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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 (B,) 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 NH, 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 Bl 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 \ that could transduce the nrd genes were isolated
(7), and the nrd genes were transferred into ColE1 (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 Adnrd 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

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

4294

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, [>*P}-
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
Rsal, Fnudll, Alu I, Hae 111, Taq 1, Hpa 11, and Sau3a, and
fragments of 300-800 base pairs (bp) were isolated after
agarose gel electrophoresis. These fragments were cloned
into either the Hincll, Acc 1, or BamHI sites of M13mp9
(12). To identify clones containing sequences from the 8.5-kb
BamHI1/Pst 1 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 EcoR1/Pst 1 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 1 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 NH,-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 NH,-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 NH,-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
NH, 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. Sj6berg
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 NH,-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 NH,
termini was also determined. Peptide 1 contains an NH,-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). If we assume that one B1 polypeptide found in B1
protein from a K-12 strain has an NH,-terminal glutamine
(3511; Fig. 2) and that the other polypeptide has an NH,-
terminal aspartic acid (3585; Fig. 2), then the polypeptide
with an NH,-terminal glutamic acid would contain 774 amino
acid residues and have a molecular weight of 87,287, and the
polypeptide with an NH,-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 NH, 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
NH, terminus of B2 polypeptide. This can be compared to
the intergenic regions of —1, 14, 3, and —1 in the #rp operon
and a 45-nucleotide intergenic region between lacY and 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 Bl
protein from a B strain. These differences may be due to the



4296  Biochemistry: Carlson et al.

1

RYCC;GCE TG86ATCABGATCEE6A5TCE661C TE6ATCABTE6CCEATEBCEECET TACTTCTTBCEATCECASAT ACCAGTCET TS T TATC T TCCACCASCE TETABTCATACSCTCD

CATATTSACETABCCSCT6IC TEECABACTEARC TECECAT 16T TTTEARAC T5CETE65ATCASC TECSARATCAACCACTTTARTECC TETCBATETCEBLICACCAATCCCTBTART

SEASTTAACCACCACAAETTBT5TTBCCABCABTAT TACCE T TCATCACCAAT TBATCBACT TACCBAB ICATCECCSTTTAAT ICECTATCEABCABTABCETACCECCBCCBETATAR
1

YAg:EY TTRACCSTCABCGTATCECCACGACSCCAT T TECAGEC TAACCGCACCBEACGTAT TBETCAGAT TGCCAT TAACCETCACE T TEBARAGATARGTCABECTETCABTTICAAG

422
STIBBTATTARGCTACCTGTCARCE T CACACCATCEETGECATTCACCABCETCCCATCECCET
503

ATTAAGGECEACEEAAGTATCCTECCCSETCABBCSCAARACT

STACCATCSCTEATETCBATABTELCGL T6EARATABCATCARTTBACTGARTATCE T6ATCCECECTAR TAACEAACET TBLCCCATCACCAACCCACABTEACGAAGL
73

ATATCAGLAACATCACCT TTCASSST6CC I TCT TCEACACET ACCRCCACTBLET T6TACCECTSGCETEABC TCCABTBTACCABCCCECET TTTABTCAATSTBCTACCCTCATCCT
(1M

GATECTBCCCECTBCTSTCABCCATCABTECBCCCCAC TSCETSTCTACCCCCECATCAACTBCCAC T TCACCE TCBECECECATT ICARTATCACETCCBTBECC TECCECATCTBAAL
1

SCETEICAACETC

TCCATCACSCTTTCTITTECTIATC T66C66 TCCARGCTBCBAGTTSTCELTCACCATCABCSTACCEGA

S6CBATTTETETTETGLCCAARTARCTAT TATTGTTT6CCABACT TACCTBCCCRTCECTCECATCBACCACCACETABACECCATCT TTCCCBTCECCBCCEATATECARATTSTCECE
1203

ACCTBCAAGATCTACCACATCCTBACTECCSATARCCETTCCBCTBCTECCACTBACT TCARBECCATLST CECTCTSCL AGABAGATCBAGCAC
1323

ACCBCCGTTTAACACEATCOACTECEEATCETCC TEBAGABCEETAABATCTECCCBETCECCT ICCABCEARRBCACCECACCATCATCAACBACTATATCECCEET TABCECCATCEA
1443

CT8CBCCCCTSCCABCACETABCTBLCET TTTELC TSACCAGCACCTTCEATBATEECCACGARAACTEGCCE TBATTARCAGTAACETTBECCACCASIATCEATATT
IméVEGCCMYCTWCCCGYEMIBCETGEACMMGYTYG"WGICGAGCCMCS“TﬂSCYCQGCEIGAHE‘EAHUMYCMIM‘EECM!CGYCAMCCEMSCAG?
CTTGCEEATCETCCTEECAATBCETATCECCEACAT TCATCABEBABT 1L T6CEECCCABBETAACTTCACCETTTTICAATC TELATCTCALCAGT ARAETCAT TET TRICTECATTAA
3 ::g:RSMCBCCMCTSI!!YSGTSMYMCCCEGYM:CAGCMMSMTCMCIGCYEDG'!CMICYCTEYMTSCEMYMCIZASCG"HICCBICSGL‘MIAYEMSHM

1923
CTTCACTTARGLCSABATACATARAGCCACCCBCLEE

CATCTCCATASCCTECTECECTATTETTCICATCOACTAACABCCTCCBTTCTEBL TETABCTETCATARCA

2043
ARATATC CSTCACECTAT CCCBECATAACTCGECABTET TAT TG TARABECABTETTATTTACTATCBTATAACCT TT6CTST
2183
CGCTATTATTATCEGTARCATCBATTBCCCCBCCATCECCATCACTBTAACTTET CTSBTTBTTATCS ACTTARATARACGTCATTATTAATEBTAT
2283

ARATTGCECCACCTT T6CCATCAT TABCEATET TAT TGLGAARCATEECET TAGTGACACSTARRTCBACGECACCAB TATCETTASTACCABARGAATABAT TECECCALCATASCCEC
2403

CTBLBACBTTACC ATCASTAABAT TCASCETTBABTTTTCTTTABC CCCECCETTATTATATTCTCCTETAACEETETTATTSECAARCABRBTCATTC
2523

CABTTICATTTIC TCC6CTCCTTETTECAARAATACBECCCCACCECTEECETTATTEETCATATCCEARARACCABBCCATTBLECATLH CAGT
2543

CCTGCETAATESCCTSARABGCCT TTECC TECTEECCTEACARCTCECTTEBACATCATATCCCTEBECATGAATL C3BCCELE6ACACCET A
2763

TCATTBAC TCCTTSC ATATTAATCTAACCATCATTTTCTATAABACGECETAT TTAATCBCAT TATAC e

TITTGTARRTTETTCAACCCS61C6ATEECTATIBETATATTAGATBAATAAT TTCAGTSCETCATAATTCARG T TAATACCTTCEEBATATCTEETTATATTARCTARATTARGTCATE
a:‘::zv TTCET TARATTRACARAATGECTTABCATTTRACAATAACC
Ci;SEHACMCﬁiM TATSTGATEACTCETECTTAGATCAAT TTTTECAATCAT TAGCAAARAGAT TAATAABCCATCTATATCAATTTATCTRACCTATTATGCCCETTCARGARAT
c:g:snmrmn TTARCAAATTTTICTCTTCCCATTGACT T TCCCSBACACC TTGTCTEACCTAABETELECEARRGBCCACTTTTTCCTTCCTBABT TATCCACARAGTTATEC

AACCATTTCECCATCARCAAGTCTCTTACATTCSCT TATATATTSACCA

3363 -35 -10
MI%CMMC‘!ITIMYAW!GM!CCEMCMMCECWTSI TCTARGCABCTTCCCETACTACABETABTCTECATBAAACTATTECEGARAGA
34

ATTCCARARACABETACSACATAC HET ASN GLN ASN LEY LEU YAL [HR LYS ARG ASP GLY SER THR GLU ARG ILE ASN LEU ASP LYS ILE HIS ARG
ATG ART CAG AAT CT CT 676 ACA AMG CGC GAC GET AGC ACA GAG CGC ATC AAT CTC GAC AAA AIC CAT CEC

1

VAL LEU #SP IRP ALA ALA GLU SL: LEY HIS ASK JaL SER ILE SER GLN vAL 6LU LEY ARG SEE WIS ILE GLN PHE [YR ASP 6Ly ILE LYS

67T CT6 GAT 766 606 GCA GAA GSA CTG CAT AAC 611 ICE ATT ICC CAG GTC 6AG CT6 CBC TCC CAC ATT CAG TTT TAT GAC GGT ATC AAG

3669

THR SER ASP ILE HIS GLU 142 ILE ILE LYS ALK ALA ALA ASP LEU 1LE SER ARG ASP ALA PRO ASP TYR GLN TYR LEU ALA ALA ARG LEU

ACT TT GAC ATC CAC GAA ACC ATT ATC AAG GCT 6CC GCA GAT CT8 AIC TCT CET GAT GCS CCG GAT TAT CAB TAT CIC 6CC 6CG C6C CT6

s?

ALA ILE PHE HIS LEW ARG L1S LYS ALA THR ALA SER LEU ARG PRO PRO ALA LEU TYR ASP HIS VAL YAL LYS MET VAL GLU MET 6LY LYS

5C6 ATC TIC CAC CTE CET ARA AMA 6CT ACG GCC AGT TTS ABG CCG CCT GCB CTS TAC GAC CAC 676 GT6 AMA ATG SC GAG ATE S6C ARA

3849

TYR ASP ASN HIS LEY LEG BLU ASP T9R T4R SLU LU BLU PHE LYS GLN NET ASP TSR PHE ILE ASP HIS ASP ARG ASP WET THR PHE SER

TAC GAT AAT CAT CT6 CT6 SAA GAC TAC ACG GAA GAA 6AG TTC AAG CAG ATG GAC ACC TTT ATC GAT CAC GAC CEY GAT ATE ACC TIC TCT

29039

TYR ALA ALA VAL LYS GLN LEU 6LU BLY LYS TYR LEU VAL GLN ASN ARG VAL TMR GLY GLU ILE TYR GLU SER ALh GLN PHE LEU TYR ILE

TAT 6CT 6CC 61T AAG CAG CT5 GAA GEC AAA TAT CIG 67TA CAE AAC CEC GT6 ACC GSC 6AA ATC TAT 66 ABC SCC CAG TIC CTT TAT ATI

4920

LEU VAL AL AA C¥S

CTA §77 BEC 636 5T

s

SER LEU ©R3 THR PR ILE MET SER GLY VAL ARG THR PRD THR ARG GLN PYE SER SER U ILE 6LU CYS SLY ASP SER LEU ASP

“C6 215 £25 ACS CCA ATC 4TS ICC 35C €76 CSY ACC CC6 ACT CET CAG TIC AGC 1CC T6C BTA CTG ATC BAG TSC 6T GAC AEC C76 &4

20

SER ILE ASN ALA THR SER SER ALA ILE VAL LYS TYR VAL SER 6L AR ALA 6LY ILE ALA SER THR PRO GLY VAL PHE VAL ARG TRP VAL

TCC ATC AAC GCC ACC TCC AGC GCG ATT ST AGA TAC STT TCC CAG C6T 6CC 866 ATC BCA TCA ACE CCG G6C 6TA TTC 616 CSC 166 6TA

299

ALA ARG OHE ALA VAL YAL LYS ARG SER ILE PRO ALA ALA PHE ARG SER THR THR PHE PRO ASP SER GLY 6LU SER CYS SER ARG ARG CYS

6CC C6A TIC GC6 STE 616 AMG CET TCC AIA CTB 6CT SCA TTC CST TCT ACA ACA TIT CCA GAC AGC 6GT GAA TCC T6C ICT AGS €86 16!

4389

ALA 6LY AR ARG CYS GLY ASK VAL PHE TYR PRC MET TRP HIS LEU BLU VAL 6LU SER LEU LEU VAL LEU LYS ASK ASN ARG 6LY VAL 6LU

6C6 SEC 56 CG6 TEC SGC AAC 616 TIC TAC CCG AT 165 CAT CT5 644 616 GAA ABC CTS CTG GT6 TTG AAA MAC AAC CET 667 576 GAR

"y

6LY ASN ARS VAL ARG HIS MET ASP TYR GLY VAL 6N ILE ASW LYS LEU NET TYR THR ARG LEU LEU LYS 6LY 6LU ASP ILE THR LEU PHE

G6C AAC CGC 616 CET CAT AT SAC TAC 566 5TA CAR ATC AAC AAA CT6 AT TAT ACC C6T CT CTE AA GET GAR GAT AIC ACC CTG TIC

4549

SER PRO SER ASP VAL PRD BLY LEU TYR ASP ALA PHE PHE ALA ASP GLN LU 6LU PHE 5LU ARG LE TYR THR LYS TYR GLU LYS ASP ASP

AEC CCG TCC GAC 67A CCG 666 CT6 TAC GAC 6CB TIC TTC GCC GAT CAB A4 545 TTT GAA CET CTG TAT ACC AAR TAT GAG ARA GAC GAC

4659

SER ILE ARE LYS GLN ARG VAL LYS ALA VAL GLU LEU PHE SER LEU NET NET GLN GLU ARG ALA SER THR GLY ARG ILE TYR ILE GLN ASN

AGC ATC C6C AAG CAG CBYT 616 AAA 6CC 61T GAS CTG TTC TCG CTG ATE ATG CAG §AA CET GCG TCT ACC GGT CGT ATC TAT ATI CAG AAC

a4

VAL ASP HIS CYS ILE THR HIS SER PR PHE ASP PRO ALA ILE ALA PRO VAL ARG 6L SER ASN LEU CYS LEU GLU ILE ALA LEU PRO THR

6TT GAC CAC T6C ATA ACC CAT AGC CCS TTT GAT CCB BCC ATC 6CG CCA 616 CGT CAG TCT AAC CTG TBC CTE 6AG ATA 6CC CT6 CCB ACC

j PHE SER ASX TYR PRQ ARG LU SLY LEU GLN Tv® VAL LtS ARG PHE TYR ASP ALA VAL SER THR PHE LYS ILE
16 TTC IS AAC TAC CCB CBT GAA S6C CT5 CAA AT 6T ARG CBT TTT TAC BAC 6C6 37T TCC ACA TTT AAA ATT

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

4839
LYS PRO LEU ASN ASP VAL ASN ASP 6LU ASN BLY GLU ILE ALA LEU CYS THR LEU SER ALA PHE ASN LEU 6LY ALA ILE ASN ASN LEU ASP
ARA CCS CTG AAC GAC GTC AAC GAC GAE AAC 66T 5aA ATC BC6 CTE TET ACE CT6 TCT 6CT TTC AAC CTE GBC 6CA ATT AAT AAC CTE 6AT
4929
6LU LEU BLU LU LEU ALA ILE LEU ALA VAL ARG ALA LEU ASP ALA LEU LEU ASP TYR GLN ASP TYR PRO ILE PRO ALA ALA LYS ARG 6LY
6AA CT6 GAA GAG CTG 6CA ATY CTG 6C6 6T CST 6CA CTT 6AC 6CG CTG CTG BAT TAT CAG BAT TAC CCG ATC CCS 6CC 6CC AAA C6T 66A
5019
ALA MET GLY ARG ARG THR LEU 6LY ILE GLY VAL ILE ASN PHE ALA TYR TYR LEU ALA LYS HIS BLY LYS ARG TYR SER ASP BLY SER ALA
§C6 AT6 66T CST CST ACG CT6 G6T ATT 66T 616 ATC AAC TTC 6CT TAC TAC CT6 BCS AAG CAC 65T ARA CBC TAC TCC GAC 66C AGC SCC

o oS109

ASM ASN LEU THR HIS LYS THR PHE 6LU ALA ILE 6LN TYR TYR LEU LEU LYS ALA SER ASN LU LEU ALA LYS 6LU BLN BLY ALA CYS PRO

ARC AAC CTG ACG CAT AAR ACC TTC SAA GCC ATT CAG TAT TAC CTS CTG AAA 6CC TCT AAT 646 CTG BCG AAA GAS CAA 66C 6CG T6C CC6

5199

TRP PHE ASN GLU THR THR TYR ALA LYS 6LY ILE LEU PRO ILE ASP THR TYR LYS LYS ILE TRP ILE PRO SER LEU MET SER ARG CYS ILE

166 TTT AAC GAA ACC ACT TAC GG AAA 656 ATC CT6 CCG ATC GAT ACC TAT ARG AAG ATC TBG ATA CCA IC6 CTA ATE ABC CEC T6C ATI

5289

THR THR BLY LYS LEU CYS VAL SER GLN SER L¥S ARG THR VAL CYS VAL THR PRO THR LEU SER ALA LEU NET PRO SER 6LU THR SER SER

ACE ACT GGG AAG CTC TGC 676 AST CAA TCA AAA CEC ACE 6TC TEC 6TA ACT CC6 ACG CTT TCT BCT CT6 ATE CCE TCC GAG ACT ICT ICE

2719

SLN ILE SER ASN ALA THR ASN BLY ILE GLU ARG ARG ALA VAL THR SER ALA SER LYS ARG ARG LYS THR VAL PHE CYS ALA ARG TRP CYS

CAG ATC TCT AAC 6CC ACT AAC 667 ATT GAA CGC CGC 6CG GTT ACG TCA 6CA TCA AAG CGT CBA AAG ACG GTA TTT TBC 6CC AGG 766 T6C

5489

ARG THR THR SER THR CYS THR THR PRO NET SER CYS CYS GLY LYS CYS ARG VAL THR MET VAL ILE CYS ASN TRP TRP VAL SER CYS ARS

€66 ACT ACE ASC ACC TGC ACG ACG CCT AT6 AGC TGC TET 666 AAA TGC C66 GTA ACG ATG 6TT ATC TGC AAC T6G T66 6TA TCA TBC AGA

555¢

ASN LEU SER ILE SER ARG SER LEU PRO THR PRO THR THR ILE ARG IS ALA SER ARG GLN BLU LYS CYS PRO MET GLN 6LN LEU LEU LYS

AT TTA TCG ATC AGT CGA TCT CTG CCA ACA CCA ACT ACE ATC CGT CAC 6CT TCC CBT CAG 6AA AAG T6C CCG ATE CAG CAG 116 CT6 ARA

5649

ASP LEU LEU THR ALA TYR LYS PHE GLY VAL LYS THR LEU TYR TYR GLN THR PRO VAL THR ALA VAL LYS ASP ALA GLN ASP ASP LEU 6LY

6AC CT6 CTC ACC 6CC TAC AAA TTC 6EE GTC AAA ACA CTG TAT TAT CAB ACA CEC 676 ACG 6CC GT6 ARG GAC 6CA CAA GAC SAT CTT 68T

5739

ALA VAL ASN PRO BLY ARG TRP LEU GLU THR ALA HIS VAL ARS SER ASP ILE GLU MET ARG ILE GLY LYS ARG LEU ILE PRO VAL ARG LEU

6CC BTC AAT CCA SGA CBA T66 CTC GAA ACE 606 CAT 6TA AGA TCT BAT ATT 6AG ATG C6E ATC 66T AAA CBC CTT ATC CC6 6TA C66 CTC

5829

BLY LEY #4¢ EtCTSMAIMCGCGCCAGESYEECMCMBICDGEHECCSGAISC!\SCSYGMCEEC“MCCSGWCEGCTCGE;!YYGIWT&YMWH

66T 716 ThE

§946

CECATCAGBCACAGEATSCEBCETAARATECCTTATCCEECATTAARCTCCCARCABBACACACTC MET ALA TYR THR THR PHE SER GLN THR LYS ASN ASP 6LN
ATG 6CA TAT ACC ACC TTT TCA CAG ACE AAA AAT BAT CAG

8051

LEU LYS 6LU PR MET PHE PHE GLY GLN PRO VAL ASN VAL ALA ARS TYR ASP 6LN 6LN LYS TYR ASP ILE PHE GLU LYS LEU ILE BLU LYS
CTC A 6AA CC6 ATE TIC TTT 567 CAG CCE GTC AAC 616 SCT CBC TAC BAT CAB CAA AAA TAT GAC ATC TTC GAA AAG CTG ATC GAA ARG
6141

6LN LEU SER PHE PHE TRP ARG PRO GLU BLU VAL ASP VAL SER ARG ASP ARG ILE ASP TYR 6LN ALA LEU PRO 6LU HIS BLU LYS HIS ILE
CAG CIC TCT TTC TTC 166 CET CCG 6AA GAA BTT BAC 6TC TCC CGC GAC CBT ATA GAT TAC CAG 6C6 CT6 CC6 6AG CAC GAR AAA CAC ATC
6231

PHE ILE SER ASN LEU LYS TYR GLN THR LEU LEU ASP SER ILE GLN BLY ARG SER PRC ASN VAL ALA LEU LEU PRO LEU ILE SER ILE PRO
TTT ATC AGC AAC CTE AAA TAT CAG ACE CTE CTE GAT TCC ATT CAG G6T CBT AGC CCG AAC 615 6C6 CTA 775 CCB CTT ATT TCT ATT CCE
8321

6LU LEU GLU THR TRP VAL 6LU THR TRP ALA PHE SER 6LU THR ILE HIS SER ARG SER TYR THR HIS ILE ILE ARG ASN ILE VAL ASN ASP
6AA CTG 5AA ACC T66 GTC GAA ACC 766 GCB TTC TCA SAR ACG ATT CAT TCC CBT TCC TAT ACT CAT ATC ATT CET AAT ATC 617 AAC GAT
s411

PRO SER VAL VAL PHE ASP ASP ILE VAL THR ASN GLU GLN ILE GLN LYS ARS ALA LU 6LY ILE SER SER TYR TYR ASP LU LEU ILE 6LV
CCG TCT ETT 676 1T GAC BAT ATC 6TC ACC AAC GAG CAS ATC CAG AAA (ST 5C6 GAA 6B6 ATC TCC AGC TAT TAC BAT BA CT6 ATC BAA
8501

MET THR SER TYR TRP HIS LEY LEU BLY BLU GLY THR KIS THR VAL ASN 6LY LYS THR VAL THR VAL SER LEU ARG 6LU LEU LYS LYS LYS
AT6 ACC ABC TAC 756 CAT CTG CTG GSC GAA BT ACC CAC ACC 67T AAC B6T AAA ACT 676 ACC BTT AGC CT6 CGC 6AG CTG ARG AAA ARA
4591

LEU TYR LEU CYS LEU MET SER VAL ASN ALA LEU LU ALA ILE ARG PHE TYR VAL SER PHE ALA CYS SER PHE ALA PHE ALA GLU ARG ELU
£16 TAT CTC T6C CT€ ATE AGC §TT AAC 6C5 CT5 GAA 6CB ATT C6T TIC TAC 6TC ABC TTT 6CT TET TCC TTC 6CA T77 GCA GAA C6C 6AR
6681

LEU MET BLU BLY ASN ALA LYS ILE ILE ARG LEU ILE ALA ARG ASP GLU ALA LEU KIS LEU THR 6LY THR LN HIS MET LEU ASN LEU LEV
T16 AT GAA B6C AAC 6CC AAA ATT ATT CEC CTG ATT BCC CGC GAC BAA 6CT CTB CAC CTE ACC 6BC ACC CAG CAT AT6 CT6 AAT CT6 CTE
a1

ARG SER GLY ALA ASP ASP PRO GLU MET ALA LU ILE ALA 6LU BLU CYS LYS ELN BLU CYS TYR ASP LEU PHE VAL GLN ALA ALA GLN BLN
CBC AGC BEC G5 GAC GAT CCT GAG ATG GCE BAA ATT GCC GAA BAS TGT AAG CAG GAG T6C TAT BAC CTE TTT BTT CAG 6CA 6CT ChA CAS
6861

6LU LYS ASP TRP ALA ASP TYR LEU PHE ARG ASP GLY SER MET ILE GLY LEU ASN LYS ASP ILE LEU CYS GLN TYR VAL 6LU TYR ILE THR
6AG AMA BAC T66 6CG AT TAT CTG TIC C6C GAC 66T TCG ATE ATT G6T CTG AAT AAA BAC ATT CTC TGC CAG TAC 61 GAA TAC ATC ACC
4951

ASN ILE ARG MET GLN ALA VAL 6LY LEU ASP LEU PRO PHE GLN THR ARG SER ASN PRO ILE PRO TRP ILE ASN THR TRP LEU VAL SER ASP
MAT ATC CST ATG CAG GCA GTC 66T TTG AT CT6 CCG TTC CAG ACS CGC TCC AAC CCB ATC CCE T66 ATC AAC ACT T6E CT6 616 TCT 6AT
7041

ASK VAL 6LN VAL ALA PRO 6LN 6LU VAL BLU VAL SER SER TYR LEU VAL 6LY GLN ILE ASP SER BLU VAL ASP THR ASP ASP LEU SER ASN
AAC 676 CAG GTT GCT CCG CAG 6AA GT6 GAA GTC AET TCT TAT CTE GTC 666 CAG ATT BAC TCE 6AA 676 GAC ACC BAC BAT TTG AST AAC
3

PHE GLN LEU @#@ TGGCCCECETTACCCTGCECATCACTBBCACACAACTBC TETRCCABBATEAMCACCCTTCECTTCTBECEECECTEEARTCCACAATETEECEETTEARTAC
TTC CAB CTC T64

1246
CAGTGTCECHANBETTACTEEE6LTCCT6TCOCACACECCTE6T TBLABGTCARGT TBACTGEAT IBCCBAACCT TAGCCTTTAT ICAGCCBEEEBARAT TTTELCCTETTSTTECCEE
1366

BCAARAGECEATAT 1667 ARCBCTTATBCETCTTATCTEECCTACAACEAT
7486

TCCBCTTTB666AT T66CTCCABATATTTTTCCAGCTE6CE6ARETCATEAT TAATCEC TTTATCECBACECAABCEBCBACEAL TT TTCTCCABETCAABARAACCABCTTCTECATTA
1606

CCTTCTSTTTTCAC

6CTTTCACCTECTCCCAS

ATRACAACAGCCATECTBACEATTARTECTATBCATTTTCTTARACBCCASCBCCACTBCTTTCARCATEECTTECCETACTTCETCABAA
M2

TANGBCGATAC TECATEC TEBECATACCAS TCABCAATECTBATGAACCCCECCATATCT TCAG TCACCABCAACELTCBCCATTCACCCTCAAT TTTCACCEC T TCACCAARAACBATL
784

TTC66CACEATEACACCEBCCCETTCCABTTCT TTAATTACCECAACE TCACGEACAATCET TBETCEECCBAACBEATAACETACEEAATEAAACABATBATECETCATBLECTTTACA

TACABCTT6TTT6CCETTEC6C TCBACECAT T6CACCCCECTCATACCAT TACGBLEATAGT TABSCTCT ICAACCCABTCBCCCTCTBTTBCCCACCABTEBATTRAATTCETCETACTT
8086

T6LTBARACTGCCATACCCTATCBCCTBTCATTTTTATTAACBACAATEAC TACC TTAATGAAACGTETCETATTAATGARTTTCTTTTBCCACTACTA

BCTTBACACCBCTTTTACCCTTCATTTECABCBCATABAT TCCACCABE ACTARTABTECBCCCASC TTAATCAGECEEATACABCEBATEAATTTTAT
8326
TCBACABBBATTAGECATCECC TTACAACCABAST TRACSL TSARAAGCAT TECABETBAATTETETTCCETICCTCTCEAACCAACTTICTATCBACABAT TTCETTECTEECTAARGA

Bdde

ACTBTTTTTACTACARATETEC TEGARAAATT GCCATCCTBCAS

EIG. 2.. DNA sequence of the 8557 nucleotides from the BamHI/Pst 1 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 735 region, a ribosome binding site, the amino acid corresponding to two different NH,-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, NH,-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.
Since the NH, termini for the a and a' subunits of nrdA dif-
fer from the NH, terminus of the predicted sequence, it
seems likely that nrdA is translated as a precursor that is

processed into either a or a’' by the removal of the methio-
nine and asparagine or the first 25 amino acid residues from
the NH, terminus. The only processing of the B2 appears to
be the removal of the NH,-terminal methionine.



Biochemistry: Carlson et al.

Table 1. Comparison of the amino acid composition of subunit
Bl (a a’) and subunit B2 (B) 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 Q _E_.
residue a a' 1/2(a + a') B B
Ala 63 63 56.5 22 25.5
Cys 22 22 10.5 S 5
Asp 41 39 76 25 37.5
Asn 30 28 17
Glu 40 39 72.5 32 50
Giln 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 2 3R 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 o' 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 armino 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.

Proc. Natl. Acad. Sci. USA 81 (1984) 4297

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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