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ABSTRACT

We have determined the nucleotide sequence of the uvsX gene of
bacteriophage T4 which is involved in DNA recombination and damage repair,
and whose product catalyzes in vitro reactions related to recombination
process in analogous manners ; to E.  E. coli recA gene product. The coding
region consisted of 1170 nucleotides d1rect1ng the synthesis of a
polypeptide of 390 amino acids in length with a calculated molecular
weight of 43,760. Amino acid composition, the sequence of seven NH,-
terminal amino acids and molecular weight of the protein deduced from tﬁe
nucleotide sequence were consistent with the data from the analysis of the
purified uvsX protein. The nucleotide sequence and the deduced amino acid
sequence were compared with those of the recA gene. Although a significant
homology was not found in the nucleotide sequences, the amino acid
sequences included 23% of identical and 15% of conservatively substituted
residues.

INTRODUCTION

The uvsX gene is dispensable for T4 phage multiplication in ordinary
laboratory strains of E. coli, but plays important roles in genetic
recombination, DNA repair and replication (1-3). We have purified uvsX
protein to near homogeneity. The purified gene product catalyzed in vitro
reactions related to general recombination (4) as recA protein of E. coli
(5-10). These include single stranded DNA dependent hydrolysis of ATP,
stimulation of pairing of camplementary single strands, D-loop formation
and branch migration with a polarity. However, these proteins differ each
other in some respects (4); for instance, uvsX protein had no proteolytic
activity on E. coli lexA protein, which is cleaved by recA protein at a
specific site and controls SOS-function of the cell (11), and there was no
immunological cross-reaction between these proteins (4). In addition,
electron microscopic observation has revealed that these proteins
cooperatively bind to double stranded DNA, but uvsX protein does not extend
the DNA as recA protein does (12).

We have determined the nucleotide sequences of the uvsX gene and its
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flanking regions, and deduced amino acid sequence of the gene product. We
also compared these sequences with those of the recA gene and its product.

MATERTALS AND METHODS
Bacteria, phages and plasmids

E. coli ED8689 (hsdR™, su”) and T4dC mutant (427 56~ denB unf) were
received from Dr. H. Takahashi (Tokyo Univ.) (13). An amber mutant in
uvsX gene (amxb) was described previously (14). Amber mutants in genes 40
(amF12) and 41 (amN81) were from Dr. L. Black (Univ. Maryl. Sch. Med.) and
our laboratory stock, respectively. A plasmid, pBR325 (15) was provided by
Dr. A. Oka (Res. Fac. Nucl. Acid) and the expression vectors, pNT204 and

pNT45 (16) were a gift from Dr. M. Imai (Inst. Virus Res.)
Preparation and manipulation of DNA

Purification of plasmids and M13 RFI DNA, gel electrophoresis and
other recombinant DNA techniques were done as described by Maniatis et al.
(17). Restriction enzymes were obtained from Takara Co. and used as
described by the supplier.
Marker rescue experiment

The method is described in a previous paper (18). Briefly, suspensions
of candidate clones were transferred onto plate which had been seeded with
a mixture of ED cells and UV-killed amxb.
DNA_sequencing

DNA sequencing was done by the dideoxy method of Sanger et al. (19) on
fragments cloned into M13mp18 or M13mp19 (20) using Takara's DNA
sequencing kit.
Purification of uvsX protein

The purification of uvsX protein has been described (4).
SDS-polyacrylamide gel electrophoresis

Cells in 0.2 ml of culture were pelleted and dissolved in 40 pl of
SDS-gel electrophoresis sample buffer and boiled for 2 min. Proteins were
separated by electrophoresis on SDS-polyacrylamide slab gels (21) and the
gels were stained with Coomassie brilliant blue.

RESULTS AND DISCUSSION
Cloning of T4 uvsX gene

Camparing the T4 physical map (22) and the genetic map around the uvsX
gene (2, 23), we assumed the gene would be located on a fragment of about
3kb EcoRI digest. T4dC DNA was digested with EcoRI and electrophoresed on a
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Fig. 1. Cleavage maps and sequencing strategy of the uvsX gene and its
flanking regions. (A) The position of uvsX gene (boxed) in the T4 physical
map (22). (B) The restriction map of the 3 kb Eco fragment. TagI sites
are indicated by vertical lines. (C) The sequenced fragments. The
directions and the extents of the sequence determinations are shown by
arrows.

1% agarose gel. The bands of about 3 kb were eluted and cloned into the
EcoR1 site on the Cm gene of pBR325. Al\mpR cm® clones were collected and
screened by a marker rescue test with UV-irradiated amxb as described in
Materials and Methods. pBSK101, a plasmid thus isolated, contained an EcoRI
fragment with an estimated size of 3.43 kb (3 kb Eco fagment). The plasmid
also rescued amF12 (407) but not amN81 (417). Mattson et al. (24) reported
another EcoRI fragment which rescued tsI84 (407), amN57, amA461 and amH601
(417). These observations suggest that an ECORI site exists in gene 40,
which is split , upon EcoRI digestion, into two fragments; the 3kb Eco
fragment and the fragment reported by Mattson et al. (24). Fig. 1 shows a
physical map of the 3 kb Eco fragment, corresponding to 21.15 through 24.38
units in the T4 map (22).

Confirmation of uvsX gene on the 3kb Eco fragment

We have proved the presence of the entire uvsX gene sequence in the 3
kb Eco fragment by cloning the fragment into the expression vector pNT45, a
derivative of pBR322 which carries the major leftward promoter (Pp) of
lambda. In bacterial strains carrying pNT204, which harbors the temperature
sensitive lambda repressor gene, cI857, temperature dependent expression of
genes inserteddownstreamofthePLp::unoter has been shown to occur (16).
AmpR transformants were isolated, followed by screening with marker rescue
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Fig. 2. Overexpression of uvsX gene. (A) Cells were grown at 30°C and
shifted to 42°C. Samples were taken at indicated times after the shift,
pelleted and dissolved in SDS-sample buffer, followed by electrophoresis in
SDS-polyacrylamide gels as described in Materials and Methods. (B) Purified
uvsX protein fram phage infected cells (lane 1) and induced cells (lane 2)
were subjected to SDS-polyacrylamide gel electrophoresis.

of a UV-irradiated T4 uvsX mutant. Several candidate clones carrying the
uvsX gene were transferred to 42°C to derepress the P; promoter. At
various times after the temperature shift, cells were collected and total
cell proteins were analyzed by SDS-polyacrylamide gel electrophoresis (Fig.
2A ). About a half of clones showed a dramatic increase in the amount of
proteins in two bands, the larger one of which had a molecular weight
identical to that previuosly determined for uvsX protein (4). The
overproduced protein was purified to near homogeneity (Fig. 2B ). The
overall yield was 10 mg from 1 g (wet weight) cells . The purified protein
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GAﬂTAGTGATGmGCCGGAMGCCCAGCTAGGCAAmGCAG‘I‘CAGMGAMCTMAGCMCTMMGMGC_T_H@MTMTCCATATGGTR
MAGMATAMCCATCACATMACG'I‘GACCAATMTGTGGGATMCATTGMAAGAHMAGNTATGGGMCTCPGGMMCCCGGNCTATTA
AGCTTAAAAAATTAGCAATTGAAGCTGGATTTCCAAATAAATCTTATGCAAGAATGCTCGAAGTATTTCGTGGAACAAGAACACTACTATAAGGTATTAT
erTGAmMMTCTCGﬂ‘TGAﬂMAGmCI‘AmCTAMTTGACI‘GCAGAA‘I‘TAACAGCAT(.‘TAMTTCT‘.ITAATGAAAAAGA'I‘GTAGTTCGAA

MetSerAspLeulysSerArgleul leLysAlaSerThrSerLysLeuThrAlaGluLeuThrAlaSerLysPhePheAsnGluLysAspValValArgT

CAAAAATTCCTATGATGAATATTGCACTTTCTGGTGAAATTACTGGTGGTATGCAATCTGGTCTGTTAATTTTGGCAGGTCCATCAAAATCATTTAAATC
hrLysIleProMetMetAsnIleAlaLeuSerGlyGluIleThrGlyGlyMetGlnSerGlyLeuLeulleLeuAlaGlyProSerLysSerPheLysSe

AAACTTTGGATTAACAATGGTGTCATCTTACATGCGTCAATATCCTGATGCAGTATGTTTGTTTTATGATAGTGAATTTGGTATTACTCCTGCTTATTTG
rAsnPheGlyLeuThrMetValSerSerTyrMetArgGlnTyrProAspAlavalCysLeuPheTyrAspSerGluPheGlyIleThrProAlaTyrLeu

CGGTCTATGGGAGTCGATCCAGAACGAGTAATTCATACTCCGGTTCAATCACTTGAGCAATTACGTATTGACATGGTTAATCAATTGGATGCAATTGAAC
Ar tGlyvVala oGl gVallleHisThrProvalGlnSerLeuGluGlnLeuArglleAspMetValAsnGlnLeuAspAlalleGluA

GCGGCGAAAAGGTAGTCGTTTTTATCGATTCACTTGGTAACTTAGCTTCTAAGAAAGAAACTGAAGATGCTTTARAATGAAAAAGTTGTTAGTGATATGAC
rgGlyGluLysValvalvalPhelleAspSerLeuGlyAsnLeuAlaSerLysLysGluThrGluAspAlaLeuAsnGluLysValvValSerAspMetTh

TAGAGCTAAAACAATGAAAAGCTTATTTCGTATCGTAACTCCCTATTTTAGTACTAAAAATATTCCATGTATTGCTATTAACCATACATACGAAACACAR
rArgAlaLysThrMetLysSerLeuPheArglleValThrProTyrPheSerThrLysAsnIleProCysIleAlalleAsnHisThrTyrGluThrGln

GAAATGTTTAGTAAAACAGTTATGGGAGGTGGTACTGGACCGATGTATTCGGCTGATACCGTATTCATTATCGGTAAACGCCAGATTAAAGATGGTTCTG
GluMetPheSerLysThrValMetGlyGlyGlyThrGlyProMetTyrSerAlaAspThrValPhelleIleGlyLysArgGlnIleLysAspGlySerA

ATCTTCAGGGGTATCAATTTGTTCTAAATGTAGAAAAATCTCGTACCGTTAAAGAAARAAGTAAATTCTTTATTGATGTTAAATTTGACGGTGGTATCGA
spLeuGlnGlyTyrGlnPheValleuAsnValGluLysSerArgThrValLysGluLysSerLysPhePheIleAspValLysPheAspGlyGlyIleAs

TCCTTATTCTGGATTGTTAGATATGGCTCTAGAATTAGGATTCGTGGTAAAACCTAAAAATGGCTGGTATGCTCGTGAATTTCTTGACGAAGAAACTGGC
PProTyrSerGlyLeuLeuAspMetAlaLeuGluLeuGlyPheValValLysProLysAsnGlyTrpTyrAlaArgGluPheLeuAspGluGluThrGly

GRGATGA'H‘C_GCGAAGAMAATC‘K"H;GCG‘PGCAAMGATACCAAC‘I‘GCACI'ACATTCTGGGTCCH'ATTAAGCATCAACCATTCCGAGATGCTATTAAAC
GluMetIleArgGluGluLysSerTrpArgAlaLysAspThrAsnCysThrThrPheTrpValleulleLysHisGlnProPheArgAspAlalleLysA

GTGCTTATCAGTTAGGTGCTATTGATAGTAATGAAATTGTTGAAGCTGAAGTTGATGAATTGATTAACTCAAAGGTTGAAAAATTTAAATCTCCAGAAAG
rgAlaTyrGlnLeuGlyAlalleAspSerAsnGlullevalGluAlaGluValAspGluLeulleAsnSerLysValGluLysPheLysSerProGluSe

TAAAAGTAAATCAGCTGCTGATTTAGAAACTGACCTCGAACAGCTAAGTGATATGGAAGAATTTAATG, AGATGRTTTAGATTTAGATCTAGAAAT
rLysSerLysSerAlaAlaAspLeuGluThrAspLeuGluGlnLeuSerAspMetGluGluPheAsnGlu

TATCGATGAATCCCCCT:! EAGGGGMGMGMAGAAMGAACGTC'I'TT‘K'IMTGAGTCTC"AAGATMHMATCTGCTATGGMMTGHATCC

AGGAGATTGTCATTAAACTAGAAGATGGTTCTACGCATATAGTGTATGTAACTAAACTGGATTGGGTTGATGGAAAGGTTGTAATGGACTTTGCTGTTCT

Fig. 3. Nucleotide sequences of the uvsX gene and its flanking regions.
The initiation codon (ATG) and two termination codons (TAA, TGA) are boxed.
The Shine-Dalgarno sequence is indicated by a wavy line. The putative -10
and -35 promoter sequences are indicated by a double line and an underline,
respectively. A palindramic sequence is indicated by arrows. The predicted
amino acid sequence is shown under the nucleotide sequence. A dashed
underline indicates the amino acid sequence confirmed by protein

sequencing.

showed the same specific activity in hydrolysis of ATP to ADP + Pi (T.
Shibata, personal communication), D-loop formation and branch migration as
uvsX protein purified from phage-infected cells (data not shown).
Nucleotide sequences of the uvsX gene and its flanking regions

The sequencing strategy is shown in Fig. 1C. The 3kb Eco fragment was
digested with BglII and PstI, and the resulting three fragments were
separated by agarose gel electrophoresis. Each fragment was digested with
TagI and cloned into M13mpl8 or M13mpl9. DNA sequences of the cloned

fragments were determined by the dideoxy method of Sanger et al. (19).

Nucleotide sequences of an open reading frame coding for a polypeptide of
390 amino acid residues, corresponding to the uvsX gene as described below,
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Table 1 Amino Acid Composition of uvsX protein

Residues
| Amino acid observed predicted
Ala 25 22
Arg 17 16
Asn - 14
Asp - 25
Asx 41 39
Cys - 3
Gln - 12
Glu - 33
Glx 49 45
Gly 27 24
His 3 3
Ile 23 25
Leu 31 31
Lys 33 34
Met 15 15
Phe 21 21
Pro 13 13
Ser 35 34
Thr 25 24
Trp - 3
Tyr 10 1
Val 24 26

and its flanking regions are presented in Fig. 3.

To show that the open reading frame encodes the uvsX gene, the amino
acid sequence of the seven residues from the NH, terminus of the uvsX
protein isolated from T4-infected cells was determined. The sequence was
NH,-Ser-Asp-Leu-Lys-Ser-Arg-Leu, in perfect agreement with the sequence
predicted from the nucleotide sequence, except for the absence of the Met
residue at the NH, terminus. The amino acid composition of the purified
uvsX protein is also in good agreement with the composition of the protein
predicted from the nucleotide sequence (Table 1). The molecular weight of
uvsX protein deduced from the nucleotide sequence is 43,760 in the absence
of the initiating Met residue. This is in reasonable agreement with the
molecular weight of 39,000 which was estimated by SDS-polyacrylamide gel
electrophoresis (4). Fram these facts, we conclude the sequence codes for
uvsX gere.

The initiation ATG codon (boxed) of the uvsX gene is preceeded by a
Shine-Dalgarno sequence (wavily lined), a ribosome binding site, at an
appropriate distance. Consensus promoter sequences, the putative -35
(underlined) and -10 (doubly lined) sequences were found at about 200 bp
upstream fram the ATG codon. The putative -35 sequence is consistent to the
middle promoter of T4, which requires the mot gene product of T4 for
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Fig. 4. Amino acid sequences of uvsX and recA proteins. The recA protein
sequence (upper line) is described by by Horii et al. (32) and Sancar et al.
(33); the uvsX protein sequence (lower line) is determined in this paper.
Identities(dotted) and conservative substitutions are boxed. The common
sequence in ATP binding sites is indicated by a double line.

expression (25). Interestingly, the uvsX gene has two overlapped -35 middle
promoter sequences. There is no direct evidence that the synthesis of uvsX
protein depends on the mot protein, but kinetic study of the incorporation
of 3H-leucine into proteins indicated that the synthesis was not immediate
early but delayed early (14). There are two tandemly aligned termination
codons, TAA and TGA (boxed), which are followed by a stem- and loop-
sequence rich in GC (arrowed).
Structure of uvsX protein

The protein has a Tyr-rich region between residues 76 and 99 where
four Tyr residues are occuring at 4 to 10 residue intervals, and its COOOH-
terminal region (residues 374 to 390) is rich in acidic residues. These

features are common among single stranded DNA binding proteins from various
sources (26-30). However, it should be noted that unlike other single
stranded DNA binding proteins the single stranded DNA-uvsX protein complex
is extremely unstable at physiological temperature (unpublished). Walker et
al. (31) suggested sequences cammon to ATP binding sites among ATPases. One
of them, Gly-X-X-X-hydrophobic-hydrophobic-hydrophobic-hydrophobic-Asp is
present in uvsX protein (residues 135 to 143).
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Comparison of the nucleotide and amino acid sequences of uvsX and those of
recA.

As mentioned in Introduction, uvsX and recA proteins play a pivotal
role in recombination and catalyze several common in vitro reactions. We

compared the nucleotide sequences of genes uvsX and recA , the latter
having been determined by Horii et al. (32) and Sancar et al. (33). No
significant hamology in nucleotide sequences was found between these genes.
The amino acid sequences of the uvsX and recA proteins are aligned to get
good matches as shown in Fig. 3, although any alignment of two proteins
will show some accidental homology as pointed out by Doolittle (34).
Approximately, 23 % of amino acid residues along the sequences is identical
each other and a further 15 % is conservatively (35) substituted. The
conserved sequence proposed for the ATP-binding site of ATPases is found at
the similar position from the NH, terminus, starting at residue 135 of uvsX
protein and at residue 137 of recA protein. In addition, the amino acid
sequences of the flanking regions of the ATP-binding site are considerably
conserved; 50% in 50 residues on the NH, terminal side and 53% in 14
residues on the COOH terminal side. The COOH-terminal regions of two
proteins are rich in acidic residues as cammonly observed in DNA-binding
proteins., However, in recA protein there is no Tyr-rich region at the
corresponding position of uvsX protein. Further analysis and camparison of
the structure and functions of these proteins would provide information
necessary to understand the essential structure of recombination protein.
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