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The products of cooCTJ are involved in normal in vivo Ni insertion into the carbon monoxide dehydrogenase
(CODH) of Rhodospirillum rubrum. Located on a 1.5-kb DNA segment immediately downstream of the CODH
structural gene (cooS), two of the genes encode proteins that bear motifs reminiscent of other (urease and
hydrogenase) Ni-insertion systems: a nucleoside triphosphate-binding motif near the N terminus of CooC and
a run of 15 histidine residues regularly spaced over the last 30 amino acids of the C terminus of CooJ. A
GmrV-linker cassette was developed to create both polar and nonpolar (60 bp) insertions in the cooCTJ region,
and these, along with several deletions, were introduced into R. rubrum by homologous recombination. Analysis
of the exogenous Ni levels required to sustain CO-dependent growth of the R. rubrum mutants demonstrated
different phenotypes: whereas the wild-type strain and a mutant bearing a partial cooJ deletion (of the region
encoding the histidine-rich segment) grew at 0.5 mM Ni supplementation, strains bearing GmrV-linker
cassettes in cooT and cooJ required approximately 50-fold-higher Ni levels and all cooC insertion strains,
bearing polar or nonpolar insertions, grew optimally at 550 mM Ni.

The phototrophic bacterium Rhodospirillum rubrum induces
synthesis of an Ni- and Fe-containing carbon monoxide dehy-
drogenase (CODH) upon anaerobic exposure to CO (3, 4) and
couples CO oxidation to H2 evolution as a source of energy
(31). Limited evidence suggests that accessory functions are
necessary for posttranslational Ni insertion and CODH activity
in R. rubrum: an Ni-deficient apo-CODH is found in induced
cultures deprived of Ni; substantially higher Ni concentrations
are required for activation of apo-CODH in vitro than in vivo;
and there is an elevated Ni requirement for CO-dependent
growth of a mutant bearing an insertion in cooC, a gene im-
mediately downstream of the CODH structural gene (5, 13,
31).
Aside from the physiology of Ni insertion, the R. rubrum

CODH has been well characterized biochemically (4, 14),
genes encoding its synthesis and several additional proteins
likely involved in H2 production have been cloned and se-
quenced (16, 17, 30), active CODH has been heterologously
expressed (24), and the CO-responsive transcriptional regula-
tor is under investigation (24, 53). The hydrogenase (CooH)
and CODH (CooS) genes occur in two operons, cooMKLXUH
and cooFSCTJ, whose coding regions are separated by a 450-bp
interval, with the CO-responsive transcriptional activator
(CooA) encoded 137 nucleotides downstream of cooJ.
Formation of the Ni-containing center(s) of other Ni-

CODH enzymes has not been characterized, although the ac-
tivities are prevalent in diverse anaerobic archaea and bacteria
(15). Both the spectroscopic similarities of purified enzymes
(26) and evident conservation of a limited number of potential
metal ligands in an alignment of bacterial and archaeal CODH
sequences (e.g., see reference 30) are consistent with conser-
vation of structure and function of the Ni-containing C center,

the site of CO oxidation, and could imply similarities in C-
center synthesis.
Metal center formation in the three classes of Ni-containing

enzymes apart from Ni-CODH has been characterized to var-
ious degrees. Synthesis and insertion of the porphinoid Ni
cofactor of methyl coenzyme M reductase is relatively unde-
fined (57), while molecular analyses of hydrogenase- and ure-
ase-associated systems are better elaborated. For example, syn-
thesis of active hydrogenase 3 in Escherichia coli depends on an
Ni-transport system (encoded by nikABCDE), elements re-
quired for Ni insertion (encoded by hypABCDEF), and C-
terminal proteolytic processing of the hydrogenase large sub-
unit (HycE) by a specific protease (HycI). Ni transport (e.g.,
NixA and UreH), Ni processing (encoded by ureEFG), and
chaperonin-like (UreD) functions are affiliated with various
ureases. Recent reviews summarize the urease and hydroge-
nase Ni-insertion systems (39, 43, 44) and note the presence of
nucleotide-binding and histidine-rich motifs in each.
Here, we characterize the 1.5-kb DNA segment bearing

cooCTJ, compare the functions of the three encoded proteins
to hydrogenase and urease accessory functions, and describe
the CO- and Ni-dependent growth characteristics of mutant R.
rubrum strains bearing polar and nonpolar insertions in this
region. A modified GmrV cassette was used to generate the
insertion mutants.

MATERIALS AND METHODS

Cultivation and DNA isolation. Formulations of media (for non-CO-depen-
dent growth), bacterial growth conditions, and plasmid and chromosomal DNA
isolations have been described (30). Antibiotics used (micrograms per milliliter)
included gentamicin sulfate, 7.5 (E. coli) or 10 (R. rubrum); kanamycin sulfate, 50
(E. coli) or 15 (R. rubrum); ampicillin (Na salt), 100 (E. coli); streptomycin
sulfate, 20 (E. coli) or 100 (R. rubrum); and nalidixic acid (Na salt), 20 (R.
rubrum). R. rubrum recipients of triparental matings were selected by inclusion of
10 mg of K2TeO3 per ml.
CO-dependent growth analyses. CO-dependent growth used SAN medium

wherein the malate in SMNmedium (30, 31) was replaced by 0.82 g of Na acetate
per liter as a nonfermentable carbon source. The inclusion of 0.3% Casamino
enzymatic hydrolysate (catalog no. C-0626; Sigma, St. Louis, Mo.) was crucial in
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preventing Ni toxicity at high Ni concentrations and primarily reflected its his-
tidine and cysteine content. Growth on plates was performed by a method
previously described (31) except that the plates were incubated in 19-1 glass
carboys prepared as follows: after an overnight reduction phase, achieved
through a combination of evacuation, flushing with Ar, and H2/CO2 generation
by three GasPak envelopes in the presence of 20 g of palladium catalyst (BBL
Microbiology Systems, Cockeysville, Md.) per vessel, oxygen-free CO was added
to ca. 20% at an initial pressure of 2 lb/in2 above atmospheric pressure. For
CO-dependent growth, vessels were incubated in the dark at 308C; the pressure
was adjusted when required as each mole of CO consumed produces nearly 2 mol
of gaseous products (CO2 and H2) (31). Ni supplements were prepared with
NiCl2 z 6H2O (catalog no. 6376 Mallinckrodt, Paris, Ky.). Cobalt supplements
were prepared with CoCl2 z (5–6)H2O, 99.999% (cat. no. 20,308-4; Aldrich,
Milwaukee, Wis.). High-purity CO (99.99%, rendered O2-free [13]; Liquid Car-
bonic Specialty Gas Co., Chicago, Ill.) was used.
GmrV-linker cassette synthesis and structure.We modified a GmrV cassette

(52) by inserting it into a 60-bp linker, creating an aacC1Vlinker construct. After
insertion of the construct into the coo region, BamHI-catalyzed excision of the
GmrV cassette and subsequent religation left the 60-bp linker fragment inserted.
The palindromic linker consists of a blunt-ended (SmaI) DNA fragment with the
following sequence (one strand shown, central BamHI site in bold): 59-GGGT
TTCCCCGTTTCCGCTGCAGCTGCGGATCCGCAGCTGCAGCGGAAAC
GGGGAAACCC-39. The linker is readily translated in all reading frames, with
a codon usage approximating that of R. rubrum, resulting in one of three 20-
amino-acid insertions in the final gene product. Strains with the nonpolar linker
insertion genotype are designated by the suffix “linker” in Table 1 and below.
Construction of the linker started with a high-performance liquid chromatog-

raphy-purified 35-base oligonucleotide (Operon Technologies, Inc., Alameda,
Calif.), self-complementary for 10 bases at the 39 end, that was hybridized and
extended (46) using Sequenase version 2.0 DNA polymerase (United States
Biochemical, Cleveland, Ohio). The resulting fragment was purified from a
native 10% acrylamide gel and cloned into the SmaI site of pBSKS2, yielding
pCO18. The structure of the linker was verified by sequencing, and the BamHI-
excised GmrV cassette from pGMV1 (52) was then cloned into the linker BamHI
site to yield the aacC1Vlinker-bearing pCO19.
Plasmid construction and generation of R. rubrum mutants. Table 1 indicates

the relevant plasmid constructs, organized according to their general or muta-
tion-specific application, used in creating cooCTJ-region mutants. In general,
plasmids bearing cassette insertions were derived from several coo-region sub-
clones using complete or partial digests (single cut in the presence of ethidium
bromide [47]) of target DNA, blunting of ends (for the cooJ insertions) with
Klenow polymerase (Promega, Madison, Wis.), and ligation with the SmaI-
excised aacC1Vlinker cassette by standard methods (51; Table 1). Nonmobiliz-
able constructs were moved to mobilizable pUX19 derivatives bearing flanking
coo-region DNA sufficient for subsequent recombination into the R. rubrum
chromosome. All pUX19 derivatives lacked the multiple cloning region BamHI
site, permitting generation of nonpolar linker insertions as well as aacC1Vlinker
insertions of reversed orientation by BamHI digestion, religation, transforma-
tion, and selection or screening for KmrGmr (aacC1Vlinker insertion) or Kmr

Gms (linker insertion) transformants. Gmr constructs were moved to E. coli
UQ324(S17-1) (54), verified, and used in filter-supported mating to R. rubrum
UR2 (36) with selection for Nxr and Gmr and screening for Kms, thereby
indicating reciprocal homologous recombination of the mutated DNA into the
chromosome. The nonpolar cooT19::linker and DcooJ18 constructs were mated
to R. rubrum UR452, while the nonpolar cooC20::linker and cooC21::linker de-
rivatives were mated to R. rubrumUR469 and UR447, respectively, in triparental
matings with E. coliUQ377 (22). Isolated TerKmr merodiploids were resolved by
a period of nonselective outgrowth in SMN medium supplemented with nalidixic
acid, plating on SMN-nalidixic acid plates, and screening for both Kms and Gms.
Mutations were verified by restriction analyses of the plasmid constructs, with

retention of the SmaI junction of the cooC and cooT insertions of particular note,
sequencing (DcooJ18), and Southern analysis of isolated mutant R. rubrum chro-
mosomal DNA (all strains, data not shown).
Sequence analyses. DNA sequencing depended on preparation of nested ex-

onuclease III deletions (as modified [30]) of pCO4 (cooC region) and pCO5
(cooCTJ and 59-cooA) in one direction, with sequencing reactions primed using
commercial primers, and use of custom primers (Department of Biochemistry
oligonucleotide facility, Univ. of Wisconsin-Madison) to sequence the comple-
mentary strand. As previously detailed (53), highly denaturing urea-formamide
gels and use of deaza-dGTP or dITP nucleotides as well as terminal transferase
modifications of the Sequenase version 2.0 reaction (United States Biochemical)
were employed to resolve compression artifacts and eliminate pausing. Comple-
mentary DNA strands were sequenced in their entirety and analyzed using the
Genetics Computer Group version 8 (Wisconsin package) software (19). Protein
database searches employed the BLAST network server (2); hydropathy predic-
tions relied on the protein sequence analysis server (56, 60).
2D PAGE analyses. Log-phase cultures growing photosynthetically in MN

medium (30) supplemented with 50 mM Ni were induced by introduction of CO
to 10% (vol/vol headspace; control, Ar) for 30 min, after which 1-ml samples
were transferred to illuminated anaerobic vials containing the same headspace
plus 75 mCi of Tran35S-label (ca. 70%Met–15% Cys; ICN Pharmaceuticals, Inc.,
Irvine, Calif.). After 10 min of further incubation, 0.6-ml samples were trans-

ferred to precooled 1.5-ml microcentrifuge tubes and stored frozen (2808C)
until processed and analyzed by two-dimensional polyacrylamide gel electro-
phoresis (2D-PAGE) (3).
Nucleotide sequence accession number. The region characterized in this arti-

cle appears in the GenBank sequence database under accession no. U65510, in
a compilation that includes flanking coo DNA.

RESULTS

Encoded proteins. The sequence of the 1.5-kb region be-
tween cooS and cooA indicated three open reading frames with
codon usage and G 1 C content (64%) appropriate for R.
rubrum (Fig. 1). The genes overlap, suggesting translational
coupling, and are apparently transcribed as part of the coo
FSCTJmRNA upon CO activation of CooA (24, 53). The cooC
gene is predicted to start 67 nucleotides downstream from
cooS and encodes a predicted product of 263 amino acids (27.8
kDa, pI5 6.09) (Fig. 2). Hydropathy algorithms indicated little
probability of transmembrane segments (56, 60). As noted
previously (30), CooC (formerly ORF4) contains a nucleotide-
binding P-loop motif near the N terminus (Fig. 2), and this
region aligns well with NifH proteins as well as with regions of
the accessory proteins that support Ni insertion in urease (e.g.,
UreG [44]) and hydrogenase (e.g., HypB [39]) systems. Simi-
larities among these proteins beyond the CooC N terminus
are less compelling, although the CooC Gly-Arg-Gly seg-
ment (centered in residues 140 to 162) is notable considering
the role of the similar sequence in NifH interaction with dini-
trogenase component I and in posttranslational regulation (37,
48). NifH is also required for MgATP-dependent FeMo-co
insertion into apo-dinitrogenase (1).
Recent analyses show significant similarities over the length

of CooC to the ORF1 predicted protein of Methanosarcina
thermophila (57% similarity [41]), which occurs within this or-
ganism’s cdh operon, as well as to the MJ0823 predicted pro-
tein of Methanococcus jannaschii (63% similarity [7]).
The ATG of the downstream cooT gene overlaps cooC by

one base and is predicted to encode a 7.1-kDa acidic protein of
66 amino acids (pI 5 4.81; Fig. 2) that is moderately hydro-
phobic (56, 60). The single cysteine in CooT excludes it as a
common Fe/S center (ferredoxin) or metal-chelating (metallo-
thionen) protein, which typically contain multiple cysteines.
Protein database searches indicated marginal overall similari-
ties with other entries, including the small, acidic, low-Cys-
content HypC protein family (39); several of the latter proteins
bear an N-terminal sequence identical to CooT: Met-Cys-xxx-
Ala. The Alcaligenes eutrophus HypC is essential for hydroge-
nase formation, although its precise role is undefined (11).
The third ORF, cooJ, overlaps cooT by four nucleotides and

encodes a 12.6-kDa, intrinsically soluble (56, 60) 115-amino-
acid protein with a predicted pI of 6.46 (Fig. 2). The N-termi-
nal 11 amino acids, starting at the second-position threonine,
have been verified by sequencing the purified protein (58). Of
the C-terminal 30 amino acids, 15 histidines alternate with
another amino acid (typically S, D, or C), and CooJ is thereby
similar to several histidine-rich UreE and HypB accessory pro-
teins thought to participate in Ni processing in urease and
hydrogenase systems, respectively (39, 44).
Generation of polar and nonpolar mutants by linker inser-

tion and verification of appropriate polarity. By inserting a
Gmr (aacC1) V cassette into a 60-bp blunt-ended DNA seg-
ment, we created a polar cassette (aacC1Vlinker) from which a
nonpolar insertion (linker) could be derived upon excision of
the resistance marker, assuming that the target insertion site
was also blunt ended. Unlike protocols that create shorter
(equivalent to two to four amino acid) insertions for localized
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TABLE 1. Relevant characteristics of strains and plasmids

Plasmid and/or
straina Characteristicsb or derivation Reference or

sourcec

Plasmids/E. coli strains used in
construction of various
mutations

pBSKS2/UQ625 Apr lacZ9, in E. coli DK1 Stratagened

pCO4/UQ1191 Apr, 3.3-kb EcoRV fragment bearing coo9HFSC9, subcloned from pLJC24 into pBSKS2
pCO5/UQ1193 Apr, 1.5-kb EcoRV fragment bearing coo9CTJA9, subcloned from pLJC24 into pBSKS2
pCO6/UQ1045 Kmr mob1, 8.5-kb EcoRI fragment transferred from pLJC24 into pUX19
pCO6R/UQ1046 Same as pCO6, opposite insert orientation
pCO15/UQ1164 Kmr mob1, pCO6 with vector BamHI site deleted
pCO18/UQ1231 Apr, pBSKS2 with the 60-bp linker inserted at the SmaI site
pCO19/UQ1232 Apr Gmr, pCO18 with the BamHI-excised GmrV cassette from pGMV1 inserted into the linker

BamHI site
pCO24R/UQ1241 Kmr mob1, pCO6R with 2.5-kb BglII fragment deleted; insert bears cooUHFSCTJ
pCO25R/UQ1243 Kmr mob1, pCO24R with vector BamHI site deleted
pCO33/UQ1246 Apr, 4.5-kb ApaI fragment bearing coo9SCTJA 1 nad9C from pLJC24 subcloned into pBSKS2

(ApaI site internal to cooJ Dcm methylated)
pCO34/UQ1273 Apr, pCO33 with vector EcoRI-BamHI region deleted
pGMV1/UQ1152 Gmr (aacC1) within an V cassette, in UQ500 52
pLJC24/UQ1242 Apr, 8.5-kb EcoRI fragment bearing cooUHFSCTJA and nad9BC, cloned into pUC118 9
pUX19/UQ837 Kmr mob1, does not replicate in R. rubrum 36

Plasmids/E. coli strains used
for construction of
D(cooS9CTJ)14::aac1Vï

pCO39/UQ1289 Apr, D(XhoI-BamHI) in pCO33 vector MCS
pCO40/UQ1290 Apr Gmr, pCO39 D(HindIII-BglII), Klenow blunted, ligated to aacC1V/SmaI cassette

from pGMV1
pCO58/UQ1306 Kmr Gmr mob1, PvuII fragment from pCO40 inserted into pUX19

Plasmids/E. coli strains used
for construction of
D(cooFSCTJA)10::
aacC1Vï

pCO26R2/UQ1245 Kmr Gmr mob1, pCO6R/XcmI vector portion, Klenow blunted and ligated to aacC1V/SmaI
cassette from pGMV1

Plasmids/E. coli strains used
for construction of cooJ22
and cooJ23 insertions

pCO59/npe Apr Gmr, pCO5/NarI (Klenow blunted) ligated to aacC1Vlinkerñ/SmaI cassette from pCO19
pCO60/npe Apr Gmr, pCO5/NarI (Klenow blunted) ligated to aacC1Vlinkerï/SmaI cassette from pCO19
pCO61/UQ1349 Kmr Gmr mob1, pCO15 with HpaI-XmnI fragment replaced with mutated segment from pCO59
pCO62/UQ1348 Kmr Gmr mob1, pCO15 with HpaI-XmnI fragment replaced with mutated segment from pCO60

Plasmids/E. coli strains used
for construction of the
cooC12, cooC16, and
cooC20 insertions (at the
SmaI site)

pCO31R/UQ1271 Kmr Gmr mob1, pCO25R/SmaI (partial) ligated with aacC1Vlinkerñ/SmaI cassette from pCO19
pCO49R/UQ1327 Kmr Gmr mob1, cooC::aacC1Vlinkerï derived from pCO31R
pCO50R/UQ1328 Kmr mob1, cooC::linker insertion derived from pCO31R

Plasmids/E. coli strains used
for construction of the
cooC11, cooC15, and
cooC21 insertions (at the
HpaI site)

pCO28R/UQ1268 Kmr Gmr mob1, pCO25R/HpaI ligated with aacC1Vlinkerï/SmaI cassette from pCO19
pCO51R/UQ1329 Kmr Gmr mob1, cooC::aacC1Vlinkerñ derived from pCO28R
pCO52R/UQ1330 Kmr mob1, cooC::linker insertion derived from pCO28R

Plasmids/E. coli strains used
for construction of the
cooT13, cooT17, and
cooT19 insertions

pCO35-1/UQ1274 Apr Gmr, pCO5/SmaI (partial) ligated with aacC1Vlinkerñ/SmaI cassette from pCO19
pCO41/UQ1291 Kmr Gmr mob1, pCO15 with HpaI-XmnI fragment replaced with mutated segment from pCO35-1

Continued on following page
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linker scanning mutagenesis (and may yield functional proteins
[21, 28]) or that create longer reading-frame-specific insertions
for epitope tagging purposes (32), the goal here modified the
original “interposon” idea (49) to create a larger insertion that,
when translated in any reading frame, should be sufficiently
disruptive to eliminate the function of the targeted gene prod-
uct without affecting synthesis of those encoded downstream.
The nonpolar mutations were then recombined into the R.
rubrum chromosome, using recipients either deleted for the
mutated region (UR452) or already bearing an aacC1Vlinker
at the appropriate site (UR469 or UR447) in screening for
desired recombination events.
To test for polarity, as well as to examine effects on the mu-

tated gene product, strains were pulse-labelled with [35S]Met/
Cys and analyzed by 2D-PAGE and autoradiography. We were
unable to identify a protein spot as CooT, possibly reflecting its
small size and low number of Met and Cys residues (three
total, assuming retention of the N-terminal Met). CO-induced
cooC and cooJ products were evident, although the latter mi-
grated at an unexpectedly high molecular mass (ca. 19 kDa),
consistent with results observed with the purified protein (58)
and other histidine-rich proteins (18, 20, 50). Synthesis of

CooC in strains with insertions downstream of cooC, e.g.,
UR479 (Fig. 3, upper panel), approximated that in wild-type
strain UR2 (Fig. 3), while CooJ was detected only in wild-type
and nonpolar cooC or cooT insertion strains (UR2, UR479,
and UR495; Fig. 3, lower panel). 2D-PAGE analysis of extracts
from UR471 (DcooJ18) also lacked a protein spot at the posi-
tion of CooJ but exhibited a smaller protein of appropriate
charge for the deletion product (data not shown). Proteins
derived from the linker-modified cooC of UR495 and UR497
were not detected, indicating either that the modified proteins
(in each case bearing a different 20-amino-acid insert but of
similar predicted pI [6.50] and size [ca. 30 kDa]) were very
rapidly degraded or obscured by other proteins. Thus, the Gmr

cassette insertions were polar onto cotranscribed downstream
genes (specifically, cooJ), while the nonpolar insertions, insofar
as we are able to assess the synthesis of CooC and CooJ,
affected only the targeted gene product.
General physiology of cooC, -T, and -J mutants. The mutant

strains grew normally under aerobic conditions in SMN medium;
photoautotrophic growth of UR469 (cooC16::aacC1Vlinker) and
UR2 were identical and were comparably enhanced by low levels
(10 mM) of Ni in the medium (data not shown). This Ni

TABLE 1—Continued

Plasmid and/or
straina Characteristicsb or derivation Reference or

sourcec

pCO53/UQ1331 Kmr Gmr mob1, cooT::aacC1Vlinkerï derived from pCO41
pCO54/UQ1332 Kmr mob1, cooT::linker insertion derived from pCO41

Plasmids/E. coli strains used in
construction of DcooJ18

pCO29/UQ1267 Apr, pCO5 (isolated from UQ580 host) with 60-bp BclI-BclI fragment of cooJ deleted
pCO38/UQ1288 Apr, PstI-BglII fragment of pCO34 replaced by region from pCO29 bearing the cooJ deletion
pCO48/UQ1309 Kmr mob1, 4.5-kb insert region from pCO38 moved as a KpnI-XhoI fragment into pUX19

E. coli strains
UQ324(S17-1) Nxs Smr recA, RP4 tra functions 54
UQ377(MM294A) Tes Kmr endA1 [pRK2013 with RK2 tra functions] G. Walker f

UQ500(DH5a) Nxr recA1 endA1 lacZDM15 BRLg

UQ555(XL1-Blue) Nxr Tcr recA1 endA1 lac [F9::Tn10 proAB lacIqZDM15] Stratagene
UQ580 dam C. Grossh

R. rubrum strains
UR2 Nxr, spontaneous Smr derivative of wild-type strain S1 P. W. Ludden
UR294 UR2 Smr Nxr Kmr cooC7::kan 25
UR445 UR2 Smr Nxr Gmr D(cooFSCTJA)10::aacC1Vï

UR447 UR2 Smr Nxr Gmr cooC11::aacC1Vlinkerï
UR449 UR2 Smr Nxr Gmr cooC12::aacC1Vlinkerñ
UR451 UR2 Smr Nxr Gmr cooT13::aacC1Vlinkerñ
UR452 UR2 Smr Nxr Gmr D(cooS9CTJ)14::aacC1Vï

UR468 UR2 Smr Nxr Gmr cooC15::aacC1Vlinkerñ
UR469 UR2 Smr Nxr Gmr cooC16::aacC1Vlinkerï
UR470 UR2 Smr Nxr Gmr cooT17::aacC1Vlinkerï
UR471 UR2 Smr Nxr DcooJ18
UR479 UR2 Smr Nxr cooT19::linker
UR495 UR2 Smr Nxr cooC20::linker
UR497 UR2 Smr Nxr cooC21::linker
UR500 UR2 Smr Nxr Gmr cooJ22::aacC1Vlinkerñ
UR501 UR2 Smr Nxr Gmr cooJ23::aacC1Vlinkerï

a Host strain for pCOxx constructs is E. coli UQ555, unless noted.
b Transcriptional orientation of the aacC1 (Gmr) gene within the V cassette is denoted by ñ or ï relative to left to right transcriptional orientation of cooFSCTJ.

The aacC1Vlinker and linker designations indicate the polar Gmr linker cassette and nonpolar 60-bp linker insertion, respectively.
c If not this study.
d Stratagene Cloning Systems, La Jolla, Calif.
e Not preserved.
f Graham Walker, Massachusetts Institute of Technology, Cambridge.
g BRL, Bethesda Research Laboratories, Gaithersburg, Md.
h Carol Gross, University of California, San Francisco.
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enhancement is consistent with the involvement of an Ni hy-
drogenase in H2 uptake during photoautotrophic growth and
suggests that global Ni transport/metabolism functions have
not been altered.
Ni requirement of CO-dependent growth. To examine ef-

fects of Ni concentration in the medium on CO-dependent
growth, we employed plate growth assays using rich (SAN)
medium because (i) the method allowed determination of
growth of dense (patch plate) and dilute (streak plate) inocula;
(ii) the Na2S addition routinely used for CO-dependent growth
in liquid culture (31) was unnecessary, thus avoiding Ni pre-
cipitation as NiS; (iii) effects of subtle variations in the medium
were avoided by comparing several strains on the same plate;
and (iv) the chelation of Ni by the casein enzymatic hydrolysate
(particularly the cysteine and histidine components) prevented
significant Ni toxicity at Ni levels as high as 650 mM (Casamino
Acids could be replaced by 100 to 300 mMEDTA). Even in this
rich medium, growth of R. rubrum anaerobically in the dark
was dependent on Ni supplementation and CO oxidation as a
source of energy. Note that the medium contains acetate as a
carbon source.
When approximately 104 cells in 2 ml were spotted onto SAN

plates and incubated anaerobically with CO, all strains grew
photosynthetically without addition of Ni (Fig. 4). In contrast,
CO-dependent growth of strain UR2 (wild type) in the dark
required Ni supplementation, and a mutant strain (UR445)
lacking cooFSCTJA failed to grow on CO regardless of the
medium Ni level. The cooC, -T, and -J mutant strains exhibited
three basic Ni-dependent CO growth phenotypes: (i) UR471

and UR479 resembled the wild-type strain and grew at a low
(0.5 mM) Ni concentration; (ii) UR470 and UR501 required an
approximately 50-fold-higher Ni concentration than did the
wild type, with growth enhanced by further increases in [Ni];
and (iii) cooC strains required an approximately 1,000-fold-
higher Ni concentration than the wild type. These phenotypes
were independent of insert orientation (data not shown),
placement (in cooC, data not shown), and, in the case of the
cooCmutations, polarity (compare UR469 and UR495, Fig. 4).
Subtle but reproducible variations in CO-dependent growth

were noted within these basic groupings, in particular the un-
anticipated ability of UR479 to grow better than UR2 on
non-Ni-supplemented medium (Fig. 4) and in liquid culture
(data not shown), yet not as well as UR2 at Ni levels between
2 and 225 mM (as determined by colony size on streaked
plates; data not shown). The slight growth of UR471 in the
absence of Ni additions (Fig. 4) was never as obvious as the
UR479 phenotype. The cooC mutant strains also exhibited a
subtle variation: 550 mM Ni supported optimal growth of all
strains, but strains bearing the nonpolar insertions (UR495 and
497) grew better than the polar insertion strains (UR447, -449,
-468, and -469) at 350 and 450 mMNi (as determined by colony
size on streaked plates; data not shown). Either the nonpolar
insertions in UR495 and UR497 failed to completely eliminate
CooC activity in these strains, an unlikely possibility as the
position and reading frame of the linker is different in each, or
this variation reflects continued CooT and CooJ activities in
the nonpolar mutants.

FIG. 1. Organization of cooFSCTJA. Arrows below the scale indicate gene designations and relevant properties of the predicted proteins. Above the scale are the
R. rubrum UR strain numbers that designate mutants bearing nonpolar 60-bp linker (“Linker”) insertions, polar aacC1Vlinker cassette (“GmVL”) insertions (aacC1
transcriptional orientation denoted by a ñ or ï suffix), and coo-region deletions. The mutation position is indicated by the placement of the UR number over a specific
restriction site; the extent of the UR445 and UR452 deletion/insertion constructs is designated by horizontal brackets. UR471 contains a 60-bp deletion between two
BclI sites in cooJ. Not shown are the cooMKLXUH transcript, which extends 8 kb 59 of cooF (16, 17) and is likewise transcribed from left to right, and the nad9BC region,
which lies 39 of cooA (53).
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Ni selectivity. The ability of UR479 (cooT19::linker) to grow
better than wild-type R. rubrum in the absence of Ni addition
led us to hypothesize that CooT is involved in metal discrim-
ination. While its absence might then allow particularly effi-
cient Ni incorporation, this model also implies that CO-depen-
dent growth of the mutant could be more sensitive to metals

known to readily bind apo-CODH in vitro. However, in me-
dium supplemented with 0.5 mM Ni, CO-dependent growth of
UR2, UR471, and UR479 was similarly inhibited by medium
cobalt levels$300 mM, but unaffected by additions of 100 mM;
200 mM added Co reduced CO-dependent growth of all three
strains (data not shown). We therefore have no evidence for a
selectivity function dependent on the cooTJ gene products alone.

DISCUSSION
Microbial utilization of metals is affected by physical factors,

including the metal species present, their concentrations and
chelation by medium components (27), and the metabolic
mechanisms that mediate metal transport, insure specific metal
association with the apoprotein, and catalyze maturation to the
holoenzyme (23).
In R. rubrum the products of cooC and cooJ are required for

normal Ni processing into apo-CODH during CO-dependent
growth, and mutations in cooC, cooT, or cooJ yield strains with
distinctive Ni dependence phenotypes. It appears unlikely that
cooCTJ products play a role in global Ni metabolism, Ni trans-
port, or CODH processing for several reasons. In terms of
global Ni metabolism, (i) Northern analysis indicates that tran-
scription of cooCTJ is CO dependent (data not shown); (ii)
mutation of these genes does not affect photoautotrophic
growth; and (iii) CO-induced hydrogenase activity (CooH), a
probable Ni enzyme, is little affected by the cooC polar inser-
tion in strain UR294 (17). The products of cooCTJ are also
unlikely to be involved in Ni transport because (i) their syn-
thesis is not substantially different at 0 or 100 mM medium Ni
concentration (determined by 2D-PAGE; data not shown); (ii)
the proteins are not predicted to encode multiple transmem-
brane segments, in marked contrast to known Ni-transport
components (42, 45); and (iii) the Ni requirement for CO-
dependent growth is unaffected by a 10-fold decrease in me-
dium Mg concentration (while higher levels of Ni became
more toxic; data not shown; cf. reference 45). Finally, unlike
most hydrogenase systems (17, 39), but analogous to urease
systems (43, 44), there is no evidence for proteolytic processing
of CooS: the enzyme from UR294 (cooC7::kan) is activated by
Ni addition in vitro (17), as is the apoenzyme purified from
wild-type cells grown in Ni-depleted medium (5, 13), and the
enzyme’s mobility on sodium dodecyl sulfate (SDS)-PAGE (5)
and preparative native PAGE (13) is unaffected by the pres-
ence or absence of Ni.

FIG. 2. Predicted products of cooC, cooT, and cooJ. The nucleotide-binding
P-loop motif of CooC is overlined, and diamonds are placed above the histidine
residues of CooJ. The line below the C terminus of CooJ indicates the region
deleted in R. rubrum UR471.

FIG. 3. 2D-PAGE of CooC and CooJ in CO-induced, [35S]Met/Cys-pulse-labeled extracts from R. rubrum UR2 (wild type), UR469 (cooC16::aacC1Vlinkerï),
UR479 (cooT19::linker), and UR495 (cooC20::linker). Two gel sections are presented, with the location of CooC indicated in the upper sections and the location of
CooJ indicated in the lower sections. The second-dimension SDS-PAGE analysis used 15 and 17.5% acrylamide gels for analysis of CooC and CooJ, respectively. A
spot noted in UR469 (arrow) is consistently associated with strains bearing the aacC1Vlinkerï construct.
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Thus, we expect that the products of cooC and cooJ primar-
ily catalyze Ni insertion into nascent CooS, though we cannot
discount a role in Fe insertion. The in vitro activation experi-
ments also suggest that some entity provides for metal selec-
tivity, as apo-CODH itself binds Cd, Zn, Co, and Fe 2- to
300-fold more tightly than Ni, yielding essentially inactive en-
zyme (13). In an in vivo cobalt competition experiment we
were unable to affiliate CooT or CooJ with metal specificity.
The most obvious similarities among the hydrogenase, ure-

ase, and CODH accessory systems are the nearly universal
presence of nucleotide-binding and histidine-rich motifs. CooC,
HypB, and UreG harbor a nucleotide binding-motif (Fig. 2)
that is associated with low GTPase activity in certain HypB
proteins (18, 40). The hydrogenase activity of hypB E. coli
mutants requires exceptional Ni supplementation (0.5 mM; 29,
40, 59), while Azotobacter sp. hypB mutants require 10- to
50-fold less (8, 12). All R. rubrum strains bearing cooC muta-
tions required Ni levels ca. 1,000-fold higher than that utilized
to sustain wild-type CO-dependent growth (Fig. 4). That the
polar and nonpolar cooC insertion mutants have similar Ni
requirements indicates that the nonpolar insertions were suf-
ficiently disruptive and that the phenotype is attributable to the
loss of CooC alone, consistent with models wherein HypB and
UreG proteins catalyze essential Ni insertion functions or con-
formational alterations of their respective apoprotein (39, 44).
The histidine-rich portion of CooJ is similar to motifs of

HypB and UreE proteins, insofar as most contain several His
residues, though their arrangement is inconstant (18, 50, 61)
and is not evident in the hyp system of E. coli (39) or in the
urease accessory systems of a Bacillus sp. (38) and Helicobacter
pylori (10). Purified proteins bind three to nine Ni atoms per
monomer and reportedly show either limited selectivity, typi-
cally binding Zn as well as Ni (18, 50), or a greater affinity for
Ni at some of the binding sites (35). In CooJ (Fig. 2), as in
Rhodobacter capsulatus HypB (61), the His residues are ar-
rayed in a remarkably consistent alternating pattern.
The His-rich region of CooJ of R. rubrum was substantially

dispensable, as the CO growth Ni dependence of strain UR471
(DcooJ18) matched that of the wild-type strain. Perhaps CooS
activity is depressed but remains nonlimiting under these
growth conditions, or perhaps the remaining C-terminal six-
His component of the mutated CooJ retains sufficient function,

a reasonable possibility given the aforementioned His-motif
variations. Partial deletions in other systems are similarly leaky
(38) (although conceivably an artifact of heterologous expres-
sion) and retain some ability to bind Ni in vitro (18). The His-
rich region of the Klebsiella aerogenes UreE is likewise dispen-
sable (6). The elevated Ni requirement of the cooJ::aacC1Vlinker
strains UR500 and UR501 is analogous to results obtained
with strains bearing more extensive ureE deletions: heterolo-
gous expression of Proteus mirabilis urease by a system lacking
UreE required ca. 100-fold more Ni than did controls (55), and
a deletion of K. aerogenes ureE (also expressed heterologously)
produced a urease with depressed activity and lower Ni content
(6, 34).
The reduced Ni dependence for CO growth of UR479

(cooT19::linker) is puzzling and heightens our interest in its
function. The phenotypic difference between the aacC1Vlinker
(UR451 and UR470) and linker (UR479) cooT insertion strains
highlights the effect of polarity; in this case it is reasonable to
assign the polar cassette insertion phenotype predominantly to
lack of CooJ (as confirmed by 2D-PAGE) given the similar Ni
dependence for CO growth of UR451/UR470 and UR500/
UR501 (Fig. 4).
This analysis suggests both common and distinctive traits of

the cooCTJ region compared to the accessory functions re-
quired for the urease and hydrogenase Ni metalloenzymes.
The similarities probably reflect common Ni-processing func-
tions, while the differences might be attributable to unique
requirements and protein interactions. Given the prevalence of
hydrogenase- and urease-associated accessory functions and
the similarities between the Ni-CODHs analyzed to date, we
expect that cooCTJ analogs will be found associated with all
other Ni-CODH systems. Indeed, the cooCTJ functions may
represent a minimum accessory complement if, for example,
the Clostridium thermoaceticum CODH C center, site of CO
oxidation, and A center, site of acetyl coenzyme A synthesis
(33), require distinct Ni-insertion functions.
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