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A 8.7-kilobase DNA fragment carrying Pseudomonas denitrificans cob genes has been sequenced. The
nucleotide sequence and the genetic analysis revealed that this fragment carries eight different cob genes (cobF
to cobM). Six of these genes have the characteristics of translationally coupled genes. cobl has been identified
as S-adenosyl-L-methionine (SAM):precorrin-2 methyltransferase structural gene because the encoded protein
has the same NH, terminus and molecular weight as those of the purified enzyme. From protein homology with
CobA and Cobl, two SAM-dependent methyltransferases of the cobalamin pathways, it is proposed that cobF,
cobJ, cobL, and cobM code for other methyltransferases involved in the cobalamin pathway. In addition,
purified CobF protein has affinity for SAM, as expected for a SAM-dependent methyltransferase. Accumula-
tion of cobalamin precursors in Agrobacterium tumefaciens mutants complemented by any of these eight genes
suggest that, apart from cobl, whose function is identified, the products of all these genes are implicated in the

conversion of precorrin-3 into cobyrinic acid.

We have reported the cloning of at least 14 Pseudomonas
denitrificans cob genes (9) which are grouped into four
different clusters on the chromosome. Genetic and biochem-
ical analysis has allowed us to identify five cob genes (cobA
to cobE) on a 5.4-kilobase(kb) fragment from complementa-
tion group C-pair (10a). cobA was found to be the structural
gene encoding S-adenosyl-L-methionine:uroporphyrinogen
III methyltransferase (SUMT), cobB codes for cobyrinic
acid a,c-diamide synthase, and cobC and cobD code for
proteins involved into the transformation of cobyric acid into
cobinamide. The function of protein CobE remains to be
identified.

Cobalamin biosynthesis is considered to require between
20 and 30 steps to transform uroporphyrinogen III (urogen
III) into cobalamin. Between precorrin-3 and cobyrinic acid
no intermediate or enzymatic activity have been identified so
far (20). However, biochemical data support the following
reactions: (i) methylations at C-1, C-5, C-12, C-15, and C-17;
(ii) decarboxylation of the acetic acid side chain at C-12; (iii)
loss of C-20; and (iv) cobalt insertion. The sequential steps
are not identified; only the methylation order is known (20).
Identification of genes involved in this part of the pathway
would be a valuable tool for biochemical studies. We report
here the genetic analysis and nucleotide sequence of an
8.7-kb EcoRI P. denitrificans fragment from complementa-
tion group A (9), which is shown to contain eight genes
involved into the transformation of precorrin-2 into coby-
rinic acid.
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MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plas-
mids used in this study are described in Table 1. The 8.7-kb
EcoRI fragment studied was cloned into pXL151 (9). This
fragment was inserted into the pKT230 or pRK290 EcoRI
site to give pXL.253 and pX367, respectively.

Media, bacteriological techniques, and chemicals. Bacteria
were grown in LB (21) and PS4 (9) media for routine
culturing, complementation test, or cobalamin production,
respectively. The growth temperature was 37°C for Esche-
richia coli or 30°C for Agrobacterium tumefaciens and P.
denitrificans. Antibiotic concentrations and culture condi-
tions used for cobalamin synthesis by A. tumefaciens strains
have been described previously (9). Complementations of A.
tumefaciens Cob mutants were performed as previously
described (9). Cobalamin concentrations were determined
by the microbiological assay with the E. coli vitamin B,,
auxotroph 113-3 Cbll as the indicator strain (9).

General methods. Recombinant DNA techniques used in
this study include all the methods used previously (9). The
procedures to mobilize plasmid DNA from E. coli to A.
tumefaciens have been described previously (9). DNA se-
quencing was performed as described elsewhere (10a). Con-
centration of intracellular accumulated corrinoids was per-
formed as described elsewhere (F. Blanche, D. Thibaut, M.
Couder, and J. C. Muller, Anal. Chem., in press).

Mutagenesis. Tn5 and Tn3lacZ were inserted into the
8.7-kb EcoRI fragment cloned into pXL367. Tn5 mutagene-
sis was performed as described by de Bruijn and Lupski (12),
using A467 to transfect LE392(pXL367). After plasmid DNA
purification, 29 TnS insertions were identified on the 8.7-kb
fragment. Tn3lacZ was inserted as previously described
(28). Transposition was performed in strain HB101(pHoHol,
pSShe, pXL367). Plasmid pHoHol carries the Tn3lacZ
transposon and is defective for transposition; it transposes
when tnpA is supplied in trans with plasmid pSShe. In a first
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TABLE 1. Bacterial strains and plasmids used

Bacterial strains,

p:)llzﬁ; igr Ms:)(l?(r:::d Relevant properties Reference or source
E. coli .
LE392 F~ hsdR514 supE44 supF58 lacY1 galK2 galT22 12
metBl1 trypR55 \
SF800 Nal® polA 27
TG1 - A(lac-pro) thi supE hsdDS5/F' proAB lacI°ZAMI5 T. J. Gibson, Ph.D. thesis®
113-3 Cbll metE cannot convert cobinamide into cobalamin 9
HB101 F~ hsdS20 recAl3 ara-14 proA2 lacYl galK2 7
. rpsL20 xyl-5 mtl-1 supE44
MC1060 A(laclOPZYA)X74 galU galK strA2 hsdR 10
P. denitrificans
SCs510 High-cobalamin-producing strain 9
SCS510 Rif" Rif" derivative of SC510 5
Plasmids )
pRK2013 Km" ColE1 Carries the tra genes of RK2 helper plasmid for 14
conjugal transfer
pRK290 Tet" RK2 13
pKT230 Km" RSF1010 2
pXL151 Km" RSF1010 13-kb P. denitrificans Sau3Al fragment cloned 9
. into BamHI site of pXL5S9
pXL.253 Km" RSF1010 8.7-kb EcoRI fragment of pXL151 cobF to cobM This study
pXL367 Tet” RK2 8.7 kb EcoRI fragment of pXL.151 cobF to cobM This study
pSShe Cm" P15SA tnpA (Tn3) 27
pHoHol Amp" ColE1 Tn3lacZ 27
Phage \467 N 5221 rex::Tn5 ¢I857 Oam29 Pam80 12

@ Thesis from University of Cambridge, Cambridge, England, 1984.

step the transposition occurred in the strain carrying the
three plasmids (transposon donor plasmid, transposase-sup-
plying plasmid, and target plasmid). In a second step the
plasmids were transferred into SF800 by using strain
MC1060(pRK2013). The selected transconjugants contained
the target plasmids with Tn3/acZ only, since pSShe and
pHoHol do not replicate in SF800. Thirteen Tn3/acZ inser-
tions were selected on the 8.7-kb fragment.

SAM binding to CobA, CobF, and bovine serum albumin.
The S-adenosyl-L-methionine (SAM)-binding test is based
on the hypothesis that SAM-dependent methyltransferases
exhibit a specific affinity for SAM. The purified protein
(about 10 pg) was incubated for 10 min at 30°C in 200 wl of
0.1 M Tris hydrochloride (pH 7.7)-5 nmol of [methyl-*H]
SAM (1 pCi) (Amersham France S.A.). Immediately after
incubation, 100 pl of the incubation mixture was applied to a
TSK-125 column (Bio-Rad Laboratory) and eluted at 4°C at
a flow rate of 1 mi/min with 50 mM Na,SO,~20 mM
NaH,PO, (pH 6.8). Fractions (0.5 ml) were collected, and
the radioactivity present in each fraction was counted. SAM
and protein retention times were determined by on-line
monitoring of the A,g, of the eluate. Pure SUMT was
obtained as described previously (5); CobF was purified
from an E. coli-overproducing strain (unpublished data).

Nucleotide sequence accession number. The sequence of
the 8.7-kb fragment has been assigned the GenBank acces-
sion number M32224.

RESULTS

DNA sequence of the 8.7-kb EcoRI fragment from plasmid
pXL151. The 8.7-kb EcoRI DNA fragment from plasmid
pXL151 leads to the complementation of all the Cob mutants
classified in complementation group A (9). Therefore this
fragment must contain all the cob genes that complement

these mutants. The sequence of this 8,753-base-pair (bp)
fragment (Fig. 1) was analyzed by the program of Staden and
McLachlan (28, 29) as described elsewhere (10a). This
method allowed the identification of eight open reading
frames (ORFs), named ORF1 to ORF8, displaying a high
coding probability (Fig. 2). All these ORFs were found on
the same strand; on the other strand, no ORFs with a high
coding probability could be found (data not shown). The
positions of the initiation codon and the termination codon,
as well as the predicted molecular weight of the encoded
protein, are presented for each ORF in Table 2. A GUG
initiation codon has been chosen for ORF4 and ORF6 since
the probability of these ORFs is high immediately 3’ to the
termination of the previous ORF and no AUG codon nearby
is present (the next AUG codon being 357 and 564 bp
downstream for ORF4 and ORF®6, respectively). Translation
initiation codons were chosen for ORF1 and ORF2, but
translation may start at the following AUG codons, which
are several bases downstream (15 and 12 bp for ORF1 and
ORF?2, respectively) (Fig. 1). Identification of the NH,
terminus of the encoded protein would allow us to determine
the right translation initiation codon.

We found no sequence, upstream of these ORFs, showing
a significant homology with the E. coli consensus ribosome-
binding site (26). On the contrary, potential ribosome-bind-
ing-site sequences were found for genes cobA to cobE (10a).
We do not know whether this difference is correlated to the
level of gene expression from one cluster to another. Six
ORFs (ORF2 to ORF7) show the characteristics of ORFs
that are translationally coupled; i.e., the stop codons of
ORF2 to ORF6 are either overlapping with the initiation
codon of the next ORF or, for ORF2, are only 2 bases apart
(Fig. 1). In contrast, a 100-bp intergenic region separates
ORF1 from ORF2, and ORF7 ends 69 bp upstream from
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goct\cgceﬂgcgcctocotggckgocetcucgcogtlcctegtggcccegoogoocgegggccggeage\tltccctcgcgggcetﬁogloltttcgcgegc\égocctgocgee
gctegeccngglgcgcgtggteut(ctcﬁgceoggc(eectotcncggtgccggccoggcgcotgggctc\gctteogegttcgccccggggtccggacgccg:cgtcgclggtcn
ncotcta:ooggooctjnuteccgctctegglottccgccggegegtcccggttt(etcg-ongetgggcooggcogggcgtg:lgcltltg-accgcgt9clg¢cggtegngegc
gggccegtgeg(eocnccugggtcocggttgggoaoeg\(eeegga(gcgntca(ccgigegﬁleoocgoggecgngca(eecgtcgtc(tcotgc\ttggggetcctnlgegcog
ccgccggcgéect(cgtcgnecgctcgegccctcttgtcclgogggccccocoteegtcgccgctctccycccoltccgge(ttctcggctgccggectttttcceoggcecotﬁc
ct(cc\cgcocgcuacggcllcgctcegotcgoclggcggclgccggnnnc\ccggelgcggncotccnctgooggc!tggcgcgoctgncgjc\ttglcgtcgccctgcgglcl\

gecttggeggeggegat cegectaagacgeccgaacgaa ATG GCG GAG GCG GGC ATG CGC ARA ATT CTG ATC ATC GGC ATC GGT TCG GGC AAT CCC
} n R E A 6 n R K 1+ L | 1 6 1 6 S 6 N P
ORF t (gabF)
GAA CAC ATG ACC GTG CAG GCG ATC AAC GCG CTG ARC TGC GCC GAC GTG CTC TTT ATC CCG ACC ARG GGA GCG AAG ARG ACC GAG CTT
E K n T VU Q R | N A L N C A O ¥V L F 1 P T ¥ 6 A& kK K T E L

GCC GAR GTG CGC CGC GAC ATC TGC GCC CGC TAC GTC ACG CGC ARG GAC AGC €6C ACC GTC GAG TTC GCG GTG CCC GTG CGG CGC ACC
A E VU R R D I C A R Y U T R K D S R T VU E F A v P UV R R T

GAR GGC GTC AGC TAT GAC GGC AGC GTC GAT GAC TGG CAC GCC CAG ATC GCT GGG ATT TAC GAA GCG CTT CTA 1€ ARG GAG TTG GGC
E 6 U S Y D G S Y O D M W A Q ! A G ! ¥ E A L L S K E L ©

GAR GAG GGA ACT GGC GCG TTT CTC GTC TGG GGC GAC CCG ATG CTC TAT GAC AGC ACC ATT CGC ATC GTC GAG CGG GTC ARG GCA CGC
E E 6 T 6 A F L U W 6 o P m L Y O S T 1 R I vV E R U K A R

66T GAG GTC GCC TTC GCC TAC GAC GTC ATT CCC GGG ATC ACC AGT CTG CAG GCG CTT TGC GCC AGC CAC CGC ATT CCG CTG AAC CTC
6 E U R F A ¥ O U 1 P 6 1 T § L Q A L C A S W A 1 P L N L

6TC GGC ARG CCG GTG GAG ATC ACC ACG GGG CGT CGG CTG CAC GAA AGC TTT CCC GAG ARG AGC CAG ACC TCG GTC GTC ATG CTC GAT
VU 6 K P U E | T T 6 R R s F P E ¥ S 0 T s v v n L O

6GC GAR CAG GCG TTT CAG CGG GTC GAG GAC CCG GAG GCG GAG ATC TAT TGG GGC GCC TAT CTC GGC ACG CGG GAT GAG ATC GTC ATT
6 E Q AR F Q R VU E O P E A E ! Y W 6 A Y L 6 T R 0 E I VUV 1

TCC GGC CGC GTG GCT GAG GTG AAG GAC CGG ATC CTT GAR ACG CGG GCG GCG GCG CGC GCG RAG ATG GGA TGG ATC ATG GAC ATC TAT
s 6 R U AR E U ¥k O R I L E T R A R A R AR K N 6 uw 1+ n 0 1 V¥

CTC CTG C6C ARG GGC GCC GAC TTC GAC GAG tgacggggegggccgatctgegtegtgtitgatctcactcaaggtttgeggetgtgtiatagegtcttaagagge
L L R K G R D F D E tse

ttcttcagggaggagaacctcaagtg ATG ACG GAT TTG ATG ACC AGC TGC GCC CTT CCA TTG ACC GGA GAT GCC GGC ACC GTC GCT TCG ATG
m T o L m T S§ C A L P L T G 0 A G T U s n
ORF 2 (gohG) .

€6C CGC GGC GCC TGC CCG TCC TTG GCA GAG CCG ATG CAG ACC GGC GAC GGC CTG CTC GTG AGG GTG AGG CCA ACGC GAT GAC AGC CTG

R R 6 R C P S L A E P n Q T 6 0 6 t L v R v R P T 0 0 s L

ACG CTG CCG ARG GTC ATT GCC CTT GCC ACG GCT GCC GAG CGC TTC GGC AAT GGC ATC ATC GRAG ATT ACC 6C6 CGC GGA ARC CTG CAG
T L P K U I A L A T A R E R F G ¥ 6 1 |+ E 1 T A R G N L 0

CTT C6C GGC CTG AGC 6CG GCT TCG GTG CCA AGG CTG GCG CAG GCG ATC GGC GAT GCG GAG ATC GCC ATT GCC GAG GGG CTC GCG ATC
L R 6 L S A A S VU P R L A 0 A I 6 O A E 1+ A I A E G L A I

GAG GTG CCG CCC CTG GCC GGC ATC GAC CCG GAC GAG ATC GCC GAT CCG CGG CCG ATT GCC RCT GAG CTT CGT GAR GCG 116 GAT GTG
E U P P L A G | B P D E I A O P A P I A T E L AR E A L D0 V

©6C CAG GTG CCG TTG ARG CTT GCA CCC ARR TTA TCC GTC GTC ATC GAT AGC GGT GGC CGG TTT GGT CTC GGC GCT 6TC GTC GCC GAC
R Q v P L K L AR P K L S ¥V v I 0 S 6 6 AR F 6 L 6 A vV U A D

ATT CGC CTT CAG GCG GTT TCG ACT GTC GCG GGG GTG GCC TGG GTG CTG TCG CTT GGC GGC ACG TCA ACG ARG GCA TCG AGC GTC GGG
I R L 0 R U S T U A 6 V A W ¥V L S L 6 6 T s T kK A S S VUV &

ACG TTG GCC GGC AAC GCG GTC GTG CCG GCC CTG ATC ACC ATT CTC GAG ARA CTG GCG AGC CTG GGC ACG ACG ATG CGC GGG CGC GAT
T L AR 6 N A UV vV P A L ! T + L E K L A S$ L 6 T 7T n R G R ']

CTG GAC CCG TCG GAR ATC CGC GCG CTC TGT CGC TGT GAG ACA TCG TCC 6AR €GC CCG GCC GCT CCG CGT TCG GCC GCA ATA CCC GGC
L o P $ E | R A L C R C E T S s € R P A A P R S A A | P G

ATT CAT GCG CTG GGT AAC GCC GAC ACC GTT CTC GGC CTC GGT CTG GCC TTT GCT CAG GTG GAG GCC GCC GCG CTG GCA TCC TAC CTG
I W A L G N A D T VU L 6 L 6 L A F A 0 vV E A A A L A s Vv L

CRT CAG GTC CAG GCG CTT GGC GCC AAT GCG ATC CGG CTT GCG CCC GGG CAC GCC TTC TYC GTC CTC GGC CTT TGC CCC GAG ACC GCG
W Q YV 0 A L G A N A I R L A P 6 H A F F v L 6 L C P E T A

GCT GTG GCG CAG AGC CTG GCA GCG TCA CAC GGT TTT CGC ATT GCC GAG CAG GAT CCG CGC RAT GCG ATC GEC ACC TGC GCC GGC AGC
AR U A Q@ S L A A S H 6 F R I A E Q O P R KN A I AR T C A G S

ARG GGT TGC GCC TCG GCG TGG ATG GAR RCC ARG GGC ATE GCC GAG CGC CTC GTC GAG ACG GCG CCG GAR TTG CTC GAC GGG TCG CTC
Xk 6 ¢C A S A W W E T X 6 n A E R L VvV E T A P E L L 0 6 S L

ACC GTG CAT CTC TCC GGC TGC GCC ARG GGC TGC GCC CGG CCG ARG CCG TCC GAA CTG ACG CTT GTC GGT GCG CCA TCA GGA TAC GGG
T v H L S 6 C A K 6 C A R P k¥ P § € L T L Vv 6 A P S 6 Vv ©
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'FIG. 1. Nl.lcleotide.sequence of the EcoRI 8.7-kb fragment from complementation group A. The positions of the ORF are indicated, along
with the predicted amino acid sequence of the encoded polypeptide. Noncoding DNA is represented in lowercase letters.
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GTC GTR AAT GGG GCT GCC AAT GGC TTG CCA AGC GCC TAC ACC GAT GAG ART GGA ATG GGA TCC GCC CTT GCC CGG CTC G6GC CGG
vy ¥ N 6 A A KN G L P S A Y T D E N 6 M 6 S A L A R L 6 R

GTG CGG CAA ARC ARR GAC GCT GGC GAR TCG GCG CAG TCC TGT CTT ACA CGG CTC GGA GCT GCG CGC GTC TCG GCA GCG TTC GAA
vV R 0 N K D A G €E S A ¢ S C L T R L 6 A A R V S A AR F E

GGA tagac ATG CCT GAG TAT GAY TAC ATT CGC GAT GGC ARC GCC ATC TAC GAG CGT TCC TTC GCC ATC ATC CGC GCC GRG GCC

G see n P E Y O Y I+ R D G N A I ¥ E R S F A t+ I R A E A
ORF3 (

CTG TCG CGC TTC TCC GRR GAG GAR GCG GAT CTG GCT GTG CGC ATG GTG CAC GCC TGC GGT TCC GTC GAG GCG ACC AGG CAG TTC

L $ R F S E E E A D L A V R N V H A C G S UV E A T R 0 F

TTT TCT CCC GAT TTC GTA AGC TCG GCC CGT GCG GCG CTG ARA GCC GGT GCG CCG ATC CTC TGC GAT GCC GAG ATG GTT GCG CAC
F s P O F Vv S S R R A A L XK A 6 A P | Lt C D A E N UV A H

GTC RCC CGC GCC CGT CTG CCG GCC GGC ARC GRG GTG ATC TGC ACG CTG CGC GAT CCT CGC ACG CCC GCA CTT GCG GCC GAG ATC
U T R AR R L P A G N E V I+ C T L R D P R T P AR L A A E |

ARC ACC CGC TCC GCC GCA GCC CTG ARG CTC TGG AGC GAG CGG CTG GCC GGT TCG GTG GTC GCG ATC GGC ARC GCG CCG ACG GCG
N T R §$ A R A L K L W S € R L A 6 S VvV v A I 6 KN A P T A

TTC TTC CTC TT6 GAA ATG CTG CGC GAC GGC GCG CCG ARG CCG GCG GCA ATC CTC GGC ATG CCC GTC GGT TTC GTC GGT 6CG GCG
F F L L E ®m L R D G A P K P A A I L 6 0 P Vv 6 F VU 6 A A

TCG ARG GAT GCG CTG GCC GAG ARC TCC TAT GGC GTT CCC TTC GCC ATC GTG CGC GGC CGC CTC GGC GGG AGT GCC ATG ACG GCG
$s ¥ D A L A E N S Y 6 V P F A I VvV R 6 R L G 6 S A N T A

GCG CTT AAC TCG CTC GCG AGG CCG GGC CTGTGAGC GGC GTC GGC GTG GGG CGC CTG ATC GGT GTT GGG ACC GGC CCC GGT GAT
AL K S L AR R P G Lo
nms 6 VvV 6 VvV 6 R L I 6 VvV 6 T 6 P 6 D
ORF4 (gabl) )
GAR CTT TTG ACG GTC ARG GCG GTG ARG GCG CTC GGG CAR GCC GAT GTG CTT GCC TAT TTC GCC AAG GCC GGG CGA AGC GGT AAC
E L L T vV K A ¥V K A L 6 0 AR D VvV L A Y F A K A G R S G N

CGC GCG GTG GTC GAG GGT CTG CTG ARG CCC GAT CTT GTC GAG CTG CCG CTA TAC TAT CCG GTG ACG ACC GAA ATC GAC RAG GAC
v vV E 6 L L x P D0 L Vv E L P L Y v P VvV T T E I D kK D

GGC GCC TAC ARG ACC CAG ATC ACC GAC TTC TAC AAT GCG TCG GCC GAR GCG GTA GCG GCG CAT CTT GCC GCC GGG CGC ACG GTC
A Y XK T 0 + T O F ¥ N A S A E A VU A A K L A A 6 AR T WV

v

GTG CTC AGT GAA GGC GAC CCG CTG TTC TAT GGT TCC TAC ATG CAT CTG CAT GTG CGG CTC GCC ART CGT TTC CCG GTC GAG GTG
v L s E 6 0 P L F Y 6 S Y n H L H U R L A N R F P VUV E U

CCC GGC ATT ACC GCC ATG TCC GGC TGT TGG TCG CTT GCC GGC CTG CCG CTG GTG CAG GGC GAC GAC GTG CTC TCG GTG6 CTT CCG
P I\ T A B S 6 C ¥ § L A 6 L P L VUV 0 G 0 0 v L S Vv L P

ACC ATG GCC GAG GCC GAG CTC GGC CGC AGG CTT GCG GAT ACC GAR GCC GCC GTG ATC ATG ARG GTC GGG CGC AAT TTG CCG ARG
n A €E A E L 6 R A L A D T E A A VUV I nm K U 6 R K L P XK

CG6T CGG GCG CTC GCT GCC TCC GGC CGT CTC GAC CAG GCC GTC TAT GTC GAA CGC GGC RCG RTG ARG ARC GCG GCG ATG ACG GCT
A L R A S 6 R L D 0 A VvV VY VUV E R 6 T n K N A A n T A

GCG GAR ARG GCC GAC GAC GAG GCG CCC TAT TTC TCG CTG GTG CTC GTT CCC GGC TGG ARG GAC CGA CCATGACC GGT ACG CTC
L} K A D D E A P Y F S L VU L U P G M K D R P s
nt1T 6 T L
ORFS (gohl)
GTC GTC GGT ACC GGA CCG GGC AGC GCC ARG CAG ATG ACG CCG GAA ACG GCG GAR GCC GTT GCG GCC GCT CAG GAG TTT TAC GGC
v v 6 T 6 P 6 S A K Q@ n T P E T A E A V A A A Q0 E F VY G

TTIT CCC TAT CTC GAC CGG CTG RAC CTC AGR CCG GAT CAG ATC CGT GTC GCC TCG GAC ARC CGC GAG GAG CTC GAT CGG GCA CAG
F P Y L DO R L ¥ L R P 0D Q@ | R vV A S D N R E E L 0 R A 0

GCG CTG ACG CGG GCT GCG GCA GGC GTG ARG GTC TGC ATG GTC TCC GGT GGC GAT CCC GGT GTC TTT GCC ATG GCG GCC GCC GTC
R A AR AR 6 VU K v ¢ n v § 6 6 D P G Y F A N A A R U

GAG GCG ATC GAC ARG GGA CCG GCG GAA TGG ARG TCG GTT GAR CTG GTG ATC ACG CCC GGC GTG ACC GCG ATG CTC GCC GTT GCC
! D K 6 P A E MW K S VU E L v 1 T P 6 V T A # L A VvV A

CGC ATC GGC GCG CCG CTC GGT CAT GAT TTC TGT GCG ATC TCG CTT TCC GAC RAT CTG ARG CCC TGG GAR GTC RTC ACC CGG CGY
R 6 A P L G W 0O F C A 1 S L S 0 N L K P W E VU 1 T R R

AGG CTG GCG GCG GAR GCG GGC TTC GTC ATT GCC CTC TAC ART CCG ATC RGC ARG GCG CGG CCC TGG CAG CTC GGT GAG GCC TTC
L AR A E A G F VUV I+ A L ¥ N P 1 S K A R P ¥ 0 L 6 E A F

CTT CTG CGC AGC GTT CTG CCG GCA AGC GTT CCG GTC ATC TTC GGC CGT GCG GCC GGG CGG CCG GAC GAA CGG RTC GCG GTG ATG
' R S v L P A S UV P v I F 6 R A A 6 R P 0 € R I A VU n

CTC GGC GAG GCC GAT GCC RAC CGC GCC GAC ATG GCG ACC TGC GTC ATC ATC GGC TCG CCG GAG ACG CGC ATC GTC GAG CGC GAC
L 6 E A D A N R A O N A T C VvV I 1 6 § P €E T R | V E R O

CAR CCC GAT CTC GTC TAC ACA CCG CGC TTC TAT GCAR GGG GCG RGC CAGTGAGC GRT GCG GTT GAG TGC CTC GTC GCA ACT GCC
QO P D L VUV VY T P F Y A G AR S (e
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FIGv 1—Continued.
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FIG. 2. Codon preference plot of the 8.7-kb DNA sequence by the codon usage method. The window size is 25 codons. This analysis is
shown for the three frames of the strand going 5'—3’ (Fig. 3). Lines across the half-point of each frames correspond to 50% coding probability.
Vertical dashes across the half-points represent stop codons, and those at the bottom of each box represent ATG codons. Heavy lines

represent the ORFs.

ORF8. No sequence with a dyad symmetry capable of
forming a p-independent terminator (23) appears in the
intergenic regions between ORF1 and ORF2 and between
ORF7 and ORFS, or after ORF8. The same G+C content
was found in this 8.7-kb fragment and in the P. denitrificans
5.4-kb fragment carrying cobA to cobE (10a), i.e., 65.4 and
65.7%, respectively.

Genetic analysis of the 8.7-kb fragment. A mutation anal-
ysis of the 8.7-kb EcoRI was carried out to localize the cob
genes among the eight identified ORFs. The 8.7-kb fragment
was cloned into the pRK290 EcoRI site. The resulting
plasmid, pXL367, was mutagenized with Tn5 and Tn3lacZ
transposons. A total of 29 Tn5 and 13 Tn3lacZ insertions
were selected in the 8.7-kb fragment and mapped (Fig. 3).
These pXL367 derivatives were introduced by bacterial
mating into A. tumefaciens Cob mutants already described

TABLE 2. ORFs of the 8.7-kb EcoRI fragment from
complementation group A

Position of: Mol wt of
ORF encoded
First codon Last codon polypeptide

ORF1 736 1518 28,900
ORF2 1620 2996 46,700
ORF3 3002 3631 22,000
ORF4 3631 4365 25,800
ORFS 4365 5126 27,100
ORF6 5126 5866 26,800
ORF7 5862 7100 42,900
ORF8 7172 7930 26,800

(9). The mutants (G164, G609, G610, G611, G612, G613,
G614, G615, G616, G620, and G638) were chosen because
they represent every complementation class previously iden-
tified on group A (9). With the exception of the Tn5 mutant,
G164, the mutants were obtained by N-methyl-N’'-nitro-N-
nitrosoguanidine mutagenesis and are probably nonpolar
mutants (9). They are expected to be blocked in a single step
of the biosynthesis. Complementation of the Cob mutants by
the pXL367 derivatives was examined. As a result, the
insertions are classified into nine groups (Fig. 3). One group
contains all the insertions that still lead to the complemen-
tation of all the mutants, and the other groups, 1 to 8,
correspond to insertions for which the plasmids do not
complement specific mutants (these insertions are inactivat-
ing insertions). Inactivating insertions which no longer com-
plement specific Cob mutants define a group; the mutants
and the corresponding groups are described in Fig. 3.
Insertions belonging to the same group are always mapped
close to each other and are never disrupted by insertions
from any other groups. There are as many inactivating
insertions groups as ORFs, and for each group, transposons
are always inserted within a single ORF, where transposons
from other groups are never mapped. All the inactivating
insertions are within ORFs. Most of the noninactivating
insertions are mapped outside ORFs, with a few exceptions
(i.e., TnS insertions 955 and 982 might be at the very end of
ORF1 or at the beginning of ORF2, and Tn5 insertion 984
seems to be at the very end of ORF8), but these uncertainties
are in the range of the mapping accuracy (100 bp). This study
allowed the identification of eight genes, involved in coba-
lamin synthesis, named cobF to cobM and corresponding to
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FIG. 3. TnS5 and Tn3lacZ insertions into the 8.7-kb EcoRI fragment from complementation group A. They are inserted in plasmid pXL367.
The name of each tranposon insertion and the site of insertion are indicated. Tn3lacZ insertions are underlined. ORF1 to ORF8 deduced from
the DNA sequence are represented in the middle of the figure. Plus and minus signs are aligned vertically with the insertion site to indicate
that the plasmid carrying the corresponding insertion does or does not, respectively, complement one of the A. tumefaciens Cob mutants,
whose names are aligned horizontally with the symbol; the number of each group of inactivating insertions is indicated with the mutant name.
Minus signs for mutants belonging to the same groups are boxed. The groups and the associated Cob mutant(s) are as follows: 1, G615; 2,
G614 and G616; 3, G613 and G164; 4, G620; 5, G638; 6, G610 and G609; 7, G612; 8, G611.

ORF1 to ORFS8, respectively (Fig. 3). Based on the organi-
zation of the ORFs, it is probable that most or all of these
genes are part of the same operon, but this remains to be
confirmed. Transposon insertions on plasmid pXL367 were
not polar for the complementation of A. tumefaciens Cob
mutants. This result might be explained by a promoter
activity on the ends of Tn5 that allows the expression of the
downstream genes as previously discussed (12).

The mutants classified in groups 1 to 8 are therefore
mutated into genes cobF to cobM, respectively. The mutants
are A. tumefaciens strains complemented by P. denitrificans
genes. These bacteria are both aerobic gram-negative rods,
and it is likely that they share the same pathway for
cobalamin synthesis. This would imply that the Cob mutants
complemented by P. denitrificans genes are blocked in the
step catalyzed by the product of the complementing gene.
Therefore, each mutant may be considered to be mutated in
the gene homologous to the P. denitrificans cob gene,
allowing the complementation presented in Fig. 3.

The proteins encoded by cobF to cobM, named CobF to
CobM, respectively, were analyzed by the program of Hopp
and Woods (16), which draws hydrophilicity plots. The
hydrophilicity plots of all these Cob proteins are typical of
cytoplasmic proteins (data not shown). The codon usage of
these genes is similar to the one observed for cobA to cobD
(10a), indicating that all P. denitrificans cob genes share the
same codon usage, although one of them, cobE, is slightly
different. This result confirms that P. denitrificans codon
usage presents some differences from P. aeruginosa codon
usage (31), as already discussed (10a).

cobl is the structural gene encoding SP,MT. P. denitrificans
SP,MT has been purified (D. Thibaut, M. Couder, J.
Crouzet, L. Debussche, B. Cameron, and F. Blanche,

submitted for publication). The enzyme is a homodimer for
which the estimated subunit molecular weight is 26,000. The
enzyme activity has been purified from strain SC510 Rif"
pX1L.253, since this plasmid allowed a significant amplifica-
tion of this activity in strain SC510 Rif". pXL253 has been
obtained by cloning the sequenced 8.7-kb fragment into the
EcoRI site of pKT230. The purified SP,MT has been sub-
jected to NH,-terminal sequencing (Thibaut et al., submit-
ted), and the first 17 identified amino acids are identical to
the amino-terminal sequence of the Cobl protein (Fig. 1),
except that the amino-terminal methionine has been re-
moved. Removal of the amino-terminal methionine by E.
coli methionyl aminopeptidase has been proposed to occur
when the penultimate amino acid is serine (15). Therefore, it
is probable that P. denitrificans methionyl aminopeptidase
obeys to the same rules as the E. coli enzyme (4, 15). The
molecular weight of the protein encoded by coblI is 25,800,
which is very close to the estimated size of an SP,MT
monomer. It was concluded that cobl is the structural gene
for SP,MT.

A search for homologous proteins in the EMBL bank by
using Kanehisa’s program (19) did not reveal any significant
homology with the CobF to CobM proteins. A computer
search for similarity between CobA and Cobl led to the
identification of three regions of homology (Fig. 4). Interest-
ingly, these three regions correspond exactly to the CobA
regions showing homology with E. coli CysG protein (10a).
The CysG protein is expected to catalyze the same reaction
as CobA (i.e., the transfer of two methyl groups from SAM
to urogen III), as suggested previously (18). New data have
been presented (A. I. Scott, Abstr. Pacifichem ’89, 4I, p.
205, 1989) demonstrating that CysG has SUMT activity.
Since the Cobl substrate is slightly different from the CobA
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COBI SGVGVGRLIGVGTGPGDPELLTVKAVKALGQADVL (1-35)
COBA PI-\;EKES\-IWLVGAGPGDPGLLTLHAANA__LRQADVI (10-44)
CYSG ;LDHI-RZE;VLVGAGPGDAGLLTLKGLao;QQADW (210-244)

REGION 1
COBI AAGRTVAVLSEGDPLFYGSYMHLHVRLANR-FPVEVIPGITAMSGCWSLAGLPL (100-152)
COBA I_\;NI_RV;R-;KGGEFV;ERGGEEA;T:V;HQV;FR;\_IPGITAGIZGL;YA=G;;\_I (91-143)
CYSG KEKRWR—LKGGDPFIFGRGGEELE—_T;C;IAG;;_;SVVPGITAASZCSAYSGIPL (291-343)

REGION 2

REGION 3

FIG. 4. Alignment of amino acids sequences of P. denitrificans CobA and Cobl and E. coli CysG proteins. Similarities are indicated below

the sequences as follows: =, same amino acid; —, amino acids belo

nging to the same group (hydroxyl/small aliphatic: A, G, S, T; acid and

acid amide: N, D, E, Q; basic H, R, K; aliphatic: M, I, L, V; aromatic: F, Y, W). Dashes within the sequences indicate gaps in the alignment.

Regions 1, 2, and 3 are indicated.

and CysG substrates the homologies between these three
proteins might reflect (i) either similar structural domains
between SAM-binding proteins, catalyzing SAM-dependent
methyl transfer reaction in the cobalamin pathway, or (ii)
structural similarities between urogen III, precorrin-1, and
precorrin-2.

Sequence homology among six Cob proteins. Five other
methyl transfers occur in the pathway, and the correspond-
ing enzymes have not been identified. We looked for homol-
ogy among other Cob proteins and CobA, Cobl, and CysG.
In the 5.4-kb fragment carrying five cob genes (10a), none of
the four proteins, CobB to CobE, had homology with CobA
or CysG. Of the CobF to CobM proteins, CobF, CoblJ,
CobL, and CobM showed homologies within the three
regions of homologies previously presented (Fig. 5). No
significant homology was found within other parts of the
proteins and CobA, Cobl, and CysG. The homologies be-
tween CobF, CobJ, CobL, and CobM are not very strong,
and most of the time the existing homologies refer to amino
acids belonging to the same group as previously defined (11).
For each region, a consensus sequence was raised (data not
shown) and compared with proteins in GenBank, by using
Kanehisa’s program (19). For regions 1 and 2 the scores
were higher between the consensus sequence and sequences
shown in Fig. 5 than with any protein segment in GenBank,
with the exception of CobJ and CobL in region 1 and CobF
and CobM in region 2. Homologies within the third region
were not significant. These observations indicate that al-
though the observed homologies are not very strong, some
of them are significant and all four proteins have significant
homologies with CobA and/or Cobl within conserved region
1 or 2. In addition, the regions involved in the homologies
are located in the same parts of the proteins, i.e., amino
acids 1 to 45 (region 1), 60 to 120 (region 2), and 85 to 171,
(region 3), with the exception of CysG, which has been
proposed to have two domains (10a). Since the homologies
involve regions conserved among three SAM methyltrans-
ferases, it is postulated that CobF, CobJ, CobL, and CobM
are probably SAM methyltransferases, but we cannot ex-
clude the possibility that these sequence homologies also
reflect structural similarities between different substrates of
the pathway. All these Cob proteins have similar molecular
weights (around 28,000), except CobL with a molecular
weight of 42,000. CobL may have a second domain catalyz-
ing another reaction, because it is a longer protein and the
region of homologies is limited to the first two-thirds of the
protein.

Homology with other C-methyltransferases was investi-
gated. We studied bacterial DNA C-methyltransferases cat-
alyzing the formation of 5-methylcytosine and found that 13
DNA methyltransferases present at least five highly con-
served regions (24). We also found that CobA presents some
homology with one of the conserved regions and a higher
homology with EcoRII methyltransferase (Fig. 5). Part of
this homology is included in region 1.

CobF affinity to SAM. One way to test the hypothesis that
proteins CobF, CobJ, CobL, and CobM might be SAM-
dependent methyltransferases is to purify one of them and
show that it exhibits SAM affinity to a comparable extent to
CobA or Cobl. We purified CobF. cobF was placed under
the control of the E. coli trp promoter and a ribosome-
binding site derived from the lambda cII gene (unpublished
data). Under derepression conditions of the trp promoter,
overexpression of a protein was observed in E. coli by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
This protein has a molecular weight comparable to the CobF
predicted molecular weight and was purified on a molecular
weight basis. NH,-terminal sequencing of the purified prep-
aration was performed. We concluded that such a prepara-
tion was a mixture of two proteins, one being initiated at the
proposed CobF ATG initiation codon presented in Fig. 1 and
the second being translated from the initiation codon which
is 15 bp downstream in the sequence. The second protein
was the predominant form, since it represented 66% of the
NH, terminus. This result will be discussed elsewhere
(unpublished data). This purified preparation could be used
for the SAM-binding assay. Purified CobA (5) and bovine
serum albumin were also analyzed under the same condi-
tions. Both CobA and CobF have affinity for SAM (Fig. 6),
because a radioactivity peak was eluted at the same reten-
tion time as the purified proteins alone (around 7.5 min). This
radioactivity peak did not correspond to free SAM, which
was eluted later (10.5 min). In contrast to CobA and CobF,
bovine serum albumin did not bind SAM. Therefore, we
concluded that CobF was binding SAM to a significant
extent. The hypothesis based on sequence homology seems
to be confirmed. We propose that CobF, CobJ, CobL, and
CobM are SAM methyltransferases. This implies that these
proteins play a role in the pathway between precorrin-3 and
cobyrinic acid, since the methyl groups (those that are
transferred to the macrocycle nucleus, apart from those that
are transferred by SUMT and SP,MT) are introduced be-
tween precorrin-3 and cobyrinic acid (20).

Biochemical study of Cob mutants complemented by cobF to
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FIG. 5. Alignment of amino acid sequences of CysG, CobA, Cobl, CobF, CobJ, CobL and CobM (A) and EcoRII methyltransferase
(ECORIIM) and CobA (B). The sequences were aligned manually, and amino acids are boxed when more than three residues belong to the
same group as defined in Fig. 4. Regions refer to highly conserved regions between CobA and CysG as defined previously (10a). Unlike the
other sequences, the CysG sequence is not boxed. Asterisks represent identical residues for proteins showing significant homology among
regions 1 and 2. Plus signs refer to highly conserved amino acids among cytosine methyltransferases.

cobL. Mutants used in the genetic study were analyzed for
their intracellular corrinoid content as described previously
(10a). With the exception of mutant G612, no mutant accu-
mulated any corrinoid (from cobyrinic acid to coenzyme B,,)
above the pglliter threshold, which was significant, since
other mutants already studied under similar conditions did
accumulate corrinoids (10a). The absence of cobyrinic acid
and downstream intermediates in the mutants indicates that
they are blocked before cobyrinic acid. Mutant G612 syn-
thesized significant amount of coenzyme B,, (34% of the
parent strain) and low level of cobinamide (2% of equivalent
coenzyme B,, synthesized by the parent strain). This mutant
is probably not blocked between cobinamide and coenzyme
B,,, since the accumulation of cobinamide is very low and
CobF is a protein with SAM affinity. SAM is unlikely to play
a role in the last steps of cobalamin synthesis apart from
5,6-dimethylbenzimidazole synthesis (20), for which this
mutant is not deficient (9). Mutants G615 and G616 synthe-
sized coenzyme B, to a low level (17 and 13% of the parent
level, respectively), indicating that they are partial mutants.
The observation that these mutants are blocked before
cobyrinic acid is consistent for mutant G613, which is a cobl
mutant, since it is complemented by the P. denitrificans cobl

gene. Since cobl is the structural gene for SP,MT, this
mutant is blocked before cobyrinic acid.

DISCUSSION

Eight cob genes (cobF to cobM) have been identified on
the 8.7-kb P. denitrificans fragment from complementation
group A. cobl is the structural gene for SP,MT, which
transfers one methyl group from SAM to precorrin-2. The
other proteins encoded by these genes are involved in the
transformation of precorrin-3 into cobyrinic acid, since the
corresponding mutants do not accumulate cobyrinic acid or
any other intermediates between cobyrinic acid and coen-
zyme B,,. Five SAM-dependent methyl transfers occur
between precorrin-3 and cobyrinic acid (20). On the basis of
protein homology with SAM methyltransferases of the path-
way (Cobl and CobA) and SAM affinity for one of them
(CobF), we propose that CobF, CobJ, CobL, and CobM
carry four methyltransferase activities. We do not know
whether another cob gene codes for a fifth methyltransferase
or whether this activity is included in one of the potential or
identified methyltransferases (as it was found that SUMT
catalyzes two different methyl transfers [5]). SUMT trans-
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FIG. 6. SAM-binding affinity of CobA (#) and CobF (). The
retention times on the column are indicated in minutes; radioactivity
of fractions representing 0.5 min of elution time is indicated in
arbitrary units. Pure bovine serum albumin (lll) has been included in
the test. Free SAM is eluted at 10.5 min. Proteins CobA and CobF
are eluted at around 7.5 min.

fers two methyl groups at positions C-2 and C-7, which are at
homologous B-positions on pyrroles A and B. Some of the
methylations between precorrin-3 and cobyrinic acid are
also at homologous positions, for instance methylations at
C-5 and C-15. Therefore, one identified methyltransferase
might carry out two methyl transfer reactions. CobL is
proposed to be a methyltransferase and has, in addition,
another domain which might be involved in one of the other
reactions between precorrin-3 and cobyrinic acid; these
reactions are decarboxylation at C-12, extrusion of C-20, and
cobalt insertion (3). Similar hypotheses are postulated for
CobG, CobH, and CobK, which are not a priori methyltrans-
ferases but are involved in this part of the pathway.

A class of Cob mutants (named Cobl) in Bacillus megate-
rium has been identified as being blocked before cobalt
insertion (8). Cobalt insertion has been proposed to occur
just before cobyrinic acid (25). Therefore, most of these
mutants might correspond to cobF to cobM mutations.
Although these mutations are linked on the chromosome, the
complementing inserts are not overlapping (32). It suggests
that in B. megaterium, genes which are involved in the
pathway before cobyrinic acid are not as tightly linked as in
P. denitrificans. In Salmonella typhimurium, genes involved
into the transformation of precorrin-2 into cobinamide are
organized into a single operon (18). It is not known whether
the genes involved in the part of the pathway before coby-
rinic acid are as tightly linked as in P. denitrificans.

The eight cob genes, clustered on the 8.7-kb fragment,
code for proteins involved in the same part of the pathway.
This is very different from the cobA to cobD genes (10a),
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which are coding for proteins implicated in different parts of
the pathway (SUMT, cobyrinic acid a,c-diamide synthase,
and transformation of cobyric acid into cobinamide).

Six of the eight genes present the characteristics of trans-
lationally coupled genes (22), i.e., overlapping or very close
spacing between the initiation codon and the stop codon.
Such an arrangement, which is rather unusual in gram-
negative bacteria, suggests that these genes are part of the
same operon. We do not know whether they are expressed at
different or comparable levels, as reported for translationally
coupled genes in E. coli (e.g., trpA and trpB [1]). Transla-
tional coupling occurs more frequently in P. denitrificans
than in E. coli. So far, 10 of 13 P. denitrificans cob genes
sequenced show characteristics of translationally coupled
genes. It is not known whether such an organization is
peculiar to cob genes in P. denitrificans or to overall gene
organization in P. denitrificans. The close spacing of these
genes or the translational coupling between six of them
suggests that they are part of the same operon sharing the
same regulation for the expression of enzymes acting in the
same part of the cobalamin pathway; nevertheless, the
presence of an internal promoter cannot be excluded.

Of the 13 P. denitrificans cob genes, 3 (cobl, cobK, and
cobD) are proposed to have GUG as an initiation codon. The
SP,MT NH,-terminal sequence allowed us to identify GUG
as the initiation codon of cobl. Only the coding probability
suggests that transcription in cobK and cobD is initiated at
the proposed GUG codons; this remains to be demonstrated.
These results suggest that GUG is used more frequently as
an initiation codon in P. denitrificans than in E. coli, where
it represents around 8% of the initiation codons (30). A
possibility is that high-G+C organisms use GUG as transla-
tion initiation codons more frequently than other organisms
do. In Streptomyces species, which are also high-G+C
bacteria, GUG makes up more than 30% of the initiation
codons, also a high-frequency level (17).

P. denitrificans is an obligate aerobic bacterium, and the
intermediates between uro’gen III and cobyrinic acid are
suggested to be very sensitive to oxygen (3). It is probable
that aerobic cobalamin-synthetizing bacteria have evolved
particular systems to protect the oxygen-sensitive interme-
diates. The intermediates might be channeled from urogen
III to cobyrinic acid without being released in the cytoplasm,
which would avoid contact with molecular oxygen. Bio-
chemical studies may answer this question and lead to
identification of intermediates. The finding that cobF to
cobM are implicated between precorrin-2 and cobyrinic
should help the understanding of this part of the coenzyme
B,, pathway. For instance, overexpression in E. coli and
purification of CobF to CobM would allow us to test whether
one of these proteins catalyzes the transformation of precor-
rin-3. It would answer the question concerning the next step
in the pathway, i.e., methylation at C-17 or decarboxylation
at C-12 as postulated (6). Gene cloning technology combined
with biochemistry is therefore expected to bring a better
understanding of the cobalamin pathway.
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