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ABSTRACT The nucleotide sequence of the Escherichia
coli K-12 DNA comprising the operon for the structural genes
of the subunits of ribonucleotide diphosphate reductase has
been determined. The DNA sequenced maps at 48.5 minutes
on the E. coli chromosome and includes a total length of 8557
nucleotides. An open reading frame between nucleotides 3506
and 5834, encoding a 776-amino acid polypeptide chain with a
molecular weight of 87,532, has been identified as the nrdA
gene. An open reading frame between nucleotides 6012 and
7139, encoding a 375-amino acid polypeptide with a molecular
weight of 43,466, has been identified as the nrdB gene. The
sequences reveal not only the primary structures for both sub-
units, but also some interesting aspects of potential regulatory
sites.

Ribonucleotide reductase catalyzes the enzymatic reduction
of ribonucleosides to deoxyribonucleotides, the first step in
the pathway unique to DNA replication (1). Although ribo-
nucleotide reductases have been isolated and characterized
from many sources (2), no primary structure for any has
been determined. Ribonucleoside diphosphate reductase iso-
lated from Escherichia coli B is the best characterized en-
zyme, and thus it serves as the model system for the enzyme
from other organisms. Ribonucleoside diphosphate reduc-
tase activity as well as substrate specificity is elegantly regu-
lated by allosteric effectors (1). Ribonucleoside diphosphate
reductase is composed of two nonidentical subunits desig-
nated B1 and B2. The B2 subunit is composed of two identi-
cal polypeptides (B2) and contains two ferric ions and a free
radical located on a tyrosine residue (1). The B1 subunit is
composed of two polypeptides (a and a') of similar size that
have identical COOH termini but different NH2 termini (1).
Both polypeptides are encoded by one structural gene (3).

Since E. coli has no alternative pathway for the production
of deoxyribonucleotides, mutants in the nrd genes were ob-
tained in E. coli K-12 as conditional mutants. The nrdA and
nrdB genes encode the polypeptides of subunits B1 and B2,
respectively (4, 5). Mutations in nrdA and nrdB map at 48.5
minutes on the E. coli chromosome (6). Derivatives of bacte-
riophage X that could transduce the nrd genes were isolated
(7), and the nrd genes were transferred into ColEl (8) and
subcloned into pBR322 to give a plasmid designated pPS2
(9). Complementation of nrdA and nrdB mutants by pPS2
and pPS2 subclones were used to localize the nrd genes (9).
The Xdnrd lysogen is capable of producing large quantities of
ribonucleoside diphosphate reductase, and most recent stud-
ies of E. coli ribonucleoside diphosphate reductase have
used the enzyme produced from this K-12 strain rather than
the enzyme from a B strain (7). No differences have been
found in ribonucleoside diphosphate isolated from a B strain
or a K-12 strain (7).
The synthesis of ribonucleoside diphosphate reductase is

controlled at the level of transcription (10). The nrdA and
nrdB genes direct the synthesis of a 3.2-kilobase (kb) poly-
cistronic mRNA (3). Perturbations in DNA replication, ei-
ther a shift-up in growth conditions or an inhibition of DNA
synthesis, leads to increased synthesis of nrd mRNA (10).
Protein synthesis during perturbation of DNA replication is
required for expression of the increased nrd expression (11).
To determine the amino acid sequence of ribonucleoside

diphosphate as well as to gain insight into the regulation of
nrd expression, we determined the nucleotide sequence of
an 8557-nucleotide region of DNA that includes the nrd re-
gion. Fragments of plasmid pPS2 were generated with seven
different restriction enzymes, cloned in M13mp9, and se-
quenced. Computer analysis of this DNA sequence was used
to generate the amino acid sequence of ribonucleoside di-
phosphate reductase.

MATERIALS AND METHODS
Materials. The nucleotides and DNA polymerase I (Kle-

now fragment) were obtained from P-L Biochemicals, [32p]_
ATP was from New England Nuclear, and restriction en-
zymes and T4 DNA ligase were from New England Biolabs
and Bethesda Research Laboratories, respectively.

Construction of M13mp9 Clones Used in Sequencing. The
16-kb plasmid pPS2 was digested with restriction enzymes
Rsa I, FnudII, Alu I, Hae III, Taq I, Hpa II, and Sau3a, and
fragments of 300-800 base pairs (bp) were isolated after
agarose gel electrophoresis. These fragments were cloned
into either the HincHI, Acc I, or BamHI sites of M13mp9
(12). To identify clones containing sequences from the 8.5-kb
BamHI/Pst I region of pPS2 (see Fig. 1A, fragments B and
C), four master probes containing either a 3.5-kb BamHI/
EcoRI (Fig. 1A, fragment C) or a 5.0-kb EcoRI/Pst I frag-
ment (Fig. 1A, fragment B) in both orientations in M13mp8
or M13mp9 were used (13).

Nucleotide Sequence Determination. The DNA sequence
was determined using the dideoxynucleotide termination
method (14) as described by Messing (15) with minor modifi-
cations. Analysis of the nucleotide sequences was accom-
plished on an Apple II computer using the programs by Lar-
son and Messing (16).

RESULTS
Fig. 1A gives a partial restriction map of plasmid pPS2 (9).
The BamHI/Pst I region (Fig. 1A, fragments B and C),
which encodes the information for nrdA and nrdB as well as
regions both 5' and 3' to the coding region (9) was se-
quenced. The nucleotide sequences of the 137 clones (Fig.
1B) were sufficient to determine >95% of both strands of the
8557 nucleotides (Fig. 2).*

nrdB. When the DNA sequence was scanned for open
reading frames, an open reading frame between nucleotides

Abbreviations: kb, kilobase(s); bp, base pair(s).
*DNA sequence can be obtained from Genbank (Cambridge, MA).
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FIG. 1. Subclones of plasmid pPS2 used to determine the DNA sequence. (A) Partial restriction map of pPS2 (9) indicating location of nrdA
and nrdB genes. Regions B and C have been forced cloned into M13mp8 and M13mp9 (12) to produce the master probes used to identify the
clones to be sequenced as well as their orientation (13). (B) the distribution and location of all the gel readings are shown after their map position
had been reconstructed from overlaps. All readings are represented by their polarity and their length. Lines with more than one arrowhead
represent clones that were analyzed in stretch reaction to obtain additional sequence information. Sequences from apparent duplicate clones are

marked.

6012 and 7139 (Fig. 2) of sufficient size to code for B2 pro-
tein was observed. The derived amino acid sequence has an
alanine following the NH2-terminal methionine and a
COOH-terminal leucine. This protein minus the methionine
contains 374 amino acid residues and has a molecular weight
of 43,355. The sequence of the first 31 amino acid residues
minus the methionine is in complete agreement with the 31
amino acid residues determined by sequencing the NH2-ter-
minal region of the protein isolated from a K-12 strain (B. M.
Sjoberg and H. Jornvell, personal communication). Protein
B2 isolated from a B strain of E. coli was reported to contain
an NH2-terminal alanine and a COOH-terminal leucine (17).
The comparison of the amino acid composition of the B2
protein derived from the K-12 DNA sequence is compared to
the amino acid composition of the B2 protein from a B strain
of E. coli in Table 1. The amino acid compositions are com-
pared as reported (17) and differ in molecular weight (43,355
vs. 39,000).
nrdA. An open reading frame (3506-5834; Fig. 2) was

found that is the size required to encode a B1 polypeptide.
The derived amino acid sequence has a Met-Asn-Gln at the
NH2 terminus and a leucine at the COOH terminus. The
COOH-terminal residue of the B1 protein isolated from a K-
12 strain was found to be a leucine residue (B. M. Sjoberg
and M. Bachmann, personal communication). This protein
contains 776 amino acid residues and has a molecular weight
of 87,532. The B1 subunit purified from either a B or a K-12
strain contains two polypeptides that appear to be similar but
that differ in molecular weight. Both polypeptides are en-
coded by the nrdA gene (3). Protein B1, isolated from a B
strain, contains two different NH2-terminal residues, glu-
tamic acid (or glutamine) and aspartic acid (or asparagine)
but one COOH-terminal residue, isoleucine (17). The com-
position of two chymotryptic peptides containing the NH2
termini was also determined. Peptide 1 contains an NH2-ter-
minal glutamic acid (or glutamine) and 8-11 amino acid resi-
dues. In Fig. 2, region 3511-3544 encoding 9 amino acid resi-
dues in common with the composition of peptide 1 are under-
lined. A region following the apartic acid (3585; Fig. 2) has 11
residues of 18 in common with polypeptide 2 that Thelander
found (17). Ifwe assume that one B1 polypeptide found in B1
protein from a K-12 strain has an NH2-terminal glutamine
(3511; Fig. 2) and that the other polypeptide has an NH2-
terminal aspartic acid (3585; Fig. 2), then the polypeptide
with an NH2-terminal glutamic acid would contain 774 amino
acid residues and have a molecular weight of 87,287, and the
polypeptide with an NH2-terminal aspartic acid would con-
tain 750 amino acid residues and have a molecular weight of
84,490. As shown in Table 1, there is a good agreement of the

published amino acid composition of the protein from a B
strain and the composition derived from the K-12 DNA se-
quence.
The codon usage in the nrdA and nrdB genes is nonrandom

and correlates well with the codon used in nonregulatory
proteins of E. coli (18). At positions 3493 (nrdA) and 6000
(nrdB) (Fig. 2) are nucleotides showing close agreement with
the ribosome binding sites (19), further justifying the place-
ment of the NH2 terminals of the two polypeptides.
nrd mRNA. The region 90 bp 5' to the ATG for nrdA con-

taining a -35 and a -10 region shows close correspondence
with the consensus sequences involved in binding of RNA
polymerase (20). The probable start of transcription would
be approximately at position 3434 (Fig. 2), 72 bp 5' of the
ATG start codon of nrdA. A possible transcription termina-
tion site is located between nucleotides 7335 and 7350 and is
underlined in Fig. 2.
There is an apparently untranslated region of 182 bases

found between the COOH terminus of B1 protein and the
NH2 terminus of B2 polypeptide. This can be compared to
the intergenic regions of -1, 14, 3, and -1 in the trp operon
and a 45-nucleotide intergenic region between lacYand lacZ.
Interestingly, there are two 63-base direct repeats that differ
by a one-base insertion (Fig. 2, dot above inserted base). The
first repeat, 5806-5869, includes the COOH terminus of
nrdA protein and the second repeat, 5892-5955, is in a non-
coding region. In addition, there is a partial 11-base direct
repeat (Fig. 2; 5975-5985).
The DNA sequence was scanned for inverted repeats (in-

cluding stem-loop structures) using the computer program
of Larson and Messing (16). A stem-loop structure with a
stability of -6.4 kcal (1 cal = 4.184 J) (21) (-5.2 kcal without
the two base pairs at position 3373) was found at position
3366 (Fig. 2). The location of this structure is adjacent to the
-35 region of the possible promoter and may be a site of
regulation of gene activity.

DISCUSSION
Using the M13 dideoxy sequencing technique, we have de-
termined the nucleotide sequence of the E. coli operon for
the ribonucleoside diphosphate reductase genes. The de-
rived amino acid sequence of both subunits is in good agree-
ment with the amino acid composition as determined from
the proteins directly (17). There are approximately twice as

many cysteine residues (22 vs. 10.5) and tryptophan residues
(9 vs. 5) in the composition of the derived sequence from a

K-12 strain compared to the published composition of the B1
protein from a B strain. These differences may be due to the
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123
l.ATAITTAC6T A6CCSCTS,,rTGCCA6ACTGAACTSC6SCATrsTGT T T5AAAC Ts£6 T6SATASr TGCSAAATC.4ACCRC T TTAAT~rr TGTCSAT6TCSGC TCA4CChATCCC6TArAT

243
SGAGT T ACCACCACAA6fTET5T TT5CCA6CA6TAT ThCCE !TCATCACCMATT6ATC6AC!TTACCSAG rca TC6CCSTTTAAT TCSCTATC5A6£A6TA6'AT accGCCGCC66TA4TAA

363
TA4CC6T tTAACrST CASCSTATCSCCACEAsCGCATTTSCAGGC TAA~CGCACCGsACGT aT TGET CAAT sCCA T TAACC6TCACGTT66AAAGAT AA6TCA66CT6TC.4ETTTrCAAG

4LI
R t GTA TrAAGCTACCT6 CAAHCErACACCATC56 TSs~C4TT LACCA6SC6T1CCCHTCECCST TAAATA6 TSA66CAT TAA666r6A4CGSAAG1 ATCCTSCICGS TCAh66.SCAAAACC

603
JiTACCAT.CSC T6bTS rC6A A6 T6CCGC TssAAATAGCATCAA TTsAC TGAATATCC T5RAT~̂C6CECA6TAACGAACGT TBcCcCATCACCAAcCCACAsTSACGAAGCATAAGsAA66

723
ATAT CA6LAACATC.4CCT TT CAGG'§C2rC ''T.T TCACACETACCGCCGAC TGC6T T TACCSC TsBCSTCASCTCCAGT 6TACCA6CCCCCST T TTA6TCAATST6C TACCCTCA4TCCIT

843
GATSCTGCCC6CT6CTGTCASCCA TCA6T6C6CCCCACT6C6T5 TCTACCCCC6CATCAACT6CCAC TTCACC6 TCGGCGCSCATT TCAATATCACGTCCGTSGCC TSCC6CATCTSAAC

963
SCSTETCAAC6 TC66rA6GTAATCTCCATCACGCT TTCT TSTTCT TATCSGTAAA6ATAACTSGCGGT TATABT666TATC TCCAAGCTSCGAGTTSTCSC TCCAccTCA6CSTACC66A
1063

GGCSAT T TG TTTGTGCCCAAATA4ACTATTAT T6T TT6CCAGACT TACCTGCCC6TCGCTCG£ATCSACCACCACSTASA4CGCCATCT TTCCCETC6CCSCCGATATGCAAA TTSTCGCC
1203

ACC TSCAAEATCTACCACATCCTSACTcCCSATAACCGTTCCTGC~~TGCCACTSACT TCAA66CCATC6TTSTAT6SA6TGc~TSCCTsCTGCAGT66A6AAATCAGASAGATCSASCAC
.323

AC32C3CTTTAACAC6ATC6ACT6C6SATCGTCCT66A6A6C66TAA6ATCT6CCC66TC6CCTTCCASCGAAAGCACC6CACCATCATCAACGACTATATC6CC66TTA6C6CCATCSA
1443
CCCCTEcCcTSCCA6CACSTA6CTGCCGT TTT6C6CAATE6T6A6CTSACCA6CACCTTCSAT6AT66CCACGAtAAC TSGCCC TSATTAaACATAACSTTGECCAICCAAT6ATATT
1563

TAAASTSGCCATTCTGAAA6CCC6 TCAATGCBTGCACARAAA6TT TGTTSGTC6AGCCAACSTTTAGETCA6CCTSATTC TSATACTSATCAATACTcCCTATCSTCaAGCCGTASCAS'.-
1683

CT TGC66ATC6TCCT65CAAT6C6TATC6CC6^CAT TCATCA666A6TT6CT6C66CCCA666TAACTTCACC6 TTT TCAATCTSCATCT,'ACCA61 AAA6TCAT TGTTARTGTCATT*A
1803

6TACCA6ATC6CC66AACCT6T TT TG6T6ATTAACCCGGT ACCASCAMTAGAGTCAACA6C TCCGTCA TTCTCTSTATT6CCAA TAACCAC6GTTTTTCCGTCSBCAATATCAAAGSTAA
0923

C rTCAC TTAA6CCSRSATACAT AAAGCCACCC6CCGCA6A66AA66ACCA TC TCCATA6CCT5CT6C6CTATT6T TCTca TCGACT AACAGCCTCC6TTCT66C TGTACTETCATAACA
2043

iAAIATRCAATAA6AT A666AGCC; rCAC6C TATr66 TATATA!cCCCCGCCATAACTCSSCAsTGT TAT T5TAAASSCA6T6 TTAT TTACTATCGTA TAACCT6AASSATGC TT6CT6 T
2163

CGCTATTATT ATCSGTAACA TCSATT CCCCGCCATCGCCATCAC TST AACT TGTTGATSTATATGCC Ts6TT6TT aTCAAAAATAACATCACT TAAATAAACGTCA TTA rTTAATGBTA r
2283
AA"T!T6C6CCACCT T TCCATCArTA6C6A TGTTAfTTGCGAAACATGsC6 TTA6TGACACSTAAATrCGACGGCACCASTATcGTTASTACCA6AA6AaTA6AT TC6cCCACCATASCCGC
2403

CT6CSACGT TACC66aAAAAAATAACATCASTAAGArT!CA6CGT TGA6T T TTCT TTASCAAATAT66CCCCGCC6TTAT TATATTCTCCT6TAACGT6 T TAT TS6CMAACA6A6TCAT TC
2523

CAGTT TCAT T TTCT66TAATA6 T6AAAATTCCGC TCCT T6TTSCAAAaA ATC66CCCCACCSCTGGCGT TATTGGTCATATCCBaAAAacA66CCAGATTSCECATCAC6cATACTCCAST
2643

CCTSC6 TAATBGCCTSAAAGGCCT TTSCCT6CTSGCCTSACaACTCSCTTSGAAaTCATATCCCTSGGCATGAATCASTBGACCBSCCSCGGaACCCGTT~AGCAGAfAAGAaGATKcA
2763
TCAT TGAC6G6ASTAAA6ATAAATACTCCT TSCSTA6AAAGATAATCCSCATATTMATCTAACCATCATTTTCTATAASACGGCGTATTTAATCGCA TTATacGATATGGAATATCTTTC
2983

!TTTGTAAATT6TTCAACCC66TC6AT66CTATT66TATATT A6ATBAATAATT TCA6TSCSTCATAATTCaAATTAATACCTTC666ATATCT66TTATATTAACTAAATTRAATCAT6
3003

AAhTAT TTCETT.ATAATATAA66CTAAATTAACAAAAT66CTTA6CATTTAACAATAACC6AAT6AGAAACAACCATTTC6CCATCAACAA6TCTCTTACATTC6CT TATATATTSACCA
3123
CAACTSATACATCAGAT TATST64T6AC TCGTSCTTAGATCAAT TTTTSCAATCAT TA6CaAAAAA6ATTAATAAGCCATCTA TATCAATT TATCTAACCTATTATScCCET TCAA6AAAT
3243

C6CCCGAACA6TTAT TTTTAACAAT T T TTCTCTTCCCAT TSAC T TTCCCS6ACACCTT6TCT6AICTAA66T6C6C6AAA66CCACTTT TTCCT TCCTSAGT TATCCACAAAGTTAT6C
3363 -35 -10

ACTT6CAA6A6G-TCATTT TCACACTATCT TGCAGTSAA CCCAAACATAcCCCCTATATATA T6T TCTAAGCASCTTcCCCTACTACA66TASTCTSCATGAAACT ATTEC66aAa~A
3493

ATTCCAAAAACA66TACGACATAC MET ASK W ASN LEU LEU Y 5T LAS AR6 ASP SLY SER THR GLU A6R ILE as6 LEU ASP LYS ILE HIS M69
ATE aRTC63 AAT CI6 CII 636 ACA AA6 C6C SAC 36T ABC ACA 6G6 COC ATC A6T CTC SAC AA6 ATC CAT C6C

'JAL LEO tSP TRP ALA ALA sLu L LEU HI S4 ASH 'JL g !LE SE31 ALA VhL 6LU LI AR66 U55 HIS ILE 6LN PIE OYR ASP 6L! ILE LOS
SIT CII 16A T16 ICG SCA 6AA 6SA CII CAT AAC ITT TCE ATT TCC CAA ATC 96A CTI C6C !CC CAC ATT CAl ITT TAT 6AC S6T ATC AAl
3664
1HR SER ASP ILE HIS LU HP. !'LE !LE LYS ALA ALA ALA ASP LEO ILE SER AR6 ASP ALA PRO ASP TYR ILN TYR LEO ALA ALa AR6 LEO
RCC T11T SAC AT6 CAC SA6 ACC A"! A!C AA6 GCT 0CC 16C SAC CIA ATC TC^ CET SAT GC6 CC6 6AT TAT CAl TAT CTC 6CC GCG CAC CIS

ALA ILE PRE HIS LEO 6R6 L0S LYS ALA THR ALA SER LEO 6RE PRO PRO ALA LEO TYR ASP HIS VAL YAL LYS ME1 VAL SLU MET SLY LAS
SCS 4T1 TIC CAC CIS CIT AAA AAA GCT AC6 6CC AlT ITS AGS CCA CCT IC6 CTS TAC SAC CaC EII ITS AAA AT6 SIC 66A 6T6 SEC AAA
3649
09. ASP ASA HIS LEO LEO SLU ASP T1R THR SLU ELULSL PHE LYS ALN MET ASP THR PRE !LE ASP HIS ASP ARE ASP 1ET THR PHE SER

TAC 6AT AAT CAT CT6 CIA SAA SAC TAC SC 66AM AA SAS TIC AAG CAB ATA SAC ACC ITT RTC 61T CAC SAC CST 66A ATl ACC TIC TCT
1439
T1R ALA ALA SAL LYS ALA LEO SLU SLY LYS 1TR LEO 661 ELK ASN aRE YAL ThR ALY SLU ILE TYR ALU SE1 ALA SLN PHI LEO TYR ILE
TAT ACT 6CC ITT AAG C36 CIS SAA SEC AAa TAT CIS 1TA CAR AAC CEC BII ACC IIC IAA ATC TAT SAS AIC 6CC CAl TIC CTT TAT ATI
4024
LEO VAL ALA ALA C3S 'EU ;6E SEP A6S TR PRO 9AR6 6LL SLY LEO ILN TOP SAL LoA ARE PHE TAR ASP ALA VAL SER THR PHE LYS ILE
C1A OTT GCC 5C3 TIC T16 ITC T'0 AAC TAC C36 CIT 6AA sIC CTS 366 1A6T STS A6 CII TIT TAC SAC 63C TT TICC ACA ITT AA6 ATT
4114i
SIRLE 6l9 TAR PRO OLE YET SER SLY SAL AR5 THR PRO THR ARE1LA PHIE SE1 S9P COO SAL LEO OLE SLO CS SLY ASP SIR LEO ASP
'C313TS 33S 5A5 30 61TC 0T1 IC iSC 6.A COT A6C C36 AC1 CET CAl TTC ASC T13 TS6 STA 316 SIC 696 33 GET SAC 913 31 SAT
4209
SER ILE ASN ALA THR SER SER ALA ILE AAL LYS T1R VAL SER ALA A96 ALA SLY ILE ALA SER THR PRO SLY SAL PHE SAL AR6 TRP SAL
TCC ATC AAC ICC ACC ICC AIC C6 ATSIT I A9AA TAC S1T TCC CAl CST 6CC S66 RTC SCA .CA AC6 CCE BBC 6TA TIC 6I6 CIC TII 6TA
4294
ALA ARG PHE ALA SAL VAL LOS A66 SER OLE PRO ALA ALA PHE ARS SER THR THR PRE PRO ASP SER SL6LYL SER CYS SER ARE ARE CYS
6CC CIA TIC IC6 ST1 GII Aa6 C1T 'CC 91A 3C3 6CT SCA TIC CIT TCT ACA ACA ITT CCA SAC AIC 6GT 6AA TCC TIC TCT A61 C66 TO!
4389
ALA SLYAR6 A66 COS SLY ASI SAL PRE T1R PRC MET TRP HIS LEO 6LU AAL SLU SER LEO LEO VAL LEO LYS ASA ASH ARA SLY VAL ILU
IC6 BAC CI6 CGS TIC 6EC AAC STA TIC TAC rC6 6T6 lAS CAT CTIS AA 61G 6A a6sC 3C1 CTI 6TA ITI 666 6AA AAC CIT 661 61s 6AA
4479
ELY AS AR6 VAL AR6 HAS 1ET ASP TYR SLY SAL ALA ILE ASI LYS LEO MET TYR TAR ARE LEO LEO LYS ALY 6LU ASP ILE THR LEO PHE
11C AAC CIC 6I6 CIT CAT ASS SAC TAC1 66STA CAA AIC AAC AAA CII ATl TAT ACC CST CTI CIE AAA I6I 6AA 6AT ATC ACC CII TIC
4569
SER PRO SER ASP SAL PRO SLY LEO TYR ASP ALA PHE PRE ALA ASP ILK 6LU ILU PHE 6LU AR9 LEO TAR THR LYS TYR GLO LAS ASP ASP
AIC CCI TCC SAC 1TA CCA 666 CI3 TAC SAC ICI TIC T1C ICC 6AT CAl AAA SAG ITT GAA CIT CII TAT ACC AAA TaT SAG AAA AAC GAC
4659
SIR ILE ARA LYS ILN ARI VAL LYS ALA VAL 6LU LEO PHE SER LEO MET MET 6LN 1LU ARl ALA SER THR SLY AR9 ILE TYR ILE ILN AS6
A6C ATC C6C 5A5 CAl Cet ITI AAA GCC SIT 16A CTI TIC TCI CII AT1 AT6 CAl 6aA CsT ICI TCT aCC 66T C6T ATC TAT 9T1 CAA AAC
4749
69L ASP HIS CYS ILE TH1 HIS SER PRO PHE ASP PRO ALA ILE ALA PRO 6AL AR6 6LN SER 9S1 LEU c3s LEU SLU ILE ALA LEU PRO TH1
61T 69C CAC T6C ATA ACC C3T A9C CC6 ITT SAT CC6 ICC 9TC 1C3 CC3 116 CAT C6 TCT A9C CT31 T6C CT36 699 9T CC C16 CCI 3CC

Proc. Natl. Acad. Sci. USA 81 (1984)

4839
LYS PRO LEU ASN ASP VAL ASK ASP 6LU ASN ALY ILU ILE ALA LEU CYS THR LII SER ALA PHE ASN LEU ILY ALA OLE ASNASI LEU ASP
AA9 6 CIS A9C 1AC 1TC AAC 6AC GAB AAC 66T 93ATC 6C6 CI T6T ACICI TCT 1CT TICT C CII 66C 6CA ATT 96T 99C CII EAT
4q2q
ILU LEU 6LU 6LU LEU ALA ILE LEU ALA VAL ARI ALA LEU ASP ALA LEU LEU ASP TYR ILN ASP TYR PRO ILE PRO ALA ALA LYS ARS ILY
199 CIS 1AA 66 CII 6CA ATT CII 131 IT 361T ICA CTT SAC 6C6 CIS C3G5AT TATCA16 6AT TAC CC6 ATC CC6 6C1 61c AAA CIT 66A
56lq
ALA 9ET SLY ARA ARI THR LEU ALY ILE ILY VAL ILE ASN PH£ ALA TYR TYR LEU ALA LYS HIS4 LY LYS AR6 TYR SER ASP SLY SER ALA

1C6 AT1 66T CII 31T A63 CT6 SET ATT 51T 61 3TC AAC T1C3 CT TAC TAC CT6 16c SA6 CAC 661 A66 C36 TAC TCC 1AC 66C A 5C 3CC
510S
AS1 AS6 LEU THR HIS LYS 1HR PHE 6LU ALA ILE 6LN TYR TYR LEU LEU LYS ALA SER ASN ILU LEU ALA LYS 6LU ALA ALY ALA CAS PRO
AAC 993 CTI 9C3 CAT 6AA ACC T1C3 AA6 CC ATT CA3 TAT TAC C3S C36 AAA ACC TCT AAT 661 C31 6C6 AAA 6A6 CAA 66C ACS T6C CC6
5044
TRP PHE ASA 6LU THR 149 TYR ALA LOS SLY ILE LEU PRO ILE ASP THR T1R LYS LYS ILE TRP ILE PRO SER LEU 1ET SER ARI C3S ILE
T66 T 9TAAC 6 33ACC ACT TAC 1C3 AaA 666 ATCC913 36 ATC 66AT ACC TAT A6 M6 ATC T66 9TA CCA TC6C1 AAT36 ACC91 31 CAT1
5289
THR THR ILY LYS LEU CYS VAL SER ILK SIR LYS 9R6 THR SAL CYS VAL THR PRO THR LEU SEA ALA LEU 4ET PRO SER 6LU THR SER SER
AC6 ACT 666 AN6 CTC33 C 6T6 A9T CAM CA AAA C6C AC63 TC T6C1 TA ACT CC6 AC9 CTI TCT 13T CII ATl CCI ICC lAS ACT 1CT TC1
533q
ILN ILE SER ASN ALA 1HR ASN ILO ILE 6LU AR9 AR9 ALA AAL THR SER ALA SER LYS AR9 AR6 LOS THR VAL PHE CYS ALA ARI TRP C3S
CA3 ATC TCT 9C 1CC ACT Aac 661 ATT GaA C3C C6C 1C3 SIT ACE 1CA 6CA 1C3 AAM C6T CIA AAG ACS STA 1TT T1C 1CC A96 TEE 16C
3464
ARI THR 1HR SER THR 365 THR THR PRO 4ET SER CYS C3S SLY LYS CAS ARl VAL THR 41T VAL ILE CR6 ASN TRP TRP SAL S1R CYS ARE
CII ACT 9C3 A9C ACC T1C ACE A96 CCT AT6 AISC163 T6T 666 AAA T6CC619TA AC9 AT6 IT ATC T1C1 CT66T31 1 ICAT6C AGA

554q
9S1 LEU SIR OLE SIR AR6 SER LEU PRO THR PRO THR THR ILE ARE 4IS ALA SER ARE ILN ILU LYS C3S PRO 1ET ILK ILK LEU LEU LYS
AAT TTA TC1 113 AlT C6A TCT C31 CCA ACA CCA ACT ACE ATC EST CAC3 CT TCCC1 T CAl 169 AA6 T1C CC ATl CA3 CA6 T11 CII AAA
5644
ASP LEU LEU THR ALA TAR LYS PHE SLY VAL LYS THR LEU TYR TYR ILN THR PRO VAL THR ALA VAL LYS ASP ALA 1LN ASP ASP LEU SLY
6ac CII C31 ACC 6CC TAC AAA T3C 666 1TC AAA ACA CT3 TAT AT CA3 ACA CCC 616 AC6 1CC 116 9G69 AC6CA CAA 6AC SAT CTT 61T
5739
ALA VAL AS1 PRO SLY AR9 TRP LEU GLU THR ALA HIS VAL AR6 SER ASP ILE 6LL OET ARE ILE SLY LYS AR6 LEU ILE PRO VAL AR6 LEU
GCC 61T 99T CCA S6A C3A T66 CTC G11 AC 131 1CAT 1TA AlA TCT SAT ATT 6A6 ATl CII ATC SET AAa 313 CTT ATC 3C6 1TA c66 CTC
5924
SLY LEU *of _CCTATAAACC6CCACTCCAT_ _ACTCC66_T6CC__ATCAC6T__AACCCTTATCC__TAC__CTC__TTTGTA66CCTATAA6_C6C_ ACT
6STIT6 TA1
5446
CGCATCA66AC3A66A1ACG1C6TAAAT31TATCC66C TTAAACTCCCAACA66ACACACTC 1ET ALA TAR THR THR PHI SER ILK THR LYS ASN ASP ILN

9T1 ACA TAT ACC ACC6TT1CA CA6 AC6 AAA AAT 6AT CA3
6051
LEU LYS ILU PRO 1ET PHE PHIE 6L ALN PRO VAL ASN SAL ALA A69 TYR ASP ILK ILK LYS TYR ASP ILE PH1 ILU LYS LEU ILE ILU LYS
CTC AAA 696 CCI AT6 T1C ITT SIT CAl CCI 113 AAC BI 1C1 C3C TAC 1AT CA6 CAA AAa TAT 6AC ATC T1C 166 991 C31 ATC9 AA6 66
6141
1LN LEJ SER PHE PHE TRP ARE PRO ALU ILU VAL ASP AAL SER AR6 ASP AR6 ILE ASP TYR ALN ALA LEU PRO ILU HIS 6LU LYS HIS ILE
CA6 CTC TCT T1C T1C TEE CIT C33 694AA166 IT AC 61C TCC C31 6AC CET ATA 6AT TAC CA3 131 CII CC3 6A6 CAC 9AA6A C3C ATIC
6231
PHE ILE SE1 ASK LEU LYS TAR ILK THR LEU LEU ASP SER ILE 6LN SLY AR6 SEI PRO ASK SAL ALA LEU LEU PRO LEU ILE SER ILE PRO
TIT A6C A6C AAC C31 AAA TAT CA36 AC9 CI CII SAT TCC ATT CA3 SIT CIT A9C CCI AAC 810 1C3 C3A T11 CCI CTT ATT TCT ATT CCI
0321
ALU LEU ALU THR TRP VAL 6LU THR TFP ALA PHE SER ALU T4R ILE HIS SER AR6 SER 1YR TARHIS ILE ILE 9R9 AS5 OLE SAL ASN ASP
666 C31 A66433 1G151C IAA A6C T66 6C6 T1C ICA SA6 A93 ATT CAT TCC C6T TCC TAT ACT CAT AT6 ATT CIT AAT ATC 61T AAC 16A
6411
PRO SEP VAL VAL PHE ASP ASP ILE VA!L 1R ASN GLU SLN ILE ILN LYS AR6 ALA GLU SLY ILE SER SER TYR TYR ASP SLU LEU OLE GLU
CC3 TC1 SIT Tl TITT SAC 6AT 6TC S1C ACC AAC SAl CA3 ATC CA3 A5A C3T SC 666 666 ATC T13 A6C TAT TAC EAT SAS 3T6 AT9 EAA
6500
MET THR SER T10 TRP HIS LEO LEU SLY ALU SLY THR 40S 14R VAL AS SLY LYS THR VAL TH1 VAL SER LEU AR6 SLU LEU LYS LYS LYS
AT1 AC9 A9C TAC TEE CAT CTCIS3C1636696 1 3ACCAC ACC93 6 69 I6T AAA ACT 615 ACC SIT ABC r15 C3C 66 C36 A61 AAA AAA
6340
LEU TYR LEU CYS LEU SET SER VAL ASA ALA LEU 6LU ALA ILE ARE PHE TYR VAL SER PHE ALA CYS SER PHE ALA P1E ALA ILU AR6 ALU
C1S T4T CTC T6C C31 ATE A6C 6IT AA6 36C C3S SAA SC6 ATT CSTTI TAC1 TC11 C5 TT1C3 TETT13 CT1 C1 CAT13 6CA6AA C3C 6AA

LEU 1ET 6LU SLY ASK ALA LYS ILE ILE ARS LEU ILE ALA AR6 ASP ILU ALA LEU HIS LEU THR 6LY THR ILN HIS 1ET LEU AS9 LEU LEU
T16 AT6 1M 66C AAC 1CC 6A6 ATT ATT 31 CIS Al1 63CC C31 AC6AA1 CC CT6 CAC C36 ACC 66C ACC CA6 CAT AT1 CIS MT CIS CII
6771
AR9 SER 1LY ALA ASP ASP PRO 6.LU ET ALA 6LU ILE ALA 6LU 6LU C3S LYS 6LN 6LU c3s T1R ASP LEU PE 9AL ILK6ALA ALA 6LN ILK
C6C A9C 63 1C31AC6AT CCT 696 AT9 63C 6AA ATT ICC 69 6A61 T6T M6 CA6 16A T1C TAT 6AC C36 1TT 61T CA6 6CA 1CT 36 CAl
61
6LU LYS ASP TRP ALA ASP TYR LEU PHE AR6 ASP 6LY SER RET ILE 6LY LEU AS9 LYS ASP ILE LEU CYS ILN TYR VAL ILU TAR ILE THR
6A6 AAA 6AC ISO AC6 SAT TAT C1 TICC1 C3 AC16 T TC6 AT16 1TT GET C36 9T AAA 6AC ATT CTC T1C CA3 TAC63 T1 66 TAC ATC ACC
6451
ASK ILE AR6 RET ALN ALA SAL ALY LEU ASP LEU PRO PHE ILN THR AR6 SER ASN PRO ILE PRO TRP ILE ASK THR TRP LEU VAL SER ASP
9AT ATC C6T AT96 CA63CA 1C 66T 1T6 69AT C6 CC6 T1C CA6 AC6 C3C TCC 9C CC3 ATC CC6 T66 ATC AAC ACT T16 CT1 16T TCT1 AT
7041
ASN VAL 61L V6L ALA PRO ILN ILU AAL 1LU VAL SER SER TYR LEU VAL 6LY 619 ILE ASP SER ILU VAL ASP T1R ASP ASP LEU SER ASK
AAC6A16 366 S1T 631 331 396 19 66 699 61TC A9T TCT TAT CTI OTC 666 CA6 ATT 6AC TC16 19 BII693633 6 S6AT TT6A1 TA9 C
7131
PHE ELK LEU 9 6 36CCC3C1TTACCCT636CATCACT 36CACACAACT6CT616CCAi66AT6 3CACCCTTCCCTTCTC616163CT661ATCCACAAT6T61C66TT6A6TAC
T1C CA6 3TC T6A
7246

CA6T6TC6C6AA66TTACT6C66CTCCT6TC6CACAC6CCT66TTSCA66TC/AA6TT6ACT66ATT6CC6AACC6TTA6CCTTTATTCA6CC66666AAATTTT6CCCT6T T6TTGCCGG
7366
6C\A66C6ATATT6AAATC6A6AT6T6AATT66T T6TA6T6CCA6ATACAAC6CTTAT6C6TCT TATCT66CCTACAAC6ATTACAT66C6TA6TAATAC6CTTTCACCT6CTCCCA6
7496
TCC6CrTTT666ATTG6CTCCA6ATATTTTTCCA6CT66C66AA6TCAT6ATTAATC6CTTTATC6C6AC6CAASC66C6AC6ACTT TTCTCCA66TCAA6AAAACCA6CT TCTGCATTA
7606

CCTTCT6TTTTCACATA6ATAT66C6AACATAACAACA6CCAT6CT6AC6ATTAAT6CTAT6CATTTTCTTAAAC6CCA6C6CCACT6CT TTCAACAT6UCTTGCC6TACTTC6TCA6AA
7726
TAA66C6ATACT6CATSCTG66CATACCA6TCA6CAAT6CT6AT6AACCCC6CCATATCTTCA6TCACCA6CAAC6CTCSCCATTCACCCTCAATTrTTCACC6CTTCACCAAAAAC6ATC
7646
TTC616AC1ATGACACC66CCC6TTCCA6TTCT1TTAAT3TACC6CAACCTCAC66ACATC6TT66TC66CCAAC666ATAACGTAC1669AAAAACA6AT6AT6C6TCATCCT1TTACA
7166
TACA6CrTTTTT6CC6TT6C6CTC6AC6CATT6CACCCCGCTCATACCATTACG6C6ATA6TTA66CTCTTCAACCCA6TC6CCCTCT6TT6CCCACCA6T6ATTMAT~TC6TC6TACTT
6086
T6CT6AAACT6CCATACCCTATC6CCT6TCATT TTTATTAAC6ACAAT6ACTATA66T66iTTACCT6A66AAAATCTTAAT6AAACST6TC6TATTAAT6AATT TCTTTT6CCACTACTA
8206
6CTT6ACACC6CTTTTACCCTTCATTT6CA6C6CATA6ATTCCACCA6CCACTACCACTAATA6T6C6CCCA6CA6ATAAAAT6T6AATTTMATCA66C66ATACA6C6AT6AATT TTAT
8326
TC6ACA666ATTA66CATCSCCTTACAACCA6A6T TAAC6CTGAAAA6CATT6CA66T6AATT6T6TTCC6TTCCTCTC6AACCAACTTTCTATC6ACA6ATTTCGTT6CT66CTAAA6A
8446
AAA6CC66TA6AA66CA6TCCACT6TTTTTACTACAAAT6T6CAT66AACAAT6TA6T66C6ATT66AAAAATTTSATAT6SA6CA6AT66 T636C6A63 CCATCCT6CA6

FIG. 2. DNA sequence of the 8557 nucleotides from the BamHI/Pst I region (Fig. 1, fragments B and C) of plasmid pPS2 and the derived
amino acid sequence of the nrdA and nrdB genes. Regions underlined sequentially include the -35 and -10 region, a stem-loop structure near
the -35 region, a ribosome binding site, the amino acid corresponding to two different NH2-terminal chymotryptic peptides previously reported
(17) in a B strain, COOH-terminal amino acid of B1, two direct repeats as well as a partial repeat, a ribosome binding site, NH2-terminal amino
acid of B2, COOH-terminal amino acid of B2, and a possible termination of mRNA transcription. The dots above the direct repeat represent
nucleotide insertion found in one repeat but not in the other.

different analytical procedures used or to strain differences. processed into either a or a' by the removal of the methio-
Since the NH2 termini for the a and a' subunits of nrdA dif- nine and asparagine or the first 25 amino acid residues from
fer from the NH2 terminus of the predicted sequence, it the NH2 terminus. The only processing of the B2 appears to
seems likely that nrdA is translated as a precursor that is be the removal of the NH2-terminal methionine.
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Table 1. Comparison of the amino acid composition of subunit
1i (a a') and subunit B2 (p3) of ribonucleoside diphosphate
reductase derived from the DNA sequence of a K-12
strain and published amino acid analysis of the
protein from a B strain (17)

Amino acid K-12 B K-12 B

residue a a' 1/2(a + a') P p
Ala 63 63 56.5 22 25.5
Cys 22 22 10.5 5 5
Asp 41 39 76 25 37.5
Asn 30 28 17
Glu 40 39 72.5 32 50
Gln 27 26 23
Phe 27 27 25 17 15
Gly 38 37 43.5 13 16.5
His 16 15 17 8 7.5
Ile 48 48 44 28 24
Lys 43 41 38 16 15
Leu 72 68 67 37 34.5
Met 17 17 13 8 7.5
Pro 32 32 30 13 13.5
Arg 56 53 35.5 17 17
Ser 57 56 41.5 26 21
Thr 53 51 32.5 20 18
Val 50 48 35 25 24
Trp 9 9 5 7 6
Tyr 33 33 35 16 13

Polypeptides a and a' were analyzed in the heterodimer form.
Glutamine and glutamic acid were determined as glutamic acid, and
asparagine and aspartic acid were analyzed as aspartic acid.

The sequence presented here is an important step in the
long-term goal of understanding the catalytic mechanism and
the allosteric regulation of ribonucleoside diphosphate re-
ductase at the molecular level. Eriksson (22) has found that
the allosteric sites could be photoaffinity-labeled, while The-
lander et al. (23) found that the inhibitor 2'-deoxy-2'-chloro
CDP causes a modification of the oxidation-reduction dithi-
ols of protein B1. Isolation and sequencing of the appropri-
ate peptide from a modified enzyme would allow identifica-
tion of important regions of the primary sequence presented
in this paper. In addition, the sequence itself is important for
the comparison to the structure of ribonucleotide reductase
genes from other organisms. The B1 polypeptides contain
two thiols that are oxidized to a disulfide during the enzy-
matic reaction. Reduction of the disulfide is catalyzed by ei-
ther thioredoxin or glutaredoxin (1). The active site of thiore-
doxin and glutaredoxin as well as thioredoxin reductase (24)
contain two cysteines separated by two amino acids, which
allows the formation of a stable 15-member ring structure
containing the disulfide. The B1 polypeptide should have a
similar structure. The only place this amino acid sequence
occurs is near the COOH terminus at position 5505 (Fig. 2).
Site-directed mutagenesis (25) will be useful in confirming
that this sequence is part of the active site.

In addition to obtaining the primary sequence of the pro-
teins encoded by the nrdA and nrdB genes, the DNA se-
quence will be useful in the long-term goal of understanding
the regulation of expression of the genes. Work is in progress
to determine the region 5' to the structural genes that is in-
volved in regulation and to identify nucleotide changes in
mutants that have altered regulation.
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