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Background: CO-releasing molecules (CO-RMs) are used to study biological interactions with this toxic gas.
Results: CORM-3 inhibits the NO detoxification activity of the E. coli flavohemoglobin Hmp in vivo but not in vitro.
Conclusion: CO-RMs must be used with regard to their chemistry in biological studies.

Significance: CORM-3 is a useful tool to study concerted effects of NO and CO in vivo.

CO and NO are small toxic gaseous molecules that play piv-
otal roles in biology as gasotransmitters. During bacterial infec-
tion, NO, produced by the host via the inducible NO synthase,
exerts critical antibacterial effects while CO, generated by heme
oxygenases, enhances phagocytosis of macrophages. In Esche-
richia coli, other bacteria and fungi, the flavohemoglobin Hmp
is the most important detoxification mechanism converting NO
and O, to the ion nitrate (NO3). The protoheme of Hmp binds
not only O, and NO, but also CO so that this ligand is expected
to be an inhibitor of NO detoxification in vivo and in vitro.
CORM-3 (Ru(CO);Cl(glycinate)) is a metal carbonyl compound
extensively used and recently shown to have potent antibacterial
properties. In this study, attenuation of the NO resistance of
E. coli by CORM-3 is demonstrated in vivo. However, polaro-
graphic measurements showed that CO gas, but not CORM-3,
produced inhibition of the NO detoxification activity of Hmp in
vitro. Nevertheless, CO release from CORM-3 in the presence of
soluble cellular compounds is demonstrated by formation of
carboxy-Hmp. We show that the inability of CORM-3 to inhibit
the activity of purified Hmp is due to slow release of CO in pro-
tein solutions alone i.e. when sodium dithionite, widely used in
previous studies of CO release from CORM-3, is excluded.
Finally, we measure intracellular CO released from CORM-3 by
following the formation of carboxy-Hmp in respiring cells.
CORM-3 is a tool to explore the concerted effects of CO and NO
in vivo.

* This work was supported by Consejo Nacional de Ciencia y Tecnologia
(Mexico) through Grant Number 99171 and Consejo Estatal de Ciencia,
Tecnologia e Innovacién de Michoacan through Grant Number 007 (to
M. T.-T.) and the UK Biotechnology and Biological Sciences Research Coun-
cil through Grant Number BB/HO16805/1 (to R. K. P.).

" To whom correspondence should be addressed: Dept. of Molecular Biology
& Biotechnology, The University of Sheffield, S10 2TN UK. Tel.: +44-114-
222-4841; Fax: +44-114-222-2787; E-mail: m.tinajero-trejo@sheffield.
ac.uk.

SASBMB

OCTOBER 24, 2014 +VOLUME 289-NUMBER 43

CO is a poisonous odorless gas that avidly binds to reduced
(Fe(1I)) hemes, such as hemoglobin (Hb)? resulting in the for-
mation of carboxy-hemoglobin (CO-Hb). This binding inhibits
formation of oxy-hemoglobin (O,-Hb) and inhibits respiration
(1). CO also binds to other Fe(II) hemes, notably those of ter-
minal oxidases and other O,-reactive centers, including guany-
lyl cyclase. Although the reactions with globins and oxidases
elicit toxicity, CO has important physiological functions in
mammalian systems involving signaling and regulation. The
gas is endogenously produced by inducible heme oxygenase
and constitutive heme oxygenase-2. These enzymes catalyze
the rate-limiting step in the heme degradation pathway, pro-
ducing biliverdin IXa, CO and free iron (Fe(II)) and the gas
modulates a number of key cellular functions, thus acting as an
anti-inflammatory, anti-apoptotic, and cytoprotective mole-
cule (2-5). Interestingly, not only animals, but also plants and
some pathogenic microorganisms produce CO via heme oxy-
genase enzymes (6, 7).

The use of CO-releasing molecules (CO-RMs), mostly metal
carbonyl compounds, has allowed substantial advances in bio-
logical studies without the handling difficulties and health risks
associated with the use of CO gas in the laboratory. Numerous
and diverse CO-RMs are now available (e.g with ruthenium,
manganese, iron, and boron centers), showing different rates,
kinetics and conditions for CO release (2, 8, 9). For instance,
[Ru(CO),Cl (glycinate)], CORM-3 (10), has been successfully
exploited in models of vascular dysfunction, inflammation, and
ischemic injury (11, 12).

The ability of CO to bind transition metal compounds such
as hemes and iron-sulfur clusters (6, 13) led to the suggestion
that this compound might also have antibacterial effects by tar-
geting, for instance, terminal oxidases or other heme proteins.

2 The abbreviations used are: Hb, hemoglobin; CO-RM, CO-releasing mole-
cule; CORM-3, (Ru[CO];Cl(glycinate)); iCORM, inactive CORM; DETA NONO-
ate, 3,3-bis(aminoethyl)-1-hydroxy-2-oxo-1-triazene; PROLI-NONOate, 1-
(hydroxyl-NNO-azoxy)-L-proline, disodium salt; NOD, NO dioxygenase.
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Since Nobre et al. (14) demonstrated the lethal effects of CO
delivered via organometallic CO-RMs against selected bacteria,
many papers reporting the antibacterial properties and tran-
scriptomic and biochemical effects of CO-RMs have appeared
(reviewed in Refs. 15, 16). Indeed, CO-RMs appear to have great
potential as novel antibacterial agents with targets distinct from
those of established antibiotics (4).

CORM-3 is a water-soluble molecule with a very complex
chemistry in solution. Full understanding of the mechanism of
CO release from CORM-3, particularly in complex biological
environments, is a formidable task (16). For instance, the myo-
globin (Mb) assay based on the formation of CO-Mb from fer-
rous Mb (Fe(I)-Mb) in the presence of a CO-RM has been
routinely exploited to report and quantify CO release. How-
ever, McLean et al. (17) recently reported the release of CO
from CORM-3 in the standard assay to be dependent on the
reducing agent sodium dithionite, used for the reduction of Mb.
In the absence of the reductant, negligible amounts of CO
bound to reduced Mb. Since other sulfites also facilitated the
release of CO from CORM-3, it has been suggested that cellular
components, such as sulfites, might trigger the CO release in
vivo.

Like CO, nitric oxide (NO) has vital biological functions but,
unlike CO, it is a free radical with extensive biological reactivity
(18). Key bacterial proteins are attacked by high and sustained
concentrations of NO generated by the immune system. NO
diffuses across the bacterial membrane to the cytoplasm where
it reacts with terminal oxidases (19), aconitase (20), other
hemes (21), other iron-sulfur (Fe-S) clusters (22), and protein
thiols (23).

Resistance to NO and reactive nitrogen species (RNS) in bac-
teria is mainly attributed to the presence of hemoglobins (24,
25). In Escherichia coli and many other bacteria the main mech-
anism for NO detoxification in aerobic conditions is the NO-
inducible flavohemoglobin Hmp (26, 27). The conversion of
NO and O, to the innocuous ion nitrate has been suggested to
occur via either a dioxygenase (NOD) or denitrosylase reaction
with some lines of evidence supporting each mechanism
(reviewed in Ref. 28). The NOD activity involves the reaction of
a ferrous-oxy heme (Fe(Il) + O,) with NO (29 -31), while deni-
trosylation implies binding of NO to a ferrous heme (Fell) that
in turn reacts with O, (21, 32). In either case, nitrate production
by Hmp leads to the oxidation of the globin heme. This is fol-
lowed by an intra-protein electron transfer from the reductase
domain (or FNR, ferredoxin-NADP reductase-like domain) to
the N-terminal heme domain in an NAD(P)H-dependent
reaction via a non-covalently bound FAD allowing the re-
conversion of the oxidized heme (ferric, Fe(IIl)) to the
reduced (ferrous, (Fell)) form and consequent continuation
of catalytic activity (26, 32, 33). In the absence of O,, Hmp is
able to reduce NO to N,O, but this reaction proceeds at a
very low rate (34, 35).

There is a very large body of literature on the reactivity of
hemoglobins with gaseous inhibitors. CO binds rapidly to the
ferrous form of E. coli Hmp with high affinity (association con-
stant kK’ = 22 uM ™ 's” ', association equilibrium constant K =
386 um ') The E. coli protein also has a high O, association
rate constant (K = 38 um ™~ 's™'), but the higher dissociation
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constant yields a lower association equilibrium constant (K =
86 um ). Thus, NO detoxification by Hmp is inhibited by CO
in vitro as expected because of the competition between CO
and O, for the ferrous heme (30).

We hypothesized that CO might also inhibit NO detoxifica-
tion by Hmp in vivo, affecting the survival of pathogenic organ-
isms exposed to both NO (from the macrophage, for example)
and CO produced by the host or endogenously by bacteria.
Thus, the present work explores the biological interplay of NO
and CO in E. coli, by investigating whether CORM-3 inhibits
NO detoxification both i vivo and in vitro. During the course
of this work, a clear distinction between the utility of CORM-3
in cellular and protein samples was revealed.

EXPERIMENTAL PROCEDURES

Reagents—CORM-3 was synthesized as described previously
(10). Inactivated CORM-3 (iCORM) was prepared based on
(10, 17). Briefly, a 5 mM stock of CORM-3 in 0.1 m PBS was
bubbled with N, for 5 min every two h for 8 h and then incu-
bated overnight at room temperature followed by further bub-
bling with N,. To confirm the inability of the iCORM to release
CO, a myoglobin assay (10) was performed prior to use the
compound. CO-saturated solution was obtained by bubbling
potassium phosphate buffer (pH 7.4) with CO gas for 30 min
and used immediately. Sodium dithionite, glucose, and NADH
were purchased from Sigma. Restriction enzymes were pur-
chased from Promega. 3,3-Bis(aminoethyl)-1-hydroxy-2-oxo-
1-triazene (DETA NONOate) (with a half-life of 20 h at 37 °C
(pH 7.4) to liberate 2 mol NO per mol parent compound) (36,
37) and 1-(hydroxyl-NNO-azoxy)-L-proline, disodium salt
(PROLI-NONOate) (half-life of 1.8 s at 37 °C (pH 7.4) to liber-
ate 2 mol NO per mol parent compound) (38) were purchased
from Enzo Life Science.

Sensitivity Tests to NO and CORM-3—Overnight starter cul-
tures of the E. coli wild type strain (MG1655) and its isogenic
hmp derivative (RKP3036, MG1655 hmp::KM (39) grown in LB
at 37 °C were used to inoculate 10 ml defined minimal medium
with glycerol (54 mm) as a carbon source (40) in 250 ml flasks
with side arms (4% (v/v)), in the presence or absence of 100 um
DETA NONOate. When cultures reached 40 Klett units,
CORM-3 (5 um or 10 um) or iCORM (10 uM) were added.
Growth was measured by culture turbidity using a Klett-Sum-
merson photoelectric colorimeter (Klett Manufacturing Co.,
New York, NY), equipped with a no. 66 (red) filter.

E. coli Soluble Extract and Membrane Preparation—LB (200
ml) supplemented with kanamycin (35 ug ml ') was inoculated
with an overnight culture of strain RKP3036 (1% (v/v)) and
incubated for 15 h at 37 °C, 240 rpm. After centrifugation at
1000 X gfor 15 min, the cellular pellet was resuspended in 10 ml
of Tris-HCI 50 mm buffer (pH 7.4), and cells were disrupted by
sonication. Undisrupted cells and cell debris were removed by
centrifugation. Ultracentrifugation at 225,000 X g for 1 h was
used to separate membranes from the soluble fraction. Soluble
sample was stored at 4 °C for up to 48 h. Membranes were
stored at —70 °C in small aliquots. Protein concentration was
determined by the Markwell assay (41).

Gene Cloning and Protein Expression—Primers to amplify
the hmpA gene from E. coli MG1655 genomic DNA were:
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5'-accccatggttgacgctcaaac-3' (upper primer) and 5'-gacgtg-
gctegagtcattcg-3' (lower primer), containing the restriction
sites Ncol and Xhol respectively. The amplified segment was
cloned under control of an arabinose-inducible promoter into
the commercial vector pPBAD/HisA (Invitrogen), and the con-
struction (pBAD-hmp) verified by sequencing. The second
amino acid of the cloned Hmp protein, glycine, was changed to
valine to introduce the Ncol site. Strain RKP3036 was trans-
formed with pBAD-hmp and the strain named RKP140. To
express Hmp from the RKP140 strain, cultures were grown in
LB supplemented with FeCl, (13 uM), d-aminolevulinic acid
(500 um), ampicillin (100 ug ml™'), and kanamycin (35 pg
ml™") until ODgq ,,,,, 0.4 and then supplemented with 0.2%
arabinose (v/v) and grown for a further 4 h. For spectroscopic
studies of intracellular Hmp, 40 ml cultures of strain RKP140
and of the strain carrying the empty vector as a control
(RKP3919) were grown and cells stored at 4 °C overnight. Cells
were harvested by centrifugation at 1000 X g for 15 min and
resuspended in 10 ml Tris-HCl 50 mwm (pH 7.4). Cell suspen-
sions were standardized to similar OD, ., values and protein
concentration was determined by the Markwell assay (41).
Purification of Hmp—Cultures of strain RKP140 expressing
Hmp (6 X 500 ml cultures in 2 liters baffled flasks) were centri-
fuged to harvest the deep brown cell pellets and stored at
—70 °C. The method was adapted from Ref. 42. Cell pellets were
resuspended in 30 ml of 50 mMm Tris-HCI buffer (pH 9.0) and
disrupted by sonication (16 um amplitude on an MSE Soniprep
150 machine, 3 cycles for 20 s each, on ice). Cell debris was
removed by centrifugation at 70,000 X g for 10 min. The super-
natant containing 400 —500 mg of total protein was loaded onto
a 20 ml of DEAE Sepharose Fast Flow (GE Healthcare) column
equilibrated with 50 mm Tris-HCl buffer (pH 9.0) in an AKTA
purifier (GE Healthcare Bio-Sciences, Amersham Biosciences
Ltd., UK). Elution of the protein was achieved using a NaCl
gradient (from 0 to 0.3 m). Fractions containing Hmp, based on
a red-orange color, were pooled together and diluted 2.5 fold
with ultra pure water. Sample, typically containing 70 —90 mg of
total protein, was applied on a 6 ml Resource Q column (GE
Healthcare) equilibrated in 50 mm MES-NaOH pH 6.5 buffer.
Proteins were eluted from the column by 90 ml gradient of
NaCl concentration from 50 to 250 mMm in the same buffer.
Red-orange fractions (7—12 mg of total protein) were combined
and concentrated in a Vivaspin concentrator (5,000 Molecular
Weight Cut-Off (MWCO)) (VivaScience) to a final volume of
1-2 ml and loaded onto a 16 X 60 mm HiL.oad Superdex200 gel
filtration column (GE Healthcare), equilibrated with 50 mm
Tris-HCI, 500 mMm NaCl buffer (pH 8.0) and eluted in the equil-
ibration buffer at a flow rate of 1.5 ml min~'. Peak fractions
(2-3 mg) were combined and concentrated to 6 —14 mg ml~".
The purified Hmp was stored at 4 °C, and the heme concentra-
tion determined by the alkaline pyridine assay (43).
Polarographic Studies of the Hmp Interaction with NO,
CORM-3, and CO—O, consumption and NO accumulation
were measured simultaneously following the method based on
(34). Briefly, O, uptake was followed polarographically with a
digital Clark-type O, electrode system (Rank Bros., Bottisham.
Cambridge, UK) where the electrode is positioned at the bot-
tom of a water-jacketed Perspex chamber stirred magnetically
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and maintained at 37 °C. The chamber was sealed with a cus-
tom-built adjustable Perspex cap (2 ml working volume) drilled
in the center to accept a World Precision Instruments ISO-
NOP2 sensor (2 mm diameter) for measurement of NO. Addi-
tional fine vertical holes allowed the injection of solutions to
reach final concentrations of 500 um NADH, 25 um PROLI-
NONOate, 200 um CORM-3, or 100 um CO (from CO-satu-
rated buffer) by using Hamilton microsyringes through the cap.
CO-saturated buffer was used to reach 1 mm CO. The O, elec-
trode was calibrated with air-saturated Tris-HCl 50 mm, NaCl
50 mm buffer (pH 8), and sodium dithionite to achieve anoxia.
The NO electrode was calibrated using acidified KI and NaNO,
as described by the manufacturer.

Optical Spectroscopy—Optical spectra of purified Hmp were
recorded using a Cary 50 UV-Visible spectrophotometer
against a buffer baseline, unless otherwise stated, at room tem-
perature in a 1-ml quartz cuvette. Purified Hmp (4.8 or 5 um)
was scanned in 50 mm Tris-HCI, 50 mMm NaCl (pH 8.0). The
protein was reduced by adding a few grains of sodium dithionite
to the cuvette followed by gentle mixing, and the Hmp-CO
spectrum of the protein was obtained by bubbling CO through
the sample for 3 min. For the tests of CO release from CORM-3
in buffer with or without glucose (30 mm), the flavohemoglobin
was reduced by adding either a few grains of sodium dithionite
or NADH (500 um) to the cuvette followed by gentle mixing.
CORMS-3 (10 or 100 um) was added and the spectral changes
followed over time. For anaerobic experiments, samples were
prepared in an anaerobic cabinet. For tests of Hmp in soluble
extracts (4.3 mg ml ™' total protein) and membrane suspen-
sions (1.2 mg ml ™' total protein), spectra were recorded against
a baseline of extract or membrane suspensions containing
NADH (1 mm). Hmp (4.8 um) was added, and the sample incu-
bated for 10 min to promote protein reduction. After addition
of CORM-3 (100 um) the spectral changes were followed for an
additional 40 min as described above. Optical spectroscopy of
intracellular Hmp was performed in a Johnson Foundation
SDB3 dual-wavelength spectrophotometer at room tempera-
ture (44). Optical spectra of the Hmp-expressing cell suspen-
sions were recorded in native and reduced states. Reduction
was achieved either by addition of a few grains of sodium
dithionite or glucose (15 mm). Before the spectroscopic mea-
surements were carried out, the capacity of the cell suspensions
to consume O, upon addition of glucose was followed polaro-
graphically in a closed chamber. After O, depletion, the lid of
the chamber was removed, allowing air diffusion into the
stirred sample and the O, levels recorded for a further 1 h.
Native and reduced samples with sodium dithionite or glucose
were bubbled with CO gas for 2 min and spectroscopic changes
recorded immediately. When CORM-3 (300 um) was added to
the reduced samples, changes were recorded every min for 10
min, and every 5 min for an additional 20 min. Difference spec-
tra (CO-reduced minus reduced) were plotted. Cells carrying
the empty vector were reduced with dithionite and bubbled
with CO gas, and the difference spectrum was plotted for com-
parison. Hmp absolute spectra (reduced and CO-reduced) were
obtained by subtraction of the absorbance values from the sam-
ples carrying the empty vector.
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FIGURE 1. Inhibition of Hmp-supported NO resistance by CORM-3 in E. coli cultures. Growth of aerobic cultures in defined minimal medium was monitored
every hour using a Klett meter. A, cultures of the E. coli wild type (@) or an hmp mutant (<) upon addition of 100 um DETA NONOate (dotted arrow) were
compared with a wild type culture growing in the absence of DETA NONOate (O). B, wild type cultures supplemented with 100 um DETA NONOate (as in A) plus
5 um CORM-3 (solid arrow) (M), were compared with cultures containing 100 um DETA NONOate (@) or 5 um CORM-3 (V) only, added in the same conditions.
C, as in B, but 10 um CORM-3 was added. D, as in B but 10 um iCORM-3 instead of CORM-3 was added. Bars represent the standard deviation of three

independent experiments.

RESULTS

Hmp-supported NO Resistance of E.coli Is Inhibited by
CORM-3 in Vivo—The effect of CO on the NO detoxification
capacity of Hmp was tested by using the water-soluble CO-re-
leasing molecule CORM-3. Initially, E. coli wild type and the
isogenic imp mutant strains growing aerobically were chal-
lenged with increasing concentrations of the NO donor DETA
NONOate (not shown). A final concentration of 100 um DETA
NONOate inhibited growth of the #mp mutant but not the wild
type strain (Fig. 1A4), directly implicating the NO detoxification
activity of Hmp as the resistance mechanism.

The effect of CORM-3 on Hmp-supported NO resistance of
the wild type strain was investigated. Addition of CORM-3 (5
uM) to a mid-exponential phase culture growing in the pres-
ence of 100 um DETA NONOate significantly inhibited growth
(Fig. 1B). This suggests an additive toxic effect due to the inhi-
bition of the NO detoxification capacity of Hmp, since cultures
treated with the same concentration of CORM-3 in the absence
of NONOate remained unaffected (Fig. 1B). A higher dose of
CORM-3 (10 um) inhibited the growth even in the absence of
NONOate and, even though a slightly higher inhibition was
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found in the culture containing both NONOate and CORM-3,
the difference was not statistically significant (Fig. 1C). On the
other hand, addition of the inactive form of CORM-3 abbrevi-
ated here as (iICORM) (10) did not inhibit growth in either the
absence or presence of DETA NONOate, suggesting that the
inhibitory effect resulted from the CO released by CORM-3 and
not by additional toxicity related to the CO-free metal com-
pound or from its interaction with DETA NONOate (Fig. 1D).

CO Gas, but Not CORM-3, Inhibits the NO Detoxification
Activity of Hmp in Vitro—As previously shown, the Hmp heme
cofactor binds CO rapidly, inhibiting Hmp-supported NO
detoxification activity (Hmp Fe(Il) association rate constants
for NO and CO being 26 and 22 um ' s~ ! respectively, and
dissociation constants being 0.002 and 0.057 s~ *, respectively)
(30). In agreement, our in vivo model (Fig. 1) suggests that the
decrease of the E. coli growth capacity under nitrosative stress
conditions in the presence of CORM-3 is related to the inhibi-
tion of Hmp activity. Since CO-RMs are being considered as
potential antimicrobial agents (4), and NO detoxification by
pathogens is important for their survival (e.g. in macrophages
(45)), we tested the effects of CORM-3 on NO detoxification by
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FIGURE 2. CORM-3 fails to inhibit the NO detoxification activity of purified Hmp in vitro. O, consumption (solid line) and NO accumulation (dashed line)
were polarographically recorded simultaneously. Reaction mixes containing 1 um Hmp and 500 um NADH final concentrations in 50 mm Tris-HCl, 50 mm NaCl
(pH 8.0) at 37 °C were treated with repeated additions of 25 um PROLI-NONOate (solid arrows) in the absence (A) or presence of 200 um CORM-3 (dotted arrow)
(B), or CO-saturated buffer was added to a final concentration of 100 um (C) or 1 mm (D). O, concentration consumed after additions of PROLI-NONOate is shown

in A. The experiments were repeated at least three times with similar results.

Hmp. Consumption of NO and O, were followed polarograph-
ically in a reaction mix containing 1 um purified flavohemoglo-
bin and 500 um NADH as the electron donor. In a control, NO
from the NO fast-releasing molecule PROLI-NONOate was
instantaneously and repeatedly consumed by Hmp, since the
NO electrode failed to detect the signal even after several addi-
tions of 25 um NONOate to the reaction mix in air-containing
Tris-HCI buffer (pH 7.4) at 37 °C. Consumption of ~30 um O,
per 25 uM NONOate aliquot was calculated from the O, elec-
trode measurements, indicating the oxidation of NO to NO3
(~1 O, per NO) (46). Only when O, was depleted after about
200 s was NO detectable in the chamber on adding PROLI-
NONOate, showing the much less efficient NO reductase activ-
ity of Hmp (35, 46) (Fig. 2A). Inhibition of NO consumption by
CORMS-3 in the same conditions described for the control was
tested. In this case, the reaction mix was incubated for 4 min
after addition of a high concentration of CORM-3 (200 uMm) and
then the first aliquot of PROLI-NONOate was added. Surpris-
ingly, in aerobic conditions, the NO and O, consumption by
Hmp were comparable to the control in the absence of
CORM-3 (compare Fig. 2B with 24). However, at very low oxy-
gen tensions, the NO signal was recorded earlier in the presence
of CO-RM than in its absence (compare Fig. 2B with 24),
suggesting a slight inhibition of the NOD activity of Hmp
due perhaps to the presence of a small amount of CO
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released from CORM-3 (see below). Conversely, the pres-
ence of CO gas (100 um CO dissolved in the reaction buffer)
clearly inhibited the NO detoxification reaction of Hmp in an
O, concentration dependent manner (Fig. 2C). Furthermore,
CO-saturated buffer (1 mm CO final concentration) completely
abolished O, consumption and NO was accumulated at high
concentrations after each addition of PROLI-NONOate (Fig.
2D). These results confirm the inhibition of Hmp-supported
NO detoxification activity by CO but reveal a failure of
CORM-3 to inhibit under these conditions.

Reaction of CO-RM-generated CO with Hmp in Vitro Is
Dependent on Sodium Dithionite—We therefore considered
the possibility that CO release from CORM-3 and binding to
ferrous Hmp is dependent on sodium dithionite (17), which is
routinely used in the literature as a reductant in the standard
carboxy-myoglobin assay of CO release from CO-RMs. In
order to test this, spectrophotometric changes in the redox
state of the Hmp heme cofactor were followed in the Soret and
o, regions of the spectrum in the absence and presence of
sodium dithionite and using CO gas as a control. The dithion-
ite-reduced Hmp spectrum (Fe(II), 432, 558 nm (42); Fig. 34)
showed an instantaneous change to the carboxy-ferrous form
(Fe(II) + CO, 421, 542, 566 nm (42)) after bubbling with CO gas
(Fig. 3A) or addition of 10 um CORM-3 (Fig. 3B). When the
oxy-ferrous form of Hmp was produced by the addition of
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FIGURE 3. Formation of CO-reduced Hmp from CORM-3 depends on the presence of sodium dithionite in vitro. Absolute spectra showing 4.7 um Hmp
suspended in 50 mm Tris-HCl, 50 mm NaCl buffer (pH 8.0). Upper panel: the native oxidized form (dotted line) was reduced with sodium dithionite (dashed line)
and then bubbled with CO gas (A) or supplemented with 10 um CORM-3 (B) (solid lines). Lower panel: the native oxidized form (dotted line) was reduced by
addition of NADH (dashed line) and then bubbled with CO gas (C) (solid line) or supplemented with 10 um CORM-3 (D) (dashed lines). Measurements at time 0
and then 5 min after or at time 0 and 40 min after addition of CORM-3 are shown (Cand D, respectively). Numbers indicate the absorbance maxima (nm). Insets

show amplifications of the «, regions.

NADH without dithionite (Fe(II) + O,, 413, 545, 580 nm (42)),
CO gas again elicited an immediate shift to the Fe(Il) + CO
form (Fig. 3C). The presence of dithionite or NADH did not
modify Hmp CO binding since bubbling of CO gas to either
Fe(II) or Fe(Il) + O, Hmp produced an instantaneous change to
the Fe(II) + CO form (Fig. 3, A and C). However, addition of 10
uM CORM-3 to NADH-reduced protein failed to produce
changes in the spectrum of the flavohemoglobin (Fig. 3D), in
agreement with the results obtained by McLean et al. with Mb
(17).

Since the assay was performed in aerobic conditions, it was
possible that the presence of O, in the sample influenced the
binding of CO from CORM-3 to the flavohemoglobin. To test
this hypothesis, Hmp was incubated with NADH, without
dithionite, in an anaerobic cabinet. After 15 min of incubation,
the reduction of Hmp to the Fe(II) form was recorded (A, 432
nm) (Fig. 4A), (instead of the Fe(II) + O, form that is produced
aerobically and that persists until oxygen is depleted (Fig. 3C)
(48). Even in the total absence of oxygen, incubation of Fe(II)
Hmp with 10 um CORM-3 for 30 min elicited only a small

29476 JOURNAL OF BIOLOGICAL CHEMISTRY

change in the spectrum at the Soret region (Fig. 44). However,
subsequent addition of sodium dithionite to the sample pro-
duced a rapid conversion to the Fe(II) + CO form shown in the
absolute spectra (A,,,, 421 nm) (Fig. 4B) and the difference
spectra (CO-reduced minus reduced) (Fig. 4C). When the dif-
ference in absorbance was plotted against time, only 9% of CO-
Hmp was observed in the absence of dithionite after 30 min
incubation (this might account for the effect observed in Fig.
2B), whereas upon addition of the reducing agent, the conver-
sion to the CO-ligated was complete in less than 10 min (100%
of Hmp was CO-bound) (Fig. 4D). In conclusion, rapid CO
release from CORM-3 requires the presence of dithionite, and
it is not influenced by the presence or absence of oxygen.
Ligation of CO from CORM-3 to Reduced Hmp Is Achieved
in Cellular Soluble Extracts but Is Limited in Membrane
Suspensions—The antimicrobial effects of CORM-3 have been
previously demonstrated in cultures of P. aeruginosa (49) and
E. coli (14, 50). Based on recent evidence, showing that CO
release from CORM-3 is achievable not only in the presence of
dithionite but also other sulfites, it has been suggested that CO
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FIGURE 4. Effect of sodium dithionite on the formation of CO-reduced Hmp upon addition of CORM-3 in anaerobic conditions. Hmp (5 um) was
suspended in 50 mm Tris-HCl, 50 mm NaCl buffer (pH 8.0) containing NADH (500 um) anaerobically. Arrow (A to B) indicates subsequent steps performed with
the same sample. Reduction of Hmp was promoted by 15 min incubation in NADH-containing buffer (solid line in A) followed by the addition of 10 um CORM-3.
Changes were recorded after 30 min incubation (dashed line in A and B). An excess of sodium dithionite was added, and changes in the spectra were recorded
every 0.5 min for 12 min (gray lines in B). C, difference spectra after addition of dithionite. D, CO release time course from CORM-3 before and after addition of
dithionite. Dashed arrows indicate the direction of the changes. For the absolute spectrum of reduced Hmp (A), NADH-containing buffer was used as baseline.

The experiment was repeated three times with similar results.

release from CORM-3 is likely to be promoted in cellular
milieux by the interaction with sulfites or other unidentified
biological species (51). To reconcile the differences between the
in vivo studies using cultures (Fig. 1) and the in vitro results
using purified protein (Figs. 2—4), changes in the redox state of
purified Hmp in the presence of cellular extracts from the
E. coli hmp mutant were investigated. Initially, 4.7 umM Hmp was
added to E. coli soluble cell extracts in the presence of 1 mm
NADH. After 10 min of incubation at room temperature, a fully
reduced (Fe(II)) globin spectrum was recorded (A,,, 436 nm)
(Fig. 5A, dashed line). Addition of 100 um CORM-3 to the
Fe(II)-Hmp produced an immediate but transient change to the
Fe(Il) + O, state (Fig. 54, dotted line) (explained by the intro-
duction of some O, to the mix during the addition of CORM-3),
followed by the gradual conversion to the Fe(II) + CO state
(Fig. 54, solid lines). CO binding was clearly observed in either
the absolute spectra (Fig. 54) or the difference spectra (CO-
reduced minus reduced) (Fig. 5B). Absorbance difference (peak
minus trough) plotted against time showed the course of the
reaction of CO with Hmp taking less than 15 min to reach the
absorbance maxima (Fig. 5B, lower inset). Interestingly, when
E. coli wild type membrane suspensions instead of soluble
extracts were tested, and even though addition of NADH elic-
ited full reduction of the globin, only a negligible amount of
Fe(II) + CO Hmp was detected after 40 min incubation in the
presence of 100 um CORM-3 (Fig. 6), as when NADH-reduced
Hmp was suspended in buffer (Fig. 4). These results suggest
that efficient CO release from CORM-3 is promoted in cellular
milieu, supporting the role of CO per se as the inhibitor of the

SASBMB

OCTOBER 24, 2014 +VOLUME 289-NUMBER 43

Hmp NO detoxification ability of E. coli in our tests in vivo. The
data also reveal the caution that needs to be exercised when
CORM-3 is used with protein solutions or membrane
preparations.

Intracellular Fe(Il) + CO Hmp Formation by CORM-3—To
demonstrate the CO binding of Hmp in the presence of
CORM-3 in vivo, an expression vector containing the smp gene
under control of an arabinose inducible promoter was con-
structed based on pBAD/HisA (Invitrogen). Spectroscopic
measurements of E. coli cell suspensions over-expressing Hmp
showed a clear signal corresponding to the presence of the glo-
bin. Hmp-expressing cell suspensions reduced by sodium
dithionite and then bubbled with CO gas until saturation
showed a difference spectrum with an intense signal due to
Hmp compared with cell suspensions harboring the empty vec-
tor (Fig. 7A, magenta dotted line and dashed green lines, respec-
tively). Moreover, when the absorbance values of the sample
lacking Hmp were subtracted from the samples overexpressing
the globin, the absolute spectra of the ferrous (Fe(Il)) (upon
addition of sodium dithionite) or the CO-ferrous (Fe(II) + CO)
form (by bubbling the dithionite-reduced samples with CO gas)
were clearly distinguishable (Fig. 7A, inset). Since dithionite
constitutes an undesirable component for the purpose of test-
ing the CO release from CORM-3 in physiological conditions,
CO binding to the intracellular Hmp native form of cells sus-
pended in buffer (Fe(II) + O,) was investigated. Saturating con-
centrations of CO gas failed to produce the characteristic dif-
ference spectra (not shown), suggesting the inability of CO to
displace the O, bound to Hmp in the absence of electron input
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650 700

and the need for reducing equivalents as demonstrated in our
tests in vitro (Fig. 3C).

In an attempt to reduce the intracellular globin in the
absence of dithionite, glucose (15 mm) was added to the cell
suspensions to promote respiration and, consequently, remove
the O, from the sample and generate reducing equivalents. To
determine the incubation times needed for O, depletion by
respiration, cellular O, consumption was followed polaro-
graphically in a closed chamber. When anoxic conditions were
reached (~3 min), the chamber was opened, mimicking the
experimental condition in the spectrophotometer. The samples
remained anoxic for at least a further 45 min (not shown) show-
ing that the rapid removal of O, via cellular respiration was
compatible with spectroscopic measurements. Difference
spectra of the Hmp-expressing cell suspensions reduced by
addition of glucose and then bubbled with CO gas (Fig. 74,
black solid line) were almost identical to the spectra recorded
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FIGURE 6. E. coli membrane suspensions fail to promote CO releasing
from CORM-3. Hmp (4.7 um) was added to E. colimembrane suspension con-
taining T mm NADH. Hmp absolute spectra were recorded after 10 min incu-
bation at room temperature to promote reduction (dashed line), then imme-
diately after addition of 100 um CORM-3 (dotted line), and after 40 min (solid
line). Inset shows the amplification of the «,3 region.

when sodium dithionite was used instead (magenta dotted line).
A sample of the purified Hmp in buffer containing NADH plus
30 mm glucose did not result in Fe(II) + CO Hmp production
upon addition of 100 um CORM-3, demonstrating that glucose
per se is unlikely to promote the intracellular CO releasing by
CORM-3 (not shown). Thus, this method using glucose to pro-
mote intracellular reduction was implemented to investigate
the intracellular reaction of Hmp with CORM-3-derived CO.

In a control sample, addition of 300 um CORM-3 to dithio-
nite-reduced cells showed rapid generation of intracellular
Fe(II) + CO Hmp, reaching maximal heme occupancy at ~3
min (peak minus trough in the difference spectra) (Fig. 7, B and
D, red squares). On the other hand, the same concentration of
CORM-3 added to glucose-reduced cells resulted in 3-fold
slower CO binding (~10 min for completion) (Fig. 7, C and D,
blue circles). Surprisingly, the absorption maxima in the glu-
cose-reduced sample were smaller than in the sample contain-
ing dithionite. This difference cannot be explained by a defi-
ciency in reduction by glucose since the sample reduced with
either dithionite or glucose and bubbled with CO gas (Fig. 7A)
showed similar difference absorbance values (Fig. 7D, magenta
square and black circle, respectively).

DISCUSSION

The development of new strategies to combat antibiotic-re-
sistant pathogens is a worldwide priority (52). Endogenously
generated CO and CO from CO-RMs possess important anti-
bacterial effects such as increasing phagocytosis (53, 54) and
protecting against lethality during bacterial sepsis (54, 55). It
seems plausible that the antibacterial effects of CO are related,
among other factors, to the inhibition of bacterial defense
mechanisms that are critical during infection and colonization
of the host. Even though the simultaneous production of NO by
NO synthases and CO by heme oxygenases, interacting as
cootransmitters (56) and cooregulators (57) has been recog-
nized, it is unclear what levels of these gases occur in either
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FIGURE 7. Intracellular formation of CO-reduced Hmp by CORM-3. A, E. coli cell suspensions overexpressing Hmp were reduced with sodium dithionite
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every minute for 10 min and every 5 min for an additional 20 min. Arrows indicate the direction of the changes. D, differences in the absorption maxima (peak
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CO gas.

physiological or pathological situations. Importantly, the pres-
ent work demonstrates that CO generated from CORM-3 com-
promises the ability of the flavohemoglobin Hmp to detoxify
NO in vivo (Fig. 1). We attribute the inhibition of Hmp directly
to CO released from CORM-3. Although Ru(IIl) is known to
bind and activate NO (58, 59), we consider this to be unlikely
because of the lack of effect observed by the iCORM (Fig. 1D).

CO-RMs have been shown to be effective vehicles for supply-
ing CO to biological samples - cells, organelles, tissues, and
whole animals. It is tacitly assumed that the CO-RM acts purely
as a delivery vehicle; indeed, control molecules lacking CO have
shown that many of the established biological effects of CO,
such as the modulation of vascular tone, diminution of inflam-
mation and antimicrobial properties, are absent in the iCORMs
(4, 15, 60, 61). However, the first careful transcriptomic com-
parison of the effects of a CO-RM and an iCORM in E. coli have
revealed that iCORMs retain significant biological outcomes
altering energy metabolism, motility, membrane transport
and the metabolism of cysteine and methionine among other
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sulfur-containing species (51). Therefore, great caution is
needed in using these compounds especially when the metal
carbonyl contains a metal that is 'foreign’ to biological sys-
tems, such as Ru.

A further note of caution comes from the demonstration that
the almost universal method for assessing release of CO from
CO-RMs, that is, the trapping of CO in vitro by ferrous myo-
globin is flawed, since the loss of CO from one of the most
widely used CO-RMs, CORM-3, is dependent in the usual assay
on the reductant sodium dithionite. An alternative assay that
obviates the need for dithionite, namely the trapping of CO by
oxyhemoglobin, which is stable, was described by McLean (17).

Here we uncover another potential pitfall in the use of
CORM-3. Although this compound inhibits NO detoxification
in vivo (Fig. 1) and releases CO in cell extracts measured by the
formation of carboxy-Hmp (Fig. 5), it is ineffective in solutions
of the protein (Fig. 2B) or in assays with minimal cellular com-
ponents (Fig. 6). We interpret this as further evidence of the
need for CO release via molecules that include dithionite and
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sulfites (17). The full spectrum of compounds able to elicit CO
release and the molecular mechanism of CO release from
CORMS-3 in the presence of dithionite remain unknown. How-
ever, it might be explained by the fact that dithionite is not pure
and contains a significant quantity of sulfite which is in equilib-
rium with sulfur dioxide, a good ligand for transition metals
(62). Dithionite is used as a reductant for the O, adduct of heme
and any Fe(III) heme present. Sulfites are also reductants but
not as powerful as dithionite. It is unlikely that sulfites will
reduce CORM-3 and ifit did, it is implausible that CO would be
released, as low oxidation states stabilize metal carbonyls. The
chemistry of CORM-3 is very complex, making it difficult to
elucidate the mechanism of CO release (16, 63). Moreover,
since the kinetics of CO-release from CORM-3 has been mostly
determined in the presence of sodium dithionite, careful eval-
uation of experimental conditions is needed. Identification of
the cellular components involved in CO-release from CORM-3
as well as investigation of the effect of strong reductants other
than dithionite may provide useful information.

We demonstrate here that growing NO-challenged cells are
inhibited by CORM-3 (16, 49, 50) and the ability of Hmp to
detoxify NO in culture is also decreased in the presence of the
CO-releaser (Fig. 1). However, intracellular oxyferrous Hmp
does not bind CO gas when cells are resuspended in buffer in
the absence of NADH (not shown). It appears that metaboli-
cally active cells are able to maintain a sufficiently reduced
inner environment, allowing CO binding to ferrous-heme pro-
teins (such as hemoglobins) and terminal oxidases even in aer-
obic growth conditions. By overexpressing the flavohemoglo-
bin Hmp in E. coli, we demonstrated intracellular CO release
from CORM-3 by following the formation of carboxy-flavohe-
moglobin. Respiring E. coli cells exposed to air in the open elec-
trode were able to constantly consume O, so efficiently that the
electrode failed to detect it for at least 45 min (not shown)
promoting the complete reduction of Hmp. Thus, it is clear that
the reductant power supplied by respiration can replace the use
of dithionite (Fig. 7). However, the presence of membranes,
even when supplemented with NADH to promote respiration,
was insufficient to promote CO loss from CORM-3 (Fig. 6),
suggesting that washed membranes lack the sulfites, sulfur
dioxide, or other species discussed in Ref. 17 that promote CO
loss.

The use of CO-RMs may be part of a new era in the treatment
of bacterial infection where these compounds may be used in
conjunction with the classical or new generation antibiotics.
One of the most attractive features of CO-RMs is the fact that
they appear to be more effective than CO gas. Indeed, bacterial
growing cells are inhibited by CORM-3 but not by the same
concentration of dissolved CO gas, suggesting that the CO-RM
is taken up by the cells delivering the CO in situ (50, 64, 65); this
has been called “The Trojan horse mechanism” (64, 66). How-
ever, data concerning the modes of action of CO and CO-RMs
in biological systems are still very limited. The recent develop-
ment of novel technology to measure gasotransmitters such as
fluorescent probes to sense intracellular CO (67, 68) and the
development of a sensitive electrochemical microsensor for the
simultaneous detection of CO and NO (47) offers great promise
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for investigating the physiological and toxic effects of these
gases in microbial cells.
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