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Abstract: A new family of protein domains consisting of 50-80
amino acid residues is described. It is composed of nearly 40 mem-
bers, including domains encoded by plastid and phage group I in-
trons; mitochondrial, plastid, and bacterial group II introns;
eubacterial genomes and plasmids; and phages. The name
“EX,;HH-HX;H” was coined for both domain and family. It is
based on 2 most prominent amino acid sequence motifs, each
encompassing a pair of highly conserved histidine residues in a
specific arrangement: EX,;HH and HX;H. The “His” motifs of-
ten alternate with amino- and carboxy-terminal motifs of a new
type of Zn-finger-like structure CX; 4CX;9.55[CHIX; 3[CH].
The EX,HH-HX;H domain in eubacterial E2-type bacteriocins
and in phage RB3 (wild variant of phage T4) product of the nrdB
group I intron was reported to be essential for DNA endonuclease
activity of these proteins. In other proteins, the EX,HH-HX;H
domain is hypothesized to possess DNase activity as well. Pre-
sumably, this activity promotes movement (rearrangement) of
group I and group II introns encoding the EX,HH-HX;H do-
main and other gene targets. In the case of Escherichia coli res-
trictase McrA and possibly several related proteins, it appears
to mediate the restriction of alien DNA molecules.

Keywords: E2-type bacteriocins; mcrA restriction; nifD locus
rearrangement; phage #C31; phage T4 ORFs; zinc finger

Self-splicing introns containing open reading frames (ORFs) are
suggested to represent a sort of molecular commensalist that
probably emerged relatively recently in the course of evolution.
In the partnership, introns provide a convenient genetic system
for maintaining and expression of protein-encoded sequences,
and the products of ORFs assist introns in their splicing and/or
promote intron movement in the genetic environment. The per-
fect and very puzzling correlation between the group of self-
splicing introns and the family of proteins “infecting” it has been
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documented (Lambowitz & Belfort, 1993). Thus, group I introns
encode proteins of several families exhibiting site-specific DNA
endonuclease (DNase} activity important for intron movement.
In contrast, group Il encoded polypeptides contain reverse tran-
scriptase (RT), X, and Zn-finger-like (Zn) domains (Mohr et al.,
1993). Intronic RT activity is believed to mediate group II in-
tron transfer.

I report here a case of the unprecedented relationship between
proteins encoded by introns of the two groups. Initially, through
pairwise comparisons, a small region common for 2 Chlamy-
domonas moewusii plastid group I intronic ORFs CMPAi1 and
CMPAI2 (see Fig. 1 caption for explanation of sequence nomen-
clature) and a phage RB3 group I intronic endonuclease RBNBi
was delineated (Fig. 1A, entries 12-14). Subsequently, these
proteins were compared with the sequence databanks in an it-
erative manner, which allowed a total of nearly 20 sequences
containing the same conserved domain recognized earlier to be
retrieved (Fig. 1A). The sequences were arbitrarily sorted among
3 groups according to pairwise sequence similarity level and/or
unique common features. The first group consists of closely re-
lated (probability [P] of matching by chance < 107!6) DNase
domains of bacteriocins of the E2-type and was described earlier
(Sano et al., 1993). The second group comprises 3 group I intronic
sequences and 4 phage T4 ORFs; in an overwhelming majority
of the cases, a similarity between the latter and CMPAI1 was sta-
tistically significant (P < 1073), whereas CMPAIi2 and RBNBi
did not show clear sequence affinities. The third, most diver-
gent group of sequences with a limited number of statistically
significant matches was delineated based on the presence of
2 Zn-finger-like motifs, CX,C and [CH]X,; ;C. It includes 2
Escherichia coli gene products, McrA restrictase and ORF6 in
SecD locus (ECYajd), Anabaena unidentified reading frame
(URF) associated with the NifD locus, 4 Zn domains of group
1I intron-encoded RT-like sequences of bacterial and plastid
origin, and phage #C31 URF. A similarity between McrA res-
trictase and the Zn domains was recognized earlier (Ferat &
Michel, 1993). Unlike other sequences, ECYajd has been re-
trieved from the SWISS-PROT database with the help of a pro-
file constructed from sequences of the second and third groups.

1117



1118 A.E. Gorbalenya

A 4 72,

A
1 10 20 3¢ 10 50 60

1 ECCE2 (452-581) RNKP&KATGKGKPVGDKWLDDACKDQGAPIPDRTADKLRDKEFKNI~DDFRKK}WEFVSK
2 ECCE7 (447~-57¢6) RNKPGKATGKGKPVNNKWLNNAGKD[GSPVPDRIANKIRDKFPKJF DDFRKKFWEEVSK
3 ECCE8 + ( 76-205) RNKPGKATGKGKPVGDKWIL.DDAGKDSGAPIPDRIADKLRDKEFKNF ~DDERRKFWEEV SK
4 ECCEY { 76-20%) RNKPGKATGKGKPVGQKWLDQAGKQ@GAPIPDRIADKLRDKEﬂKSI—DDFRKAVWFLVSK
5 PEPA4] (654-1783) RDEPGVATGNGQPVTGNWLAGASQLDGVPIPSQ]ADQLRGKF%KSW—RDERLOEWMAVSK
6 PEPS]1 {488-617) ROVPGAATGKGOPVSGNWLGAASQGEGAP IPSQIADKLRGK TEKNW -RDFREQFWIAVAN
7 PEPS2 (559-689) RDVPGAATGKGOPVSGNWLGAASQGEGAPTPSOIADK KLRGKTFKNWRRDFREQFWIAVAN
Consensusl RnkPGKATGKGkPV kWL Agkd GaPiPdrIAdkl.RdKeFKnf dDFR fWeeVsk
10 80 90 100 110 120 130 140 150
1 ECCE2 DPDLSK FKGSNKTNIQKGKAPkARKKDOVCGRERFELHHDKP————IS DGGVYDMNNIRVETPK REIDIHRGK.O ’ ) P04419SW
2 ECCEY DPLLSK%%SRNNNDRMKVGKAPKTRFODVSGKRISFELHHEKP— ISQNGGVYDMDNISVVTPK-RHIDIHRGK . O M6248%%%
3 ECCES DPELSKQFNPGNKKRLSQGLAPRARNKDTVGGRRSFELHHDKP - .0 PO9§83 v
4 ECCE9 DPELSKNLNPSNKSSVSKGYSPETPKNQOVGGRKVYELHHDKP - .0 P03705§M
¢ BEpsl! DB E RO bGSL AR OGEAB Y VAL SFORCORTK I ETHEKVR | B15707ku
4 . - .
7 PEPS2 bPFlgk %NP”@IAV%RD%GA%YVRF@KO?%GRIK}%}Z%KXR— IADG%GX?%MS%%V%&?§§—%gggggigc.1 D12708EM
Consensusl DPelskqfnp n a r qiGgr P s5qg9Gqg m -
i INI--= KK RGNDKCLITYYT——ETHHIIP———*RCMGGTD ~DKTNLVLLTPE - PHFTAHLLLPKIYRLPKIALA]RMMpY.184 P13329sSW
g ¥%¥ggg E UNVEN YNLL&N RIH PSKPROTKAGY-~-ELHHITP---~-RSMGGSD~DLDNLVFLDYK-AHY TAHHLLAKIYG-GKMYDAYWIMS-.133 PO7074SW
10 T4¥Ynrb { QARE TSLYK~— THHIIP—-——RCMGGSD ~DKENLVELTAR-EHFIABAILSKIYPVKSVIFAFFMMCN, .65 J03968EM
il T4Y£65 * : SKFKG-EIHHILP---- SMGGSD DNENL¥NMTFR-EHF LAYF LLYKIHRNREMAYAMNRM=-~. . 40 X06220EM
12 RBNB1i { PIPKDSDGRTD----EIH KDG— ¥ s IQ—EHYDIH—LAQKDYQ—ACHAIKLRMKYS.198 %15
13 CMPAL] (1 NGEXNA NDOPI- KRLNDPVITGKMM-~-~EKHHI [P~ -~LUAGGPD~EKWNL] SLTPE-DHIEAHNLRY LVYNETGDKNTIKFRN~, 144 PO9753SW
14 CMPAiZ { MDFYNTCCKYLKFTkI“RrDYSADRVQDOYNIFCQHHINP——-~KFNKGGD EPFNLVILHY:—PHAYVHLFRWLITDNPRD]GGF?SAMN.227 PO37545W
Consensusz mny I yndli r e HHiip r mgg d d NLv It el# ah 11 kiy 4 a# #m
19 E A 203-261 SKGI et -NCGKNRP T VlNQGNPYLEVHHVIP———~1SSGGAD~ PZ4200SW
{6 ASM([, f 7’J 72% Y TM-Ve------ VEQKA~-RQHHL§PA -YSEGGSA- %%gggg%m
17 { £ 6) L k
P19678SW
18 (( gg; GGKD- P195935W
20 {5 76) -KSQGGKD~ VYDNLQALhRH CHDVKTAT X71404GB
21 ( 2) . -NRGNN--~ TLVhRH-cHDIIH. {Zi
27 ( 2 3 G——WNIHHIIK————&”MGGGD .]DNLVILhPN CcHRQLH. 2
3 # #hiiidp gg NE  le CH h
Consensus He#hHi#p s ggg d NEf## p H #h
Structure LLLLLL
Consensus i # c  #o #emhivr #nR cH k#H
5%&35%11 : - 286) VLNDLCQ—chSY ————————— EQVEMHHIKR LT fTRLM V*[NRK L€VCRN -cHRKIHRGE. 18 M68929EM
PACRIT - 764,% ¥%§§5§§ LeRNQ JHEVKH . . 0. - TKI Ig{cl?gvcg{\ﬁg\l}gggx.ﬁ M68929EM
1 5 J1ie GIS—
g%g§114 - 37?) IFE—PCW—VCGEP --DDIEMHHVKH.11.-TATM-SMINRKQIPVCKG- SHVKIHKGL %9 %82%%%%&
KLCX%'I - 728) LENTQCA-AeQS5T -~ --YKVEMHHVRQ.11.-DYLM-AKANRKQIPLcRS-cHMKTHANK. . 9 PO5511SW
SCCX1;2 - / G) LESGleQ-VeGSK 7vONTEVHHVKI.l? LLGRM-TK INRKQITIcK{-cHFKIHQGK. . 6 X57546EM
seexiil sl NEREPSS TSRS ; 12 R IR [ T -clekuRges - - ¢ S5k
1 ( S-Ich ) 5 - g o Y
Mestit, T 892) NLFATel-[cGET 1121-TROM-AAINRKQVPLCKT-hHIGLENNT - 34 FPaslasy
MPCX];; y - ég ) GLuQVcA—ICGQK .15.~QEWI.-GAYKRKQIPLCGA-hHEAYHAGG. 12 M68929EM
MPND4i'? N - 6) ALFRTeA-LeGS 219, -SEWK-GALKRKQTPLeSH-hHSVYHNGQ. 26 M68929EM
= Liz N - 66) TLEKKyA-McLQ .17.~-ESHM-TVIVRKQVTLCYl.-rHL¥ABKGY. 2?2 M68929EM
MPCélll - 905) SRALRCS-VKGr .22.-DAPK-VAINRKQIPLeTY-hHDKLHKRE. . 9 M68929EM
MPAA}% -.924) HPADReS~VMGe], RA.24 -EALN- AALNRK ISLcRE-hHKAMHAGD. 25 M68929EM
i -1023) AKFPNKeC-vADcP ETNNKLHHIRK424 -DKVRILSALSRKQIPLcPK-hHSDEHEGT . 41 M68929EM
i 10 20 30 49 50

Fig. 1. Amino acid sequence alignments of the EX,HH-HX;H domains. Pairwise local and multiple global sequence alignments
were generated with the help of the DotHelix (Leontovich et al., 1993) and OPTAL (Gorbalenya et al., 1989) programs, respec-
tively. The sequence databases were searched utilizing the GCG package (Devereux et al., 1984), the BLITZ program (Sturrock
& Collins, 1993), a family of the BLAST programs (Altschul et al., 1990), and the QUICK program in the GeneBee shell (Brodsky
et al., 1993). Secondary structure predictions were done with the help of the PHD program (Rost & Sander, 1993). Default val-
ues were used for all parameters. The positions of the aligned domains in the polypeptides are indicated, and the distance to
the carboxy-terminal end of a protein is shown. For the entries designated by a plus sign, a complete sequence is not yet avail-
able. In the sequences designated by an asterisk, readthrough (rf) translation of termination codon(s) and/or frameshifting
(fs) within the region corresponding to the domain and/or upstream of it were used to maintain an ORF. Two residues, between
which the sequence was assumed to be frameshifted, and those of the plausible rf stop-codons designated by X are depicted in
the strikethrough style. The numbering for some of these sequences starts from the first residue of the composite ORF rather
than from a putative initiator Met residue. The Cys/His residues conforming to a Zn-finger-like structure and its apparent
1-nucleotide derivatives, Arg and Tyr, are shown in lower case. The consensus line depicts invariant residues in upper case, and
those which, alone or in a group, are present in not less than half of the sequences are shown in lower case or are designated
by a number symbol (#) used for hydrophobic residues (I, L, V, M, F). The structure line shows secondary structure prediction:
L, loop. Sequence nomenclature: The first 2 characters designate species; the next 2—-4 characters depict gene (ORF) name;
the next optional character i is shown in bold, which is sometimes followed by a number, and collectively denotes self-splicing
intron. For the sake of uniformity, phage RB3 I-TevlIII (intron-encoded T-even endonuclease I1I) was renamed RBNBi. Abbre-
viations of species: Eukaryotes: CM, Chlamydomonas moewusii; KL, Kluyveromyces lactis; MP, Marchantia polymorpha; NC,
Neurospora crassa; PA, Podospora anserina; SC, Saccharomyces cerevisiae; SO, Scenedesmus obliquus {originally Green alga
KS3/2); SP, Schizosaccharomyces pombe. Eubacteria: An, Anabaena sp. strain PCC7120; AV, Azotobacter vinelandii UWR;
Ca, Calothrix PCC7601; EC, Escherichia coli; PE, Pseudomonas aeruginosa. Phages: RB, E. coli phage RB3, wild isolate of
T4; T4, E. coli phage T4; ®C, Streptomyces phage ¥C31. Abbreviations of genes/ORFs/URFs: Mitochondrial: 18S, 18S rRNA;
AA, ATPase F1 subunit «; CB, apocytochrome b; CX1, cytochrome oxidase subunit 1; ND4L, putative subunit of NADH ubi-
quinone reductase; ¥ND7, pseudogene for putative subunit of NADH ubiquinone reductase. Chloroplast: PA, thylakoid mem-
brane protein D1 of photosystem 1I; PB, subunit IV of the cytochrome by /f complex. Eubacterial: CE2-CE9, plasmid-encoded
colicin E2-E9, respectively; mcrA, C™CGG restrictase; PA41, PS1, and PS2, pyocin A4l, S1, and S2, respectively; X1 and
X2, ORFs of an undefined function and uncertain localization; Yajd, ORF6 in secD operon for integral protein of the cyto-
plasmic membrane; Ynif, URF in the 11-kbp DNA element of nifD for a-subunit of nitrogenase. Phage: NB, nrdB for chain
B2 of the ribonucleotide reductase; Y55a, ORF 55.10 overlapping the terminator codon of sunY for the presumed anaerobic
ribonucleotide reductase; Ycos, URF adjacent to COS region; Ynrb, ORF nrdB.2 overlapping Ter codon of nrdA for chain Bl
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Only a few intergroup relationships were statistically significant,
including pairs PEPA41 and ECMcrA, and AVxli and T4Y55a.
However, within an approximately 35-amino acid region the pat-
terns of conserved residues of all three groups are certainly sim-
ilar, demonstrating that all sequences share a common domain.
The finding of the Zn domain among the retrieved proteins
prompted an inspection of the rest of the group II intronic do-
mains of this kind, all of which were shown to be encoded by
mitochondrial (mt) genomes. Two conserved motifs enriched
in histidine residues, EX,HH (amino-terminal) and HX,H
(carboxy-terminal), were recognized both in mt and non-
mitochondrial (non-mt) sequences, and 2 Zn-finger-like motifs,
CX,4C and [CH]X;;[CH], in the third group of proteins and
mt sequences (Fig. 1). A fraction of mt sequences contains re-
placement(s) of otherwise conserved His and/or Cys residues of
the Zn-finger-like motifs. In those sequences, 7 stop-codons
and/or fs were used to maintain an ORF, implying that sequenc-
ing mistakes or some type of (post)transcriptional modifications
could take place or that those sequences are remnants rather
than active proteins. Mitochondrial sequences strikingly dif-
fer from other proteins in a region between the EX,HH and
[CH]X, ;[CH] motifs. In light of this fact, a relationship be-
tween mt and non-mt sequences might be apparent. However,
this is unlikely because the Zn domain occupies the same most
C-terminal position in the RT-containing intronic proteins of mt
and non-mt origin, and 4 conserved motifs are organized in sim-
ilar linear order in all proteins of this sort (Fig. 1). Thus, the ob-
served dissimilarity could be more likely a result of extensive
divergent evolution from a common ancestor, and the mt Zn do-
main can be treated as a variant of the domain delineated above.
This domain will be referred to as the EX,HH-HX3;H domain,
after the 2 most conserved motifs it contains.

The EX,;HH-HX;H domain is likely a conserved core of
DNase, since this is a large portion of bacteriocin DNases
(Schaller & Nomura, 1976), and a part of a fragment of the
RBNBI, which is indispensable for enzymatic activity of the in-
tronic DNase (Eddy & Gold, 1991). DNases of the new family
can or could mediate a number of processes, including restrict-
ing alien DNA (McrA restrictase, bacteriocins, phage T4 ORFs)
and conferring mobility to genetic elements (intronic sequences,
nifD locus). For the first time, (putative) DNases were tenta-
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tively identified among group II intron-encoded proteins and
found to be similar to those encoded by group ! introns. This
implies that mechanisms of group I and group II intron trans-
fer may have more in common than suspected earlier. Particu-
larly, the intron movement may be initiated by intron-encoded
DNase through a double-strand break not only in the case of
group [ introns but in group II introns as well.

The EX,HH and HX;H motifs probably form the catalytic
center of DNase and include catalytic residue(s) that are most
likely 1 or 2 invariant histidine residues. In a large fraction of
the proteins, EX;HH and HX;H motifs alternate with CX, ,C
and [CH]X, ;[CH] motifs. Such overlapping of fingerlike and
putative enzymatic domains has not been encountered previously
in Zn-finger proteins. Whatever its type, the fold adopted by the
EX,HH-HX;H domain is believed to be essentially similar in
proteins with and without Zn-binding potential. This probably
indicates that the spatial structure of a finger domain in the re-
gion connecting CX, ,C and [CH]X; 3[CH] motifs can also be
maintained by residues other than those that bind a Zn cation.

In conclusion, the third largest family of DNases encoded
by self-splicing introns was described. In many respects, the
EXHH-HX;H family resembles the LAGLI-DADG and GIY-
YVG families, which cover group I intronic and nonintronic
proteins (Hensgens et al., 1983; Michel & Dujon, 1986). How-
ever, in sharp contrast with previous experience, the new fam-
ily unites proteins encoded by both the group I and group II
introns. Additionally, a tentative assignment of DNase activity to
the Zn domain of group Il introns strengthens the parallel in do-
main organization between intronic and retroviral RT-containing
polypeptides (Doolittle et al., 1989; Mohr et al., 1993). This in-
dicates that intronic Zn and retroviral integrase domains may
be functionally similar.
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of the ribonucleotide reductase; Yord, ORF D (agt.1) between gt for glucosyltransferase and 55 for protein necessary for late
RNA synthesis; Ytop, composite ORF overlapping 3’-end of topB for large chain of the type II topoisomerase. All but 3 sequences
were from EMBL (EM), SWISS-PROT (SW), or GENBANK (GB) databases, and the corresponding accession numbers are
shown rightmost; 1, Eddy and Gold (1991); 2, Ferat and Michel (1993). Three gaps of variable length were arbitrarily intro-
duced in mt sequences to align Zn-finger and “His”-rich motifs of non-mt and mt proteins, and the length for one of these gaps
is indicated. A: Amino acid sequence alignments of the EX;HH-HX;H domains encoded by non-mt genomes. Throughout the
multiple-stage aligning procedure, each alignment produced was scored over 20 standard deviations (SD) (group 1, entries 1-7),
6.2 SD (group 2, entries 8-14; the C-terminal 19 amino acids portion of the alignment is not shown), and 5.3 SD (group 3,
entries 15-19) compared with an average score for scrambled sequences. Entries 20-22 were appended to those of 15-19 fol-
lowing the alignment of Ferat and Michel (1993). The position of a gap in the Gly-rich region of the alignments of the RBNBi
and Cax2i sequences was slightly changed to underscore their similarity. The residues found in more than half of the sequences
belonging to one group and, additionally, in at least 1 sequence in the other groups are highlighted in bold. The cumulative con-
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ture predictions are shown for the region where the most consistent results were obtained with different sequences. The N-terminal
border of the T2A proteolytic fragment of colicin E2 molecules possessing DNase activity is marked by an arrowhead. B: Amino
acid sequence alignment of the EX,;HH-HX;H domains encoded by mitochondrial genomes. Throughout alignment, scores were
obtained that were not below 8.9 SD. The residues found in more than half of the sequences are highlighted in bold.
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