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ABSTRACT

The cDNA for the sea urchin mitochondrial D-loop-
binding protein (mtDBP), a 40 kDa protein which binds
two homologous regions of mitochondrial DNA (the
D-loop region and the boundary between the oppositely
transcribed ND5 and ND6 genes), has been cloned.
Four different 3 '-untranslated regions have been
detected that are related to each other in pairs and do
not contain the canonical polyadenylation signal. The
in vitro synthesised mature protein (348 amino acids),
deprived of the putative signal sequence, binds
specifically to its DNA target sequence and produces
a DNase | footprint identical to that given by the natural
protein. mtDBP contains two leucine zippers, one of
which is bipartite, and two small N- and C-terminal
basic domains. A deletion mutation analysis of the
recombinant protein has shown that the N-terminal
region and the two leucine zippers are necessary for
the binding. Furthermore, evidence was provided that
mtDBP binds DNA as a monomer. This rules out a
dimerization role for the leucine zippers and rather
suggests that intramolecular interactions between
leucine zippers take place. A database search has
revealed as the most significative homology a match
with the human mitochondrial transcription termination
factor (INTERF), a protein that also binds DNA as a
monomer and contains three leucine zippers forming
intramolecular interactions. These similarities, and the
observation that mtDBP-binding sites contain the
3'-ends of mtRNAs coded by opposite strands and the
3'-end of the D-loop structure, point to a dual function
of the protein in modulating sea urchin mitochondrial
DNA transcription and replication.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. AJ011076

subject for investigation as it is one of the most developed
invertebrates and is used as a model system for studying
mitochondrial biogenesis during development. Sea urchin
MtDNA is a circular, double-stranded molecule[d5.7 kb
whose sequence has been determined in several spedjest(
contains the same genes found in vertebrate mitochondrial
genomes4,5), butthe gene order and the distribution between the
two strands are strikingly different. Major differences concern the
separation of the two rRNA genes, the clustering of 15 tRNA
genes and the reduced size of the main non-coding region (NCR),
which is (1130 bp long. An H-strand replication origin was
mapped in the NCR ddtrongylocentrotus purpuratuatDNA

(6) that was associated with a D-loop triplexX 380 nt, with the
nascent H-strand consisting mostly of RNA. The L-strand
replication origin has not formally been mapped; the lagging
strand probably initiates from multiple points, one of which
appears to be located near the main H-strand replication pause
site, at the junction between the genes for ATPase 6 and €I (
The sea urchin mitochondrial transcription mechanism appears to
differ from that existing in vertebrates: studiesaracentrotus
lividus and S.purpuratussupported a mechanism based on
multiple and probably overlapping transcription units in which
post-transcriptional processing events play a relevant8g@le (

In particular, it is intriguing that the'-8nds of 12S and 16S
rRNAs were both located a few bases inside the adjacent
downstream gene. Nevertheless, contrary to what occurs in
mammals, the termination of the two rRNAs seems not to depend
on a protein factorl(). These peculiar mechanisms suggest the
likely involvement of regulatory factors different from those
described in vertebrates. Two sequence-specific DNA binding
proteins, mtPBP1 and mtPBP2, were identifie8.jourpuratus

that interact with two sequences located in the region of the major
H-strand replication pause site, between the ATPase 6 and COIlI
genes {1,12). By fractionating a mitochondrial lysate from
P.lividuseggs we identified and purified a 40 kDa protein which
binds tightly and specifically a sequencé®5b bp located in the
NCR corresponding to thé-8nd of the D-loop structuré ,14).

Despite the large amount of knowledge on biogenesis @his suggested that the protein, which was named mtDBP for
mammalian mitochondria, little is known of mitochondrial mitochondrial Dloop kinding protein, may serve as a regulatory
(mt)DNA metabolism of invertebrates. Sea urchin is an excelleetement in the mtDNA replication process. The same protein also
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recognises, though with lower affinity, another sequence highfipr 7 min. A 15pul sample of the PCR mixture was used as
homologous to the NCR binding site and encompassing tliemplate in a second amplification step performed in the same
adjacent 3ends of the oppositely transcribed ND5 and NDéconditions as above except that primer concentration was raised
genes. Recent dimethylsulphate footprinting studies confirmed 1.4uM. A series of bands including a fragment of 173 bp were
that the binding to both regions has a physiological significanceptained (FiglA). A 15ul sample of the above PCR mixture was
as it also occurs vivoin unfertilised eggs and in embryds)).  then subjected to a third round of PCR in the presence of the same
Here we describe the cloning, sequencing and characterisatgense primer 5-For and of the antisense primer 4-Rev A, selected
of the cDNA encoding for mtDBP. Structure—function analysis ofrom peptide 4 (bold sequence above). A single 158 bp band was
the recombinant protein shows that it exhibits the expectaabtained, thus confirming the specificity of the 173 bp fragment
specific DNA-binding capacity, binds DNA as a monomer an@s expected on the basis of the antisense priming sitel&jig.
contains two leucine zipper domains that probably act byhe second round PCR products were electrophoresed through a
promoting intramolecular interactions. Moreover, mtDBP display8% agarose gel; the 173 bp fragment was purified, inserted into
a significant sequence homology with the human mitochondrialector pCRII (Invitrogen) and sequenced according to Loguercio
transcription termination factor mTEREY), a protein that also Polosa and Cantator&é9). Rapid amplification of cDNA ends
binds DNA as a monomer and contains three leucine zigg@rs ( (RACE) was performed to obtain thé @nd 3-ends of the
These data, together with the above reported features of the se®BP cDNA @0). The 3-end of the clone was obtained by
urchin mitochondrial genetic systeti+-8,6—14), point to a dual using a Marathon cDNA amplification kit (Clontech) following
role of mtDBP in regulating both mtDNA replication andthe supplier’s recommendations. Theebd double-stranded

transcription. cDNA was made by priming egg poly(ARNA with the specific
primer SP1-Rev (nt 584-564, Fid3). The products were ligated

MATERIALS AND METHODS to Marathon cDNA adaptors and then subjected to PCR
amplification with primers SP1-Rev and AP1 (Clontech). One

Purification of mtDBP and protein sequence analysis two-hundredth of the reaction was further amplified with nested

primers SP2-Rev (nt 540-518, FIfR) and AP2 (Clontech). The

mtDBP was purified fromi®00 g ofP.lividuseggs (2.5-3.0 g of : ;
mitochondrial proteins) as aiready reportéd)( The DNA _pl)_roduct (Fig.1A) was cloned into vector pCRII and sequenced.

e : 0 obtain the 3end of the clone, fig of egg poly(AJ RNA was
affinity chromatography eluates (0.9-1.2 mg of proteins) werg, ose transcribed with a 36mer oligonucleotide containing
combined, TCA precipitated, and the pellet was electrophores

. o ) . 15 and a 21-base linker. The ss cDNA pool was used as
on a 12% SDS—polyacrylamide minigel according to Laenirmi ( tem)plate in a first PCR reaction with pprimers SP1-For

The proteins were electrotransferred to polyvynilidene difluorid t 518-540. Fi :

X ; X —540, FiglB) and (dT)slinker. One-thousandth of the
(PVDF) membrane and stained with 0.1% Amido Black. Thecp mixiure was subjected to further PCR with nested primer
protein-containing membrane was excised, rinsed with HPLC grag‘sz-For (nt 564-584, FiglB) and primer (dTjslinker.

water andin situ digested with trypsin (W. Lane, Harvard a’-RACE products were shown to be specific by Southern blot

Microchemistry Facility). The resulting peptides were fractionate %bridisation using an open reading frame (ORF)-containing PCR

by reverse phase HPLC. Five tryptic peptides were sequencgtyment The specific-RACE products were gel eluted, cloned
yielding five continuous stretches_of 6-15 amino acids. Pepti o vector pCRIl and sequenced. Finally, two ORF-containing PCR
sequences were: EAAFLR (peptide 1), EFGYHGEDL(V + 1)04,cts (nt 15-540 and 564-1075, FiB) were labelled by
(peptide 2); SVYELVEYLK (peptide 3); FFSTPETVMDNI 51 40m priming with ¢-32P]dATP @1) and used as probes to

(peptide 4); SLGLENADIINIIYK (peptide 5). screen, according to standard procedaed, (1 x 1¢f plaques
_ _ from aA Uni-Zap cDNA library prepared fromlividusembryos
Isolation of RNA and cDNA synthesis at the stage of four blastomerex3){ One positive plaque was

Total RNA was extracted from sea urchin edgs and poly(AY obtained that was converted into recombinant plasmid pBluescript

RNA was prepared from it using Dynabeads (Dynal AS, Oslogccordmg to the manufacturer’s protocol (Stratagene) and was

following the manufacturer’s instructions. Single-stranded (ss equenced on both strands (Rig).

cDNA was synthesised by reverse transcriptioriibfug of

poly(A)* RNA with oligo(dT) primer using a cDNA synthesis kit Plasmid constructs andn vitro translation of wild-type and

from Amersham. The reaction mixture, contairiB@0 ng of SS mutated versions of mtDBP

cDNA, was stored at +4£. Prior to use, ss cDNA was heated for

5 min at 95C and quenched on ice. Plasmid constructs of mtDBP suitable farvitro translation
were obtained by amplifying the appropriate fragments from the
library-derived cDNA cloneX mtDBP). To generate constructs
mtDBPr1, mtDBPr2 andAN, the forward primers were
Two degenerate primers, 5-For (underlined sequence) derivedBPrl-For (5ACACGAATTCACCATGGTGTCCTCGGAA-
from peptide 5 (SLGLEKWDIINIIYK ) and 4-Rev (underlined TTAACATG-3'), DBPr2-For (5ACACGAATTCACCATGGC-
sequence) derived from peptide FFETPETVMDNI), were  AAACTTCCGGGAATGCTCGACT-3) andAN-For (5-ACAC-
designed and used to amplify by PCE) ng of the ss cDNA GAATTCACCATGGCACCTACGGTCCTGAAACAGAAC-3),

pool. The reaction was carried out in a 10olume, in the containing anEcdRl restriction site and the initiation codon
presence of 200M dNTPs and UM each primer. After heating (underlined). As reverse primer, the M13 20mer was used. To
at 94 C for 90 s, 3 U oTaqDNA polymerase (Boehringer) were generaté\C, oligonucleotides DBPr2-For atdC-Rev (5-GTGT-
added, then the reaction was cycled 30 time8G9¥r 1 min, CTCGAGCTATAGCACTATCAGTTCATGTTT-3), containing
45°C for 2 min, 72C for 2 min), with a final incubation at 7€  the stop codon (underlined) an¥lad restriction site, were used.

Amplification, cloning and sequencing of mtDBP cDNA
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To obtainAL1, primers DBPr2-For andL1-Rev (3-GTGTGG- DNase | footprinting

ATCCACGAGTTTTCTGCAGCCTGTC-3, containing 8anH]| - . .

restriction site, anAL1-For (3-ACACGGATCCGGTCTGAA-  DNase I footprinting was carried out as reported previodsly (
GGATGGTGAGGTA-3), containing &anHI restriction site, and With some modifications. The probes used were as already
M13 20mer were used. To generale, primers were DBPr2-For reported {3); binding reactions were as for the gel shift assay
and AL2-Rev (B-GTGTGGATCCACAGTACCTGATGATTGA- except that the sample was 3.5 times the sample for ge_l shift assay.
TAT-3), containing aBarmHI restriction site, andAL2-For After incubation at room temperature for 30 min, the mixture was

(5-ACACGGATCCGGTTTTACGAAAGAGGAGATG-3), con-  added to an equal volume of 5 mM CaCl0 mM MgCh,

taining aBarHI restriction site, and M13 20mer. PCR products©llowed by the addition of 5-50 ng/mi of DNase | (Boehringer),
y and incubated at room temperature for 60 s. Reactions were

mtDBPr1, mtDBPr2AN andAC were digested witkcdRl and o
Xhd, purified and cloned into vector pBluescript II (§K Stopped by the addition of 20 mM EGTA and processed as

(Stratagene). PCR fragments for generatihg andAL2 were ~ described elsewhere).
BanHI digested, purified and ligated. The constructs were then

gel eluted, digested witbkhd and EcoRl and cloned into RESULTS
pBluescript. The correct nucleotide sequence of all construc&
was verified. Proteins were synthesised in reticulocyte lysate by
using the coupled transcription-translation system (TNT) fronn order to clone the cDNA foP.lividus mtDBP a RT-PCR
Promega. A 0.8 or 1.5g amount of recombinant plasmid was strategy was used (Fityd). Approximately 1ug of affinity-purified

added to a 25 or §0 reaction volume and reactions were performedntDBP was separated on a SDS—polyacrylamide gel and
according to the manufacturer’s protocols. transferred to PVDF membrane as detailed in Materials and
Methods. Following HPLC fractionation of the tryptic peptides,
amino acid information was obtained for five of them (Materials
and Methods). Because the relative position of the peptides within
mtDBP was not known, two pairs of sense and antisense
oligonucleotide guessmers were selected from the two longest
Gel mobility shift assays were carried out in uP@action mixture  peptides (peptides 4 and 5) and both primer combinations were
containing 20 mM HEPES pH 7.9, 5 mM MgCl5 mM KCI, tested in PCRs. A particular combination of oligonucleotide
0.1 mM EDTA, 1 mM DTT, 2ug of poly (dI-dC), 2ug of BSA, guessmers (5-For and 4-Rev) produced, after two rounds of
20 fmol of the appropriate labelled probe, and the protein fraction asnplification, a series of bands including a fragment of 173 bp
specified in figure legends. After incubation at room temperature f@Fig. 1A). This product was inserted into vector pCRIl and
30 min, samples were loaded on a native 6 or 10% polyacrylamidequenced. Its deduced amino acid sequence was compared witf
gel and run at 4C in 0.5« TBE at 300 V. To quantify the that of peptides 4 and 5 and shown to encode the known amino
DNA-binding activity of mtDBP mutants relative to the wild-type acid sequence. Furthermore, inspection of the DNA sequence
version, differences in the efficiency of translation of the variousevealed that it contained peptides 1 and 3.(ER). This
constructs were determined. A densitometric analysis of thenfirmed that a short unique cDNA sequence of mtDBP was
[35S]methionine-labelled products electrophoresed on a SD$¥oduced. The sequence information was then used to design two
polyacrylamide gel was performed. Densitometric values were thapecific primers that were employed for RACE using egg
corrected for the number of methionines of each mutant versionpoly(A)* RNA as template for reverse transcripticaD)( In

oning and sequencing of mtDBP

DNA binding assays
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1 GGCACGAGTCGATAATGGATGTTCTCTTCCATCGCTCTCCCATGGTAGTCAGACAGACAG 60
D VLFHRSU PMVUVVROQT -73

61 CCAARATACTTTTGAACTTTGCTTCTCAGCCAAGGAACTCTTCTAAAGGAACTGCTTGTG 120
-72 A K I L L NF A S Q P RN S S K G T A C -53

121 GACCAAGTAGAGTGCTACTTGACGTCACTACAAGGCCAACAAGAAATATTTGCATTACCT 180
-52 ¢ P $ R VL L DV TT RU®PTIRNTITCTIT -33

181 CTGTAATCTCAGAATTGAAGAAAGTGAACTTTACCCAGTCACACCCGTGTCTTAGAGTGT 240

-32 §$ Vv I $ E L K K V N F T @Q S H P C L R V -13

241 CCTCGGAATTAACATGCTCTGGAATATGCAGAAGTAACTTCCGGGAATGCTCGACTGAAG 300

-12 8§ 8§ E L T € s 66 I C R s [] F R E C s T E 8
. . +1 . .

301 CAGTAAGCAAGCGCCGTGTGGTTCCTAATGAAGAGAGCAGGCGTTACCTAGCCAGCATCG 360

9 AV S K R RV V PNEZES IR RY L A S I 28

361 GTCTTGACTGCGACAGGCTGCAGAAAACTCGTCCTACGGTCCTGAAACAGAACGTAAGTA 420
29 ¢ L D ¢ DRILOQQEXTU RUEPTUVI[LEKQQNUV 8 48

421 ATCTCCAGCAGCATGTCAATCTTCTGAGGAGCCTTGGTCTGGAGAATGCAGACATCATCA 480
49 NJul 9 ¢ w v N L [I] R s L ¢ L E[N a p 1 I 68

481 ATATCATTTACAAAGAAGCTGCGTTCCTGAGAAAAGATGTGAAGTCTGTGTATGAGTTGG 540
69 N I [T] vy K E A A F[I] R XKk D V XK s [Vl Y E L 88

541 TTGAGTACTTGAAGAACACAGGTCTGAAGGATGGTGAGGTAGCCAACATCTTCCAGAGGG 600
89VEY.KNTGLKDGEVANIFQR 108

601 CGCCTCGCTTCTTCAGCACACCTGAAACTGTCATGGATAACATCGAGTACATGAAATACC 660
109 A P R F F 8§ T P ET VMDNTIETYMEZ K Y 128

661 TTGATGTAACAGACAAGAACATTTGCTATACACTTATTTACAATCCGTCATTGTTCTACC 720
129 L. DV T D K N I C Y T L I Y NP S L F Y 148

721 GAGTGCAGGGTGGGGTAGAGCGCATTGCTTCATACCTCAAACAGGTTATGTCCGAGGAGA 780
148 R V. Q G G V E R I A 8 Y L K Q V M S E E 168

781 AATTTACTGGTGAACCGAACCGTGTCATCCGTTATATCATGCGCAACGATCCCACCCTTT 840
163 X F T G E P N R VI R Y I M R N D P T L 188

841 TCATCCGTCAGGTTTCTGAATTGGAGACTAACGTGAAGTTCTTGAGAGAGTTTGGCTATC 900
189 F I R Q V 8 E L E T N V K F L R E F G Y 208

901 ATGGAGAGGATTTGATATCAATCATCAGGTACTGTCCCAGCTCAGTGCGGATTGGAATGG 960
209 H G E D L I 8 I I R Y ¢ P s s[vVlR I 6 M 228

961 AGTTCCTCAAGGAAAGAATGGAATACTTACGGAAGCACCTGTCTCTCACCAATGCTACAC — 1020
229 E_ F[1l Xk E R M E Y[l R K H L S L T N A T 248

1021 TGAAAGACCTGATTCGCAGGCATCCTCAGTTGCTCCATGCTAGTGTAGAGACAATCCAAT — 1080
249 L K D L I R R H P o LIl a s v e 7[1lo 268

1081 CTCATATTGACCTTGTTCTTGAACTGGGTTTTACGAAAGAGGAGATGATCAAGACGCCAA 1140
269 s H 1 p L[Vl L E L G F T K ETEMMTITZ KT P 288

1141 GAATCTTTTCTCGTAGACTGAGCTCAATCAGGAGCCGTTATGATGAACTTACTGCAGTTG 1200
289 R I F S R R L 8 s I R S R Y D E L T A V 308

1201 GTTGCAAACCGAATCTATCATCGTTTATCCACTCCAAAGAAAAACATGAACTGATAGTGC 1260
309 6 ¢ K P N L S S F I H S K E K HE L I V 328

1261 TAAAGTTCAAGATGAATAGACGTAAGAAAGATGCACTCAGTGGTGATGCCATAGAAAACT 1320
329 L K F K M NR R K XK D AUL S G DA I E NF* 348

1321 AGGTGCGATTTCATGCAATGGCATTTTAACAAATTTTATTTTAATGCTTTTCAATTTTTA 1380
1381 AAGGCATAGCAGTGGGTAAAATTTGAAATACATTGGACAATAACATATATTGGTCGTACT 1440
1441 CTGATAAATTCCCCCCCAAAAAAAAAAAAAAAAAA 1475

Figure 1. (Above and opposite) Cloning and sequence of mtDBP cDNAS¢hematic representation of cDNA clones isolated by RT-PCR and library screening.
In the upper part of the figure, the entire mtDBP clone obtained by combining the PCR clones is represented. Blackéére jpditzih coding region, open bars
the 8- and 3-UTR regions. The dashed bar denotes the heterogeneity 6ffi&k3egion. Arrows pointing left or right show the position and direction of synthetic
oligonucleotide primers used in PCB) (Nucleic acid and deduced protein sequencasnDBP cDNA. The two potential starting methionine residues are boxed.
The putative N-terminal presequence is indicated with negative numbering. The cleavage sequence (in bold) and therhme@ddidsoathe mature protein were
suggested from sequence analysis of mtDBP protein with the PSORTII algorithm. Thick underlines indicate tryptic peptitigsmetrespurified mtDBP. The
positions of the putative leucine zippers are shown by a thin underline with the residaipatsitien boxed. The asterisk represents the first stop codon. A potential
polyadenylation signal is underlined.
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99 18 » 40.67 kDa, which is actually consistent with the apparent size of
UTR-a (759 7/ ' 40 kDa estimated by SDS—polyacrylamide gel electrophoresis.
UTR-c (131t In order to analyse the functional capacity of the recombinant

mtDBP (mtDBPr), the wild-type cDNA construct and two other
constructs, mtDBPr1 and mtDBPr2, having N-terminal deletions

1 of different sizes, werm vitro translated (Fig3A and B). The
MtDBPr1 construct lacked part of the putative signal peptide
(deleted residues were from —87 to —17) whereas mtDBPr2 lacked
the whole signal peptide and started from amino acid +1. The

binding capacity of mtDBPr was initially determined by gel
Figure 2. Schematic representation of mtDBRUA'Rs. Numbers in parentheses 9 pacity y v 9

indicate the length of '3JTRs. Black bars indicate nucleotide sequence eIeCtrOphoretlc_ mobility shift a_Ssay' As shown in Figbe the
common to the four'8JTRs; striped bars indicate the 16 nt stretch common to Precursor version of the protein was not able to form a complex

UTR-a and UTR-c; spotted bars represent the 36 nt stretch common to UTR-w/ith the labelled double-stranded oligonucleotide containing the
and UTRA. Open bars indicate the remaining stretches which are unique.  NCR binding site. This feature seems to be common to all the
precursors of the mtDNA-binding proteins identified to date, as
it has been reported also for the human transcription factors
further experiments two PCR fragments containing part of theTERF (L6) and mtTFA £8). A tentative explanation for this
ORF were used as probes to screkJai-Zap cDNA library of  phenomenon is that the structural fold of the signal sequence
P.lividusembryos at the 4 cell stag&s]. The screening of about could somehow mask the DNA-binding domain and prevent the
1x 10P plaques yielded one positive clonenftDBP) having an protein from contacting the corresponding site. Partial
insert of 1L.5 kb. The\ clone was converted to plasmid DNA by (mtDBPr1) and complete (mtDBPr2) removal of the N-terminus
phage rescue excision and then sequenced on both strands. fitvd the precursor relieved the apparent inhibition of DNA
nucleotide sequence of mtDBP cDNA and the deduced amiminding, producing a single, specific retarded band. The binding
acid sequence are displayed in FigliBz2 The cDNA clone, capacity displayed by mtDBPr2 was much stronger than that of
which is 1475 bp long, begins with a shdruitranslated region mtDBPr1, which retains part of the presequence. Moreover, the
(5-UTR) of 14 bases. There follows an ORF of 1308 basesomplex formed by mtDBPr2 had the same mobility as that
encoding 435 amino acids and'alBtranslated region @@ TR)  produced by the affinity-purified protein. These data let us
of 135 bp (UTRA). In the 3-UTR a non-canonical polyadenylation assume that mtDBPr2 represents the active and probably mature
sequence AAUAAC 74) is located 96 bp downstream of the version of the protein. Increasing the amount of the protein
TAG termination codon, followed after 33 more bases by an 18 Résulted in an increase in the intensity of the retarded band without
poly(A) tail. The ORF includes all the five peptide sequencethe appearance of any more slowly moving secondary band. This
obtained by tryptic digestion of the purifi@dividus mtDBP.  finding argues against the formation of different complexes of
Whereas the'SRACE generated one single product of 569 bp, thentDBP with the probe. Finally, no complex formation was detected
3-RACE produced three cDNA fragments of 1541, 1158 angdsing a probe with a deletion in the NCR-binding site (data not
915 bp (Fig1A). They shared the coding region and only part okhown), indicating that the interaction was specific. The specificity
the 3-UTR. Therefore four 3UTRs named UTR-a, UTR-b, of mtDBPr interaction with the DNA was further confirmed by
UTR-c and UTRA were detected, having lengths of 759, 374pNase | footprinting analysis. As shown in Figdréhe pattern of
131 and 135 nt, respectively (FB). The four 3UTRs ended DNase I protection at the NCR (nt 1098-1126) and at the ND5/ND6
with an 18-25 nt poly(A) tail; however, a canonical poly(A)poundary (nt 14 028—14 053) binding site produced by mtDBPr2 is
addition signal could not be detected. essentially the same as that obtained with the affinity-purified
mtDBP. This result conclusively confirms that the cDNA clone we
isolated codes fdP.lividus mtDBP.

A BLASTP analysis of the amino acid sequence of mtDBP with
The ORF of mtDBP cDNA was expected to specify the precursdine available protein databases revealed as statistically significant
of mtDBP, including the mitochondrial targeting sequence. Tha match with the human mitochondrial transcription termination
first 100 amino acids encoded in the ORF contain two methionirfactor mTERF (accession no. Y096 5= 1.7x 10714 and a
residues, one of which could be the initiator amino acid of thenatch with an unknown protein frorrabidopsis thaliana
mtDBP precursor. When a construct containing the entire ORF ccession no. AC00037B;= 1 x 10719, This is a 462 amino
435 amino acids was used in a coupled transcription—translatiaaid long polypeptide (J.Schwartz, personal communication) that
system a product ¢#3 kDa was obtained, having the size of ais predicted to be a mitochondrial protein by PSORTII analysis.
polypeptide starting at the first methionine (B4.and B). Use When the comparison was performed with the mature versions of
of this AUG as the initiator codon is supported by the observatidhe proteins, 22% amino acid identity and 61% amino acid
that the adjacent sequence has a better match to a Kozikilarity were obtained for the pair mtDBP/mMTERF (Fg.a
consensus initiation sequence than does the second methiorgneparison between mtDBP and the unknéuthalianaprotein
(25). According to an analysis with the PSORT Il algorithm, thgnot shown) gave 18% amino acid identity and 59.8% amino acid
mtDBP polypeptide sequence is characterised by an N-termirgimilarity. Concerning the pair mtDBP/mTERF, the homology
portion that has the typical features of a mitochondrial targetingeems to be uniformly distributed along the molecule; however,
sequence 26). The potential cleavage site should be placedegions of higher similarity (residues 99-113, 202-221 and
between residues S(-1) and N(+1) according to the ‘R(-2) rul810-325) can be detected. AlImost 40% of the common residues
(27). Based on this assignment the mature mtDBP should lxetween mtDBP and mTERF were conserved among the three
348 amino acids long and have a calculated molecular masspwbteins.

UTR-b (374 nt)

UTR-A (135nt)

Structural features of recombinant mtDBP
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Figure 3.Analysis of mtDBP recombinant form&) Schematic representation of the precursor and shortened versions of mtDBP. The numbers represent amino ac
positions according to the numbering system used in Figur&1BOS—polyacrylamide gel analysis. Precursor and shortened versions of mtDBP shown in (A) were
in vitro expressed in the presence ¥]methionine, separated on a SDS—polyacrylamide gel and subjected to autoradiography. The position of molecular mas
markers (in kDa) are shown to the lef) (Mobility shift assays. Three increasing amount&afitro transcription—translation reaction mixtures (2, 4 and) 8
programmed with the templates shown in (A) were incubatedwi8i3P]-labelled double-stranded 44mer oligonucleotide probe containing the NCR binding site
(14). The protein—-DNA complexes were resolved on a native polyacrylamide gel. The affinity-purified mtDBP (Aff. fractionlisgorotein (-) and a
non-programmed reticulocyte lysate reaction (Retic. lys.) were used as controls.

Sequence analysis of mtDBP cDNA revealed, as the mosbnstructs were designed to produce N- and C-terminal truncated
evident feature, the presence of multiple leucine zipper (LA)jersions of the proteilAN andAC) lacking 39 and 19 amino
motifs (underlined in FiglB). The LZ motif consists of a acids, respectively. The LZ1 region was deleted in the construct
repetition of leucines, or similar hydrophobic amino acids, whiclAL1 eliminating amino acids from 40 to 95. To test the effect of
are spaced seven residues ap2®3(). The most typical LZ specifically disrupting the bipartite leucine zipper domain LZ2,
motif found in mtDBP is LZ1, situated near the N-terminus of th@nother construchL 2 (lacking amino acids 221-277), was made
mature protein between residues 40 and 95. It is composed (Bfg. 6A). Of these mutated versions, ol (Fig.6A) retains
eight repeats of the heptaglX 3 with asparagine, isoleucine and some binding activity[{(60%). When the N-terminus or the two
valine substituting for leucine at thgosition in the fourth, fifth and leucine zipper motifs were deleted separately, no binding activity
seventh heptads, respectively (the residues in the heptad bemas observed. This result could be explained either by the
designeda—g). The repeats exhibit the expected preponderance afmoval of a domain that interacts with DNA or by a deletion-
hydrophobic residues at tlag(7/8) andd (7/8) positions of the induced change in the protein conformation which prevents the
heptads. A second potential leucine zipper can be localised ngaotein from binding DNA.
the C-terminus, between positions 221 and 277. In this case, th&and shift assays using mtDBPr2 and a DNA probe containing
motif is formed by two repeats of three heptads located betwetre specific binding site revealed a single retarded band even
residues 221-241 and 257-277 and separated by a 15 amino adign large amounts of the protein were used (). This
loop. These heptads also have a high preponderance of hydresult, together with the absence of a dyad symmetry in the
phobic residues at (4/6) andd (6/6) positions, with two valines mtDBP binding site suggests that the protein binds DNA as a
and one isoleucine substituting for leucine attpesition of the  monomer. In order to obtain conclusive evidence about this point
first, sixth and fifth heptads, respectively. the heterodimerisation assay was used. This assay requires that

The roles of the different regions of mtDBP in its DNA-bindingtwo versions of mtDBPr differing in size form DNA—protein
activity were investigated in gel shift experiments employingomplexes with different mobility in a gel shift assay. If dimers
deletion mutants. Four mutated versions of the protein we mtDBPr bind the DNA target, then using both protein forms in
derived from mtDBPr2, since this has been shown to have tlige assay, three retarded bands should appear (homodimers of the
same binding activity as the natural mtDBP. Two deletiofarge form, homodimers of the small form and heterodimers of the
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ND5/ND6E purified sea urchin protein. Band shift experiments with N-terminal
and C-terminal deletion mutants (Fé@\) indicated that removal
of the N-terminus completely abolishes the binding capacity
o whereas the C-terminal deletion has a moderate effect on binding
5 35‘ ; (which is reduced bi¥b0%). Since the deleted regions contain a
SIS small stretch of basic amino acids (residues 12—-39 and 330-338),
L) it is likely that these residues, particularly those located at the
i N-terminus, could be involved in contacting DNA.
:a The analysis of the amino acid sequence also showed the
: presence of two heptad repeats between residues 40-95 anc
aa i 221-277 (the latter is bipartite). Since #endd positions of the
"
4
i

L EE
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heptads are prevalently occupied by hydrophobic residues, with

14053 leucine being the prevalent amino acid indip®sition, it can be

assumed that these repeats, named LZ1 and LZ2, behave as

Lid
R

. leucine zippers. LZ1 and LZ2 appear to be relevant in determining

H mtDBP binding properties as experiments with deletion mutants

H (Fig. 6A) showed that the removal of each motif abolishes the
binding to DNA. It is well known that leucine zipper motifs are
required to form protein dimer&%,30); however, this does not
seem the case for mtDBP. The heterodimerisation assagiirig.

14028 - 1
: i i showed that the protein binds DNA as a monomer, an observation

-

1098 —

that is consistent with the absence of a dyad symmetry in the
- : contacted sequence. Therefore, the heptad motifs could establish
Spap S B 2 g l intramolecular interactions so as to generate coiled-coil structures.

i
L]

mam n
§

Such conformations have been described for the heat shock factor
from human andDrosophila cells (31,32), for seryl-tRNA
synthetase 33), for a class of cytoskeleton proteins known as
spectrins $§4) and, more recently, for human mitochondrial
transcription factor mTERFLE). This is a DNA-binding protein
Figure 4. DNase | footprinting analysisAj Protected regions on the L-strand  Which binds DNA as a monomer downstream of then@l of the
of the binding site in the NCR and on the H-strand of the binding site at the16S rRNA gene and terminates transcription of the ribosomal unit
Nimbers. denete he nucieatde. postion (). The. recombinant mipapC-0): MTERF exhibits three leucine zipper heptads which are
(mtDBPr2) and the affinity-purified fra?ction (ATff. fraction) were incubated with pr(_)bably used to_ form an IntramOIecwar triple-stranded coiled-
DNA fragments and treated with DNase | as described in Materials ancCOIl Structure. This conformation would be needed to expose the
Methods. ‘DNA only’ refers to sample containing unbound DNA. binding domain, which appears to consist of two basic stretches
located at the N- and C-termini of the protein, to DNA. This
model could be easily adapted to sea urchin mtDBP in the sense
two forms). As the deletion mutaAC binds the DNA probe that the LZ1 and LZ2 motifs would form a two-stranded
producing a retarded complex that runs faster than the wild-tys@iled-coil structure so as to expose the N- and the C-terminal
protein-containing complex (FigA), a mixture of the polypeptides basic residues of the protein to DNA. The relationship between
mtDBPr2 andAC in different proportions was employed to mtDBP and mTERF also concerns the primary structure as the
perform mobility shift experiments. As reported in FigR;  two proteins show 22% amino acid identity (F5. Moreover,
only two retarded bands corresponding to those produced by t#¢DBP is also related to a putative mitochondrial 462 amino acid
two proteins alone were obtained. No third intermediate band wégng polypeptide oA.thaliana(18% amino acid identity) so that
observed, as would be expected in the case of a dimer. Since &heéommon evolutionary origin for the three proteins can be
recombinant mtDBP produced by the clone mtDBPr2 gave suggested. The different positions of the leucine zipper motifs
single retarded band with the same mobility of that shown by ttgontained in mtDBP and mTERF implies that they arose
natural mtDBP (Fig3C) the conclusion that mtDBPr2 binds to independently after the separation of the two genes.
DNA as a monomer likely also applies to the natural mtDBP. A further parallel between the mammalian and the sea urchin
protein was provided by the observation that their DNA binding
DISCUSSION sites are located in correspondence with thends of mtRNAs.
It is known that the mTERF binding site is located downstream
In this paper we report the cloning and characterisation of thaf the 3-end of the 16S rRNALE) and that both binding sites of
cDNA encoding folP.lividusmtDBP, a mitochondrial protein of mtDBP contain the '3&ands of transcripts encoded by opposite
40 kDa which specifically binds two regions of sea urchirstrands. They are the RNA replication primer and a precursor of
mtDNA. At present this is the third animal mitochondrial12S rRNA in the NCR binding sité) and the mRNAs for the
DNA-binding protein whose cDNA has been cloné@,48).  ND5 and ND6 polypeptides in the other binding site (P.Cantatore
Band shift and DNase | footprinting analysis (FR)@and4) et al, unpublished results). These observations strongly point to
showed that the recombinant protein, obtainedirbyitro a role of mtDBP as a transcription termination factor. By
transcription—translation of its cDNA, binds with high specificity contacting its target site in the NCR, mtDBP would block the
the same two regions contacted by the affinity chromatograpipassage of RNA polymerase through the replication origin,

»
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Figure 5. Sequence alignment of mtDBP and mTERF mature forms. Asterisks indicate identical nucleotides; colons and dots indictee ardysiinilar residues
according to Thompsoet al (43).

avoiding the read-through of this region which might disturtand transcription. The use of the same protein to perform a role
primer—template base pairing; on the other hand, transcriptidsoth in replication and transcription in sea urchins is justified by
arrest at the boundary between the ND5 and ND6 genes woulte compact organisation of the sea urchin D-lad3@ nt as
prevent head-on collision between the H- and L-strand transcripti@pposed ta1.000 nt in mammals) and by the observation that the
machinery. The proposed role for mtDBP as a bidirectiona’-end of the RNA primer is very close (20-30 bp) to then8!
transcription terminator provides new insights into the mechanisgg the newly synthesised DNA)( Two other sequence-specific

of mitochondrial transcription termination in sea urchins agpNA-binding proteins (mtPBP-1 and mtPBP-2) from sea urchin
compared to vertebrates. In mammals one termination event {ofiochondria have been characterise1(?). They bind to the

the ribosomal transcription unit depending on MTERF has beep,in payse region of sea urchin mtDNA, which is located at the
described15). In sea urchins transcription arrest would occur "houndary between the COIll and ATPase 6 genes where the main

correspondence with the two mtDBP binding sites, whereas t Qi - A .
, . " gin for lagging strand replication was mapped. In this case an
3'-ends of the two rRNAs will be generated by post-transcription ction through blocking of leading strand replication and

glrgé::?ﬁl?r?ei\éerr:;igﬁs;n(g protein-mediated termination event tap(?(%gression of the RNA polymerase at this site has also been

Based on the observation that the mtDBP-binding site in ﬂ%roposed. The o_bse_rvation that the same protein factor is able_to
NCR contains the '@nd of the D-loop structure, it was arrest both repll_catlon and transcription has been rgported_ in
previously inferred that mtDBP might have a role in regulating"@1y Prokaryotic and eukaryotic systems. In particular, in
mtDNA replication (4). By binding to its target site in the NCR, =scherichiacoli and inBacillus subtilis it was shown that the
the protein could function as a negative regulator of H-stran®fMe protein factotefr protein inE.coliand RTP irB.subtilig is
elongation, thereby leading to D-loop formation. Relaxation ofble to block both progression of the replication fork at specific
this interaction would favour H-strand extension thus resulting ifites and RNA chain elongatiog6). In mammals it has recently
productive replication of the mitochondrial genome. A protein obeen described that the RNA polymerase | transcription termination
(U8 kDa, the TAS-binding factor, has been shown to serve thigctor TTF-1 also causes polar arrest of rDNA replication,
function in mammals3p). Therefore, mtDBP is likely to play a preventing head-on collision between the DNA replication
dual function in regulating both mitochondrial DNA replicationapparatus and the transcription machin&.(
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Figure 6. DNA-binding properties of recombinant mtDBR) (Mobility shift assay using different deletion mutants. (Upper) Schematic representation of wild-type
and deleted constructs used as templates iim thigo expression system. The putative leucine zipper domains (LZ1 and LZ2) are indicated by black boxes. The
numbers represent the amino acid positions according to the numbering system used in Figure 1B. (Lower) Mobility stsihgssaydifierent amounts (2 and

4 ul) of the expression reaction mixtures containing equivalent amounts of the constructs shown in the upper part as teenplatese fdcombinant protein
(mtDBPr2) was used as control. The probe was the 44mer double-stranded oligonudBatidBBP binds mtDNA as a monomer. Mobility shift analysis was
performed by incubating the mature version (mtDBPr2) and the C-terminal trunt@bede¢sion of mtDBP with the labelled 44mer probe. Different amounts of

the expression reaction mixtures were employed in the mobility shift assays, as reported at the top of the figure. Thid Advateiplexes were resolved on a 10%
native polyacrylamide gel.

In light of all the observations reported here, it seems thaind/or the stability of the message during development by
mtDBP and mTERF are two proteins having a commoipromoting the rapid degradation and removal of the message or
evolutionary origin that diverged to accomplish different rolesby conferring an increase in translation at critical developmental
according to the variation in gene organisation and expressistages40-42).
between sea urchin and mammalian mitochondrial genomes.
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