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The cooCTJ gene products are coexpressed with CO-dehydrogenase (CODH) and facilitate in vivo nickel
insertion into CODH. A Ni** transport assay was used to monitor uptake and accumulation of **Ni>* into R.
rubrum and to observe the effect of mutations in the cooC, cooT, and cooJ genes on **Ni** transport and
accumulation. Cells grown either in the presence or absence of CO transported Ni** with a K, of 19 + 4 uM
and a V,,, of 310 = 22 pmol of Ni/min/mg of total protein. Insertional mutations disrupting the reading frame
of the cooCTJ genes, either individually or all three genes simultaneously, transported Ni** the same as
wild-type cells. The nickel specificity for transport was tested by conducting the transport assay in the presence
of other divalent metal ions. At a 17-fold excess Mn>*, Mg>*, Ca®>*, and Zn>* showed no inhibition of **Ni**
transport but Co?>*, Cd**, and Cu** inhibited transport 35, 58, and 66%, respectively. Nickel transport was
inhibited by cold (50% at 4°C), by protonophores (carbonyl cyanide m-chlorophenylhydrazone, 44%, and
2,4-dinitrophenol, 26%), by sodium azide (25%), and hydroxyl amine (33%). Inhibitors of ATP synthase
(N,N’-dicyclohexylcarbodiimide and oligomycin) and incubation of cells in the dark stimulated Ni** transport.
%3Ni accumulation after 2 h was four times greater in CO-induced cells than in cells not exposed to CO. The
CO-stimulated “*Ni** accumulation coincided with the appearance of CODH activity in the culture, suggesting
that the ®*Ni** was accumulating in CODH. The cooC, cooT, and cooJ genes are required for the increased

63Ni2+

accumulation observed upon CO exposure because cells containing mutations disrupting any or all of

these genes accumulated **Ni** like cells unexposed to CO.

Rhodospirillum rubrum expresses a CO oxidation system in
response to CO exposure. The CO oxidation system catalyzes
the reaction shown in equation 1 (10, 12).

CO + H,0 < CO, + H, (1)

This system contains CO-dehydrogenase (CODH) and a CO-
tolerant hydrogenase (4, 12). CODH contains two metal clus-
ters: the active site, Ni-X-Fe,S,, and a second Fe,S, cluster
involved in electron transfer (19). The CO-tolerant hydroge-
nase contains a nickel-binding motif conserved in other nickel
hydrogenases and requires Ni*" in the growth medium for
activity (11). The presence of nickel is essential for the function
of the CO oxidation system (4, 12).

The gene encoding CODH (cooS) has been cloned, and the
operon containing cooS has been characterized (21). The CO-
oxidation operon (coo operon) contains five open reading
frames, cooFSCTJ. The cooC and cooJ genes show similarity to
genes required for nickel-processing for hydrogenase and ure-
ase in other organisms (23). CooC is analogous to the HypB
and UreG proteins that have been proposed to hydrolyze nu-
cleotides in order to insert nickel into hydrogenase and urease,
respectively (28, 29). CoolJ contains a histidine-rich nickel-
binding motif that binds four Ni** atoms per monomer and is
similar to UreE and HypB (45). The requirement for CooC
and CoolJ as nickel-processing proteins was confirmed by mu-
tations that disrupted the reading frames of cooC and cool,
resulting in the production of a nickel-deficient CODH (22,
23). The gene products of cooCTJ appear to function specifi-
cally for nickel insertion into CODH. A mutation disrupting
the cooCTJ genes exhibits normal levels of the CO-tolerant
hydrogenase activity (12).
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The mechanism of Ni*" transport and accumulation prior to
the insertion of nickel into CODH has not been characterized
in R. rubrum. To better understand the specific functions of the
Co0C, CooT, and Cool proteins, the process of Ni** transport
and accumulation needs to be defined. This includes under-
standing the mechanism of Ni** transport and accumulation in
the absence of CO when the cooCTJ genes are not expressed
and in the presence of CO when the cooCTJ genes are ex-
pressed.

N2+ transport has been studied in other bacteria, and four
classes of Ni** transport have been reported. The first class is
single-component, energy-dependent, high-affinity Ni** trans-
port system where the K, for Ni** is low (17 nM to 5 uM) (7,
20, 25, 47) and Ni*" transport is not inhibited by the presence
of other divalent metals (8). The Ni** transport proteins
HoxN, from Alcaligenes eutrophus (46), HupN, from Bradyrhi-
zobium japonicum (13), UreH, from Bacillus TB90 (26), and
NixA, from Helicobacter pylori (14), have been characterized
and have conserved sequence motifs proposed to function in
Ni*" binding (14). The second class is the Nik ABCD multi-
component system/transport system from H. pylori. This system
couples ATP hydrolysis to transport Ni** (16). The transport
systems of Azotobacter chroococcum and B. japonicum repre-
sent a third class of Ni*" transport that requires little or no
energy (33, 42). The fourth class of Ni** transport occurs
adventitiously through the Mg?* transport systems of several
organisms (8). Maguire and coworkers have characterized
three Mg?* transport systems (CorA, MgtA, and MgtB) in
Salmonella typhimurium (17, 18, 41, 43) and a fourth distinct
Mg** transporter (MgtE) from Providencia stuartii and Bacil-
lus firmus OF4 (37, 44). CorA, MgtA, and MgtB display dif-
ferent K,,, and V,,,, values for transport, are inhibited differ-
ently by temperature and divalent metals, and have different
mechanisms for transcriptional regulation (34, 38-40). Each
Mg?™" transport system transports Ni**, and CorA also trans-
ports Co?". Similar work has been performed with Esch-
erichia coli (32). Ni** transported by Mg** transport systems
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generally has a much higher K,, for Ni*" than the nickel-
specific transport systems and is competitively inhibited by
Mg?" and other divalent metals (8).

The majority of accumulated Ni*" is found in the form of
protein-bound nickel with very little free intracellular nickel
(20, 33). The nickel enzymes hydrogenase, urease, CODH, and
superoxide dismutase and the F,;, cofactor of methyl CoM
reductase accumulate nickel, as do several accessory proteins
required for nickel insertion into these enzymes. Several of
these accessory nickel-binding proteins have been purified and
characterized. The HypB protein is expressed under hydroge-
nase-derepressing conditions (30). HypB binds Ni** and is
proposed to assist in the induction of the hydrogenase struc-
tural genes (30). Nickel accumulated by HypB is also used for
the activation of hydrogenase (30). Maier et al. showed that
nickel accumulates in a nickel storage protein and that nickel
stored during heterotrophic growth could be used for hydro-
genase when cells were derepressed in medium lacking Ni**
(27). A nickel storage role has been proposed for the UreE
protein that functions as a nickel-processing protein for urease

5).

The present study demonstrates that Ni** transport occurs
identically in R. rubrum grown in the presence or absence of
CO. ®Ni** accumulates more rapidly in CO-induced cells due
to the accumulation of ®*Ni in CODH. CooC, CooT, and CooJ
appear to have no role in Ni** transport but are required for
the accumulation of ®*Ni in CODH.

MATERIALS AND METHODS

Strains and cultivation. R. rubrum UR2 (a spontaneous streptomycin-resistant
mutant of R. rubrum UR1 [ATCC 11170]) was used as the wild-type strain. The
following strains were as described previously and contain insertions into the
cooCTJ genes that created either polar or nonpolar knockouts of the downstream
genes (23). UR469 (UR2 Sm" Nx" Gm" cooCI6::aacCIQlinker) contains an
insertion disrupting cooC that is polar onto cooTJ. UR495 (UR2 Sm" Nx"
c00C20::linker) and UR479 (UR2 Sm" Nx" cooT19:linker) contain nonpolar
insertions into cooC and cooT. UR500 (UR2 Sm" Nx" Gm" cooJ22::aacCIQ)
linker) contains an insertion into cool.

R. rubrum strains were cultured in malate ammonium medium with no added
nickel (31) in 100-ml vials with rubber stoppers and a gas phase of N, at 30°C for
12 to 18 h. Cells were grown in a 30°C warm room 4 in. from a 15-W incandescent
light bulb and 6-in. from a 20-W fluorescent bulb. Induction with CO was
initiated by adding 20 ml of 99.5% CO gas into the gas phase of the 100-ml vial.

Ni2* transport assay. The Ni>* transport assay used in these studies was a
modified version of several previously published Ni?* transport assays (6, 15, 42).
R. rubrum cell optical density was measured spectrophotometrically at 600 nm
(ODggp). When cultures reached ODg of 2.0 to 2.5, the culture was collected by
centrifugation at 6,000 X g for 15 min. The cell pellet was resuspended in 45 ml
of anaerobic 100 mM MOPS (morpholinepropanesulfonic acid) buffer at pH 7.5.
Cells were transferred (3.0 ml) into anaerobic 20-ml vials with a gas phase of N,.
The cells were incubated at 30°C in an illuminated water bath until Ni** was
added. Controls showed that incubation in MOPS buffer for up to 2 h did not
affect the rate of Ni** transport.

The assay began when 2.8 uCi of **Ni?* (®*NiCl, at 615 mCi/mmol; DuPont
NEN Research Products, Inc.) and the indicated amount of unlabeled nickel
were added to the cells followed by rapid mixing of the culture (a maximum of
50 pl was added). After being mixed, a sample was removed and vacuum filtered
onto a GN-6 Metricell membrane filter (pore size, 0.45 wm; Gelman Sciences,
Inc., Ann Arbor, Mich.) at 15 s after Ni** addition. The GN-6 Metricell mem-
brane filters were previously washed twice with 5.0-ml aliquots of 10 mM NiCl,
in 100 mM MOPS at pH 6.5 to reduce nonspecific binding of *Ni** to the filter.
After the cells were collected on the filter, the cells were washed three times with
10 mM EDTA in 100 mM Tris buffer (pH 8.0) (5.0 ml per wash). With the
assistance of the vacuum filtration system, the washing procedure took less than
5 s. The 15-s sample represents rapid binding of **Ni*>* to the cell surface and
some transport (15) (see also results shown in Fig. 1). The 15-s time point is
subtracted from the subsequent time points to calculate the net uptake by the
cells. Controls were prepared for each nickel concentration with identical con-
tents but lacking cells to correct for ®*Ni binding to the filters.

Additional Ni?* transport experiments were performed with cells that were
resuspended in buffer containing 1.0 mM MgCl, or cells grown in the presence
of CO to induce the coo operon.

For the studies with inhibitors of Ni>* transport, solvent controls were per-
formed to account for solvents used to solubilize the inhibitors. Filters were
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FIG. 1. Initial rate of ®*Ni*>* accumulation by R. rubrum. Cells were grown in
malate ammonium medium as described in Materials and Methods. Cells were
harvested by centrifugation and resuspended in 100 mM MOPS buffer (pH 7.5)
(©) or 100 mM MOPS buffer (pH 7.5) containing 1.0 mM MgCl, (m). The cells
were incubated for 30 min at 30°C before the assay was initiated by the addition
of 1.0 uM **NiCl,. Nickel accumulated by the cells was measured at the indicated
time point by collecting the cells by vacuum filtration, followed by three 5.0-ml
washes with 10 mM EDTA in 100 mM Tris buffer (pH 8.0). The filtration assay
was as described in Materials and Methods. Each data point represents a single
measurement.

transferred to scintillation vials, and Biosafe II scintillation fluid was added (10
ml). ®*Ni was detected by liquid scintillation counting by using a '“C setting in a
Packard Minaxi Tricarb 4000 series scintillation counter. The protein content of
the samples was measured by the method of Lowry et al. (24). Data are expressed
as picomoles of Ni** transported per minute per milligram of total protein.

Nickel accumulation. Cells were grown with illumination, either in the pres-
ence or the absence of 20% CO, in a 25-ml volume in 100-ml anaerobic vials with
an N, gas phase to an ODy, of 2.0 to 2.5 in malate ammonium medium. *>Ni**
was added to cell cultures to a final concentration of either 100 nM or 1.0 pM
(%Ni at 615 mCi/mmol). Samples of the culture were removed at the indicated
time points, and cells were collected on a GN-6 Metricell membrane filter as
described above for the Ni>* transport assay. CODH activity was monitored by
adding cells (1.0 ml) from the indicated time point into a degassed vial with a CO
atmosphere (99.5%) containing 10 ul of 0.1 M EDTA to chelate nickel not
associated with CODH and 10 ul of 0.1 M methyl viologen. Methyl viologen was
added as an electron acceptor for monitoring CODH activity and, in the reduced
form, also functioned as an oxygen scavenger. Toluene (20 pl) was added to
permeabilize the cells, and the vial containing the sample was placed in a shaking
30°C water bath for 15 min. The sample was then assayed for CODH activity
spectrophotometrically by the reported method (9).

Effect of divalent metal ions on Ni*>* uptake. Cell culture preparation was
identical to that described in the nickel transport assay. The competing divalent
metal ion and ®*Ni** were added simultaneously to final concentrations of 25
and 1.5 uM (615 mCi/mmol), respectively. The cells were collected and assayed
for ®*Ni** uptake as described above. A control sample was prepared by adding
%Ni (1.5 pM; 615 mCi/mmol) with no competitive metal.

Effect of metabolic inhibitors on Ni** uptake. Cell culture preparation was
identical to that described in the Ni*>* transport assay. The indicated inhibitor
was added to the cells, and the cells were incubated for 30 min with illumination
at 30°C. The assay was initiated by the addition of ®*NiCl, (1.5 pM; 615 p.Ci/
wmol) to the cells. The cells were collected and assayed for ®*Ni>* uptake as
described above. A control sample was prepared by adding ®*NiCl, (1.5 pM; 615
mCi/mmol) with no inhibitors present.

RESULTS

Nickel accumulation. The addition of **NiCl, (1.0 pM, final
concentration; 615 mCi/mmol) to R. rubrum resulted in the
rapid binding of ®*Ni** to the cell surface, followed by a linear
accumulation of ®*Ni**. Figure 1 shows the accumulation of
Ni*" in R. rubrum in 100 mM MOPS buffer (pH 7.5). The
best-fit line represents the accumulation of “*Ni** over a pe-
riod of 4 min. The line intercepts the y axis at 36 pmol of



4556 WATT AND LUDDEN

40 0.3

0.25

<

9

i<l
55 02
3 £
33 2
E o TR E
3E 015% N 2
o = o2
< o%xa
3= 3
X « O
S a 0.1

@ :
Z s

£

Z

{nmoles CO oxidized / min / mg total

0.05

[ 30 60 90
Time (min)

FIG. 2. ®*Ni** accumulation in CO-induced R. rubrum. CO (20% gas phase)
and ®Ni (1 uM; 615 mCi/mmol) were added at the zero time point to R. rubrum
cells (ODgyy = 2.0) in malate ammonium medium (m). The control (no CO
added) contains ®Ni (1 uM; 615 mCi/mmol) added to R. rubrum cells (ODgo =
2.0) in malate ammonium medium (@). CODH activity in the cells treated with
CO is also indicated (OJ). The in vitro CODH activity assay is described in the
text. Each data point represents the average of two independent measurements.
The nickel bound at 15 s was subtracted from the data.

S3Ni** /mg of total protein, indicating that a rapid *Ni** bind-
ing phase occurred before the fastest time point measured by
this assay (15 s after ®*Ni** addition). The rapid binding to the
cells occurred when the cells were in buffer or in growth me-
dium, although the binding in growth medium is less due to the
presence of molecules that chelate Ni** (EDTA, phosphate,
and malate). Cells that have been killed by heat treatment also
exhibit this rapid binding but do not exhibit the linear accu-
mulation (data not shown). The rapid binding of **Ni*" did
not occur when *Ni** was added to R. rubrum that had been
incubated for 30 min in 100 mM MOPS buffer (pH 7.5) con-
taining 1.0 mM MgCl,. The presence of 1.0 mM MgCl, did not
alter the linear accumulation that follows the rapid binding
phase (Fig. 12. A similar experiment was conducted by adding
1.0 M ®Ni** and 99 uM unlabeled Ni** to cells and then
monitoring the “*Ni** accumulation in the cells. “*Ni** accu-
mulation occurred at a much slower linear rate, and the slope
crossed the y axis at the zero point, indicating that the unla-
beled Ni** competed with the ®*Ni** for both surface binding
and for Ni** transport into the cell (data not shown). In order
to distinguish ®*Ni** accumulation from surface binding in
later experiments, a control sample for rapid binding was used
in each assay and subtracted from the subsequent time points
to obtain the values representing **Ni** accumulation.

To determine if exposing the cells to CO at the time of
S3Ni?* addition induced the production of proteins required
for Ni*" transport or accumulation, **Ni** accumulation ex-
periments were conducted either in the absence of CO or with
the simultaneous addition of CO and **Ni** to a culture. A
linear “*Ni*" accumulation phase occurred during the first 10
min in the presence or absence of CO (Fig. 2). The first linear
accumulation phase is followed by a slower accumulation
phase in cells not exposed to CO (Fig. 2). The addition of CO
(20%) at the same time as ®*NiCl, (1.0 uM, final concentra-
tion; 615 mCi/mmol) did not alter the accumulation of **Ni**
during the first 30 min compared to the control. After 30 min
of exposure to CO, the accumulation of ®*Ni increases dramat-
ically when compared with cells not exposed to CO (Fig. 2).
The increase in ®*Ni accumulation in the CO-induced culture
coincided with the appearance of CODH activity in the culture
(Fig. 2). Therefore, the increased accumulation of **Ni ap-
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pears to result from the insertion of ®*Ni into CODH and
perhaps into the CooJ and CooC proteins.

Since apo-CODH the CO-tolerant hydrogenase and CooC,
CooT, and CooJ are expressed in CO-induced cells grown on
Ni-depleted medium (3, 4, 12, 23), it was possible to examine
the accumulation of ®*Ni into cells containing apo-CODH and
to test the hypothesis that the increased accumulation of **Ni
in CO-treated cultures (Fig. 2) was due to the accumulation of
%Ni into apo-CODH. Apo-CODH can be activated in vivo (in
wild-type cells) or in vitro by the addition of nickel (4, 9). All
cells in this experiment were grown with nickel-depleted me-
dium and were exposed to CO for 12 h. All cultures expressed
similar amounts of apo-CODH, as evidenced by the in vitro
activation assay (data not shown). The addition of “*NiCl, to a
wild-type culture containing apo-CODH was the positive con-
trol for ®*Ni accumulation into apo-CODH and other nickel-
containing proteins expressed by the CO oxidation system
(CO-tolerant hydrogenase and CooJ). The addition of **Ni**
resulted in a linear ®*Ni** accumulation phase during the first
15 min. After 15 min a slower, but still significant “Ni**
accumulation phase occurred (Fig. 3). A negative control was
the addition of ®*Ni to a wild-type culture that was not exposed
to CO (Fig. 3). The negative control accounts for the accumu-
lation of ®*Ni** by cells not expressing the CO oxidation sys-
tem. The initial *Ni** accumulation by the negative control
was similar to the CO-induced culture, but the amount of
%Ni** that accumulated after 15 min was much lower (Fig. 3).
Mutant strains lacking a functional cooC gene are deficient in
nickel processing and could not insert nickel into CODH un-
less a 500 wM nickel concentration was added to the medium
(22, 23). The **Ni*" concentration chosen for this experiment
(100 nM ®NiCl,) was chosen because a mutant in cooT grew
similarly to wild type in CO-dependent growth experiments
(23). At this ®*Ni*" concentration, no **Ni** accumulation
into apo-CODH will occur in whole cells because Kerby dem-
onstrated that when *Ni** was added to the cooC mutant
strain (UR495), no CODH activity was observed (23). A **Ni

Nickel Accumulation
(pmoles s3Ni / mg total protein)

0 30 60 90 120
Time (min)

FIG. 3. Nickel accumulation in CO-induced cooC, cooT, and cooJ mutant
strains of R. rubrum. The cells were grown in malate ammonium medium lacking
Ni?* for 12 h with a gas phase of 20% CO-80% N, except as indicated. Symbols:
@, UR2; m, UR2 without CO (negative control); A, nonpolar linker mutation in
cooC (strain UR495); O, nonpolar linker mutation in cooT (strain UR479); O,
mutation in cooJ (strain UR500). All cultures except the negative control, which
was not CO treated, had similar CODH activities when analyzed by the in vitro
Ni?* activation assay. The apo-CODH activation assay was performed on an
aliquot of cell culture removed from the culture just prior to the ®>Ni?* accu-
mulation assay. The nickel bound at time zero was subtracted from the data.
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FIG. 4. Kinetics of Ni?* transport by R. rubrum. Cells grown in the absence
of CO were harvested and resuspended in 100 mM MOPS (pH 7.5) and divided
into 12 vials. ®*Ni (1.5 pM; 615 mCi/mmol) was added to each vial with the
appropriate amount of unlabeled nickel to reach the indicated final nickel con-
centration. A sample was immediately removed and analyzed for the initial
binding of nickel to the cells. Additional samples were removed at 60 and 120 s
and then collected by vacuum filtration followed by three 5.0-ml washes of 10
mM EDTA in 100 mM Tris (pH 8.0). The curve represents the mean of data
from three independent experiments. Cultures grown in the presence of CO or
strains with cooCTJ mutationally inactivated and grown with or without CO were
also tested for Ni?* transport and produced curves with the same kinetic profiles
within the error bars shown (data not shown).

accumulation experiment with a cooC mutant strain provided a
control that accounted for ®*Ni that accumulated in proteins
known to bind nickel from the CO oxidation system other than
CODH (i.e., CO-tolerant hydrogenase and CoolJ). The results
in Fig. 2 show that ®*Ni accumulation in a cooC mutant was
similar to the negative control that expressed no CO oxidation
proteins. This result indicates that ®*Ni accumulation in other
CO-induced proteins (i.e., CO-tolerant hydrogenase and
CooJ) is very small. ®*Ni accumulation assays with mutant
strains containing linker mutations disrupting the reading
frames of the cooT (strain UR479) or cool (strain UR500)
genes also showed ®*Ni accumulation that was similar to the
negative control (Fig. 3). These data indicate that the observed
increase in ®*Ni accumulation in the positive control is due to
53Ni associated with CODH. These data also verify that all
three of the cooC, cooT, and cooJ gene products must be
present for in vivo nickel insertion into CODH to occur under
the conditions of this assay.

Kinetics of nickel transport. The linear accumulation of
Ni** during the first 10 min of exposure to **Ni** shown in
Fig. 2 showed saturable kinetics with respect to nickel concen-
tration (Fig. 4). This observation is consistent with Ni** enter-
ing the cell by a transport system. The kinetic data for Ni**
transport by R. rubrum grown in the absence of CO was ob-
tained by measuring Ni*" transported at various Ni** concen-
trations. The data are consistent with a kinetic uptake system
that is saturable with increased Ni** (Fig. 4). Best-fit calcula-
tions with a nonlinear computer fit (Prism Program; Graphpad
Graphics, Inc.) showed the K,,, for Ni** to be 19 = 4 uM with
a Vpax 0f 310 = 22 pmol/min/mg of total protein. Similar data
were observed when cells were grown in the presence of CO or
with a CO-induced mutant strain (UR469) that has a mutation
disrupting the cooCTJ reading frames. This indicates that the
increased accumulation of *Ni*" observed when cells were
induced with CO does not occur from the production of a
CO-induced Ni** transport system. Ni** transport studies
were conducted on cells resuspended in buffer containing 1.0
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mM MgClL,. The kinetics of Ni*" transport in the presence of
MgCl, are very similar to those without MgCl,. The K, of 21 *
4 uM is within the error expected for the transport without
MgCl,, and the V,,, of 252 = 21 is only 19% lower than the
curve without MgCl,. These results indicate that the kinetics of
Ni?* transport into the cell in the absence of MgCl, are a
combination of Ni*" being transported by both a Mg?" trans-
porter and a Ni** transporter. The data also suggest the Ni**
transporter does not require induction by CO or the presence
of the CooC, CooT, and Cool proteins.

Specificity of nickel transport. Mg>" transport systems have
been demonstrated to transport Ni** with lower affinity than
Mg** (8, 34). Ni*"-specific, high-affinity transport systems
transport only Ni** and show very little inhibition from the
presence of other divalent metals (8). Table 1 shows the results
of nickel transport assays where “*Ni*" (1.5 uM) was added
simultaneously with 25 M concentrations of competing diva-
lent metals. The divalent metals commonly tested to determine
the specificity of Ni** transport systems include Mg**, Mn?*,
Zn**, and Ca®", and some reports show competition with
Co**, Cu**, and Cd**. The results show that Mg®", Ca?*,
Mn?", and Zn** did not inhibit Ni*" transport at a 17-fold
excess. Mg”" showed only 15% inhibition of “*Ni*" transport
at a 1 mM concentration (1,000-fold excess; Table 1, Fig. 1, and
Fig. 4). The addition of Ca** actually stimulated ®*Ni*" trans-
port to a small degree. Co*" inhibited **Ni** transport 36% at
a 17-fold excess (25 uM). Co** has previously been shown to
inhibit nickel-specific transport systems to a slight degree (20).
Cu?" and Cd** showed the most significant inhibition of Ni
transport by inhibiting at levels of 66 and 58%, respectively.

Effects of metabolic inhibitors and ionophores. The source
of energy required to transport Ni** can be identified by using
inhibitors of metabolic processes and correlating the inhibition
of Ni** transport to the mechanism of the inhibitor. The re-
sults for inhibition of Ni** transport by R. rubrum are shown in
Table 2. Ni** transport was completely inhibited by the elec-
tron transport inhibitor CN~. Although no “*Ni*" transport
occurred in the presence of CN~, the binding of “*Ni** to the
surface of the cells was also decreased fivefold in the presence
of CN™ (data not shown). The inhibitory effects of CN~ are
most certainly caused by the formation of Ni(CN),?~. Other
electron transport inhibitors, hydroxyl amine and azide, inhib-
ited ®*Ni*" transport 33 and 25%, respectively. The protono-
phores CCCP (carbonyl cyanide m-chlorphenhydrazone) and
DNP (2,4-dinitrophenol) inhibited ®*Ni** transport 44 and

TABLE 1. Effect of divalent metals on nickel transport®

Metal® Concn (M) % of Ni transport®

Control (Ni?*) 1 100
Ca** 25 120
Mn?* 25 108
Mg** 25 95

1,000 85
Zn>* 25 87
Co** 25 64
Cd** 25 42
Cu?* 25 34

“ The transport assay was performed as described in Materials and Methods.
The concentration of ®*Ni added to each assay was 1.5 uM (615 mCi/mmol). A
data point was taken at 15 s (control for surface binding), 60 s, and 120 s. Cells
were collected by filtration, and radioactivity was detected by liquid scintillation
counting.

® All divalent metal ions were chloride salts.

¢ Percentage of control (no competing metal ion). A 100% value for 1.5 uM
53Ni?* is equal to 25 pmol of Ni*>"/min/mg of total protein.



4558 WATT AND LUDDEN

TABLE 2. Effect of metabolic inhibitors on nickel transport®

00 1
Inhibitor trg ng;g;b
Control (N0 addition).......cccccvieiiiiiiiiiiiiiciinas 100
ATPase inhibitors
DCCD (200 M) oo 220
Oligomycin (50 pg/Ml)....ciuiiuiiiiirieiiiiciicieeiereceeaes 142
Electron sink/transport
Sodium azide (1,000 PM)....ccvuiimviniiiiiiciice 75
Potassium cyanide (200 pM). v 0
Hydroxyl amine (1,000 tM)..c.cccceurmieierrieieireceieneereneeenenes 67
Protonophores
CCCP (200 M) et 56
DNP (200 M) cocooiiiiiiiciciicicccss s 74

Metal ionophores
Valinomycin (50 pg/ml).....cccocoeeeiiieiiiieeiieeeeeeeeeenene
Valinomycin (50 pg/ml) plus 50 mM KCI.
Nigericin (50 pg/ml)...cccccoeeieiieiincccneene
Gramicidin D (50 pg/ml) c.cceueviierriicieircceereceneeeeeneeenes

Miscellaneous
CO¢ 102
0,! 48
Dark® 187
COld (4°C) ottt 50

“ Transport assays were performed as described in Materials and Methods.
The indicated inhibitor was added to the cells and incubated for 30 min in a
shaking 30°C water bath with illumination. Ni** was added to a final concentra-
tion of 1.5 pM, and then the sample was assayed as described in the text.

b Percentage of control (100% = 25 pmol of Ni**/min/mg of protein).

¢ Gas phase was 20% CO and 80% N,.

4 Gas phase was air.

¢ Vials containing cells were covered with aluminum foil.

26%, respectively. DNP functions poorly in R. rubrum (1), so
the effect of protonophores is better represented by the inhi-
bition of CCCP. Incubating the culture in ice for 2 min before
the addition of ®Ni*" resulted in 50% inhibition of **Ni**
transport. Metal selective ionophores such as valinomycin, ni-
gericin, and gramicidin D did not inhibit ®*Ni** transport and,
in some cases, stimulated transport. The inhibitors DCCD
(N,N’-dicyclohexyl carbodiimide) and oligomycin also stimu-
lated ®*Ni*" transport, as did incubating the cells in the dark.

DISCUSSION

This study was undertaken to learn how Ni*" is transported
into the cell, to compare Ni*" accumulation in CO-induced
cells versus non-CO-induced cells, and to correlate variations
in Ni** transport and accumulation with mutations in the
cooCTJ genes. The experimental design was intended to in-
crease the understanding of the function of the CooCTJ gene
products in R. rubrum and to gain an understanding of where
nickel processing breaks down in mutants of cooC, cooT, and
cool.

The initial association of Ni** with R. rubrum occurs as Ni**
binds rapidly to the cell surface (Fig. 1). Incubating the cells in
100 mM MOPS buffer at pH 7.5 containing 1.0 mM MgCl, for
30 min before the addition of Ni*" stopped the rapid binding
of ®Ni*" to the cell surface but did not affect Ni** accumu-
lation by the cells (Fig. 1). The addition of excess unlabeled
Ni*" also abolished the rapid binding of ®*Ni** to the cells but
also significantly slowed the accumulation of ®*Ni** in the
cells. The binding of **Ni** to the cell surface has been ob-
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served in Methanobacterium bryantii (20) and Methanothrix
concilii (2). Adsorption of Ni** to M. concilli occurs to prep-
arations of purified cell sheaths, and the kinetic data for Ni**
accumulation with purified cell sheath preparations were sim-
ilar to data obtained for intact cells. These studies concluded
that the semispecific cell-surface adsorption was the first step
in nickel accumulation by this organism (2).

Nickel transport by R. rubrum was a saturable process with
Michaelis-Menten-type kinetics over the concentration range
of from 1 to 140 uM Ni**. Analysis of the data by nonlinear
regression computer fits indicated that the K, was 19 = 4 uM
with a V., of 310 = 22 pmol/min/mg of total protein. The
kinetics of Ni?* transport did not change when cells were
grown in the presence of CO (20%) or when CO (20%) was
added to cells at the time of Ni** addition to the cells. There-
fore, no evidence for a CO-induced nickel uptake system was
observed. Ni** transport was also identical in a CO-induced
mutant strain (UR469) that has a mutation disrupting the
cooCT]J reading frames. This indicates that CooC, CooT, and
Cool are not required for Ni** transport. Similar Michaelis-
Menten saturation kinetics were observed when identical ex-
perimental conditions were used with 1.0 mM MgCl,. The data
in the absence of Mg®" represents Ni*" transported by the
Mg transport system, as well as a transport system that is
selective for Ni** versus Mg®". The kinetic parameters of the
Ni?" selective system are better described by the values of
K,, =21 * 4and of V,,,, = 252 = 21 umol of Ni**/min/mg of
total protein.

Although the Ni*" transport studies reported in the litera-
ture differ in assay conditions, some rough comparisons may be
made. The K, of 19 uM for R. rubrum is higher than most
nickel-specific transport systems reported. The following K,,
values have been reported with the following organisms: M.
bryantii, 3.1 uM (20); A. kivui, 2.3 pM (47); C. thermoaceticum,
3.2 uM (25), and A. cylindrica, 17 nM (7). B. japonicum with a
K, of 26 and 50 uM for strains SR and SR470, respectively,
has the K,,, that most closely approximates the transport by R.
rubrum (42).

The Ni** transport system of R. rubrum shows selectivity for
Ni** versus the divalent metals Mg®*, Mn?", Ca®", and Zn*".
These data are similar to those reported for Ni** transport in
the organisms Anabaena cylindrica, M. bryantii, A. kivui, C. ther-
moaceticum, and B. japonicum (7, 20, 25, 42, 47). Co** and
Zn** show some competitive inhibition to systems labeled as
nickel-specific, since these metals inhibited Ni** transport in
M. bryantii (Co*", ~50%) and B. japonicum (Zn*", 46%) (20,
42). Although the Cu®" ion did not affect Ni** transport in
A. cylindrica (7), it inhibited Ni** transport 46% in B. japoni-
cum (42) and 64% in R. rubrum. Cu** and Co®" showed levels
of inhibition similar to that of the NixA transport system (14).

The energy dependence of Ni** transport may be estab-
lished by the use of metabolic inhibitors. Nickel transport has
been suggested to occur by energy-independent processes in
Azotobacter chroococcum (33) and perhaps in B. japonicum
(42). Ni** transport required energy in M. bryantii and ap-
peared to be coupled to proton movement (20). In A. cylin-
drica, the energy-dependent transport of Ni** was concluded
to rely on the membrane potential (7).

Unfortunately, with R. rubrum the effects of metabolic in-
hibitors were weak and in some cases stimulated Ni** trans-
port instead of inhibiting it. The electron transfer inhibitors
azide and hydroxyl amine showed slight inhibitions of 25 and
33%, respectively. NaN; has no effect on photosynthetic phos-
phorylation, so inhibition by this inhibitor functions at another
site (36). The protonophores CCCP and DNP showed mild
inhibition of Ni** transport. The concentration of CCCP used



VoL. 181, 1999

here completely abolishes photophosphorylation in R. rubrum,
indicating that the effect of CCCP on Ni** transport is not as
drastic as it is for photophosphorylation (36). These data in-
dicate that a proton gradient may be important in Ni** trans-
port. Incubation of cells on ice for 2 min inhibited transport
50%, indicating a possible requirement for energy. Metal iono-
phores that disrupt the membrane potential did not inhibit
Ni** transport, and valinomycin and gramicidin D stimulated
transport. The ATP synthase inhibitors DCCD and oligomycin
also stimulated Ni*" transport. The stimulation of Ni** trans-
port by ATPase inhibitors was observed in A. kivui grown in the
presence of H, (47). A possible explanation for the effect of
DCCD and oligomycin may be derived from the mechanism of
inhibition of these two inhibitors. Both block the flow of pro-
tons through the ATP synthase. If protons cannot flow, then
the proton gradient increases. This information, coupled with
the inhibitory effect of CCCP, indicates that a proton gradient
may be involved in Ni** transport. The stimulation in A. kivui
was also concluded to result from the effects of the proton
motive force (47). Cells that were incubated in the dark also
showed stimulated Ni** transport. Cells that were incubated in
the dark and then returned to the light for 1 to 10 min prior to
S3Ni** addition also exhibited stimulated Ni** transport (data
not shown). This observation may indicate that incubation in
the dark altered the metabolic state of the cells. Since the cells
did not return to the original state when exposed to light, it is
assumed that an alternate metabolic system is functioning that
does not respond like that observed under the original condi-
tions. One possible explanation is that in the absence of light or
an energy source, the cells begin to metabolize stored energy
sources. Poly-B-hydroxybutyrate is a stored metabolite (35),
and the metabolic pathways that convert poly-B-hydroxybu-
tyrate into energy may produce conditions that stimulate Ni**
transport.

The observation that CO-induced **Ni** accumulation co-
incided with the appearance of CODH activity in the culture
(Fig. 2) suggested that this Ni** accumulation could function
as an assay to monitor Ni** insertion into CODH. The results
show that the majority of the accumulated **Ni is in CODH
and that cooC, cooT, and cooJ gene products are required for
in vivo insertion of nickel into CODH (Fig. 3). These results
are consistent with CO-dependent growth studies showing that
mutants lacking cooC or cooJ required an increased nickel
concentration (100-fold and 10-fold, respectively) before active
CODH was produced, allowing CO-dependent growth (23).
The CO-dependent growth studies showed that mutants lack-
ing a functional cooT gene grew slightly better than the wild
type, suggesting that nickel was inserted into CODH in this
strain (UR479) (23). No observable nickel accumulation oc-
curred in the cooT mutant strain (UR479) under the condi-
tions used in this study. These studies differ in the growth
conditions, since the CO-dependent growth studies required
growth on CO and were conducted on plates with rich medium.
The ®*Ni** accumulation studies reported here used a minimal
liquid medium and did not require CO-dependent growth.

In conclusion, Ni** transport occurs by a nickel-selective
transport system that can distinguish Ni** from Mg?", Mn?™,
and Zn>", and the transport does not depend on the presence
of CO. Ni*" transport appears to require energy in the form of
a proton gradient. Nickel accumulates both in the absence or
presence of CO, and the increased accumulation of nickel is
proposed to be from the insertion of ®*Ni into CODH. Mutant
strains containing mutations disrupting the cooC, cooT, or cooJ
reading frames do not show a CO-dependent increase in **Ni
accumulation. The increased accumulation of *Ni is therefore
attributed to ®*Ni insertion into CODH, confirming the previ-
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ous observation that the cooCTJ genes are required for nickel
insertion into CODH (23).
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