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The conjugative 450-kb megaplasmid pHG1 is essential for the anaerobic growth of Alcaligenes eutrophus H16
in the presence of nitrate as the terminal electron acceptor. We identified two megaplasmid-borne genes (nrdD
and nrdG) which are indispensable under these conditions. Sequence alignment identified significant similarity
of the 76.2-kDa gene product NrdD and the 30.9-kDa gene product NrdG with anaerobic class III ribonucle-
otide reductases and their corresponding activases. Deletion of nrdD and nrdG in A. eutrophus abolished
anaerobic growth and led to the formation of nondividing filamentous cells, a typical feature of bacteria whose
DNA synthesis is blocked. Enzyme activity of NrdD-like ribonucleotide reductases is dependent on a stable
radical at a glycine residue in a conserved C-terminal motif. A mutant of A. eutrophus with a G650A exchange
in NrdD showed the DNA-deficient phenotype as the deletion strain, suggesting that G650 forms the glycyl
radical. Analysis of transcriptional and translational fusions indicate that nrdD and nrdG are cotranscribed
and that the translation efficiency of nrdD is 40-fold higher than that of nrdG. Thus, the two proteins NrdD and

NrdG are not synthesized at a stoichiometric level.

Reduction of ribonucleotides, mediated by ribonucleotide
reductases (RNRs), is an elementary process for all living
organisms which provides the four 2'-deoxyribonucleotides for
DNA synthesis and repair. Three classes of RNRs are known
which use similar radical mechanism for catalysis (reviewed in
references 21, 39, and 40). Regulatory feedback mechanisms
keep a balanced level of deoxyribonucleotide inside the cell. A
major difference between the various classes of RNRs is the
nature of the free radical and the way it is formed.

Class I RNRs occur in all higher organisms and certain
aerobic bacteria. These enzymes contain a stable tyrosyl radical
which is generated by formation of an oxygen-linked diiron
center (12). This reaction is strictly dependent on the presence
of molecular oxygen (28, 37). The majority of prokaryotes
harbor class II RNRs which are active under both aerobic and
anaerobic conditions and use adenosylcobalamin as a cofactor
for radical production (27, 55). RNRs of the third class func-
tion exclusively in the absence of oxygen. These enzymes con-
tain a stable, but oxygen-sensitive glycyl radical which is intro-
duced by an activase (52). In Escherichia coli, NADPH and
flavodoxin are used to reduce the [4Fe-4S] cluster of the acti-
vase, which reductively cleaves S-adenosylmethionine to gen-
erate the radical (1, 15, 35).

The best-characterized member of class III RNRs is the
NrdD protein of E. coli (34, 54). Biochemical data are also
available for the corresponding protein from phage T4 (61,
62). Evidence for the existence of a class III RNR has also
been presented for Lactococcus lactis (20) and Methanobacte-
rium thermoautotrophicum (17). Furthermore, genome se-
quences suggest the occurrence of class III RNRs in Hae-
mophilus influenzae (10), Methanococcus jannaschii (3), and
Pyrococcus horikoshii (22).

In this report we show that Alcaligenes eutrophus H16, a
strictly respiratory member of the B-subgroup of proteobacte-
ria, contains an RNR belonging to class III, which is essential
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for the organism during anaerobic growth with nitrate as the
electron acceptor. The enzyme is dispensable in aerobically
grown cells. The two genes encoding the class III RNR and its
activase are located on a 450-kb megaplasmid which contains
genes for denitrification (41), hydrogen metabolism (13), and
autotrophic carbon dioxide fixation (19). Sequence comparison
suggests that the enzyme from A. eutrophus is closer related to
class IIT RNRs from archaebacterial species than to the eu-
bacterial counterparts.

MATERIALS AND METHODS

Strains, media, and growth conditions. The bacterial strains used here are
listed in Table 1. A. eutrophus H16 is the wild type, harboring megaplasmid
pHG1. Strain HF210 is a megaplasmid-free derivative of strain H16. Strains
HF413 and HF456 were derived from the wild type by mutagenesis. E. coli
XL1-Blue was used as a host in standard cloning procedures. E. coli S17-1 served
as the donor in conjugative plasmid transfer. E. coli strains were grown in
Luria-Bertani broth at 37°C. A. eutrophus strains were cultivated in mineral salts
medium at 30°C (44) with 0.4% (wt/vol) fructose as the carbon source and 0.2%
(wt/vol) ammonium chloride as the nitrogen source (FN-medium). For anaerobic
growth under denitrifying conditions the cells were cultivated in 150-ml glass
flasks sealed with a rubber septum and containing 100 ml of FN-medium sup-
plemented with 0.2% (wt/vol) potassium nitrate. The gas phase consisted of
dinitrogen. Solid media contained 1.5% (wt/vol) agar. Antibiotics were added as
follows: for A. eutrophus, kanamycin (400 pg/ml) and tetracyclin (10 pg/ml), and
for E. coli, ampicillin (50 pg/ml), kanamycin (30 wg/ml), and tetracyclin (10
pg/ml).

Plasmids. Plasmids used in this study are listed in Table 1. A 6.5-kb PstI
fragment from plasmid pPX41 containing nrdDG from E. coli was subcloned into
pGE151, yielding plasmid pGE391. In this plasmid, nrdD and nrdG of E. coli are
under control of the lac promoter, allowing a constitutive expression in A.
eutrophus (25). Cosmid pGE26, isolated from a pHG1 DNA library, contains a
30-kb fragment of megaplasmid pHG1. A 6.2-kb EcoRI-HindIII fragment from
pGE26 was cloned into the broad-host-range vector pVDZ'2 and into pBlue-
script KS(+) yielding plasmids pGE291 and pCH447, respectively (Fig. 1A).
Exonuclease III treatment of EcoRI-Spel-linearized pCH447 resulted in a set of
deletion derivatives. Three Xbal-HindIII fragments of 5.0 kb (pCH604), 4.5 kb,
and a 4.0 kb were cloned into pVDZ'2, yielding plasmids pGE305, pGE306, and
pGE307, respectively (Fig. 1A). Exonuclease III treatment of HindIII-Clal lin-
earized pCH447 resulted in a second set of deletion derivatives. Four EcoRI-
Kpnl fragments of 4.4, 3.2, 4.7, and 5.2 kb were first cloned into pUC18 and
subsequently transferred as EcoRI-HindIIl fragments into pVDZ'2, yielding
plasmids pGE311, pGE312, pGE343, and pGE344, respectively (Fig. 1A).

Plasmid pGE384 is a derivative of the mobilizable, broad-host-range promoter
assay vector pEDY305 carrying the 5’ nrdD spanning DNA region inserted
upstream of the promoterless lacZ gene. This plasmid was generated by inserting
a 124-bp Ecl13611-BamHI fragment of pCH604 between the Scal and BglII sites
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics®

Reference or source

A. eutrophus strains

H16 Wild type, pHG1 DSM 428, ATCC 17699°
HF210 pHG1-free derivative 24
HF413 AnrdDG This study
HF456 NrdD G650A This study
E. coli strains
S17-1 pro thi recA hsdS RP4 tra functions 48
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac (F' proAB lacI"ZAM15 Tnl0) Stratagene
Plasmids
pvDZ'2 Tc" lacZ' mob 6
pBluescript KS(+) Ap', lacZ' flori T7 and T3 promoter Stratagene
pUCI18 Ap', lacPOZ’ 60
pEDY305 Tc', lacZ RP4 oriT 46
pPHU234/pPHU235 Tc', lacZ’ 18
pLO1/pLO2 Km', sacB RP4 oriT ColE1 ori 26
pPX41 Ap', E. coli nrdDG 53
pGE26 nosZ, norB, nrdDG 63
pGE151 Tc', lacZ' RP4 oriT 25
pGE291 6.2-kb EcoRI-HindIII fragment of pGE26 in pVDZ'2 (nrdDG) This study
pGE305 5.0-kb Xbal-HindIll fragment” in pVDZ'2 This study
pGE306 4.5-kb Xbal-HindIll fragment” in pVDZ'2 This study
pGE307 4.0-kb Xbal-HindIll fragment” in pVDZ'2 This study
pGE311 4.4-kb EcoRI-BamHI fragment” in pVDZ'2 This study
pGE312 3.2-kb EcoRI-BamHI fragment” in pVDZ'2 This study
pGE343 4.7-kb EcoRI-BamHI fragment” in pVDZ'2 This study
pGE344 5.2-kb EcoRI-BamHI fragment” in pVDZ'2 This study
pGE384 124-bp Ec/13611-BamHI fragment of pCH604 in pEDY305 (nrdDP-lacZ) This study
pGE385 2.65-kb Ecl13611-Smal fragment of pCH604 in pEDY305 (nrdGp-lacZ) This study
pGE386 460-bp Xbal-Hincll fragment of pCH604 in pPHU234 [®(nrdD-lacZ)) This study
pGE387 2.6-kb Xbal-Smal fragment of pCH604 in pPHU235 [®(nrdG-lacZ)] This study
pGE388 Derivative of pGE387 containing a 1.7-kb Xhol deletion [®(ADnrdG-lacZ)] This study
pGE391 6.5-kb Pst1 fragment of pPX41 in pGE151 (E. coli nrdDG) This study
pCH447 6.2-kb EcoRI-HindIII fragment of pGE26 in pBluescript KS(+) (nrdDG) This study
pCH604 5.0-kb Xbal-HindIlI fragment® of pCH447 pBluescript KS(+) (n7dDG) This study
pCHO605 3.05-kb Xbal-Xhol fragment in pLO1 (3.2-kb deletion of nrdDG) This study
pCH606 608-bp Xhol-Mscl fragment in pLO2 (NrdD G650A) This study

“ Ap, ampicillin; Km, kanamycin; Tc, tetracycline; nrdD, anaerobic RNR; nrdG, activase of NrdD.

? Obtained by exonuclease IIT deletion from pCH447.

¢ DSM, Deutsche Sammlung fiir Mikroorganismen; ATCC, American Type Culture Collection.

of the pEDY305 polylinker (Fig. 1B). The corresponding plasmid for the nrdG
promoter region, pGE385, contained a 2.65-kb Ec/13611-Smal fragment of
pCH604 in the Scal site of the pEDY305 polylinker. Plasmid pGE386 is a
derivative of pPHU234 which carries a 460-bp Xbal-Hincll fragment of pCH604
inserted between the Xbal and Scal sites of pPHU234, resulting in a translational
fusion of nrdD and lacZ (Fig. 1B). A corresponding nrdG translational fusion
(pGE387) was constructed by insertion of a 2.6-kb Xbal-Smal fragment of
pCHO604 into the Xbal and Scal sites of pPHU235. Plasmids pPHU234 and
pPHU235 are conjugative broad-host-range vectors with different translational
phasing of the polylinker upstream of the lacZ gene (18). pGE388 is a derivative
of pGE387 carrying a 1.7-kb Xhol deletion which removed the 5’ nrdD untrans-
lated region and most of the nrdD gene. The transcriptional and translational
fusions were verified by restriction analysis.

A deletion was introduced into nrdDG by digestion of a 6.2-kb EcoRI-HindIII
fragment of pCH447 with BamHI (Fig. 1A). The religated fragment was cloned
into pBluescript KS(+) and subsequently transferred into pLO1 by digestion
with Xbal and Xhol (pCHG605). The G650A exchange in NrdD (Fig. 1A) was
obtained by overlap-extension PCR mutagenesis (16) by using pCH604 as the
template and the following four primers (mutation sites are underlined): PXHO
(5'-CAACCTCGAGGCTACCCCAG-3"), PMSC (5'-CGCTGCATGGCCAGG
CAAGG-3"), G650A1 (5'-GCCGGCGAGGTAGTCATGTG-3'), and G650A2
(5'-CCCACACA TGACTACCTCGC-3") (Fig. 2). The resulting 608-bp Xhol-
Mscl fragment was transferred into the Sall-Ecl136]1I-linearized vector pLO2 to
give pCH606. The suicide vectors pLO1 and pLO2 contain the conditionally
lethal sacB gene from Bacillus subtilis, which allows selection of A. eutrophus
mutants generated by allelic exchange as described previously (26). Mutations
were checked by DNA sequencing.

DNA techniques. Standard DNA techniques were used (42). Plasmid DNA
was isolated with tip-20 columns (Qiagen) according to the manufacturer’s in-

structions. DNA sequencing was done with an automated DNA sequencer (Li-
COR) by using a cycle sequencing kit (Amersham) and fluorescent primers
(MWG-Biotech).

Enzyme assays. Anaerobic ribonucleotide reductase activity was determined
by using the assay which had been introduced for the anaerobic ribonucleotide
reductase of E. coli (34). Soluble extracts from anaerobically grown A. eutrophus
cells were prepared as described previously (59) by sonication under an atmo-
sphere of argon. Protein was determined according to the method of Lowry et al.
(30). All components were degassed for 45 min prior to use. The assay mixture
contained 1 to 1.5 mg of protein in 50 mM Tris-HCI (pH 7.5), 30 mM KCI, 5 mM
dithiothreitol, 1 mM NADPH, 20 uM 5’-deazaflavine, and 0.5 mM S-adenosyl-
methionine. The total volume was 100 wl. The reaction mixture was preincubated
for 60 min under illumination. The reductase reaction was started by the addition
of 5 mM MgCl,, 5 mM sodium formate, and 1 mM [*H|CTP. After 20 min, the
reaction was stopped by the addition of 0.5 ml of HCIO,, and the amount of
dCTP formed was determined (8). One unit of enzyme activity is expressed as the
formation of 1 nmol of dCTP per min. 3-Galactosidase was assayed according to
the method of Miller (33), except that the optical cell density was measured at
436 nm.

Nucleotide sequence. The nucleotide sequences for the nrdD and nrdG genes
have been deposited in the EMBL database under accession number AJ012479.

RESULTS

Cloning and sequence analysis of a gene locus essential for
anaerobic growth of A. eutrophus. Curing of megaplasmid
pHGTI of A. eutrophus H16 led to the loss of anaerobic growth
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FIG. 1. Subclones of the nrdDG region. (A) Three of seven subclones of pGE291, generated by bidirectional deletion, restored anaerobic growth (+) of a
megaplasmid-free derivative of A. eutrophus. Cloned DNA fragments are indicated by open bars. Highlighted bars depict the region essential for complementation.
Identified genes are marked by open arrows: nosZ, nitrous oxide reductase; norB, megaplasmid-encoded copy of nitric oxide reductase; nrdD, anaerobic RNR; nrdG,
activase. The deleted DNA fragment in HF413 is indicated as solid bar. The G650A exchange in mutant HF456 is marked by an arrow. Relevant restriction sites: B,
BamH]I; C, Clal; E, EcoRI; H, HindIlI; K, Kpnl; Sp, Spel; Xb, Xbal; X, Xhol. (B) DNA fragments used for the construction of transcriptional or translational fusions
with lacZ as the reporter gene are shown as solid bars. Genes are depicted by open arrows on the restriction map. Relevant restriction sites: B, BamHI; Ec, Ecl1361;

Hc, Hincll; H, HindIll; Sm, Smal; Xb, Xbal; X, Xhol.

ability with nitrate as the terminal electron acceptor (41). This
was unexpected since essential enzymes for denitrification,
such as the reductases for nitrate, nitrite, and nitric oxide, are
encoded on the chromosome of this organism (5, 38, 59). A
second functionally equivalent copy of a nitric oxide reductase
gene (norB [5]) has previously been identified to be closely
linked to the gene for nitrous oxide reductase (nosZ [63]) on a
megaplasmid-borne DNA insert cloned in cosmid pGE26.
Subcloning of the 30-kb DNA fragment revealed that the loss
of the two denitrification-specific genes did not account for the

failure of megaplasmid-free derivatives to grow anaerobically
(Fig. 1). However, a third locus (nrd), clearly distinct from
nosZ and norB, proved to be essential for anaerobic growth.
nrdD and nrdG encode an anaerobic ribonucleotide reduc-
tase and its activase. Nucleotide sequence analysis of the com-
plementing DNA segment revealed two open reading frames
nrdD and nrdG within a region of 3.3 kb (Fig. 2). nrdD predicts
a protein of 676 amino acids (76.2 kDa) and is separated from
nrdG by 271 bp. nrdG has the coding capacity for a protein of
256 amino acids (30.9 kDa). A potential hairpin-like structure
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GGACTC TCGTACCGCCGACCAAGACTAGCCGACATGTCATACATTTGCGCGCCGTCAAACTACATATAGTGTTTTGGTCGTACGATTTCCCCGCATCTAG

TGTGAATTTTGCCGEGAGAATGTATGGAGCAC TGTACCGAAGCCGCTGTTGCCAGCCTACCTAGGGAGETCATCAAGCGCACTGGCGAGAGCATGGCATT
NdD®*¥ E H ¢ T E A A V A § L P R E V I K R T G E S M A F

CGCCATTGAGCGGATCCAGTCGGCTTTACGCCGCGCCGGCECTGCGGCCGGCGAGTTCGGCGATGCGCAGGCAGTCAGCCTCGCCGGACAGGTGGCGAGE
A I ER I ¢ S A L RRAZAGAAAGETFSGDO BAOQAVYV S L A G Q V AR

GTCCTAGCGCACCGTTACCATAACCAGACACCAGGCGTCGAGCAGATCCAGGACGTGGTCGAGCAGGTCTTGATTGCCGCCAATTACTGGAACACCGEGT
vV L A HR Y HNOQQTU®P GV EQQTI DUV V EQV L IAADNTYWNT AR

GCGCGTTTATCGCCTATCGCGGCCAGCACGCCAGGCTGCGCCAGGACCGCAAGGCCCTGGTCGACGTGGAAGCCTCGATCAACGAATACCTGAGCAAGGC
A F I A Y R G Q HARULURQDRIEKXKATLVYVYDV EASINETYTIL S K A

GGACTGGCGCGTGAATGCCAATGCCAACCAGGGCTATTCGCTCGGCGGACTGATCCTGARCGTGGCGEGCAAGGTCACCGCCAACTACTGGCTGTCCCAT
D WR V N ANANUGQGY SL GGGUL I L NV A G XV TANDNY WL S H

GTCTACACACCGGAAATCGGCGAGGCCCATCGCAACGGCGATATCCATATCCACGATCTCGATATGCTCAGCGGCTACTGTGCCGGCTGGTCGCTCCGCA
v Y T P E I G EAHURDNGDTIUHTIHDILDMILS G Y CAG W S L RT

CGCTGCTGCACGAGGGGTTCAATGGCGTGCCCEGCAAGGTGGAAGCCGGGCCGCCCARGCGCATGTCCTCCGCCGTGGGGCAGATCGTCAATTTTCTCGG
L L HEGPFNGV PG XV EA AGU?PU©PIZ XK RMSSAV G QI VNTFILG

CACACTCCAGAACGAATGGGCCGETGCGCAGGCGTTCTCGTCGTTCGACACTTATATGGCGCCATTCGTGCGCAAGGACGCCATGTCCTATGCACAGGTG
T L Q N E WA GAQQAF S S F DT Y MAPTFV RIEKUDHAMMSYAQV

CGGCAGTGCATCCAGGAACTGATCTACAACCTGAACGTGCCATCGCGGTGGEGTACGCAGACGCCCTTTACCAACCTGACTTTCGACTGGACCTGTCCTG
R ¢ ¢ I ¢ EL I Y NLWNVV P S RWSOGTOQTPFTNULTTFDUWTC P E

AGGACCTGCGCGAACAGGTGCCGGTCATCGGCGGGCAGGARATGCCGTTCGCCTATGGCGAGTTGCAGAAGGAGATGGACCTGATCAATCGCGCCTACAT
D L R E Q V PV I GG QQ EM P F A Y G¢GEUL QK EMUDT LTINDNZRAYTI

CGAGGTAATGACGGCGGGCGATGCCARGGGCAGGGTGTTCACCTTCCCCATCCCGACCTACAACATCACGCCCGATTTTCCGTGGGAATCGGAGAATGCC
E VM TA G DAZ KGRV F T F P I PTYNTI T RUDFPWE S EN A

AAGCGGCTGTTCGAGATGACGGCCAGATATGGGC TGCCGTACTTCCAGAACTTCATCAACTCCGAGCTGGAGCCGAATATGGTGCGCTCCATGTGCTGCT
K R L F EM T AR Y G L P Y F QN F I NSETILZEUZPNMYMVZR S M C CR

GGCTCCAACTCGACCTGCGCGAACTGCTCAAGCGCGGCARCGGCCTGTTCGGCAGTGCCGAGCAGACCGGCAGCGTTGGCGTGGTCACCGTCAATTGCGC
L 9 L DL R EULL K RGNGULPF G S A EQ TG SV GV V TV NC A

ACGCCTGGGCTACCTGCATGCCEGCEACGAGGCGGCGCTACTGCGCGCTCTCGATCGCCTGCTCEGAACTGGGCARGCAGAGCCTGGAGAACAAGCGCAAG
R L ¢ ¥ L H A G¢GDEAA ALTILZRATLUDI RTILILUETILGIZ K S L EDN K R K

CTGATCCAGCACCTGATGGACCAGGGCCTGTTCCCCTATACGAAGCGC TACCTCGGCACCTTACGCAATCATTTTTCGACGCTGGGCGTGAATGGCGTCA
L I Q HL MD @ G L F P Y T XU RY LG TILRUNIEHTFSTULGV NGV N

ACGAGATGATTCGCAATTTCACCGCGGATCGGCACGACATCACATCGGAGTGGGGCCATGCCTTCGCGCTGCGCCTGCTCGAACACGTGCGCGAACGCAT
E M I RN F T A D®RHEDTITT S EW G HAF AL RULIL EHV RETRTI
1
L
CGTGGCCTTCCAGCAGGAAACCGGCCACCTCTACARCCTCGAGGCTACCCCAGCCGAAGGEGCTACGTACCGATTTGCCCGCGAAGATCGCAAGCGCTGG
vV A F Q Q BE T 6 H L YNLEATU?PAXAREGHATYURT FAREUDTR RIEKRW

CCGGATATCCGCCAGGCCGGTACGGCTGAGCAGCCCTACTACACAAACTCCTCGCAACTGCCGGTCGGCTGGACCGAGGACCCCTTCGAGGCACTGGCGC
P DI R Q A G T AZEOQUPY Y TN S$ S @ L PV GWTEUDU?PFE AL AR

GGCAAGAGGATTTGCAGGCCAGGTATACCGGCGGCACGGTGCTGCATCTATATATGGGCGAGTCCCTATCAAGCGGCGAGGCCTGCCGCGAACTGGTGCG
Q ED L Q ARY TG G TV L HL Y MGETU CLS S GEA ATZCRETLVR

2 AN
GCGCGCGCTGACGCGCTTCCGCCTGCCGTACATCACAGTGACGCCGACGTTTTCGATCTGCCCCACACATGGCTACCTCGCCGGCGAGCATCCGTTCTGC
R AL TRTFRTILTPYTI TV T®PTFSTIOC®PTHG'Y L AGS3EHTPTFC

CCGCGCTGCGACGAAGAGATCCTCGCCCGCAAGCGAGACCAGCTCGCTGCCTAGTGCCATGCATTATGGAATGCGCGGGATTTCTCTATGCAGTAGCGCC
P R CDEETI L A RZKURUDUGQTL A A -

TCCGGCGCTTCCTTGTCTCTGTGTTTGGCCGTCCAGTCTTTGCCGARACATCGTCCTTTCCTGTTTT TTCGACCCATCTCAAGAAGGAGTGCATCCATGA

TTCACCATGACCAATCCGCGCAATTCACGCAATCCTTGCCTGGCCATGCAGCGCTGCGCGACGAGGAGCGCCAACCC TGCCAGGTCTGGACCCGTGTGAT
IO L AT AL
3

GGGCTACCATCGGCCGGTCTCCAGCTTCAATGTCGGCARGCAGGGCGAGCACCGCGAGCGCCGCTTC TTCTCGGAGCCCCATGCCATCGCCACCTGATEC
NrdG® S 2 S R A S T A S A A S S R S P M P 8 P P D A

ATGTGAGGCCGCGGCCGGGCGCCGGCGECGACGCGGCATCGTTGCGCGTCGGCGGCATGACGGCGC TGACCACCATCGACTTCCCCGGCCGCCTGGCTGCC
¢C E A AA G RU R RDA AAZSILZ RV G GMTAULTTTIDTFP G R L A A

GTCGTGTTCTGCCAGGGCTECCCTTGGCGGTGCGGCTATTGCCACAACCCGGGECCTGCTGGATGCCCGCGCGCCTTCCAGCATCGCCTGGGCGGACGTGC
v VvV F ¢ G CPWRCGY CHNU®PGILILDA AR BAPSSTIAWATDUVL

TGGCCTTCCTGCARGCGCGGCAGGGECCTGCTCGACGGCGTGGTGTTTTCCGGAGGCGAGCCAACCCTGCAGGGGGCCCTGGCCGGCGCCATCGCCGACGT
A F L ¢ AR QG L L DGV VF S GGEU®PTULQOGATILATGA ATIATDYV

ACBAGCCAGAGGCTTCGAGGTCGCGCTGCACACCGCCGGCATGTACCCCGATCGCCTGCCCGCCATCCTGCCCCAACTGGACTGGATCGGCCTCGACCTC
¢ AR GF EV A LUHTAGMMY P D RL P A I L P QL D W I G L D L

AAGGCGCCCCTACATCGCTATGACGCCATTACGCGGGTGCCGGGCAGCGGGGAGAGGGCCTGGGAATCGCTGCGCCACTGGGTTGCCAGCGACGTGGCAG
K A P L HR Y DA TI TRV P G S G EURAWESLRIHEWVYVYA S DUV A G

GCGAGTGCCGCACCACCTGGCACGCCGGCATGTTCGATATCGCCGAGC TGCATGCGC TEGGCCGAGAGCATCGCCGCCCTTGGCGTGAAGCACTGGGCGTT
E C R T T WHAGMF D I A EL HAULAZESTIAAULTGV K HW A L

GCAGGAGTGCCGCGGCAGCGGCGCGAGCGCTTCECTTGGCCGCGACGATATCAGCAGGCTCGCGGCGCGCTTCAGCAGTTTCACGCTGCGCAAGGCGTGA
¢ EC R G S G A S A SLGURDDTISRULAARTEFS S F TUL R K A -

TGCAGGTCCCTTGCGCTATGTCAATCGACCAGCGGGTACTGGCCACGQAGAAAGCGTGGCCAGTACTACGATGGAAAGTGCATAACAGAAAATCAAAGAA
TER
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FIG. 2. Nucleotide and derived amino acid sequences of the complementing region. The deduced amino acid sequences of NrdD and NrdG are shown below the

nucleotide sequence. A potential Fnr-binding site (FNR) and a possible hairpin structure (TER) are emphasized by inverted arrows. Potential ribosome binding sites
are underlined. Primers used for the construction of the G650A mutant are depicted above and below the sequence: 1, PXHO; 2, G650A2; 3, G650A1; 4, PMSC.

(AG," = —123.9kJ) at bp positions 3236 to 3266 (Fig. 2) points
to a transcription termination signal immediately downstream
of nrdG. The predicted gene product of nrdD shows homology
to class III ribonucleotide reductases (Fig. 3), with overall

identities of 19% (phage T4 [56]), 23% (E. coli [53]), 24% (H.
influenzae [10]), 25% (M. jannaschii [3], M. thermoautotrophi-
cum [50]), and 27% (P. horikoshii [22]). An intein present in
NrdD of M. jannaschii (36) has been removed from the se-
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A_EUT MEHCTEAAVASLPREVIKRTGESMAFAIERIQSALRRAGAAAGEFGDAQAVSLAGQVARVLAH-—————-~-———-—-----—— 63
M_JAN MISAKDFAEKVMEFYVIKRDKRKEKFNVNKLAKSLINSGVNYGDLDTIISEVCAKVYNGITTDELKDIVYNVLKKIDKDVAE 82
M_THE MYGDPVIDDSRLLAAMPTKAETCVLKNNGVREKFSHEKLVKSLLNLGASLWTSENVASEVARSVYNGITTKEIKILVYDSLRKVDEELAD 90
E_COL MTPHVMKRDGCKVPFKSERIKEAILRAAK--————-— AAEV-~------—-m—m - — = DDADYCA 40
H_INF MSNFGVIKRDGSRAEFEIQRIINAIKK---~-—-—---- AASAVNI--------————————=---- SDEFYCH 41
A_EUT RYHNQTPGVEQIQDVVEQVLIAANYWNTARAFIAYRGOHARLRQDRKALVDVEASIN-———--—=~=-=------ EY-——-—--mm oo 122

M_JAN NYRNGIILKVRTSEKEFESFDKEKIAKALIRETGADEETARKIADEVERELKKLKVKYLTAPMIREIVNYKLIEYGFEELRHKHTRLGM- 171
M_THE RYLAANRLRVRTSRDKIETFDQKKIEDNLIRETGASEDVAREIATEVWRELKKLNVEYLTAPMIREVVNTKLIEHGLETLRKRYTRLGIP 180

E_COL TVAAVVSEQMQOGRNQ--VDINEIQTAVENQLMSGPYKQLARAYIEYRHDRDIEREKRGRLN-QEIRGLVEQT - 109
H_INF QIGQEVGNEIFTRHQGEIDINQIQKIVEDKLMASRYPEVARAYIEYRHDRDLAREKRSQLT-KEIEGLIEQS---~— 112
P_HOR MEKADIIHEY- 10
PH_T4 MTIEKEIEGLIHKT---- 14
A_EUT -LSKADWRV---NANANQGYSLGGLILNVAGKVTANYWLSHVYT-PE-IGEAHRNGDIHTHDLDMLSG- -~ -YCAGWSLRTLLHEGFNGV 202

M_JAN VYDITKLIKSGSRENANLMYNPESIHKWVADETMKQYALL--AIFPKHIADAHIKGDIHLHDLEYAATRPV~~CLQHDLRPFFKYGLKVD 257
M_THE VYNITNLIENGSRDNANMIHNPETVHKYVADEALKQYTLL--HILPSRLADAHMSGDIHIHDLEFFAARPLN-CLQHDLRLFIRHGLRVD 267
E_COL --NASLL-----NENANKDSKVIP-TQRDLLAGIVAKHYARQHLLPRDVVQAHERGDIHYHDL.DYSPFFPMFNCMLIDLKGMLTQGFKMG 191
H_INF --NVELL-----NENANKDAKVIP-TQRDLLAGIVAKHYAKHNILPRDVVEAHEKGETHYHDLDYAPFFPMFNCMLVDLEGMLSRGFKMG 193
P_HOR -ARWGSLDV---LENANRYPGPSGFFAYVMEEALNN--SLSLIPEIGLK--AHLSGDIYIHKLPYSLYIP--YCTGHSIARLLEKGLKTP 90

PH_T4 --NKDLL----- NENANKDSRVEP-TQRDLMAGIVSKHIAKN -MVPSFIMKAHESGI IHVHDIDYSPALPFTNCCLVDLKGMLENGFKLG 95
. v % x

A_EUT PG---KVEAGPPKRMSSAVGQIVNFLGTLONEWAGAQAFSSFDTYMAPFVRKDAMSYAQVRQCIQELIYNLNVP-SRWGTQ- -~ -TPFIN 284

M_JAN GTGLHTSVSKPAKHPEVAIQHAAKVMMAAQTNMSGGQSIDEFNVWLAPYVRG--LSYEKIKQLMOMEIYELNOMYVARGGQ 349

M_THE GTGDHTSVAGPPKHLETLMNHAGEIMLASQONMSGGOAMSLWNVEVAPFASG--LSYEKIKQAVQMFIFNLNMAYAARGSQ- 351

E_COL -----NAEIEPPKSISTATAVTAQIIAQVASHIYGGTTINRIDEVLAPFVT---ASYNKHRKTAEEWNIPDAERYANSRTIKECYDAFQS 273
H_INF -----NAEIEPPKSIGTATAVTAQIIAQVASHIYGGTTINRIDEVLSPYVQ---ISYEKHLKHAQEWNVPDVEGYAKALIEKECFDAFQS 275
P_HOR -----TITSKPAKHFDTFVDHVANYLITLQHYFSGAQAFSSVEWYAGPFIRREGLNSRKVKQONIQRLIYNLNYP-TRIGLQ----TPFTN 170
PH. T4 --

--NAQIETPKSIGVATAIMAQITAQVASHQYGGTTFANVDKVLSPYVK - - -RTYAKHIEDAEKWQTADALNYAQSKTEKDVYDAFQA 177
* * * *

A_EUT LTFDWTCPEDLREQVPVIGGQEMPFAYGELQKEMDLINRAY IEVMTAGDAK-GRVFTFPIPTYNITR-DFP----WESENAKRLFEMTAR 368
M_JAN INLELEIPEFLKDKPAVIA-GTTRGTYGDYEEEAKLILEALVDVMMEGDAM-GKPFLFPNFIIKLRENAFK---DENKELMYKIHQLSAK 434
M_THE INLEFGVPEFLEDEPAYGPRGEYAGVYGDFAEEARLLTRAFTEVLLEGDAD-GKPHLFPNTIYSLRRETFR---GEFDEELSLVHELASK 437
E_COL LEYEVNTLHTANGQTPFVTFGFGLGTS- ~~~WESRLIQESILRNRIAGLGKNRKTAVFPKLVFAIRDGLNHKKGDPNYDIKQLALECASK 359

H_INF LEYEVNTLHTSNGQTPFVTFGFGLGTS- - -~WQSRLIQQAILKNRIRGLGKNHKT PVFPKLVFTIKKGLNONKGDPNYDIKQLALECASK 361

P_HOR FTVTLDAPRKMLEGDYATYNGKKVAPLGEYEKEAKMFIIALSEVLREGDAL-GQPFTFPIPTLMVTAKMIWD----DPEVFEAIFTTAAK 255

PH_T4 YEYEVNTLFSSNGQTPFVTITFGTGT--D--WTERMIQKAILKNRIKGLGRDGITPIFPKLVMFVEEGVNLYKDDPNYDIKQLALECAS 263
* *x

A_EUT YGLPYFQNFINSELEPNM---VRSMCCRLQLDLR---
M_JAN FGIPYFINMLPDWQVTNT---N-AMGCRTRLSG----
M_THE YGTAYFINMLADYRGKMA---N-YMGCRTSLAD---- ~-NWT--GDWEKDCLRTGNLAYITLNLPRIAYQSR-- 498
E_COL RMYPDILNYDQVVKVTGS--FKTPMGCRSFLG - -VWENENGEQIHDGRN-NLGVISLNLPRIALEPKG- 422
H_INF RMYPDILNYDQVVKVTGS--FKAPMGCRSFLG-----———--———--———===-— AYE-EXKGHETHDGRN-NLGVVSLNLPRIALESK-- 423
P_HOR RGSFYWLNTNVVDPDASY---A--MCCRLNIDKRELTYAFEVSGKSSEEETLEKLERQRFGGLWAMPDITGSVNVTTVNLPRIALKAK-- 338
PH_T4 RMYPDIISAKNNKAITGSSVPVSPMGCRSFLS - -VWKDSTGNEILDGRN-NLGVVTLNLPRIALDSYIG 329

-ELLKRGNGLFGSAEQTGSVGVVTVNCARLGYLHAG- 434
—-NWT--GDAEIDTLRTGNMQWYSLNLPRTAYEANG- 495

* oxw *x
A_EUT ---DEAALLRALDRLLELGKQOSLENKRK-- LIQHLMDQGLFPYTKRYLG- - - TLRNHFS- - TLGVNGVNEMIRNFTADRHDIT 507
M_JAN ---DDTKLFEILHERLEILKEALLIKHE------V--TKERLYVDNLMPFLTQEFDGESYYRYENTTKTFGFVGLNEMLKYHLGEELHE- 573
M_THE ---DDDELFEYLDEYIDMAVEVLRIRRS------ --AQRCLDDYHLLPFLSQEIDGERYYRIENATMSFGFTGLNEMLEYHLGAGIQ-- 574
E_COL ---DEATFWKLLDERLVLARKALMTRIARLEGVKARVAPILYMEGACGVRLNADDDVSEIFKNGRASISLGYIGIHETINALFGGEHVYD 509
H_INF ---NEEDFYRTLDERLATAKKALMTRIARLENTKARVAPILYMEGACGVRLKADENVAQIFKNGRASISLGYTGIHETINALYNGKHIFD 510
P_HOR ---DDDKFWEEYERILETVRITTDWFRER--------- YIKLISSYPHMYSMIKEYLEEF PMSHEN - ~T1GTLGLEEAVALYMNSPELWK 414
PH_T4 TQFNEQKFVELFNERMDLCFEALMCRISSLKGVKATVAPILYQEGAFGVRLKPDDDIIELFKNGRSSVSLGYIGIHE-LNILVG-- 412
o x
-WGHAFALRLLEHVRERIVAFQQETGHLYNLEATPAEGATYRFAREDRKRWPDIRQAGTAEQP- -~ - -~ YYTNSSQLPVGWTE 585

DAVKFGEKVIEYIREVADKLKEETGLRWIVTQTPAE-TAGRFARLDYKYYKEETISVVRGDLNDVDSLYYTNSSHVRVDAPI 656
EANRFGLRVIEHINERAAELKKETGWRWSVLQTPAESTAHRFAMLDHEHYPEE- -AVLQGTEG---AYYYTNSSHTPVNAEV 653
YYTNSFHLDVEKKV 585
YYTNSYHLDVEKKV 586

P_HOR EGNRRDWIESARLMKKMVEFATAKAREWMRATGTPWNVEEVPGESAAAKLATRDMKEFPELKDYLEDPDNP----IYST-SIAPYYGSLE 499

PH_T4 -------—-—-—- RDIGREILTKNH\TAHLKQWTERTGFAFSLYSTPAENLCYRFCKLDTEKYGSVKDVTDKG ———————— WYTNSFHVSVEENT 484
" - *

A_EUT DPFEALARQEDLQARYTGGTVLHLYMGECLSSGEACRELVRRALTRFRLPYITVTPTFSICPTH- =~ ———————=--=----=-————— 649

M_JAN TLGEKVRIEEKFHPLCNGGHIMHIWNIESAADPEVLMDITKKIT-KTHIGFWTYTKNLSVCNRCGISMGGLRDR----CINCGSED---V 740

M_THE DLVEKIRIEEKYHPLTPGGHIFNAWLGEAKPDPAALEGLTRRICRRSDIGFWAYSNALSFCLRCKTLMRGLQDS----CARCGERDE--V 737

E_COL NPYDKIDFEAPYPPLANGGFICYGEYPNIQHNLKALEDVWDYSY--QHVPYYGTINTPIDECYECGFTGEFECTSKGFTCPKCGNHDASRY 673
H_INF NPYDKLDFEMTYPPLASGGFICYGEYPNIQHNLKALEDVWDYSY--DRVPYYGTNTPIDECYECGFTGEFECTSKGFVCPKCGNHDSTKV 673
P_HOR LGDRVKIEEMVQGSF-TGGVMMHIFLGEE-PDPEALAQLTKKLMR-TKLVYWSYTPATITVCNSCKASFTGLYTR-~--~CPRCGSKD---V 579
PH_T4 TPFEKISREAPYHFIATGGHISYVELPDMKNNLKGLEAVWDYAA——QHLDYFGVNMPVDKCFTCGSTHEMTPTENGFVCSICGETDPKKM 572

*x

A_EUT ------- GYLAGEH------- PFCPRCDEEILARKRDQLAA-- - 676
M_JAN AKFSRITGYLQONIS------- NWNRAKQKELEDRKLPRI-— 771
M_THE EWYDRITGYVQQVGRAKSSSGGWNRGKQQELLDRRRIDL-— 776
E_COL SVTRRVCGYLGSPD-----ARPFNAGKQEEVKRRVKHLGNGQIG 712
H_INF SVTRRVCGYLGSPD--~--~ARPFNAGKQEEVKRRVKHL--- 707
P_HOR EIWSRIIGYYRPLR- - --NWNPYRRKEFWSRKHYVA- - 611
PH_T4 NTIRRTCGYLGNPN- ~ERGFNLGKNKEIMHRVKHQ---~-— 605
o * *

FIG. 3. Alignment of NrdD from A. eutrophus with class III RNRs. The NrdD sequences are from A. eutrophus (A_EUT), M. jannaschii (M_JAN; National Center
for Biotechnology Information [NCB] accession number 1591520), M. thermoautotrophicum (M_THE; NCB accession number 2622659), E. coli (E_COL; NCB
accession number 1790686), H. influenzae (H_INF; NCB accession number 1573024), P. horikoshii (P_HOR; NCB accession number 3130259), and phage T4 (PH_T4;
NCB accession number P07071). Residues conserved in all sequences are marked by asterisks. A consensus motif is underlined. Three conserved cysteine residues are
boxed. The potential radical sites are indicated in boldface.
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A_EUT
M_THE
M_JAN
P_HOR
E_COL
H_INF
PH_T4

A_EUT
M_THE
M_JAN
P_HOR
F_COL

MSASRASTASAASSRSPMPSPPDACEAAAGRRRDAASLRVGGMTALTTIDF PGRLAAVY
MNSAVGAELFMGDDGVSLRPGLGGTESVLESWRYIMGKLRVGRFLISSRVNGPGRR-FVI
MKALVSGIVDLSTIDYPKKASAVT

MLVSGWKEVSMVDVHGKTTFTL

MNYHQYYPVDIVNGPGTR~CTL

MNYLQYYPTDVINGEGTR-CTL

MNYDRIYPCDFVNGPGCR-VVL

FCQGCPWRCGYCHNPGLLDARA-PSSIAWAD-VLAFLQARQG- -LLDGVVFSGGEPTL-Q
WFQGCPIRCRGCLNPEFHDEDG-GHLIETARLVDMIRDLRD -~ ~-EIEGVTFTGGEPLA-Q
FLYGCNMKCPYCHNLKFMLEHKRGMTVEEI - —~~— FNDIDFL--FADAIVISGGEPTL-Q
WLCGCNLRCPFCHNWRIAQGE - -GC -FKLNREEL TAEVDANSF - LVDCFHITGGEPLI-Q
FVSGCVHECPGCYNKSTWRVNS-GQPFTKAMEDQTI INDLNDTRIKRQGISLSGGDPLHPQ
FVSGCTHACKGCYNQK SWSFSA-GVLFDDVMEQQTI INDLKDTRIKRQGLTLSGGDPLHPL
FVTGCLHKCEGCYNRSTWNARN-GOLFTMNTVKELASHLSKSYI--QGLTLTGGDPLYPQ

* ok * Kk k kk Kk

GALAGAIA-DVQARGFEVALHTAGMYPDRLPAILPQ--LDWIGLDLK-APLHRYD---~-
AMELVKLAGAVKSMGLTIVVCF ---TGYE-----—-——— MDEILKGNIE----- GGLELL-
KDAVIEIARYAKEKGFPVKIDTNGTHPEVIEELTKNKLIDYVAIDVK-CRFDKYK- -~~~
WKELRNLLVDVRRYLPISLNSNLTLVKPLERVIEF--~-LDHVATDLKVPPTELYGLPRES
NVPDILKLVQRIRAECPGKDIWVWTIGY
NVETLLPFVQRVKRECPDKDIWVWTGY
NREEISNLVSWVKARFPEKDIWLWTGY

--AITRVPGSGERAWE-------— SLRHWVASD-VAGECRTTWHAGMFDIAELHALAEST
--EFVDVLIDGPYIEEKS--~AP--L-LWRGSTNQDVYFLTERYAEFRDRVMACSEMEAE
--EFVKCREDGEEIKNKILKIIDLCKKN----- NVFVECRTTFVPKVMDEEDIEDIAKTV
SIKLWKLFLDGLSIVSNYSIPLELRIPVSRG--—-——--~= FKVEDIKPWIEEGIERINTDF
VVDLINVLVDG---KFVQDLKDP-SL-IWRGSSNQ-----——— VVHHLR

165
155
130
134
118
118
114

214
207
183
186
154

J. BACTERIOL.

H_INF MLPYIDVLIDG---KFIQEQADP-SL-VWRGSANQII-------- HRFKL 155
PH_T4 MLKYVDVIIDG---KY--EKNLPT-KKLWRGSDNQRLWSNTDGVWKHD 156
*

A_EUT AALGVKHWALQECRGSGASASLGRDDISRLAARFSSFTLRKA 256
M_THE LKVGADGV-YMTGIFDVEFWEELRRRLGDGS 237
M_JAN KDCDLY--AIQQFEPKDAYDEEFKKLPMPKENELRELGKIAKKYIDNVVIRTINGTFEI 240
P_HOR YVVLNPLVGPPLTDPRDKEWCAEHCWPRNEVEKLKDLLKSLGIEKVIVKSYP 238

FIG. 4. Alignment of NrdG from A. eutrophus with class III RNR activase proteins. The NrdG sequences are from A. eutrophus (A_EUT), M. thermoautotrophicum
(M_THE; NCB accession number 2621339), M. jannaschii (M_JAN; NCB accession number 2826326), P. horikoshii (P_HOR; NCB accession number 3130260); E. coli
(E_COL; NCB accession number 1790685), H. influenzae (H_INF; NCB accession number 1574712), and phage T4 (PH_T4; NCB accession number P07075). Amino
acids conserved in all sequences are marked by asterisks. Cysteine residues which may participate in coordination of an Fe-S-cluster are boxed.

quence to promote alignment. It is interesting to note that the
archaebacterial NrdD proteins show the highest similarity to
NrdD from A. eutrophus. Sequence comparison revealed that
three cysteine residues (C186, C392, and C646) are conserved
in all NrdD-like proteins available in the database. The highly
conserved glycine G650 (marked in boldface in Fig. 3), which
corresponds to G681 in the E. coli sequence, is the most likely
candidate for carrying the stable glycyl radical in the RNR of
A. eutrophus. An adjacently positioned tyrosine residue was
identified in all NrdD proteins. Furthermore, the alignment
uncovered a consensus motif AHxxGxIxxH (underlined in Fig.
3).

Sequence comparison of the 4. eutrophus nrdG showed typ-
ical features of class III RNR-associated activases (Fig. 4). The
highest identity (26%) was found to NrdG of M. thermoau-
totrophicum (50). A cysteine motif CxxxCxxC, present in all
NrdG proteins accessible so far, may participate in the coor-
dination of a [4Fe-4S] cluster. In E. coli, a [4Fe-4S] cluster
bridges the two NrdG subunits in the homodimer (34, 35). It is
interesting to note that the NrdG homolog of M. jannaschii has
been annotated as a pyruvate formate lyase-specific activase,
albeit genome sequence analysis of this archaeon lacks a pyru-
vate formate lyase but does predict the existence of a class IIT
RNR (3). Hence, we have added this protein to the list of
RNR-specific activases (Fig. 4).

RNR mutants. Deletion of a 3.3-kb DNA segment from the
nrd locus of A. eutrophus yielded mutant HF413 (Fig. 1A).
HF413 was unimpaired in aerobic growth (data not shown),
but under anoxic conditions the cell density increased only

slightly (Fig. 5A), and the formation of long cell filaments was
observed (Fig. 5B). This morphological change is indicative for
inhibited cell division caused by depletion of deoxyribonucle-
otides under anaerobiosis. Normal growth and cell morphology
of HF413 resumed upon introduction of plasmid pGE291,
which harbors the nrdDG genes of A. eutrophus (Fig. 5A).
Heterologous complementation of HF413 with the nrdDG
genes of E. coli on plasmid pGE391 was not successful (data
not shown). A second NrdD deficient mutant was constructed
by replacing the conserved G650 with an Ala residue by using
site-directed mutagenesis (Fig. 1A). The resulting mutant
HF456 behaved exactly like the deletion strain (Fig. 5A), thus
supporting the notion that G650 is essential for the function of
NrdD in A. eutrophus.

RNR activity. The results of this study point to the existence
of two separate RNRs in A. eutrophus, one instrumental under
anaerobic conditions and a second essential for aerobic
growth. Attempts to determine anaerobic RNR activity in
crude extracts from anaerobically grown cells of the wild-type
H16 by using the protocol designed for E. coli (34) yielded an
enzymatic activity of 0.01 U per min per mg of protein. This
corresponds to 10% of the activity determined in anaerobic
extracts of E. coli (14). Replacement of the argon atmosphere
by air, however, resulted in a significant increase of RNR
activity up to 0.8 U per min per mg of protein. This result
reflects high level of class I RNR in anaerobically cultivated
cells of A. eutrophus and differs from the behavior of E. coli,
which contains only traces of class I RNR during anaerobic
growth (4, 14). This interfering activity does not permit a
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FIG. 5. Phenotype and cell-morphology of RNR mutants. (A) Strains were grown anaerobically in FN-medium supplemented with 0.2% sodium nitrate. Results
for A. eutrophus H16 (@), nrdDG deletion mutant HF413 (A), complemented mutant HF413(pGE291) (V), and NrdD G650A exchange mutant HF456 (m) are as
indicated. (B) Samples were taken from anoxic cultures after 70 h and examined by light microscopy. Panels: 1, wild-type A. eutrophus H16; 2, nrdD-nrdG deletion

mutant HF413.

reliable assay for class III RNR in crude extracts of A. eutro-
phus.

More evidence for the existence of class I RNR in A. eutro-
phus was obtained by the application of an inhibitor. The
addition of 5 mM hydroxyurea to aerobically growing cells led
to an increase of the doubling time from 2 to 7 h in both the
wild type and the NrdD deficient mutant HF413 (Fig. 6). Hy-
droxyurea is an efficient radical scavenger and a well-known
inhibitor, particularly of class I RNRs (7, 11). The sensitive
response of A. eutrophus supports the notion that the organism
contains a class I RNR in addition to the class III enzyme.

nrdD and nrdG of A. eutrophus form an operon. A sequence
motif 5'-TTGCG N4 GTCAA-3" was identified 79 bp up-
stream of the nrdD-translational start (Fig. 2) which resembles
the binding site of the anaerobic transcriptional activator Fnr
from E. coli (51). Transcription and translation of nrdD and

nrdG were studied with the aid of reporter gene fusions (Fig.
1B) cloned on a broad-host-range plasmid. The recombinant
plasmids were introduced into A. eutrophus H16 by conjuga-
tion. The level of transcription and translation was monitored
by B-galactosidase activity (Table 2). We observed that, under
oxic conditions, there was no transcription of nrdD and nrdG.
In the absence of oxygen, B-galactosidase activities of the
nrdD-transcriptional fusions (pGE384) and the nrdG-tran-
scriptional fusions (pGE385) were almost identical, which sug-
gests that nrdD and nrdG are cotranscribed from a common
promoter located upstream of nrdD. This assumption is sup-
ported by the result obtained with the translational fusion in
pGE388 (Table 2), which showed no B-galactosidase activity
due to the absence of the nrdD promoter region (Fig. 1B).
Substantially diverging levels of translation were observed
when we compared the activities obtained with pGE386 and
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FIG. 6. Aerobic growth of A. eutrophus in the presence of hydroxyurea. The
wild type (O and @) and the nrdDG deletion mutant HF413 (A and A) were
grown aerobically in FN-medium. Solid symbols indicate growth in the presence
of 5 mM hydroxyurea.

pGE387. The expression of the reductase NrdD is 40-fold
higher than the expression of the activase NrdG. This result
agrees with the observation that the putative ribosome binding
site upstream of nrdD matches more closely the E. coli con-
sensus ribosome binding site than the putative ribosome bind-
ing site upstream of nrdG (Fig. 2).

DISCUSSION

A. eutrophus H16 harbors a 450-kb megaplasmid pHG1
which carries genetic determinants for the expression of two
alternative metabolic pathways: energy generation from the
oxidation of molecular hydrogen (13) and anaerobic respira-
tion via denitrification (41). In contrast to hydrogen oxidation,
which is encoded entirely on pHGI, genes for denitrification
are dispersed on the chromosome and on the megaplasmid of
A. eutrophus. A megaplasmid-free derivative of the wild type
fails to denitrify and forms long filamentous cells. In this report
we have shown that this phenotype is due to the absence of the
megaplasmid-borne genes nrdD and nrdG, which encode an
anaerobic class III RNR and its corresponding activase. This is
the first example of a plasmid-encoded RNR. Introduction of
the two genes into a megaplasmid-free recipient restored an-
aerobic growth and hence denitrification of the cells. It was
shown before that transfer of the megaplasmid to taxonomi-
cally related bacteria lacking hydrogen oxidation and denitri-
fication capacities yield transconjugants which have gained
these metabolic activities (47). In fact, we could now demon-
strate that transfer of nrdD and nrdG into the nondenitrifying
strain Alcaligenes hydrogenophilus restores anaerobic growth
on nitrate (47). This result shows that this host is missing
housekeeping functions for anaerobic growth but harbors
genes required for denitrification.

Aerobic growth of A. eutrophus was very sensitive to hy-
droxyurea, indicating that an oxygen-dependent class I RNR is
instrumental during the aerobic growth of A. eutrophus. This
enzyme appears to be also formed during anaerobic growth,
which strongly interferes with the assay for anaerobic class 11T
RNR activity in crude extracts. Thus, purification of the class
III RNR is necessary before reliable statements concerning the
enzymatic properties can be made. This result contrasts the
situation in E. coli, which contains only residual amounts of the
class I RNR in extracts from anaerobically cultivated cells (7,

J. BACTERIOL.

11). Moreover, the assay employed in this study has been
specifically designed for the class III enzyme of E. coli and may
not meet special requirements of the corresponding enzyme
from A. eutrophus. In particular, it is unknown whether NrdDG
of A. eutrophus depends also on formate as the electron donor.

A high degree of similarity between NrdD from E. coli, H.
influenzae, and phage T4 made it difficult to identify particular
residues of potential structural or functional relevance in class
III RNRs. A specific role was assigned to G681 of E. coli NrdD
and G580 of phage T7 NrdD which carry the stable radical (54,
35). A glycine residue is conserved at the C terminus of all
NrdD proteins described so far. Mutational exchange of the
corresponding G650 to alanine in NrdD of 4. eutrophus abol-
ished anaerobic growth of the mutant strain. We therefore
conclude that G650 is the site of the radical in NrdD of A.
eutrophus. Three cysteine residues are conserved at similar
positions in all NrdD sequences available so far. These resi-
dues may play a role in substrate reduction, as reported for a
similar set of cysteines in class I and class IT RNRs (2, 31, 49,
58). This assumption is confirmed by the recently published
crystal structure of the phage T4 NrdD (29). Cysteine residues
C286 and C392 of the A. eutrophus NrdD correlate with cys-
teine residues C79 and C290 in NrdD of phage T4, which
reside in the active site of the enzyme (29). A common reaction
mechanism, which involves three cysteine residues, has been
proposed for all classes of RNRs (9). However, residue N311
in NrdD of phage T4 has been found to reside in place of the
third conserved cysteine of class I RNRs (29). N311 is also
conserved in all class III RNRs, including NrdD of A. eutro-
phus. In view of the complex reaction and allosteric regulation
of class III RNRs, it seems surprising that only a few additional
residues are conserved in the NrdD proteins. Particularly
worth mentioning are two elements: AHxxGxIxxH and a ty-
rosine residue adjacent to the postulated radical site. The
former motif seems to be involved in binding the phosphate of
the substrate (29). Interestingly, two conserved CxxC motifs
(residues 543 to 546 and residues 561 to 564 in NrdD of phage
T4) are missing in NrdD of A. eutrophus. These residues are
supposed to be involved in radical generation in NrdD of
phage T4 (29).

Comparison of NrdG sequences revealed the presence of a
conserved CxxxCxxC motif which may bridge two NrdG mono-
mers via an Fe-S cluster, as has been shown for NrdG of E. coli
(34, 52). Moreover, a pair of glycines is located at a defined
distance to the cysteine cluster within the primary NrdG se-
quences. Both motifs are also present in pyruvate formate lyase
(Pfl) activases and in the PqqE, NifB, and MoaA proteins (57).
No specific physiological function has been assigned to PqqE,
NifB, and MoaA, which are all involved in cofactor synthesis

(32).

TABLE 2. Expression of nrdD and nrdG

B-Galactosidase (U)*

Plasmid lacZ fusion

Aerobic Anaerobic
pGE384 nrdDp-lacZ 29 4,156
pGE385 nrdDGp-lacZ 17 4,628
pGE386 ®(nrdD-lacZ) 0 5,986
pGE387 O (nrdG-lacZ) 0 157
pGE388 O(AnrdD-nrdG-lacZ) 0 0

“The activity of B-galactosidase is expressed in arbitrary units. The data
represent the means of two independent experiments. Activities were assayed
from transconjugant wild-type cells grown to optical densities (measured at 436
nm) of 1.0 to 1.2.
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In vivo assays of promoter activity revealed that nrdD and
nrdG are cotranscribed from a promoter upstream of nrdD,
suggesting an arrangement in an operon. An operon-like struc-
ture was also proposed for the nrdD and nrdG genes of E. coli
(52). Both gene products assemble into a heterotetramer at
a3, stoichiometry, which resembles the composition of class I
RNRs (34). Translational fusions with nrdD and nrdG of A.
eutrophus showed that the expression of NrdD is 40-fold higher
than the expression of NrdG. This result suggests that in this
organism the two proteins are expressed in nonstoichiometric
ratios. Since the glycyl radical is recycled after substrate reduc-
tion, a permanently formed reductase-activase complex is not
necessarily required for catalysis. This view is supported by the
fact that pyruvate formate lyase of E. coli is expressed to a
significantly higher extent than its activase (43). Both types of
activases use a [4Fe-4S] cluster to derive a 5'-deoxyadenosyl-
radical from S-adenosylmethionine for the activation of their
target proteins (23, 35). It is interesting that NrdG of A4. eu-
trophus shows a higher degree of similarity to the pyruvate
formate lyase-related activase than to NrdG of E. coli (data not
shown), thus supporting the view of a common, highly related
class of proteins which act as a functional module in combina-
tion with various enzyme systems.
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