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ABSTRACT
The complete nucleotide sequence of the E§gh2raghi ggli regc gene which

encodes a subunit of the ATP-dependent DNase, Exonuclease V, has been
determined. The proposed coding region for the RecB protein is 3543
nucleotides long and would encode a polypeptide of 1180 amino acids with a
calculated molecular weight of 133,973. The start of the r2fl coding sequence
overlaps the 3' end of the upstream ptr gene, and the 2egB termination codon
overlaps the initiation codon of the downstream r22D gene, suggesting that
these genes may form an operon. No sequences which reasonably fit the
consensus for an EL ggli promoter could be identified upstream of the
proposed rcB translational start. The predicted RecB amino acid sequence
contains regions of homology with ATPases, DNA binding proteins and DNA
repair enzymes.

INTRODUCTION
The r2B and regC genes of Esgb2r1cha gQg i code for subunits of

Exonuclease V (1-3), which is required for genetic recombination, efficient
repair of DNA and maintenance of cell viability (4-6). The enzyme unwinds

double-stranded DNA to produce single-stranded loops (7,8) which are cleaved

predominantly adjacent to Chi sequences, (5'-GCTGGTGG-3') (9,10), known to

locally stimulate genetic recombination (see [111 for a review) via the RecBC
pathway (12). The enzyme possesses a number of other activities including
exonuclease activity on single- and double-stranded DNA, and endonuclease

activity on single-stranded DNA. Both the unwinding and the nuclease
activities of the enzyme require concomittant hydrolysis of ATP (see [13] for
a review).

The recB and rcC genes have been cloned and their products identified as

proteins of approximately 135 kDa and 125 kDa respectively (14-16). The genes
are physically closely linked (4,5) and can be isolated on a 19 kb BamHI
fragment of the i g2]4 chromosome (15,16). Haxicell analysis of recombinant

plasmids containing this fragment has demonstrated that RtC, the struotural
gene for Protease III, lies between rgQ and MgD (16).
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An understanding of the mechanisms of action of the individual components

of Exonuclease V will depend on an analysis of the the specific interactions

between the different subunits of the enzyme both with each other and with

DNA. For such studies, a knowledge of the primary sequences of the individual

proteins will be necessary. As a first step in this study we have determined

the sequence of the region of the EL QQli chromosome between thyA and argA,

which includes the recB and recC genes. Analysis of this sequence should also

give an insight into possible mechanisms by which the expression of these

genes is controlled. We have previously determined the entire sequence of the

thyA-r2g intergenic region (17), the regg gene (17) and the copplete ptr
gene (28). Here, we report the complete nucleotide sequence of the recB gene

and discuss sequence homologies between the predicted amino acid sequence of

the RecB protein and ATPases, DNA binding proteins, and enzymes involved in

DNA repair.

METHODS

Bacterial strga§B and p1 asmids
The source of the rcB gene was either pPE399 (18,19) which carries the

gene on a 7 kb XhoI fragment of chromosomal DNA cloned into the vector pAT1S3

(20), or pIDH201 which carries a 19 kb BamHI fragment of chromosomal DNA

containing the entire thYA-argA region of the chromosome cloned into pBR328.

JM105 was used as a host for the phage cloning vectors M13 mpl8 and mpl9

(21), and their recombinants.

DNA §eqnm_ Analysis
DNA sequence analysis was performed by the dideoxy chain termination

method (22) using single-stranded DNA from clones of M13 mplg and mpl9, a

synthetic 17 base universal primer and ta35S] dATP (Amersham) as radiolabel.

The nuoleotide sequence was determined by electrophoresis through 0.4 mm

polyacrylamide buffer gradient gels (23) followed by exposure to Fuji RX X-

ray film.

Initially, the sequence was built up by determining the sequences of

pPE399 restriction fragments cloned into M13 mp8 or M13 mp9 RF DNA. Further

clones were generated by using the enzyme Bal-31 to delete increasingly large

DNA fragments from the region to be sequenced, in order to bring more distant

sequences within range of the universal primer (25). Shotgun clones of the

3.0 and 3.6 kb PstI fragments of pIDH201 were also generated by randomly

shearing the DNA by sonication. Fragment ends were repaired using T4 DNA

polymerase and dNTPs, and then cloned into SmaI cleaved, alkaline phosphatase
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treated M13 mp18 RF DNA as previously described (17,24). The complete

sequence was determined on both strands.

Computer programs developed by Queen and Korn (26) and Staden (27) were

used to assemble and analyse the sequence. Molecular weights calculated by

these programs differed slightly. Those reported in this paper were

calculated according to (26).

DNA Binding

The RecB and RecC proteins were purified as described previously (19).

Binding of these proteins to heat-denatured [3H]-A DNA was measured using

nitrocellulose filters, essentially as described (49).

RESULTS

Nucleotide Sequence
The sequence of a 3,960 bp region of the E. ggli chromosome that carries

the entire recB gene is shown in Fig. 1. The sequence is numbered from the

unique PstI site in the thyA gene (17) and is continuous with the numbering

we have used for the regC (17) and ptr genes (28). The putative 3543 bp reeB

coding sequence begins at the ATG initiation codon at bp 8967 and continues

until the TAA termination codon at bp 12509. This would direct the synthesis

of a polypeptide of 1180 amino acids with a calculated molecular weight of

133,974. The ATG initiation codon is preceded 8 bp upstream by the sequence

GAG, which is homologous to part of the consensus ribosome binding sequence

(29).

Assignment of the start of the re_ coding sequence to the ATG at bp 8967

and not that at bp 9327 was by two criteria. Firstly, initiation at bp 9327

would give a RecB protein with a molecular weight of 120,688 which is less

than that observed by SDS-PAGE (14-16) and also less than that of the RecC

protein determined from its nucleotide sequence (17). However, on SDS-PAGE,

the RecB protein has always been found to have a higher molecular weight than

the RecC protein (14-16). Secondly, the RecB protein is known to be a DNA-

dependent ATPase (19), and the only sequence homologous to the consensus for

both ATP binding proteins and DNA binding proteins in the predicted RecB

amino acid sequence is found in the region encoded between these two ATG

start codons (see below).

In the 326 nucleotides preceding the regg gene there are no sequences

that reasonably fit the consensus E. gQlQ promoter -10 (TATAAT) and -35

(TTGaca) sequences (30).

In the sequence presented in Fig. 1, in addition to the regB coding
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0 I0 0 A V I T QO L 0 A P Q T L G E E A S K L
GCAAATCCAGCAGGCGGTAATTACCCAGATGCTGCAGGCACCGCAAACGCTCGGCGAAGAAGCATCGAAGTTAA

8650 8660 8670 8680 8690 8700 8710

I V A Q I K L L T P Q K L A D FF H Q A V V E P
AATCGTGGCCCAGATAAAACTGCTGACGCCGCAAAAACTTGCTGATTTCTTCCATCAGGCGGTGGTCGAGCCGC

8770 8780 8790 8800 8810 8820 8830

A E Y V H P E G W K V W E N V S A L Q Q T M P L

AGCCGAATATGTACACCCTGAAGGCTGGAAAGTGTGGGAGAACGTCAGCGCGTTGCAGCAAACAATGCCCCTGA
8890 8900 8910 8920 8930 8940 8950

L P L L G E R L I E A S A G T G K T F T I 6 A L
GCTTGCCCTTACAGGGTGAGCGCCTGATTGAAGCCTCTGCCGGCACAGGCAAAACCTTTACGATTGCGGCGCTC

9010 9020 9030 9040 9050 9060 9070

P L T V E E L L V V T F T E A A T A E L R G R I
GCCCGCTGACCGTTGAAGAACTGCTGGTGGTCACCTTTACCGAGGCTGCCACGGCAGAATTGCGCGGTCGTATC

9130 9140 9150 9160 9170 9180 9190

D N P L Y E R L L EE 06ID D K A 0 A 6 Q W L L
CCGACAATCCACTGTACGAACGCCTGCTGGAAGAGATCGACGATAAAGCGCAAGCCGCGCAGTGGTTGTTGTTA

9290 nr9250 9260

C 008 L N L
TTTGCCAGCGCATGCTCAACCTG

9370 9380

GCTACCCGCTGCCGCGTGAAATA
9490 9500

P0D0K T L A
CGCCCGATGATGAAACGCTGGCT

9600 9620

DORAR F NOR
TTGATCGACGCAAGTTTAACCGT

9730 9740

F LOODR TAX
GTTTCTTAGAAGATCGCACGAAG

9850 9860

TGGCTGAGATCCGCGAAACAGTA
9970 9980

600 TOR F P
CGGCGATCCGTACGCGATTCCCG

10090 101000

TTGGCGACCCGAAGCAGGCCATA
10210 107,20

00330 10340

AAGGTGAAACACAGCCTGCGATG
10450 10460

10570 00580

CGTTGCTGGAAATCCCTTCCGTT
10690 10700

TGCGTAGTGCGCTGGCAACGTCA
10810 00820

RKR G V M P~~~~;

9270 9280

N A F E S G
AATGCCTTTGAATCCGGC

9390 9400

A Q V V F E
GCCCAGGTCGTCTTTG0 A

9510 9520

S R H0 Q I
TCCCGTCACGCGCAAATT

96 30 9640

S N Q A K W
AGCAATCAGGCTAAATGG

9750 9760

A G G E T P
GCCGGGGGGGAAACCCCG

9870 9880

A R E K R R
GCGCGTGAAAAACGCCGC

9990 10000

V A M I D E
GTGGCAATGATCGATGAA

10110 10120

Y A F R G A
TATGCATTCCGGGGTGCG

10230 10240

L F S Q T D
CTTTTCAGCCAGACTGAT

10350 10360

K M W L M E
AAAATGTGGCTGATGGAA

10470 10480

L M N G D D
CTGATGAACGGCGACGAC

10590 10600

Y L S N R D
'TACCTTTCGAACCGCGAC.

10710 10720

M M G L N A
.ATGATGGGGCTGAACGCG

10830 10840

M L R A L M

9890

TGCTGTCATTGA

9100

10130

10250

9890

R G E L
GTGGCGAATTGA

10610

10 8 0

'TCAGGATACC

10250

I,D A FI

;GCGACAAGCTGC

ARH P V
CGACGTCCGGTG'

XTGGCGTAATT

10730

LD I E
;ATGATATCGAA

10250

D A R N

030 LIE K0

CAGCAGCTGATTGAAGATGAG
9420 9430

P06A L L 00D
CCGCAGGCGTTGCTGCGCGAT

9540 9050

D TOV 1000W
GATACGGTAAAACAGCAGTGG

9660 9670

AGCGCCTGGGCAGAAGAAGAG
9780 9790

TTTGAGGCGATCGATCAACTG
9900 99100

O F 008 LIS
GGTTTTGATGACATGTTAAGT

00020 00030

GACCCCCAGCAGTACCGAATT
10143 10150

TATATGAAGGCGCGTAGCGAA
10260 10270

TTTCGCGAAATACCGTTTATT
10380 10390

GGCGTTGGCGATTATCAAAGT
10000 10500

CGTGCTTCGGACATCAGTGTG
00620 10630

T L 66A068
10740 10750

ACGCTGAACAATGACGAACAT,
10860 10870

1AE N L L A~~~~_

GGCGCAAACGTGGCGTTATGCCGATGCTGCGGGCGCTGATGTCGGCGCGTAACATTGCTGAAAACTTGCTGGCAi
10930 10940 10950 10960 10970 10980 10990

L L Q E A G T O L E S E H A L V R W L S 0 H I L
AACTGCTACAAGAAGCCGCAACGCAGCTGGAAAGTGAACATGCGCTGGTACGCTGGTTATCGCAACATATCCTCI

11050 11060 11070 11080 11090 10000 00000

K H L V 0 I V T I H K S K0 L E Y P L V W L P F
ATAAACATCTGGTGCAGATTGTCACGATCCACAAATCGAAAGGGCTGGAATATCCATTGGTCTGGCTGCCGTTT.

11170 11180 11190 11200 11210 11220 11230

S F E A V L D L N A A P E S V D L A E A E R L A
ACTCGTTTGAGGCAGTTCTGGATCTTAATGCTGCGCCAGAAAGCGTCGACCTCGCGGAGGCCGAACGTCTGGCGI

11290 11300 11310 11320 11330 11340 11350

C S L G V A P L V R G D 0K G D T D V H 0 S
ATTGCAGTCTCGGOGTTGCACCGCTGGTGCGCCGTCGTGGCGATAAAAAAGGTGACACCGACGTCCACCAAAGTt

11410 11420 11430 11440 11450 11460 11470

S K D F D R G N Al R F D S R D K
GTAAAGATTTCGATCGCGGCAATATGCGCTTCGATTCGCGTGATAA

8720 8730 8740 8750 8760

Q G R A I L S Q I S G S Q N G K
AAGGCATGGCTATTCTGTCGCAGATTTCCGGCAGCCAGAACGGGAA

8840 8850 8860 8870 8880

M S E K N E I

M S D V A E T L D P L R
TGAGTGAAAAGAATGAGTGATGTCGCCGAGACACTAGATCCTTTGC

8960 8970 8980 8990 9000

J L A L GL L G S F P R
TATTTGCGCCTGTTACTTGGACTAGGCGGTTCCGCCGCCTTTCCCC

9080 9090 9100 9110 9120

R S N I H E L R I A C L R E T T
CGTAGCAATATCCACGAGTTGCGCATCGCCTGTCTGCGTGAAACCA

9200 9210 9220 9230 9240

A E R 0 M D E A6 V F T I H G F
GCCGAACGGCAGATGGATGAAGCGGCAGTCTTTACTATTCACGGCT

9320 9330 9340 9350 9360

S L L R Y Q A C A D F W R R H C
TCTCTGCTACGCTACCAGGCCTGCGCCGATTTCTGGCGTCGCCACT

9440 9450 9460 9470 9480

I N R Y L Q G E A P V I K A P P
ATTAATCGTTATCTGCAAGGCGAAGCGCCGGTTATCAAAGCACCGC

9560 9570 9580 9590 9600

R D A V G E L D A L I E S S G I
CGCGACGCAGTGGGTGAACTGGATGCGCTGATCGAATCTTCTGGTA

9680 9690 9700 9710 9720

T N S Y Q L P E S L E K F S 0 R
ACAAACAGTTATCAGTTGCCGGAGTCGCTGGAAAAATTCTCCCAGC

9800 9810 9820 9830 9840

L A E P L S I R D L V I T R A L
CTTGCAGAACCATTGTCGATCCGCGATCTGGTGATCACCCGCGCAT

9920 9930 9940 9950 9960

R L D S A L R S E S G E V L A A
CGGCTCGATTCCGCGCTGCGTAGCGAAAGCGGTGAGGTGTTGGCAG
10040 10050 10060 10070 10080

FR R I W H H 0 P E T A L L L I
TTTCGCCGTATCTGGCACCATCAGCCGGAAACCGCATTGTTGCTAA
10160 10170 10180 10190 10200

V H0 H Y T L D T N W R S FP G
GTTCACGCCCACTACACTTTAGACACCAACTGGCGTTCCGCACCAG
10280 10290 10300 10310 10320

P V0 S A G K N Q A L R F V F K
CCAGTGAAATCAGCCGGGAAAAATCAGGCGTTACGTTTTGTATTTA
10400 10410 10420 10430 10440

T M A Q V C A A Q I R D W L Q A
ACCATGGCGCAGGTATGTGCTGCGCAAATCCGCGACTGGCTACAAG
10520 10530 10540 10550 10560

L V R S R Q E A A Q V R D A L T
CTGGTGCGCAGCCGCCAGGAGGCCGCCCAGGTGCGCGATGCCTTAA
10640 10650 10660 10670 10680

L W L L Q A V M T P E R E N T L
CTTTGGTTGTTGCAGGCGGTGATGACGCCCGAACGTGAGAACACCC
10760 10770 10780 10790 10800

6 W D V V V E E F D G Y R 0 I W
GCGTGGGATGTGGTAGTCGAAGAGTTCGATGGTTATCGGCAAATCT
10880 10890 10900 10910 10920

T A G G E R R L T D I L H I S E
ACGGCAGGCGGTGAGCGGCGTCTTACCGATATCTTGCATATCAGCG
11000 11010 11020 11030 11040

E P D S N A S S 0 0 8 R L E S D
GAGCCAGACAGTAATGCCTCCAGCCAACAAATGCGTCTCGAAAGTG
11120 11130 11140 11150 11160

I T N F R V0 E 0 A F Y0 D R H
'ATCACCAATTTCCGCGTCCAGGAGCAGGCGTTTTATCACGATCGCC
11240 11250 11260 11270 11280

E D L R L L Y V A L T R S V W H
GAAGATCTGCGTTTGCTTTACGTGGCGCTGACACGTTCGGTTTGGC
11360 11370 11380 11390 11400

A L G R L L 0 1 G e P Q D A6 G
OCGCTOGGGCGTTTGCTGCAAAAGGGGAACCGCAAGATGCGGCAG
11480 11490 00500 01500 11520
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L R T C I E A L C D D D I A W Q T A 0 T G D N Q P W Q V N D V S T A E L N A K T
GGCTTCGCACCTGTATTGAAGCGTTATGCGATGATGATATTGCCTGGCAAACGGCACAAACTGGTGATAACCAACCCTGGCAGGTTAATGATGTTTCTACAGCAGAGCTGAATGCGAAGA

11530 11540 11550 11560 11570 11580 11590 11600 11610 11620 11630 11640

L Q R L P G D N W R V T S Y S G L Q Q R G H G I A Q D L N P R L D V D A A G V A
CGTTACAACGATTGCCCGGOGATAACTGGCGOGTCACCAGCTACTCTGGTTTGCAACAGCGTGGTCACGGTATCGCCCAGGATTTGATGCCTCGGCTGGATGTCGATGCTGCAGGCGTTG

11650 11660 11670 11680 11690 11700 11710 11720 11730 11740 11750 11760

S V V E E P T L T P H Q F P R G A S P G T F L H S L F E D L D F T Q P V D P N W
CCAGCGTCGTTGAAGAACCGACGTTAACACCACATCAGTTCCGCGCGGTGCGTCACCGGGGACGTTCTTGCACAGTTTGTTTGAAGACCTGGATTTTACCCAGCCGGTTGACCCGAACT

11770 11780 11790 11800 11810 11820 11830 11840 11850 11860 11870 11880

V R EK L E L G G F E S EW e P V L T e W I T A V L Q A P L N E T G V 5 L S Q L
GGGTGCGGGAAAAACTGGAACTCGGCGGCTTTGAATCGCAGTGGGAACOGGTATTGACCGAGTGGATCACGGCTGTCCTCCQGGCACCTCTCAATGAAACCGGCGTAAGCCTGAGTCAAC

11890 11900 11910 11920 11930 11940 11950 11960 11970 11980 11990 12000

S A R N 0 Q V E M E F Y L P I S E P L I A S Q L D T L I R Q F D P L S A G C P P
TTTCCGCCCGCAATAAACAGGTGGAGATGGAGTTTTATCTGCCGATTAGTGAACCGCTTATCGCCAGTCAGCTTGATACGTTAATCCGCCAGTTTGACCCGCTATCCGCAGGCTGCCCGC

12010 12020 12030 12040 12050 12060 12070 12080 12090 12100 12110 12120

L e F M 0 V R G M L F DL V F R H E G R Y Y L L D Y S N W L G E D S AA
CGCTGGAGTTCATGCAGGTACGTGGCATGTTAAAAGGCTTTATCGACCTGGTGTTCC.GCCACGAAGGGCGTTATTACCTGCTCGACTATAMMTCCAMCTGGTTGGGTGAAGACAGTTCGG

12130 12140 12150 12160 12170 12180 12190 12200 12210 12220 12230 12240

Y T Q 0 A M A A A 8 Q A H R Y D L Q Y 0 L Y T L A L H R Y L R8 R I A D Y D Y E
CTTACACCCAACAGGCTATGGCAGCGGCAATGCAGGCACACCGCTATGATCTGCAATATCAGCTTTATACCCTGGCGCTGCATCGTTATCTGCGCCATCGCATTGCTGATTACGACTATG

12250 12260 12270 12280 12290 12300 12310 12320 12330 12340 12350 12360

H H F G G V I Y L F L R G V D K E H P Q Q G I Y T T R P N A G L I A L M D E MF
AGCACCACTTTGGCGGCGTTATTATCTGTTCCTGCTGGCGTTGATAAAGAACATCCGCAACAGGGGATTTACACAACCCGACCCAACGCCGGGTTGATTGCCCTGATGGATGAGATGT

12370 12380 12390 12400 12410 12420 12430 12440 12450 12460 12470 12480

M K L Q K Q L, L E A V E H I Q L R P L D V Q F A L T V A G D E
A G N T L E E A *

TTGCCGGTA9GACCCTGGAGGAGGCGTAATG4ATTGCAA12GCAATTACT5GAAGCTGTGGAGCACAACAGCTACGCCCGCTGGATGTGC 8TTTGCCCTGACCG0GGCGGGA1ATG12490 12500 12510 12520 12530 12540 12550 12560 12570 12580 12590 12600

Figure 1
Nucleotide sequence of the recB gene. The numbering of the nucleotides is
from the PstI site within the thyA gene (17) and is continous with that used
for the recC (17) and ptr genes (28). The recB gene and its deduced amino
acid sequence is proposed to begin at bp 8967. The coding sequence for the C-
terminus of protease III extends from bp 8,641 to bp 8,974, and the coding
sequence for the N-terminus of the ReoD protein extends from bp 12,509 to bp
12,600. The region of the RecEB amino acid sequence that is homologous to the
consensus found in other ATPases (residues 23 to 37) is boxed.

sequence, there are two other open reading frames. The first extends from bp

8641 to a termination codon, TGA, at bp 8974 and therefore overlaps the

proposed reg_ translational start by 8 nucleotides (including the termination

codon). This reading frame is the coding sequence for the C-terminal portion

of Protease III (28). The second open reading frame, which extends from the

ATG initiation codon at bp 12,509 and continues until bp 12,600, overlaps the

rc2 termination codon by 1 nucleotide. This is the proposed start of the

r2 gene encoding the a subunit of Exonuclease V discussed in the

accompanying paper (31).

C2420 U9ige and AmiEQ AgiQ 9Q22PRE12Q
The RecB protein is present in low copy number in the cell (8,19), an

apparently common feature of DNA repair enzymes in EL cQQ2 (32-34). In

efficiently expressed genes rare codons normally occur at a level of 4% in

the coding frame versus 11% and 10% in the non-coding frames, whilst in genes

which code for low copy number proteins the rare codons are found in equal
frequency in all three reading frames (35). The rare codons, which are ATA
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1abl 1
Codon Usage in the rm Gene

TTTPhe 30 TCT Ser 6 TAT Tyr 18 TGT Cys 3
TTC Phe 14 TCC Ser 11 TAC Tyr 12 TGC Cys 7
TTA Leu 14 TCA Ser 3 TAA End 1 TGA End 0
TTG Leu 32 TCG Ser 11 TAG End 0 TGG Trp 23

CTT Leu 13 CCT Pro 5 CAT His 12 CGT Arg 37
CTC Leu 12 CCC Pro 8 CAC His 17 CGC Arg 40
CTA Leu 7 CCA Pro 9 CAA Gln 24 CGA Arg 6
CTG Leu 66 CCG Pro 30 CAG Gln 47 CGG Arg 9

ATT Ile 20 ACT Thr 6 AAT Asn 15 AGT Ser 17
ATC Ile 31 ACC Thr 26 AAC Asn 17 AGC Ser 16
ATA Ile 3 ACA Thr 9 AAA Lys 24 AGA Arg 0
ATO Met 31 ACG Thr 19 AAG Lys 7 AGG Arg 0

OTT Val 17 GCT Ala 13 GAT Asp 48 GGT Gly 19
OTC Val 15 GCC Ala 33 GAC Asp 26 GGC Gly 28
OTA Val 9 GCA Ala 26 GAA Glu 67 GGA Gly 4
GTG Val 21 GCO Ala 45 GAG Glu 29 GGG Gly 13_

(Ile), TCG (Ser), CAA (Gln), AAT (Asn), CCT and CCC (Pro), ACG (Thr) and AGG
(Arg), occur at a frequency of 7.2% in the r2flc coding frame, and at 13.1%

and 9.1% in the non-coding frames (Table 1). The pattern of codon usage

within rgi appears therefore to be indicative of an intermediate level of

translation.

The level of expression of a gene can also be correlated with the choice

between U and C in codon position 3. A preference exists in well expressed EL
ggj, genes for nucleotides in the 'wobble' position that yield a codon-

anticodon binding interaction of intermediate strength. This interaction is

optimised when a C follows AU, UA, UU and AA doublets and when a C follows

OC, CG, CC and GO doublets (36,37). However, in weakly expressed genes this

bias is not present. In the re2l coding sequence, AU, UA, UU and AA doublets

are followed by a T in 53% of cases and C in 47%. Similarly, GC, CG, CC and

GG doublets are followed by a T in 40% of the cases and by a C in 60%. This

indicates that the efficiency of translation may be decreased in r.
From the predicted amino acid sequence, the RcEB protein consists of 123

(10.4%) basic residues and 170 (14.4%) acidic residues representing a net

charge of -47, consistent with its acidic isoelectric point of approximately
5.6 (38. our unpublished results).

Itm&kitioitiQ& et afN&aflhLIE Lin4ing 2t in the R2B2 ErQtoL
Walker et al. (39) identified a conserved sequence that is present in a

number of adenine nucleotide binding proteins, such as ATPases. Similar
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TabJ2 2
Alignment of putative ATP binding sequences in the Re¢B protein and other L

gQQi DNA repair enzymes. Identical or similar residues are boxed.

Protein Residues Sequence Reference

UvrA 24- 45 D K L I V V T [G L S G S G S S L A F D T L 41
633-654 G L F T C I T G V S G S G KS T L I N D T L 41

UvrB 32- 53 L A H Q T L L G V T GS G KT F T I A N V I 47,48
UvrD 22- 43 R S N L L V L A G A GS G K T R V L V H R I 40
RecA 59- 80 G R I V E I YGPE S G K T T L T L Q V I 39

ReoB 16- 37 Q G E R L E SA T G K T F T I A A L Y

sequences have been found in a number of L ggli ATPases involved in DNA

repair including the RecA (39), the UvrD (40), and the UvrA proteins (41).

The RecB protein has DNA-dependent ATPase activity (19) and might be expected

therefore to have an ATP recognition site. The sequence of the RecB protein

from residues 23 to 37 shows homology to the consensus sequence (Table 2).

The homology is particularly strong between the RecB and UvrB sequences.

I42ntificatIQU Qt 9f ?QQs_i12 DNA B-1D4189 =i2 i the RecB- fr2ti8
In complexes of DNA with the Cro and cI repressors of bacteriophage

lambda, and with the CAP protein of L 2Q21J, many of the DNA contacts are

made by two a-helices that are linked by a tight turn (see [421 for a

review). This structure is also found in a number of other DNA binding

proteins, suggesting that they too use helix-turn-helix structures for DNA

interactions (43-45). In filter-binding assays, we find that the RecB

protein, but not the RecC protein, binds to single-stranded DNA (Table 3).

Using Chou and Fasman rules (46) it is possible to predict a helix-turn-helix

structure from residues 63 to 86 of the RecB amino acid sequence. This region

contains the same pattern of conserved residues and residue types that have

been suggested by Pabo and Sauer (42) to be involved in the interaction with

DNA (Table 4).

Binding to single-stranded DNA

Protein % DNA retained

None 17
RecB 64
RecC 23

Reaction mixtures containing 0.1 pg of either RecB or RecC protein and 100 pH4
ATPyS. Following incubation at 3V7C for 10 minutes, samples were applied to
nitrocellulose filters, washed and the bound radioactivity determined.
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Table i
Putative DNA binding site in the RecB protein.

rizzzi TURN
rHELIX I TR_HELIX II

Helical assesment i h i H H H i H H H i B i h i i b h I H H i h H
RecB protein T F T E A A T A E L R G R I R S N I H E L R I A

consensus i-- -- - - I Z I i
H - strong helix former, h - helix former, I - weak helix former,
i - indifferent helix former, B - strong helix breaker, b - weak helix
breaker.

SeV~gue hgQQlQggy betweenO the Re_B prg_in god DNA 2RepaiLr enzgrmes
There are two regions of the RecB protein sequence (residues 516-533 and

557-574) which are homologous with the regions of the UvrB (residues 650-667)

and UvrC proteins (residues 199-216) designated Domain-2 (47,48). Also, the

previously published ReeC protein sequence (17) between residues 703 and 708

has some homology to Domain-1 of the UvrB and UvrC proteins (47,48). There

are also regions of homology between the predicted sequence of the RecB

protein and the UvrD protein (40), in addition to that at the ATP binding
sequence, but further work will be required to assess their significance, if

any.

DISCUSSION

We have determined the complete nucleotide sequence of the re_B gene and

shown that it would encode a polypeptide 1180 amino acids long of molecular

weight of 133,973, in agreement with the values of 135 - 140 kDa estimated

from SDS PAGE (14-16).

Several features of the r_g gene sequence may contribute to low

intracellular level of the RecB protein (8,19). Immediately preceding the

coding sequence, only the triplet GAG is homologous to the ribosome binding
site consensus sequence, AGGAGGT (29). Rare codons occur within regB at

higher level than in most efficently expressed genes although not at the

frequency found in other genes coding for low copy number proteins. Thus, a

combination of a relatively inefficient ribosome binding site, an

intermediate level of occurence of rare codons and no apparent bias towards

the use of codons that give intermediate levels of codon-anticodon

interactions within the r_B coding sequence, might limit the rate of

translation.

The S1 mapping experiments of Sasaki et al. (15) indicate that

transcription of r2g is initiated 1.5 kb upstream of the HindIII site (bp
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10341), approximately 130 nucleotides preceding the initiation codon.

However, there is no readily identifiable promoter sequence in this region.

Furthermore, in preliminary S1 mapping experiments we find that a 475 bp

PstI-BstEII fragment (bp 8672 to bp 9147) is protected by total cellular RNA

against nuclease digestion (results not shown).

The distal end of the ptr gene overlaps the proposed start of recB by 8

nucleotides. Furthermore, the reC_ termination codon overlaps the initiation

codon of the downstream recD gene. Thus, the three genes may constitute an

operon. Further work will be required to elucidate the mechanisms of

transciption of these genes.

The deduced RecEB amino acid sequence contains a consensus ATP binding

site (39), and a predicted helix-turn-helix structure implicated in DNA

binding (42), in agreement with the experimental observations that the RecB

protein has DNA-dependent ATPase activity (19) and binds tightly to single

stranded DNA.
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