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Abstract Toxicity in Escherichia coli resulting
from high concentrations of cobalt has been
explained by competition of cobalt with iron in
various metabolic processes including Fe-S cluster
assembly, sulfur assimilation, production of free
radicals and reduction of free thiol pool. Here we
present another aspect of increased cobalt concentra-
tions in the culture medium resulting in the produc-
tion of cobalt protoporphyrin IX (CoPPIX), which
was incorporated into heme proteins including mem-
brane-bound cytochromes and an expressed human
cystathionine beta-synthase (CBS). The presence of
CoPPIX in cytochromes inhibited their electron
transport capacity and resulted in a substantially
decreased respiration. Bacterial cells adapted to the
increased cobalt concentration by inducing a modi-
fied mixed acid fermentative pathway under aerobi-
osis. We capitalized on the ability of E. coli to insert
cobalt into PPIX to carry out an expression of
CoPPIX-substituted heme proteins. The level of
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CoPPIX-substitution increased with the number of
passages of cells in a cobalt-containing medium. This
approach is an inexpensive method to prepare cobalt-
substituted heme proteins compared to in vitro
enzyme reconstitution or in vivo replacement using
metalloporphyrin heme analogs and seems to be
especially suitable for complex heme proteins with an
additional coenzyme, such as human CBS.
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Abbreviations
AdoMet  S-adenosyl-L-methionine

0-ALA J-Aminolevulinic acid

AMP Adenosine monophosphate

BSA Bovine serum albumin

CBS Cystathionine f-synthase

Co Cobalt

ETF Electron transfer flavoprotein

ETF-QO ETF ubiquinone oxidoreductase

FAD Flavin adenine dinucleotide

Fe Iron

GST Glutathione S-transferase

ICP-OES Inductively coupled plasma optical
emission spectroscopy.

IPTG Isopropyl--p-1-thiogalactopyranoside

IscS Cysteine desulfurase

MIC Minimum inhibitory concentration
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PLP Pyridoxal-5'-phosphate
PPIX Protoporphyrin IX

SEM Standard error of the mean
ThiH Tyrosine lyase

WT Wild type

Introduction

Porphyrins, including heme (iron protoporphyrin IX,
FePPIX), are abundant and versatile coenzymes
utilized in many living organisms. Heme proteins
are integral components in a variety of biological
processes, in which heme plays crucial roles such as
electron transfer (e.g. cytochromes), transport and
storage of oxygen (e.g. hemoglobin, myoglobin),
detoxification and oxidative damage control (e.g.
P450 enzymes, peroxidase, catalase), signal trans-
duction and gas sensing (e.g. nitric oxide synthase,
soluble guanylate cyclase) and regulation of specific
protein expression (e.g. heme biosynthesis pathway)
[reviewed in (Padmanaban et al. 1989; Ponka 1999;
Reedy and Gibney 2004; Tong and Guo 2009)]. The
catalytic, redox and structural properties of heme in
hemeproteins have previously been elucidated by
insertion of heme analogs containing modified por-
phyrins and site directed mutagenesis (Reedy and
Gibney 2004).

The properties of the heme can also be modulated
by substitution of iron with other metals. The
physiochemical and catalytic properties of heme
proteins are directed by the heme moiety, thus
substitution of the iron or modification of the
porphyrin ring offers an additional opportunity to
gain new insights into the role of heme or its catalytic
mechanism. The process termed “enzyme reconstitu-
tion” involves removal of coenzyme (most often
porphyrin or flavin derivate), its modification and/or
replacement and subsequent reinsertion in order to
obtain species with novel properties [reviewed in
(Fruk et al. 2009)]. Depending on the localization of
heme within the protein structure, the removal of the
coenzyme often requires extensive denaturation.
Subsequently, successful reconstitution can be com-
plicated or made totally impossible by the complexity
of protein folding and oligomerization or by the
presence of additional coenzymes. Therefore, novel
methods for introduction of heme analogs into heme
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protein were recently described (Brugna et al. 2010;
Woodward et al. 2007). The method of Woodward
et al. (Woodward et al. 2007) employs hemB-deficient
E. coli RP523 with an uncharacterized permeability
mutation that renders cells heme-permeable. Anaer-
obic growth permitted cell growth in the absence of
heme, while induction of protein expression in the
presence of a heme analog under aerobic conditions
yielded the substituted heme protein with the porphy-
rin of interest. However, the protein expression
efficiency of the strain, the toxicity and permeability
of heme analogs may limit this method. Brugna et al.
(Brugna et al. 2010) described similar approach for in
vivo porphyrin replacement. Their method utilizes the
Gram-positive bacterium, E. feacalis, and provides
several advantages. E. faecalis does not synthesize
heme and thus heme is not required for its growth. At
the same time, the absence of an outer membrane in
this bacterium permits uptake of heme or its analogs
from medium. Additionally, E. faecalis appears to be
resistant to noniron metalloporphyrins. However, all
of the latter approaches described so far depend on the
exogenous source of expensive heme analogs.

Transition metals such as zinc, copper, cobalt or
manganese, often incorporated in heme analogs used
in porphyrin replacement studies, are considered toxic
at elevated concentrations. Their coordination chem-
istry and redox properties can lead to non-specific
binding to various proteins, displacement of other
metals (usually iron) from their natural binding sites
and generation of free radicals (reviewed in (Valko
et al. 2005)). Recent studies showed that cobalt
toxicity in E. coli and S. enterica is mainly due to its
direct competition with iron especially affecting the
synthesis of Fe-S clusters (Ranquet et al. 2007;
Thorgersen and Downs 2007) or indirectly via cobalt-
mediated oxidative depletion of free thiols pool
(Thorgersen and Downs 2007). On the other hand,
the concentrations of cobalt chloride ranging from
100 pM up to 400 pM were found suitable for optimal
E. coli growth and expression of cobalt-substituted
iron-type nitrile hydratase (Sari et al. 2007).

Our study was prompted by the limited success in
replacing heme with other metalloporphyrins in
human cystathionine beta-synthase (CBS) by the
method of Woodward et al. (Woodward et al. 2007).
However, we were able to obtain small amounts of
substituted CBS with cobalt and manganese proto-
porphyrin (CoPPIX and MnPPIX), respectively. The
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enzymatic activities of both substituted enzymes as
well as wild type CBS prepared in similar way were
substantially reduced (Majtan et al. 2008). Our data
described in this communication present new insights
into cobalt effects on E. coli metabolism and a new
approach for preparation of CoPPIX substituted heme
proteins. We show that (i) adaptation of E. coli to
cobalt exposure resulted in the induction of fermen-
tative pathway, (ii) incorporation of in vivo synthe-
sized CoPPIX into heme proteins of the respiratory
chain leads to their inactivation and (iii) replacement
of heme by the CoPPIX in heme proteins can be used
for a preparation of cobalt-substituted heme proteins.
Utilizing the method described in here we were able
to prepare 92% cobalt-substituted CBS (CoCBS),
which yielded a large amount of fully active enzyme
indistinguishable from wild type CBS. A detailed
characterization of CoCBS will be published else-
where. In contrast to the previous heme replacement
methods, our approach provides an inexpensive
alternative for the preparation of in vivo CoPPIX-
substituted structurally complex heme proteins, such
as human CBS, which could not be achieved by the
previous heme replacement procedures.

Materials and methods
Strains and plasmids

E. coli Rosetta 2 (DE3) (Novagen) and E. coli C43
(DE3) (Lucigen), both BL21 derivatives, were
employed. E. coli Rosetta 2 (DE3) cells were
transformed with pGEX-6P1 (GE Healthcare) or
pGEX-6P1-hCBS WT (Frank et al. 2008) expressing
glutathione S-transferase (GST) or CBS, respectively.
E. coli C43 (DE3) were transformed with pGLG
(Griffin et al. 1998) or prEDH (Usselman et al. 2008)
expressing human electron transfer flavoprotein
(ETF) or Rhodobacter sphaeroides ETF ubiquinone
oxidoreductase (ETF-QO), respectively. The strains
genotypes and important plasmid characteristics are
listed in Table 1.

Media and chemicals
The LB medium and M9 minimal medium (Sam-

brook et al. 1989) were used in the present study. M9
minimal medium (pH 7.4) was supplemented with

0.5% glucose, 0.4% Casamino acids, 2 mM MgSOy,
100 pM CaCl, and 0.001% thiamine-HCI. FeCl;z or
CoCl, were filter sterilized and added to growth
medium at a final concentration of 150 uM from a
150 mM stock in 0.1 M HCI and a 150 mM stock in
double distilled HO (ddH,0). For CBS expression,
300 uM J-aminolevulinic acid and 0.0025% pyri-
doxine-HCI were added. Chloramphenicol (30 pg/
ml) and ampicillin (100 pg/ml) were included when
appropriate. Unless stated otherwise, all chemicals
were purchased from Sigma or Fisher Scientific.
Protoporphyrins were purchased from Frontier
Scientific.

Bacterial growth analysis

Bacterial growth was quantified by measuring the
absorbance at 600 nm. At least three independent
cultures for each strain under each condition were
determined. The 5 ml of LB medium supplemented
with appropriate antibiotic(s) was inoculated from
glycerol stock and cells were grown overnight at
37°C. Starter culture was prepared by overnight
growth of 100x diluted LB medium overnight culture
in M9 minimal medium with the appropriate antibi-
otic(s). Sterile 125 ml Erlenmeyer flasks containing
30 ml of M9 medium supplemented with appropriate
antibiotic(s) and metal salt were inoculated with
starter culture, placed in an air shaker (300 rpm) and
incubated at 37°C. Cells were passaged by 50x
dilution of previous passage into a fresh medium.

Metabolites analysis and respiration

Metabolites were analyzed by gas chromatography/
mass spectrometry (GC/MS) from filter sterilized
spent growth media. The analysis essentially followed
protocol for organic acids screen from urine as
performed by UCD Biochemical Genetics Laboratory.

Oxygen uptake was measured polarographically at
25°C with an YSI model 5300 Clark electrode
apparatus. Cells from the last passage were harvested
by centrifugation at 4°C, 6500 rpm for 10 min.
Medium was used for metabolites analysis and cell
pellet was resuspended in phosphate buffered saline
(PBS, pH 7.4) and washed twice. Cells were kept in
PBS on ice and were equilibrated at 25°C prior the
oxygen uptake assay. The oxygen uptake was initiated
by adding p-lactate as a substrate from a stock solution
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Table 1 Bacterial strains and plasmids used in the present study

Strain Genotype References

E. coli Rosetta 2 (DE3) F~ ompT hsdSg(rg mg) gal dcm (DE3) pRARE2 (Cam®) Novagen

E. coli C43 (DE3) F~ ompT hsdSg(rg mg) gal dcm (DE3) Lucigen
Plasmid Relevant characteristics References
pGEX-6P1 pBR322 ori, Amp®, p.., GST, PreScission protease site GE Healthcare

pGEX-6P1-hCBS WT

Human CBS in Apal/Sall-cut pGEX-6P1
pGLG Human ETF in Ncol/BamHI-cut pET-23d(+) (Novagen),

Frank et al. (2008)
Griffin et al. (1998)

pBR322 ori, Amp®, T7 promoter

prEDH

R. sphaeroides ETF-QO in Ndel/Hindlll-cut pET-21a(+)

Usselman et al. (2008)

(Novagen), pBR322 ori, AmpR, T7 promoter

at a final concentration of 1.5 mM. The ability of
Co-grown cell to utilize oxygen was expressed as a
percentage of Fe-grown respiration capability.

Protein expression and purification

CBS was expressed in LB medium, M9 minimal
medium supplemented with FeCl; and from M9
minimal medium supplemented with CoCl, after first
(1x), seventh (7x) and twelfth (12x) passage. CBS
expression, purification and activity measurement
was essentially performed as described elsewhere
(Frank et al. 2008). Preparation of crude extracts
containing ETF-QO, ETF-QO purification and activ-
ity determination was essentially performed as
described elsewhere (Usselman et al. 2008).

Pyridine hemochromogen assays

The pyridine hemochromogen assay was performed
as described previously (Majtan et al. 2008) using a
HP diode array model 8453 spectrophotometer. For
difference pyridine hemochromogen spectra of mem-
brane-bound hemoproteins, the insoluble fractions of
the cell lysates were washed twice with 120 volumes
of TRIS buffered saline (TBS, pH 8.6). Difference
spectra (i.e. reduced minus oxidized) were recorded
from 650 to 380 nm with a Shimadzu 2401PC
spectrophotometer.

Metal content determination
A second derivative visible absorption analysis at

574 nm of reduced protein samples was used for the
determination of iron in the purified CoCBS
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enzymes. Wild type FeCBS in different concentra-
tions served as a standard for a preparation of the
calibration curve. The enzyme was reduced under
anaerobic conditions by careful titration with 50 mM
sodium dithionite in 0.1 M sodium pyrophosphate,
pH 9.0. Additions were made with a gas tight syringe
and solutions were made anaerobic by 10 cycles of
evacuating and purging with argon.

Results

Inhibition of bacterial growth in cobalt-
supplemented medium is alleviated by sequential
passages

Figures 1 and 2 show the effect of cobalt on bacterial
growth, which varied with the number of passages to
which the cells were subjected. Two different E. coli
strains, both BL21 derivates, were used in the
absence of an expression vector or transformed with
one of four plasmids carrying a different expression
cassette (Table 1). Proteins expressed from the gene
cassettes differed in the presence and identity of the
respective coenzymes: GST expressed from pGEX-
6P1 has no coenzyme, ETF expressed from pGLG
contains FAD and AMP, ETF-QO expressed from
prEDH contains FAD and a 4Fe-4S cluster and
finally CBS expressed from pGEX-6P1-hCBS WT
has PLP and heme. Figures 1A and 2A show growth
curves of the tested strains in M9 minimal medium
supplemented with 150 uM FeCl;. The minimal
inhibitory concentration (MIC) of cobalt, defined as
the lowest CoCl, concentration that totally prevents
bacterial growth after overnight incubation, was
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Fig. 1 Effect of cobalt and number of cell passages on E. coli
Rosetta 2 (DE) growth. Bacterial cultures were grown in M9
minimal medium supplemented with either 150 puM FeCl;
(A) or 150 uM CoCl, (B, C). Cells were passaged through
cobalt-supplemented minimal medium either 1x (B) or 12x
(C). Dotted line with circles is the parental strain E. coli
Rosetta 2 (DE3). Dashed line with squares is E. coli Rosetta 2
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(DE3) strain carrying the GST expression vector (pGEX-6P1).
Solid line with triangles is E. coli Rosetta 2 (DE3) strain
carrying the CBS expression vector (pGEX-6P1-hCBS WT).
Data are expressed as a mean £ SEM from at least three
independent measurements. The inset in the panel B applies to
all three panels

1x Co
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Fig. 2 Effect of cobalt and number of cell passages on E. coli
C43 (DE) growth. Bacterial cultures were grown in M9
minimal medium supplemented with either 150 pM FeCl;
(A) or 150 uM CoCl, (B, C). Cells were passaged through
cobalt-supplemented minimal medium either 1x (B) or 12x
(C). Dotted line with circles is the parental strain E. coli C43

determined to be >1 mM for each strain (data not
shown). The cell growth was reduced during the first
passage (1x) through M9 medium in the presence of
150 uM CoCl, when compared to growth in iron-
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(DE3). Dashed line with squares is E. coli C43 (DE3) strain
carrying the ETF expression vector (pGLG). Solid line with
triangles is E. coli C43 (DE3) strain carrying the ETF-QO
expression vector (prEDH). Data are expressed as a mean +
SEM from at least three independent measurements. The inset
in the panel B applies to all three panels

supplemented medium (Figs. 1B, 2B). Interestingly,
strains with plasmids carrying gene cassettes for
expression of proteins with iron-containing coenzyme
(4Fe—4S cluster in ETF-QO and heme in CBS) grew
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somewhat faster during the first passage in the cobalt-
supplemented M9 medium than the other tested
strains. As shown in Figs. 1C and 2C, the bacterial
growth significantly improved after twelve passages
(12x) through cobalt-supplemented minimal med-
ium. Even though the cobalt-treated cells grew much
better after twelve passages, they never reached the
total cell density of iron-grown cells after overnight
cultivation (Fig. 1A versus C or Fig. 2A versus C;
Agoo of 7.5 £ 0.4 for iron-grown versus 5.1 & 0.2 for
12x cobalt-grown Rosetta 2 strains or Agyy of
6.6 £ 0.4 for iron-grown versus 5.4 £ 0.2 for 12x
cobalt-grown C43 strains).

These experiments revealed that susceptibility of
cells to cobalt toxicity appeared to be strain depen-
dent with E. coli Rosetta 2 being more sensitive to
150 uM cobalt chloride than E. coli C43. Growth
curves also showed variability in growth rate depend-
ing on whether the cells carried a metalloprotein
expression vector or not. E. coli cells carrying the
CBS or ETF-QO plasmid grew faster than others
even in the absence of IPTG induction of enzyme
expression. These data suggest that leaky expression
might partially protect the cells against cobalt
toxicity. However, Western blot analysis of crude
extracts of Rosetta 2 cells carrying CBS plasmid
together with CBS activity assays showed negligible
CBS antigen or CBS activity (<5% that of IPTG-
induced E. coli crude extract; data not shown). The
growth profiles of at least three independent cultures
of six tested cultures essentially followed a similar
pattern including initial growth inhibition alleviated
by sequential passages. Thus, it is unlikely that the
same spontaneous mutation or a genetic change
responsible for an increased tolerance of sub-MIC
cobalt concentrations occurred in all tested strains.
Furthermore, we have provided evidence that the
most likely mechanism of survival of E. coli cell in
sub-MIC cobalt concentrations represents a metabolic
adaptation.

Modified mixed acid fermentation rescued
bacterial growth

The GC/MS analysis of organic acids in the spent
growth media showed significant differences in
metabolites profiles between the iron- and cobalt-
supplemented cells grown with glucose as the carbon
source. The GS/MS chromatogram of the culture
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media from stationary growth phase shows very high
levels of citrate, 2-hydroxyglutarate, succinate, lac-
tate, fumarate, and malate in the cobalt-containing
medium (Fig. 3). This pattern, which is different
from a classical mixed acid fermentation of E. coli on
glucose, suggests that adaptation of E. coli cells to
increased cobalt concentration caused induction of a
modified mixed acid fermentation under aerobic
conditions.

In support of the modified mixed acid fermentation
data, Fig. 4 shows the oxygen uptake analysis of the
12x passaged cells through cobalt-containing M9
medium compared to iron-grown cells. After addition
of p-lactate to a final concentration of 1.5 mM,
oxygen consumption by cobalt-grown cells showed
was virtually unchanged compared to the endogenous
rate of oxygen uptake. Analysis of oxygen consump-
tion and comparison with iron-grown cells oxygen
uptake revealed the ability of cobalt-grown cells to
utilize oxygen as a terminal electron acceptor in
aerobic respiration was reduced to ~15% of iron-
grown cells. Our data clearly showed that cobalt
inhibits the aerobic electron transport system and thus
respiration, which in turn forces the cells to a
modified mixed acid fermentation.

Increased cobalt concentration yielded degraded
Fe-S enzyme

Rhodobacter sphaeroides ETF ubiquinone oxidore-
ductase (ETF-QQ), containing FAD and a 4Fe-4S
cluster, was expressed in cells grown in the presence
of 150 pM FeCl; or CoCl,. The ETF-QO activity
measured in crude extracts of cells grown in the
presence of cobalt showed virtually no activity. The
amount of ETF-QO protein in the soluble fraction of
cobalt-grown cells corresponded to activity results:
no antigen was found by Western blot analysis
compared to the iron-grown crude extracts (data not
shown). Interestingly, Western blot analysis of the
insoluble fraction showed large amounts of ETF-QO
antigen. As Fe—S cluster in ETF-QO functions also in
a structural role (Zhang et al. 2006), the incorporation
of cobalt-substituted Fe-S clusters into ETF-QO or
production of apo-ETF-QO devoid of Fe-S cluster
coenzyme ultimately leads to the ETF-QO structural
perturbations, misfolding and subsequent degradation
and/or aggregation. Inactivation of Fe-S cluster
enzymes, such as ETF-QO, as a result of increased
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Fig. 4 Respiration of bacterial cells grown in the presence of
iron and cobalt, respectively. Oxygen uptake was recorded by
using Clark oxygen electrode. The chamber contained 2.7 ml
of 50 mM sodium phosphate buffer, pH 7.6, and 0.3 ml
washed bacterial suspension grown in M9 minimal medium
supplemented with 150 uM FeCl; or 150 pM CoCl,. The
substrate D-lactate was added after 1 min to final concentration
of 1.5 mM (indicated by an arrow) and a change in oxygen
uptake was recorded

cobalt concentrations is consistent with previously
published studies (Ranquet et al. 2007; Thorgersen
and Downs 2007).

Increased cobalt content results in the production
of CoPPIX

Pyridine hemochromogen analysis on washed mem-
branes from bacterial cells grown in minimal medium
supplemented with either 150 uM FeCl; or CoCl,
after twelve passages indicated the presence of
FePPIX or CoPPIX, respectively. Figure 5 shows
the difference pyridine hemochromogen spectra of
washed bacterial membranes from cobalt- and iron-
grown cells. The positions of peaks obtained for
FePPIX and CoPPIX standards corresponded to the
same values released from purified wild type FeCBS
and CoCBS enzymes (Majtan et al. 2008). These
results support two conclusions. First, the increased
cobalt concentration results in a production of
CoPPIX instead of heme (FePPIX). Second, in vivo
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biosynthesized CoPPIX is incorporated into heme
proteins such as membrane-bound cytochromes,
which in turn resulted in the inhibition of their
electron transport capacity and subsequent respira-
tion. We performed pyridine hemochromogen assays
on all washed membrane samples including those
from cells not expressing any recombinant protein.
We detected similar spectral pattern as the one
presented in Fig. 5 for all tested strains suggesting
that the formation of CoPPIX in cells grown in the
presence of CoCl, is a general phenomenon and does
not depend on the presence of any plasmid carrying
gene cassette for expression of recombinant protein.

CoPPIX replaces heme in CBS

The finding that growth in cobalt-supplemented
medium results in the production of CoPPIX and its
subsequent incorporation into E. coli heme proteins
led us to develop an alternative approach for in vivo
preparation of CoPPIX-substituted heme proteins.
We used human CBS as an example of a complex
heme protein, where a previous method yielded
CoPPIX-substituted enzyme. However, as Table 2
shows, total protein amount as well as activity were
substantially decreased even for wild type FeCBS
prepared in a similar manner (Majtan et al. 2008).
The successful application of the proposed heme
replacement approach for CoPPIX resulted in the
purification and characterization of fully active, 92%
CoPPIX-substituted CoCBS (detailed biochemical
and biophysical study on the purified CoCBS enzyme
will be described in full elsewhere). The extent of
heme replacement for CoPPIX of presented alterna-
tive approach depends on the number of cells
passages through the cobalt-supplemented M9 med-
ium prior protein expression. We expressed and
purified CoCBS from cells grown in cobalt-contain-
ing minimal medium after first (1x), seventh (7x)
and twelfth (12x) passage. Wild type FeCBS
expressed in cells grown in rich LB medium or
minimal medium supplemented with 150 pM FeCl;
served as a control and standard. Spectral analysis of
the purified enzymes showed distinct o peak at
574 nm of the reduced FeCBS, which allowed us to
estimate the content of iron in various CoCBS
preparations using a second derivative analysis of
the visible absorption spectrum of reduced enzymes
(Fig. 6). The data shows that first passage of cells in
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Fig. 5 Difference pyridine hemochromogen spectra of proto-
porphyrins released from washed membranes of cells grown in
M9 minimal medium supplemented with 150 pM FeCl; and
150 uM CoCl,, respectively. Solid line is the difference
spectrum (reduced—oxidized) of metalloporphyrins released

from iron-grown cell membranes. Dashed line is the difference
spectrum (reduced—oxidized) of metalloporphyrins released
from cobalt-grown cell membranes. Reduction was achieved by
addition of traces of solid sodium dithionite and spectra were
recorded immediately

Table 2 Specific activity, yield and porphyrin/protein ratio of wild type FeCBS and CoCBS prepared by two different approaches

Enzyme Specific activity Yield Soret/280 ratio References

(U/mg of protein) (mg/1 of culture)
Wild type FeCBS 101.0 2.8-11.7 0.94-1.40 This study
CoCBS 95.0 1.6-4.2 0.93-1.00 This study
Anaerobic FeCBS 10.5 0.07 0.71 Majtan et al. (2008)
Anaerobic CoCBS 6.0 0.05 0.74 Majtan et al. (2008)

cobalt-containing M9 medium results in 64% substi-
tution of CoPPIX for heme (FePPIX). The following
passages further increased content of cobalt in the
purified CoCBS to 79% substitution after seventh
passage and up to 88% of CoPPIX content after
twelfth passage. The cobalt content of CoCBS 12x
correlates well with the analytical determination of
metal content to 92% of cobalt by using ICP-OES
(unpublished). The yield of CoCBS enzyme, its
catalytic activity and metalloporphyrin content are
very similar to the wild type FeCBS (Table 2).

Discussion

High intracellular concentrations of cobalt as well as
any other transition metal are toxic; however,
molecular basis of cobalt toxicity has not been well
documented until recently. Several studies have

explored the deleterious effects of cobalt on bacterial
metabolism revealing the cobalt competition with
iron at several metabolic pathways and adaptive
changes that occur in response to elevated Co
concentration in the growth medium (Ranquet et al.
2007; Skovran et al. 2004; Thorgersen and Downs
2007, 2009). The studies concluded that cobalt
affected the Fe-S cluster assembly process during
de novo synthesis or repair. A mutant lacking
cysteine desulfurase (IscS), which provides sulfur
for Fe-S cluster synthesis, was reported with thia-
mine requirement likely due to impaired sulfur
insertion into thiazole moiety of thiamine (Skovran
and Downs 2000) in addition to impaired synthesis
or repair of Fe-S cluster in tyrosine lyase ThiH
(Schwartz et al. 2000). Indeed, thiamine synthesis
was found to be strongly affected by cobalt toxicity,
which can be alleviated by the supplementation of
growth medium with either thiamine or iron, again
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Fig. 6 Estimation of iron content in various CoCBS prepara-
tions using 2nd derivative analysis of the visible adsorption
spectra of reduced proteins. A Overlay of 2nd derivative
spectra of four reduced Fe(II)CBS standards (2.5 uM, 5 pM,
10 uM and 15 pM) and three Co(II)CBS proteins varying in
the number of passages in minimal medium supplemented with

suggesting the competitive relationship between iron
and cobalt (Skovran et al. 2004). Cobalt is well
known to generate reactive oxygen species (Valko
et al. 2005). Interestingly, the thiamine requirement
of cysteine desulfurase IscS mutant or of cobalt-
grown cells was rescued by anaerobic growth, which
is consistent with the role of oxidative stress caused
by cobalt on Fe-S cluster proteins (Ranquet et al.
2007; Thorgersen and Downs 2007, 2009). The
elevated concentrations of cobalt resulted in pertur-
bation of iron homeostasis and the competition
between iron and cobalt during Fe—S cluster assembly
or repair. Ranquet et al. (Ranquet et al. 2007) showed
that incomplete or incorrectly assembled Fe—S clus-
ters containing cobalt ions were incorporated into Fe—
S proteins, which resulted in their inactivation. The
activity of Fe-S enzymes aconitase and succinate
dehydrogenase of the Krebs cycle in cobalt-grown
cells was substantially reduced to 20-40% of activity
compared to iron-grown cells (Ranquet et al. 2007,
Thorgersen and Downs 2007). Indeed, no antigen of
the expressed ETF-QO, a 4Fe-4S cluster enzyme,
was found in the soluble fraction of cobalt-grown

@ Springer

protein concentration (uM)
Estimated iron content in CoCBS preparations:
CoCBS 1x  3.6uM i.e. 36 % of iron
CoCBS 7x 2.1uMi.e. 21 % of iron

CoCBS 12x 1.2uM i.e. 12 % of iron

150 uM CoCl, prior to protein expression. B Calibration curve
from Fe(I)CBS standards and iron content estimates in
analyzed CoCBS preparations. The CoCBS 1x, 7x and 12x
denotes number of passages in cobalt-containing minimal
medium prior protein expression

cells, which correlated with lack of activity compared
to ETF-QO from the iron-grown cells. Our metabolite
analysis is also consistent with the previously pub-
lished data. The accumulation of citrate and complete
absence of isocitrate points to the inactivation of
aconitase. High levels of other metabolites such as
fumarate and succinate are also consistent with
inactivation of Fe-S clusters by cobalt insertion since
succinate dehydrogenase and fumarate reductase
contain Fe-S clusters and succinate dehydrogenase
also contains a heme b (Horsefield et al. 2004;
Hudson et al. 2005; Ranquet et al. 2007; Tran et al.
2007). Both metabolites have most likely been
replenished by anaplerotic pathways utilizing amino
acids supplemented in the growth medium. Accumu-
lation of fumarate and succinate supports the conten-
tion that both enzymes are inactivated by cobalt and
succinate is a metabolic dead end. Fumarate could be
metabolized through malate up to citrate. Both were
found in the spent medium from cobalt-grown cells.
The 2-hydroxyglutarate likely results from the reduc-
tion of 2-ketoglutarate that could be produced by
deamination of glutamate in the culture medium.
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The variability in growth rate during the first
passage in cobalt-supplemented medium and the
significantly faster rate observed in the presence of
a metalloprotein expression vector is puzzling. The
~5% leaky expression of CBS or ETF-QO in
uninduced cultures might have provided some level
of protection against cobalt toxicity: redirection of
CoPPIX to CoCBS or cobalt-containing Fe—S clusters
to ETF-QO may serve as a cobalt “detoxification”
route. The overall better growth of E. coli C43 strains
compared to the Rosetta 2 strains may be explained
by two observations. First, E. coli Rosetta 2 cells
carry an additional plasmid (PRARE2 with Cam®, see
Table 1), for whose maintenance the cultures were
supplemented with an additional antibiotic (30 pg/ml
chloramphenicol). Second, E. coli C43 strains carry
at least one uncharacterized mutation, which prevents
the cell death associated with the expression of toxic
recombinant protein. Such strain resistance against
expressed toxic proteins may also be involved in
better cell viability in increased cobalt concentration.

The recent study of Fantino et al. (Fantino et al.
2010) compared transcription pattern of E. coli
treated with 250 pM CoCl, for 30 min with untreated
cells. Only 23 genes were found to be differentially
expressed. Immediate upregulation of genes involved
in cobalt efflux (rcnA) and Fe-S cluster biogenesis,
such as iscS, iscU, nfuA or hscA, suggests the ability
of the cell to preserve iron pool and redirect all
available iron into production of Fe-S clusters.
Downregulation of iron (feoB) and nickel (nikA)
uptake systems should prevent additional cobalt
uptake as cobalt can compete out iron and nickel to
enter the cell. Finally, the downregulation of Fe-S
cluster-containing enzymes, such as nirB, hybO,
nark, grcA or cysP suggests that upregulation of
compromised Fe-S cluster biogenesis pathway is
insufficient and adaptation of cells exposed to cobalt
treatment by turning down the dispensable metabolic
pathways requiring Fe—S cluster enzymes takes place.
Taken together, our data and data from the micro-
array transcription analysis (Fantino et al. 2010)
suggest that the mechanism responsible for the cell
survival in increased cobalt concentrations is most
likely represented by a metabolic adaptation includ-
ing transition from severely impaired respiration to a
modified mixed acid fermentation.

In addition, cobalt has been shown to affect (i) the
homeostasis of the labile iron pool (Kruszewski

2003) by oxidative stress and its competition with
iron and also (ii) the assimilatory pathway for sulfur
by direct competition with iron at uroporhyrinogen III
methylase CysG (Thorgersen and Downs 2007, 2008,
2009). Thorgersen and Downs (Thorgersen and
Downs 2007) showed that the catalytic activity of
sulfite reductase and nitrate reductase, the only E. coli
enzymes requiring siroheme, was strongly inhibited
when cells were grown in the presence of 160 uM
CoCl,. Here we show the similar effect of cobalt on
heme proteins involved in electron transport and
respiration. The most likely candidate for insertion of
cobalt into protoporphyrin IX (PPIX) is E. coli
ferrochelatase HemH. Among ferrochelatases, the
two best characterized are those from B. subtilis and
H. sapiens. Both ferrochelatases utilize Fe, Ni and Zn
in vivo and in vitro. In addition, human ferrochelatase
can incorporate Co and B. subtilis ferrochelatase can
insert Cu into PPIX (Dailey 1987; Medlock et al.
2009). Unfortunately, the metal specificity of E. coli
ferrochelatase is not known (Frustaci and O’Brian
1993). Production of CoPPIX and its successful
incorporation into e.g. membrane-bound cytochromes
resulted in the inhibition of cellular oxygen uptake
capacity up to 85%. The inactivation of cytochromes
by the presence of CoPPIX is in agreement with the
2-3% of enzymatic activity of cytochrome P450cam
reconstituted with CoPPIX relative to the native
enzyme (Wagner et al. 1981).

The present study and the fact that E. coli is able to
synthesize in vivo CoPPIX and incorporate it into
heme proteins lead us to devise a procedure for
preparing Co-substituted CBS. The human enzyme
was expressed in E. coli Rosetta 2 cells in the
presence of 150 uM CoCl,, purified and character-
ized (unpublished). The activity of CoCBS was
essentially identical to that of wild type FeCBS.
Also, the yield of CoCBS was similar to that of the
expressed FeCBS (Table 2). Previously, we purified
two CBS enzymes, where heme was substituted with
either MnPPIX or CoPPIX (Majtan et al. 2008).
However, the yields of these enzymes from the heme-
biosynthesis mutant strain grown anaerobically were
low, which precluded their detailed biochemical,
spectroscopic and functional studies. Activities of
both substituted CBS as well as of FeCBS prepared
by following a similar procedure were substantially
reduced compared to the wild type FeCBS activity
(Table 2) (Majtan et al. 2008). In the present
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approach, the extent of CoPPIX incorporation into
CBS has been increasing with the number of passages
of bacterial cells through cobalt-containing medium
prior to the induction of enzyme expression. The 88%
or 92% CoPPIX saturation of CoCBS determined by
the 2nd derivative visible spectrum analysis (Fig. 6)
or analytical ICP-OES determination (unpublished),
respectively, were found comparable with <5%
contamination of MnPPIX-substituted iNOSy,.,,e pre-
pared by the method of Woodward et al. (Woodward
et al. 2007) utilizing the expensive, pure MnPPIX
heme analog. The method of Brugna et al. (Brugna
et al. 2010) utilizing E. faecalis for in vivo production
of heme-substituted variant of E. faecalis KatA
catalase was found to be more specific for incorpo-
ration of proper substituted metalloporphyrin with
very low heme contamination. However, CuPPIX-
and MgPPIX-substituted catalases were devoid of
copper and magnesium, respectively. The presence of
empty PPIX in KatA suggests that even in vivo
incorporation of metalloporphyrins available in
growth medium in place of heme can fail due to the
removal of metal from the porphyrin during transport
and thus represents a possible drawback of this
method (Brugna et al. 2010).

Our approach to preparation of the CoPPIX-
substituted heme protein provides significant
improvements over the methods used so far (Brugna
et al. 2010; Fruk et al. 2009; Woodward et al. 2007).
Using an E. coli strain such as Rosetta 2 aerobically
grown and passaged in the presence of cobalt, one
can obtain high yield of a highly CoPPIX-enriched
heme protein. In particular, the present method
appears to be useful for complex heme proteins
requiring a specific folding and/or with additional
coenzyme(s), such as CBS. After all, coenzymes have
been shown to participate in protein folding by
binding to an intermediate in the folding pathway,
limiting the ensemble of intermediates in the folding
to the native state (Wittung-Stafshede 2002). More-
over, the use of inexpensive metal salt instead of
expensive metalloporphyrin represents the advantage
of this approach over the previous methods of heme
replacement (Brugna et al. 2010; Fruk et al. 2009;
Woodward et al. 2007). The limitation of our method
stems from the metal used for the substitution. Here
we described the successful use of cobalt for
preparation of CoPPIX-substituted heme proteins
such as membrane-bound cytochromes and CBS.

@ Springer

For the utilization of other transition metals using a
similar approach, one would have to consider their
toxicity and the specificity of the involved chelatase.
Additionally, the in vivo stability and folding of heme
proteins substituted with metalloporphyrins other
than FePPIX or CoPPIX would have to be taken into
account. The activity of the substituted heme proteins
can be seriously affected depending whether the
heme plays a catalytic role such as in cytochromes or
not as in the case of CBS. As cobalt replaces iron in
the Fe-S clusters as well, this method could be
potentially useful for preparation of cobalt-substi-
tuted Fe-S cluster proteins. However, the stability of
cobalt-substituted Fe—S clusters and their incorpora-
tion into Fe-S proteins needs to be investigated in
detail. Thus far, our study significantly contributes to
the general knowledge about cobalt toxicity. Replace-
ment of iron for cobalt as a substrate for E. coli
chelatase, production of CoPPIX and its incorpora-
tion into heme proteins resulting in the inhibition of
electron transport and respiration due to Co-substi-
tuted cytochromes represents an additional mode of
action of cobalt on cellular metabolic processes.

Acknowledgements This work was supported by Post-
doctoral Fellowship 0920079G from the American Heart
Association (to TM), by National Institutes of Health Grant
HL065217 (to JPK), by American Heart Association Grant
In-Aid 09GRNT2110159 and by a grant from the Jerome
Lejeune Foundation (to JPK). The authors thank Dr. James
P. McEvoy (Regis University, Denver) for assistance with
measuring of cells oxygen uptake, Cheryl K. Peck (University
of Colorado, Denver) for assistance with GC/MS analysis and
Katherine M. Freeman and Judith N. Burstyn (University of
Wisconsin, Madison) for helpful comments and critical reading
of the manuscript.

References

Brugna M, Tasse L, Hederstedt L (2010) In vivo production of
catalase containing haem analogues. FEBS J 277(12):
2663-2672. doi:10.1111/§.1742-464X.2010.07677 .x

Dailey HA (1987) Metal inhibition of ferrochelatase. Ann N 'Y
Acad Sci 514:81-86

Fantino JR, Py B, Fontecave M, Barras F (2010) A genetic
analysis of the response of escherichia coli to cobalt
stress. Environ Microbiol. doi:10.1111/j.1462-2920.2010.
02265.x

Frank N, Kent JO, Meier M, Kraus JP (2008) Purification and
characterization of the wild type and truncated human
cystathionine beta-synthase enzymes expressed in E. Coli.
Arch Biochem Biophys 470(1):64—72. doi:10.1016/j.abb.
2007.11.006


http://dx.doi.org/10.1111/j.1742-464X.2010.07677.x
http://dx.doi.org/10.1111/j.1462-2920.2010.02265.x
http://dx.doi.org/10.1111/j.1462-2920.2010.02265.x
http://dx.doi.org/10.1016/j.abb.2007.11.006
http://dx.doi.org/10.1016/j.abb.2007.11.006

Biometals (2011) 24:335-347

347

Fruk L, Kuo CH, Torres E, Niemeyer CM (2009) Apoenzyme
reconstitution as a chemical tool for structural enzymol-
ogy and biotechnology. Angew Chem Int Ed Engl
48(9):1550-1574. doi:10.1002/anie.200803098

Frustaci JM, O’Brian MR (1993) The Escherichia coli visa
gene encodes ferrochelatase, the final enzyme of the heme
biosynthetic pathway. J Bacteriol 175(7):2154-2156

Griffin KJ, Degala GD, Eisenreich W, Muller F, Bacher A,
Frerman FE (1998) 31P-NMR spectroscopy of human and
Paracoccus denitrificans electron transfer flavoproteins,
and 13C- and 15N-NMR spectroscopy of human electron
transfer flavoprotein in the oxidised and reduced states.
Eur J Biochem 255(1):125-132. doi:10.1046/j.1432-1327.
1998.2550125.x

Horsefield R, Iwata S, Byrne B (2004) Complex II from a
structural perspective. Curr Protein Pept Sci 5(2):107-118

Hudson JM, Heffron K, Kotlyar V, Sher Y, Maklashina E,
Cecchini G, Armstrong FA (2005) Electron transfer and
catalytic control by the iron-sulfur clusters in a respiratory
enzyme, E. Coli fumarate reductase. ] Am Chem Soc
127(19):6977-6989. doi:10.1021/ja043404q

Kruszewski M (2003) Labile iron pool: the main determinant
of cellular response to oxidative stress. Mutat Res
531(1-2):81-92. doi:10.1016/j.mrfmmm.2003.08.004

Majtan T, Singh LR, Wang L, Kruger WD, Kraus JP (2008)
Active cystathionine beta-synthase can be expressed in
heme-free systems in the presence of metal-substituted
porphyrins or a chemical chaperone. J Biol Chem
283(50):34588-34595. doi:10.1074/jbc.M805928200

Medlock AE, Carter M, Dailey TA, Dailey HA, Lanzilotta WN
(2009) Product release rather than chelation determines
metal specificity for ferrochelatase. J Mol Biol
393(2):308-319. doi:10.1016/j.jmb.2009.08.042

Padmanaban G, Venkateswar V, Rangarajan PN (1989) Haem
as a multifunctional regulator. Trends Biochem Sci
14(12):492-496. doi:10.1016/0968-0004(89)90182-5

Ponka P (1999) Cell biology of heme. Am J Med Sci 318(4):
241-256

Ranquet C, Ollagnier-de-Choudens S, Loiseau L, Barras F,
Fontecave M (2007) Cobalt stress in Escherichia coli.
The effect on the iron-sulfur proteins. J Biol Chem
282(42):30442-30451. doi:10.1074/jbc.M702519200

Reedy CJ, Gibney BR (2004) Heme protein assemblies. Chem
Rev 104(2):617-649. doi:10.1021/cr0206115

Sambrook J, Fritsch EF, and Maniatis T (1989) Molecular
cloning: a laboratory manual. In. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, NY

Sari MA, Jaouen M, Saroja NR, Artaud I (2007) Influence of
cobalt substitution on the activity of iron-type nitrile
hydratase: are cobalt type nitrile hydratases regulated by
carbon monoxide? J Inorg Biochem 101(4):614-622. doi:
10.1016/j.jinorgbio.2006.12.005

Schwartz CJ, Djaman O, Imlay JA, Kiley PJ (2000) The cys-
teine desulfurase, ISCS, has a major role in in vivo Fe-S

cluster formation in Escherichia coli. Proc Natl Acad Sci
USA 97(16):9009-9014. doi:10.1073/pnas.160261497

Skovran E, Downs DM (2000) Metabolic defects caused by
mutations in the isc gene cluster in Salmonella enterica
serovar typhimurium: implications for thiamine synthesis.
J Bacteriol 182(14):3896-3903. doi:10.1128/JB.182.14.
3896-3903.2000

Skovran E, Lauhon CT, Downs DM (2004) Lack of yggx
results in chronic oxidative stress and uncovers subtle
defects in Fe-S cluster metabolism in Salmonella enterica.
J Bacteriol 186(22):7626-7634. doi:10.1128/JB.186.22.
7626-7634.2004

Thorgersen MP, Downs DM (2007) Cobalt targets multiple
metabolic processes in Salmonella enterica. J Bacteriol
189(21):7774-7781. doi:10.1128/J1B.00962-07

Thorgersen MP, Downs DM (2008) Analysis of yggx and gsha
mutants provides insights into the labile iron pool in
Salmonella enterica. J Bacteriol 190(23):7608-7613. doi:
10.1128/JB.00639-08

Thorgersen MP, Downs DM (2009) Oxidative stress and dis-
ruption of labile iron generate specific auxotrophic
requirements in Salmonella enterica. Microbiology
155(Pt 1):295-304. doi:10.1099/mic.0.020727-0

Tong Y, Guo M (2009) Bacterial heme-transport proteins and
their heme-coordination modes. Arch Biochem Biophys
481(1):1-15. doi:10.1016/j.abb.2008.10.013

Tran QM, Rothery RA, Maklashina E, Cecchini G, Weiner JH
(2007) Escherichia coli succinate dehydrogenase variant
lacking the heme b. Proc Natl Acad Sci USA 104(46):
18007-18012. doi:10.1073/pnas.0707732104

Usselman RJ, Fielding AJ, Frerman FE, Watmough NJ, Eaton
GR, Eaton SS (2008) Impact of mutations on the midpoint
potential of the [4Fe-4S] + 1, 4+ 2 cluster and on cata-
Iytic activity in electron transfer flavoprotein-ubiquinone
oxidoreductase (ETF-QO). Biochemistry 47(1):92-100.
doi:10.1021/bi701859s

Valko M, Morris H, Cronin MT (2005) Metals, toxicity and
oxidative stress. Curr Med Chem 12(10):1161-1208. doi:
10.2174/0929867053764635

Wagner GC, Gunsalus IC, Wang MY, Hoffman BM (1981)
Cobalt-substituted cytochrome P-450cam. J Biol Chem
256(12):6266-6273

Wittung-Stafshede P (2002) Role of cofactors in protein folding.
Acc Chem Res 35(4):201-208. doi:10.1021/ar010106e

Woodward JJ, Martin NI, Marletta MA (2007) An Escherichia
coli expression-based method for heme substitution. Nat
Methods 4(1):43-45. doi:10.1038/nmeth984

Zhang J, Frerman FE, Kim JJ (2006) Structure of electron
transfer flavoprotein-ubiquinone oxidoreductase and
electron transfer to the mitochondrial ubiquinone pool.
Proc Natl Acad Sci USA 103(44):16212-16217. doi:
10.1073/pnas.0604567103

@ Springer


http://dx.doi.org/10.1002/anie.200803098
http://dx.doi.org/10.1046/j.1432-1327.1998.2550125.x
http://dx.doi.org/10.1046/j.1432-1327.1998.2550125.x
http://dx.doi.org/10.1021/ja043404q
http://dx.doi.org/10.1016/j.mrfmmm.2003.08.004
http://dx.doi.org/10.1074/jbc.M805928200
http://dx.doi.org/10.1016/j.jmb.2009.08.042
http://dx.doi.org/10.1016/0968-0004(89)90182-5
http://dx.doi.org/10.1074/jbc.M702519200
http://dx.doi.org/10.1021/cr0206115
http://dx.doi.org/10.1016/j.jinorgbio.2006.12.005
http://dx.doi.org/10.1073/pnas.160261497
http://dx.doi.org/10.1128/JB.182.14.3896-3903.2000
http://dx.doi.org/10.1128/JB.182.14.3896-3903.2000
http://dx.doi.org/10.1128/JB.186.22.7626-7634.2004
http://dx.doi.org/10.1128/JB.186.22.7626-7634.2004
http://dx.doi.org/10.1128/JB.00962-07
http://dx.doi.org/10.1128/JB.00639-08
http://dx.doi.org/10.1099/mic.0.020727-0
http://dx.doi.org/10.1016/j.abb.2008.10.013
http://dx.doi.org/10.1073/pnas.0707732104
http://dx.doi.org/10.1021/bi701859s
http://dx.doi.org/10.2174/0929867053764635
http://dx.doi.org/10.1021/ar010106e
http://dx.doi.org/10.1038/nmeth984
http://dx.doi.org/10.1073/pnas.0604567103

	Effect of cobalt on Escherichia coli metabolism and metalloporphyrin formation
	Abstract
	Introduction
	Materials and methods
	Strains and plasmids
	Media and chemicals
	Bacterial growth analysis
	Metabolites analysis and respiration
	Protein expression and purification
	Pyridine hemochromogen assays
	Metal content determination

	Results
	Inhibition of bacterial growth in cobalt-supplemented medium is alleviated by sequential passages
	Modified mixed acid fermentation rescued bacterial growth
	Increased cobalt concentration yielded degraded Fe--S enzyme
	Increased cobalt content results in the production of CoPPIX
	CoPPIX replaces heme in CBS

	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


