertion sites and
Sones | Gt rccrn ORF [SI015] grony T oo (i 2) the branching pattern is not possible. Instead, Figure 3 shows
e Bk oo 0 g g T separate phylogenetic trees for the protein splicing domain and
RB3.nrdB Bacteriophage RB3 nrdB {A61182] group I infron (I-TevIIT) - . . .
SPOLDPO Bacisiplugs SPOL E];é});;;llf‘m?ram][é\%UTﬂ group T intron LAGLIDADG endonuclease domain of inteins. A correlation
A » acteriophage roup I intron 1
srs2.070 | Bareroplnge 5752 _ EIEAK_%,S;S% [ g 1 moon between the two trees would have suggested that the two domains
R e LY 2N B e T were combined only once during evolution. However, several
CTLORE__{ losriti, Bt ICDIORE] gronp T ron 7 major rearrangements in the branching pattern are present

suggesting that the LAGLIDADG domains have been shuffled
Sequences are grouped according to their environment and for each one, iletween inteins during evolution also.
abbreviation, the species name and the protein name are given together with
the databank code in ‘[ ]'. Other abbreviations are as follows. .c, chloroplast;
.m, mitochondria; .t, transposon sequence; .p, plasmid sequence. HNH family

The strongest support for mobile group | introns having arisen
different types of elements. The branching pattern suggests tisaveral times during evolution by acquisition of site-specific
endonuclease domains are unlikely to have been exchand@NA endonucleases comes from the observation that they encode
between different classes of host elements. There is no stromgdonucleases belonging to several different families, the two
evidence, either, for exchange of elements between hosts franost common being the LAGLIDADG and HNH families (4).
different phylogenetic kingdoms: intein-encoded endonucleas@$e result presented next show that a putative intein identified in
generally branch according to their origin (bacterial, eucaryotian earlier work (37) encodes ardenuclease of the HNH family
and archaeal); archaeal intron-encoded endonucleases clusiat has been characterized using an HMM. Table 2 lists the HNH
together and group | intron sequences (black) branch accordifamly members used to train an HMM. Only these sequences had
to whether they are chloroplast or mitochondrial (indicated by log-odds scores >22.6, all other sequences had scores <15.0. All
or .m). However, phylogenetic analysis does provide strongequences with log-odds scores >22.6 are classified as belonging
support for frequent transposition of the elements duringp the HNH family and consist of those listed in Table 2. There
evolution. Transposition is the process whereby elements invadey be HNH members amongst sequences with log-odds scores
new positions/host genes in the genome. Support for transpositioR2.6 but these false negatives may have diverged to a degree tha
comes from the absence of a correlation between the branchihg current HMM is too specific and thus unable to classify them
pattern of the endonucleases and the host genes. For exampleathbelonging to the family. Figure 4 shows an alignment of the
lowest cluster of related group | intron-encoded endonucleasehtNH family and verifies the presence of a member in a bacterial
Figure 2 are present in an array of unrelated and distantly relatedtkein (28:SP.p_gyrB)37). This is the first report of an intein that
genes (LSU and SSU rRNA, atp6, nadl, nad3, nad4L, nad5). Tees not encode an endonuclease of the LAGLIDADG family.
simplest explanation for this observation is that transpositiomhis observation shows that inteins encode endonucleases
occurred frequently during evolution. belonging to at least two families and supports the suggestion that

It has been suggested that mobile group | introns and inteins arosebile inteins evolved by invasion of a protein splicing domain
by invasion of a site-specific endonuclease into a self-splicing intrdsy a site-specific endonuclea§,43).
or intein (37,66). This model for the origin of mobile group I introns A number of new HNH family members have been identified
was based on the observations that (i) group | introns encode sevlete and include several bacteriophage-encoded proteins, some
types of endonucleases and (ii) the ORFs are inserted at sevefalwhich are site-specific DNA endonucleases involved in
different positions in the catalytic core of the introns (Fig. 2, insertpackaging, as well as a bacterial enzyme (AP_adx) involved in a
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Figure 4. An HMM-generated multiple sequence alignment of HNH family listed in Table 2 with new members identified in this work stuiifferent font. Amino
acids conserved in the majority of the sequences are highlighted and columns that are predominantly hydrophobic arerbngemhr@ahing ‘.’ correspond to
insert states and numbers indicate the lengths of insertions in sequences at that position (if present).

developmentally controlled DNA rearrangem@t). Hgure 5 1 and labelled A-M and a—m). Comparison of the structure and
shows a phylogenetic tree for the sequences shown in Tabletl2e alignment indicates that thd-31-32-02-33-f4-a3 region

The enzymes are present in bacteria, mitochondria, chloroplass$,|-Crel comprises the core of tH®0 residue long repeated

a virus, bacteriophages and a plasmid and are either free standiiagnains (P1 or P2) common to this family of proteins. The
ORFs or are encoded by a transposon, group | or Il introns andaijnment shows that P1 and P2 are separated by a linker region
intein. Thus, HNH family members can be one domain of ghat varies in length from zero (46:Po_LSU_2) to 108 residues
multifunctional enzyme or form the complete protein. As with thge:SP_pollll). In ICrel, the B1-32 andB3-B4 loops have been
LAGLIDADG family, the HNH tree (Fig. 5) indicates a lack of suggested to make sequence-specific interactions with the major
correlation between the branching pattern of these enzymes ove of DNA(45). In the LAGLDADG family, these loops are

the cellular function and host suggesting a high degree @fe regions of the P1/P2 core that exhibit the greatest variation in
transposition/genetic mobility of these endonucleases duringrms of sequence length (0-49 and 1-28 residues) as well as low

evolution. sequence conservation. The proposition here thf1Hfi2 and
[33-B4 loops may generally be important in substrate recognition
DISCUSSION is supported by data which show that they are protected from

This study has focused on a divergent family of proteins th&°t€ase digestion by substrate binding in 46:Po_LSWPcHI-

occurs in all three phylogenetic kingdoms as well as organelld§d 40:Dm_LSU/Bmd (+in Fig. 1) (70). -
and whose members are intein-encoded, free standing ORFs! € majority of the highly conserved residues in Figure 1
pear to be important largely for the hydrophobic core of P1 or

archaeal intron-encoded and group | intron-encoded. A statistic e ;
model, an HMM, was trained that captured the core elements B¢ (A C, G, J, H) and as potential signals for the generation of

this LAGLIDADG family and identified several new members SPecific secondary structure elements (K). The relative organization
amongst the 130 sequences characterized as belonging to fiéhe repeated domains in the monomeric LAGLIDADG family
family. Analysis of an HMM-generated alignment and theMembers examined here is likely to be similar to that of the two
three-dimensional structures of $t¢ (43) and ICrel (45) monomers in the LAGLIDADG motif containing endonucleases
support an earlier suggestion that the LAGLIDADG family iswhich act as dimers. InQrel, the first seven residues of the
comprised of a repeated domain (22,69). These domains, termédGLIDADG motifs that include the conserved positions B and
P1 and P2, are conserved at the level of both primary sequeri@re involved in formation of the dimer interface whilst the last
and structure. Whilst Grel only possesses one LAGLIDADG two residues are believed to be involved in formation of the active
motif and acts as a homodimer, ¢ is a monomer containing Site (45). Like ICrel where B and D are Gly and Ala, the
two domains whose overall structure is similar structure to ea¢dbAGLIDADG members with two domains also possess similar
[-Crel monomer. small amino acids suggesting that these residues play a similar
Figure 6 shows the highly conserved residues present in thae in the interaction between the two repeated domains of the
alignment of 130 LAGLIDADG family members mapped ontomonomers and may be crucial in the formation or positioning of
the three-dimensional structure dftel (residues in bold in Fig. the active site(s). Although P1 and P2 are likely to be similar in
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Figure 5. Phylogenetic tree for the HNH family members listed in Table 2 and based upon the alignment shown in Figure 4. Intei®Rircadedhtron-encoded
endonucleases are coloured green, red and blue respectively. New endonucleases identified in this work are showroint.an italic f

terms of structure and function, subtle differences may bine two strands as has been suggesteBddrV (71,72). Data
important for activity (see for example, endonucleases that hasapporting this model come from the observation that several
tryptophan at c in Figure 1 and which branch with intein-encodddAGLIDADG endonucleases cleave only one strand of the
endonucleases in Figure 2). substrate at low Mg concentrationg19,73). This model for

The frequent occurrence of one or more negatively chargedtalysis differs substantially from that of Gimble and colleagues
residues in th@2-a2 loop, most notably position I/i in Figure 1, (10,43) who gggest that the enzyme only has one active site that
may provide some insight into the catalytic mechanism of theatalyzes the cleavage of both strands. It should be noted that the
LAGLIDADG endonucleases. In a model for the interactiorresidue proposed to be involved in stabilizing the doubly charged
between IErel and its substrate, tifi2-a2 loop is proposed to be pentavalent transition state in $&e (43), Lys 301 (column 94 in
in close proximity to the phosphate backbone at the positidfig. 1), exhibits only limited conservation amongst the 130
where cleavage is expected to occur (45). Therefore, it ibfgoss LAGLIDADG sequences.
that position I/i could be involved in catalysis. In conjunction with  The results here present an opportunity to address the relationship
the acidic residue of the LAGLIDADG motif (E/e), positions /i between endonucleases encoded by different classes of elements
could each be involved in the formation of a singléMijnding  The correlation between branching pattern and sequence origin
site. If this is the case, then the enzyme would have two metlggests limited or no exchange of endonucleases between different
binding sites that would form two active sites capable of cleavinglements and between hosts belonging to different kingdoms.
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Figure 6. Ribbon diagrams of theG@rel homodimer (45) showing the residues conserved in P1 or P2 (cyan or magenta) in the two monomers (blue and red). Th
positions labelled A-M and a—m and secondary structure designations are taken from Figure 1 and elsewhere (45). Radlgtasitions are labelled. The regions
in grey are not part of the LAGLIDADG HMM and do not form the core of the repeated domain present in the LAGLIDADG family.

However, the lack of correlation between host genes and branchingnsposons. Furthermore, these endonucleases are involved in ar
pattern suggests a substantial loss of mobile elements over time ancy of cellular processes such as homing of site-specific
that transposition to new positions has occurred on many occasi@ements including inteins and archaeal and group | intron;
during evolution. retrotransposition of group Il introns; induction of recombination
Comparison of the phylogenetic relationships between hoit mitochondria; differentiation controlled DNA rearrangements
elements and the endonucleases leads us to propose thatithkacteria and eucarya; phage packaging and bacterial toxins.
formation of elements of altered specificity and transpositiorhis broad spectrum of hosts and functions and the phylogenetic
might involve shuffling of endonuclease domains betweemvidence for their genetic mobility, shuffling and evolutiodl@f
related elements. Such shuffling events seem to have occumeiofunctions highlights the important roles endonucleases have
several times during evolution and could be the result dilayed in the evolutionary processes that have shaped both
heterologous recombination events. Although such events wougioteins and organisms.
be expected to be rare, the propagation of a succesfully created
element of altered specificity would be ensured by its mobilityACKNOWLEDGEMENTS
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