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ABSTRACT

We have determined the nucleotide sequence of the gene encoding adenovirus
type 2 (Ad2) DNA binding protein (DBP). From the nucleotide sequence the com-
plete amino acid sequence of Ad2 DBP has been deduced. A comparison of the
amino acid sequences of Ad2 and Ad5 DBP, both 529 residues long, reveals that
the C-terminal 354 residues of both sequences are identical. Within the N-
terminal 175 amino acid residues Ad2 and Ad5 show nine differences.

The site of mutation in Ad2 NDlts23, a mutant with a temperature-sensitive
DNA replication, was mapped at the nucleotide level. A single nucleotide al-
teration in the DBP gene, resulting in a leucine -+ phenylalanine substitution
at position 282 in the amino acid sequence is responsible for the temperature-
sensitive character of this mutant.

Previously, we localized the mutation of another DBP mutant with a tempe-
rature-sensitive DNA replication (H5ts125) at position 413 in the amino acid
sequence of the DBP molecule (Nucleic Acids Res. 9 (1981) 4439-4457). These
mapping data are discussed in relation to the structure and function of the
DBP molecule.

INTRODUCTI ON

The genomes of the homologous adenovirus types 2 and 5 consist of linear
double-stranded DNA molecules with a MW of 23 x 106 daltons (1,2). The adeno-
viral DNA binding protein, which is encoded by early region E2A, located be-
tween co-ordinates 61.6 and 66.5 on the viral genome (Fig. 2) is one of the
best characterized viral products (3-8). Analysis of Ad2 and Ad5 mutants with
an altered DBP gene indicates that DBP is a multifunctional protein (8-10).
Investigation of the temperature-sensitive mutant H5ts125 has revealed that
this mutant does not replicate viral DNA (9), is unable to regulate trans-
cription of early region E4 (11) and accumulates early viral mRNA (12,13) at
the non-permissive temperature.

Analysis of another group of mutants (the host-range mutant H5hr404 and the

related mutants H2hr400-hr403), which in contrast to wild-type virus grow ef-
ficiently in monkey cells, indicates that DBP is also involved in RNA proces-
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sing (10,14). Recently, we established the nucleotide sequence of the Ad5 DBP
gene and deduced from the nucleotide sequence that the DBP molecule (apparent
MW 72,000 daltons) is 529 amino acid residues long (8). Ad2 and Ad5 DBPs can
be cleaved by chymotrypsin into two fragments with a MW of 45 kD and 25 kD,
respectively (15, 16).

The C-terminal 45 kD fragment, about 360 amino acids long, binds to single-
stranded DNA (15, 16), is able to complement a defective in vitro DNA replica-
tion system of H5ts125 (17) and carries the H5ts125 mutation (8). The N-termi-
nal 25kDfragment, aboutl70 residues long, does not bind to single-stranded
DNA, is extensively phosphorylated and contains the H5hr404 mutation (8,15,16),
The structural and functional differences between these fragments strongly
suggest that DBP is composed of two domains.

In this report we extend our studies on the structure and function of DBP
by presenting the nucleotide sequence of the Ad2 DBP gene. We have also loca-
lized the site of the mutation in the DBP gene of another DNA synthesis-nega-
tive mutant Ad2 NDlts23.

MATERIAL AND METHODS
CelZ? and virz?es

Cell growth, propagation of Ad2 NDlts123 in HeLa cells and purification of
viral DNA were performed as described before (18). Ad2 NDlts23 was kindly
provided by J.F. Williams.
Plamsnzi and cleavage of DNA

The plasmid containing the Ad2 HindIII-A fragment inserted in the HindIII
site of pBR322 (19) was kindly provided by M. Perricaudet. Plasmids, grown in
HB101 were isolated according to Ish-Horowicz and Burke (20). For large-scale
isolations, plasmid DNA was further purified by CsCl density gradient centri-
fugation for 20 h in a Beckman V5OTi rotor at 45,000 rpm. The Ad2 HindIII-A
containing plasmid was double-digested with BglII and SacI and the resulting
BgZII-fragment (coordinates 60.2 and 63.6) and BgZII-SacI-fragment (coordina-
tes 63.6 and 69.1) were isolated (21). Subsequently the BgZII-fragment was
cleaved with saI and Hinf I, respectively, and the BgzII-sacI-fragment was
cleaved with DdeI, BstNI and xhoI, respectively.
The resulting fragments were 5'-endlabeled according to Maxam and Gilbert (22)
and digested with suitable restriction endonucleases to separate the two
labeled ends of each fragment and to generate a set of overlapping subfrag-
ments. These subfragments were subjected to DNA sequence analysis.
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DNA sequence determination

DNA sequence analysis was performed according to Maxam and Gilbert (22),
modified slightly in order to determine sequences for fragments longer than
250 nucleotides (8).

Sequence ladders of corresponding restriction fragments of Ad2 and Ad2
NDlts23 DNA were run side by side on the same sequence gel.

RESULTS AND DISCUSSION

Nucleotide sequence and organization of the Ad2 DBP gene

Figure 1 shows the established sequence of the Ad2 DBP gene and adjacent
regions. The numbering of the residues is according to the previously esta-
blished Ad5 sequence of this region (8).

The established Ad2 sequence between residues 690 and 991 is identical to

the Ad2 sequence of this region as determined previously by Akusjarvi et al.
(23). The positions of termination codons in the three reading frames of both
complementary strands is indicated schematically in Fig. 2. Since r-strand
transcripts are homologous to the 1-strand of Ad2 DNA, the position of termi-
nation codons in r-strand transcripts are indicated in the 1-strand sequence.
Likewise, the termination codons of 1-strand transcripts are indicated in the
r-strand sequence.

Long open reading frames are present in the r-strand between ATG2300 and
TM713 and in the 1-strand between ATG1747 and the right-hand end of the se-
quence shown in Fig. 1.

A comparison of the Ad2 and AdS sequences between residues 690 and 2346
shows a high degree of homology between both sequences and a limited number of
base pair changes (Fig. 1). The region between 2233 and 2346 at the 5'-end of
the DBP gene is identical in both serotypes. Since residue 2309 has been iden-
tified as the acceptor site at the 5'-end of AdS DBP encoding mRNAs (8), it is
very likely that the main bodies of Ad2 and Ad5 DBP encoding mRNAs have iden-
tical 5'-ends. Also the 3'-ends of Ad2 and Ad5 DBP mRNA are the same, since
the nucleotide sequences between residues 690 and 1085 are identical. The high
degree of homology between the Ad2 and Ad5 sequences suggests very strongly
that the open reading frame between ATG2300 and TM713 in the Ad2 sequences
encodes the Ad2 DBP.

Besides the long open reading frame encoding DBP, short open reading frames
are found in frame 3 of the r-strand from residues 2326 to 1796 and from 1155
to 838.
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529 PheAspPheProAsnGZnArnA laAsapSerHisA laVa 1ProLeuSerVa iAsnArnrT,rGInHis
690 GTGGGAACGGCAGACGCGGCAMTTTTTAGTTTCCCCAAGACGGCGCGTAGCGATACGCGGTGACCGTCCCTGTGCAACGCTATGACCAC

507 LysThrSerTrpLysPheGluProVal Va IMe tAraiProLeuGluThlrPPzeAsnGZuSerTrpLeuSerAr.Va Z.ie t ValLeuA iaAsn
780 AAATCACGAGGTGAATTTGAGTCCGTGTTGGTAGGCGCCGTCGAGCCACTTCAAAAGTGAGGTGTCCGACGCGTGGTAGTGGTTGCGCAA

477 LeuLeuAspProA ZaSerIleLzysPheAspCu-A.-nProGIziGZuGZ2GI.nA ioaArgSerAsnAr7TurVa ZProAsnCyuoCusGZnPhe
870 ATCGTCCAGCCCGCGGCTATAGAACTTCAGCGTCAACCCCGGAGGCGGGACGCGCGCGCTCAACGCTATGTGTCCCAACGTCGTGACCTT

447 VaIlZeLeuA boaProHisHis Va iSerA labeu V'a lSerlysAq)SerIle1,euAs*pA ZaAspLeuAospGluA ZaAsnSerLeuA ZaPhe
960 GTGATAGTCGCGGCCCACCACGTGCGACCGGTCGTGCGAGAACAGCCTCTAGTCTAGGCGCAGGTCCAGGAGGCGCAACGAGTCCCGCTT

417 ProThrLeuLysProLeuGinArCGZyLeuPheProA laHisGZzlProLis"'erA.>nCiwGuCZu2soA1rgfeuProMe tLeuLeulisGlu
1050 GCCTCAGTTGAAACCATCGACGGAAGGGTTTTTCCCACGTACGGGTCCGAAACTCAACGTGAGCGTGGCATCACCGTAGTCTTCCACTGG

* * * * GC* T

387 HisGlyThrGlnA laAsnProTyrLeuA laGZrne tPheA taLusIleGC nLisPheA laVa ZlGnA ZaLusA ZaGZuGluSerPhePhe
1140 CACGGGCCAGACCCGCAATCCTATGTCGCGGACGTACTTTCGGAACTAGACGAATTTTCGGTGGACTCGGAAACGCGGAAGTCTCTTCTT

* * T

357 Me tGlyCysSerLysGlySerPheGZnAsnAZaProCysA ZaA ZaAspHisVa1C,CoCysArnAZaAcApThrAonSerIZeGZnVaZVaZ
1230 GTACGGCGTTCTGAACGGCCTTTTGACTAACCGGCCTGTCCGGCGCAGTACGTGCGTCGTGGAACGCAGCCACAACCTCTAGACGTGGTG
*

* * * C .*
327 AsnArgGlyTrpAraAsnLys Va lIZeLusA ZLusSerSerGtnGtuLuyLeuA taAraGZnGlyA.,nGluSerThrVa lAspMe tGZu
1320 TAAAGCCGGGGTGGCCAAGAAGTGCTAGAACCGGAACGATCTGACGAGGAAGTCGCGCGCGACGGGCAAAAGCGAGCAGTGTAGGTAAAG

Phe
297 IZeVaiHisGiuLysAsnIZeMetIZeSerGluHisLeuiCyisLysLeuGuGluGlZuIteGZuAZaCusArSiHisLeuTrpLeuAlaCus
1410 TTAGTGCACGAGGAATAAATAGTATTACGAGGGCACATCTGTGAATTCGAGCGGAAGCTAGAGTCGCGTCGCCACGTCGGTGTTGCGCGT

* * A tS23-T
267 Gly ThrProGluHisHisLysTyrThrVa tlGuA laPheSerGlnLeuTyrA laGZnLeuPheAr.GlZyt4e tile tThrl a ZPheThrLus
1500 CGGGCACCCGAGCACCACGAACATCCAATGGAGACGTTTGCTGACGTCCATGCGGACGTCCTTAGCGGGGTAGTAGCAGTGTTTCCAGAA

* * T G
237 AsnSerThrPheThrLeuGZnLeuGtyAraHisGtuGtuAsnLeuTrpThrLysCyusVaZAlaAZaLeuA ZaGluVaGZlnAspProLeu
1590 CAACGACCACTTCCAGTCGACGTTGGGCGCCACGAGGAGCAAATCGGTCCAGAACGTATGCCGGCGGTCTCGAAGGTGAACCAGTCCGTC

207 LeuLysPheAsnAZaLysLeuAspAsnAsp VaZHisTurLysAspMe tLeuA laAraAZaAlaGIu le tGyLzsGZuTrpAZaSerVa I
1680 ATCGAACTTCAAACGGAAATCTAGCAATAGGTGCACCATGAACAGGTAGTTGCGCGCGCGTCGGAGGTACGGGAAGAGGGTGCGTCTGTG

VAt *G C
AVaZI WMet Ile Pro Glu

177 IleProLeuSerLeuProAsnIlZeVaZThrSerGtuSerGluA taGiuSerSerGZuGluLysGZuGZuGZnThrArglletGtyAryA la
1770 CTAGCCGTCCGAGTCGCCCAAATAGTGGCACGAAAGTGAAAGGCGAAGTGACCTGAGAAGGAAAAGGAGAACGCAGGCGTATGGGGCGCG

* GT * G TT C I C * G T
147 ValProAspAspGluAsnLeuArgArgVaZT1hrAraLysGZuGZyLysGZyHisLysIZeLeuValProProAsnSerPheGluVa iMet
1860 GTGACCCAGCAGAAGTAAGTCGG-CGGCGTGGCACGCGAATGGAGGGAACGGCACGAACTAATCGTGGCCACCCAACGACTTTGGGTGGTA

* * * A A *T
117 GZnLeuA laVa ZAspGZuArgGZuGZuGZuSerAspVa ZIZe Va ZGluProSerProProArraGluProLusProSerProArgLysLys
1950 AACATCGCGGTGTAGAAGAGAAAGAAGGAGCGACAGGTGCTAGTGGAGACCCCTACCGCCCGtGAGCCCGdAACCCTCTCCCCGCGAAGAA

* * ** * A *A T
Pro Ala

87 LsLusLusSerAZaIZeAlaLeuAspAlaThrSerThrSerProArgProSerProThrArgProVaZLeuAZaAspGZnSerSerAsp
2040 AAAGAkAAAACCTGCGTTACCGGTTTAGGCGGCAGCTCCAGCTACCGGCGCCCGACCCACACGCGCCGTGGTCGCGTAGAACACTGCTCAG

* G *C C A

57 AZuGuAspG uSerGAuLeuAArALeuAroLysLysProProA laArgProProProProSerProSerProSerSerValAsp
2130 AAGAAGCAGGAGCCTGAGCTCTGCGGC GCGltAAAAAACCCCCGCGCGCCCCTCCGCCGCCGCTGCCGCTGCCCCTGCTGTGCAG

* G A *A *G C
27 GluMe tThrProProArqArgA ZaA laGZyArqGlzArOGluProThrThrGluArc7GZnGluGluGluArgSerA ZaMe t DBP

2220 GAGGTACCAACCACCTGCAGCGCGGCGTGGCGtAGGCG~CGAGCCCCCACCAAAGCGCGACGAGGAGAAGGGCTGACCGGTAAAGGAAGAGI
* * C * * . S .

2310 GATATCCGTCTTTTTCTAGTACCTCAGTCAGCTCTTC- 5' r-strand
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In the 1-strand, both in Ad2 and Ad5 a long open reading frame is present
downstream from ATG1747, preceding the presumed initiation codon ATG2329 for
the 100 kD protein. At present, however, there are no indications that these
open reading frames encode proteins.
Amino acid sequence of Ad2 DBP

Figure 1 shows the amino acid sequence of Ad2 DBP as it can be deduced from
the nucleotide sequence of the Ad2 DBP gene. The Ad2 and Ad5 DBP amino acid
sequences differ at only nine positions (Fig. 1). These amino acid differences
are clustered in the N-terminal 175 residues.

As outlined in the Introduction, Ad2 and Ad5 DBP can be cleaved by chymo-
trypsin into two structurally and functionally different domains of 45 kD and
25 kD, respectively. The exact cleavage site of chymotrypsin that generates
these fragments is not known exactly, but there are indications that this site
is located around position 170 (Asselbergs, Van der Vliet, personal communica-
tions). Therefore, the differences between Ad2 and Ad5 are probably all loca-
ted in the N-terminal 25 kD fragment. Most amino acid differences between Ad2
and Ad5 are found between residue 157-175. The fact that these differences do
not seem to influence any vital function of this multifunctional protein, sug-
gests that the differences are located in a region of the DBP molecule which
serves as a linker between the functional regions of the N- and C-terminal
domains. However, further experiments are required to confirm this suggestion.
Analysis of the mutant Ad2 NDlts23

The mutant Ad2 NDlts23 was obtained after mutagenesis of the non-defective
virus Ad2ND1 (24). Ad2 NDlts23 has been mapped genetically in the same com-
plementation group as H5ts125. The DBPs of both mutants are thermolabile and
are sensitive to proteolytic degradation at the non-permissive temperature.
Both mutants are defective in viral DNA replication at 39.50C (25). The
kinetics of shut off of viral DNA replication in mutant-infected cells after
shift up to the non-permissive temperature are very similar for both mutants.

Figure 1. Nucleotide sequence of Ad2 DBP gene and adjacent regions. Only the
sequence of one strand, the r-strand, is indicated. The expected position of
the exon-intron junction at the 5'-end of the main body of DBP mRNA is indi-
cated by a vertical arrow. The nucleotide sequence differences present in Ad5
DNA are indicated underneath the Ad2 sequence. When base pair differences re-
sult in amino acid differences, the corresponding amino acids present in Ad5
are indicated above the Ad2 amino acid sequence. A horizontal arrow marks the
position of the mutation present in Ad2 NDlts23 along with the amino acid sub-
stitution due to this lesion. The positions 690 to 991 in this sequence cor-
respond to the positions 863 to 1164 in the nucleotide sequence determined by
AkUsjarvi et al. (23).
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Figure 2. Distribution of initiation and termination codons between co-ordi-
nates 6T.9 and 66.6 of Ad2 DNA. Termination codons are designated by tick
marks for each of three possible reading frames in r- and 1-strand sequences.
Open reading frames encoding the DBP and the 100 kD protein are indicated by
heavy lines.

These results indicate that H5ts125 and Ad2 NDlts23 are both DBP mutants,
which display a very similar phenotype. This prompted us to determine the site
of mutation in Ad2 NDlts23.

By comparing the complete sequences of the genes encoding Ad2 and Ad2
NDlts23 DBPs, we found a single-nucleotide alteration in the gene encoding
DBP. At position 1457 a C-residue in Ad2 has been changed into a T-residue in
the gene of Ad2 NDlts23. This results in the substitution of a leucine residue
at position 282 in Ad2 DBP by phenylalanine in DBP of the mutant Ad2 NDlts23
(Fig. 3). In H5ts125 the mutation is located at position 413 in the amino acid
sequence leading to a proline -* serine substitution. This clearly established
that H5ts125 and Ad2 NDlts23 are both mutants with lesions in the gene encoding
DBP, but that these lesions are located at different positions in the C-termi-
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Figure 3.Sequencing gels showing the site of mutation in Ad2 NDlts23.
At position 1457 (Fig. 1) C in Ad2 is altered into T in Ad2 NDlts23 as indi-
cated by arrows.

nal 45 kD domain.
These results support the notion that in particular the C-terminal domain

is involved in DNA replication, as was also suggested by the complementation
of a defective in vitro DNA replication system of H5ts125 by the C-terminal

45 kD fragment (17).

*To whom correspondence should be addressed.
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