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Secreted Pyomelanin of Legionella pneumophila Promotes Bacterial
Iron Uptake and Growth under Iron-Limiting Conditions

Huaixin Zheng, Christa H. Chatfield,* Mark R. Liles,* Nicholas P. Cianciotto

Department of Microbiology-Immunology, Northwestern University Medical School, Chicago, lllinois, USA

Iron acquisition is critical to the growth and virulence of Legionella pneumophila. Previously, we found that L. pneumophila
uses both a ferrisiderophore pathway and ferrous iron transport to obtain iron. We now report that two molecules secreted by L.
pneumophila, homogentisic acid (HGA) and its polymerized variant (HGA-melanin, a pyomelanin), are able to directly mediate
the reduction of various ferric iron salts. Furthermore, HGA, synthetic HGA-melanin, and HGA-melanin derived from bacterial
supernatants enhanced the ability of L. pneumophila and other species of Legionella to take up radiolabeled iron. Enhanced iron
uptake was not observed with a ferrous iron transport mutant. Thus, HGA and HGA-melanin mediate ferric iron reduction, with
the resulting ferrous iron being available to the bacterium for uptake. Upon further testing of L. pneumophila culture superna-
tants, we found that significant amounts of ferric and ferrous iron were associated with secreted HGA-melanin. Importantly, a
pyomelanin-containing fraction obtained from a wild-type culture supernatant was able to stimulate the growth of iron-starved
legionellae. That the corresponding supernatant fraction obtained from a nonpigmented mutant culture did not stimulate
growth demonstrated that HGA-melanin is able to both promote iron uptake and enhance growth under iron-limiting condi-
tions. Indicative of a complementary role in iron acquisition, HGA-melanin levels were inversely related to the levels of sidero-
phore activity. Compatible with a role in the ecology and pathogenesis of L. pneumophila, HGA and HGA-melanin were effective

at reducing and releasing iron from both insoluble ferric hydroxide and the mammalian iron chelates ferritin and transferrin.

he Gram-negative bacterium Legionella pneumophila is the

major causative agent of Legionnaires’ disease pneumonia (1,
2). One of 58 species of Legionella (3), L. pneumophila lives in
natural and human-made freshwater niches mainly in biofilms or
as a parasite of protozoa (2, 4-6). When L. pneumophila-contain-
ing aerosols are inhaled, the bacterium replicates in alveolar mac-
rophages (2, 7). Iron acquisition is critical for L. pneumophila
extracellular growth, intracellular replication, and virulence (2, 8).
The first means by which L. pneumophila acquires iron is through
the Fe’-chelating activity of legiobactin (9). LbtA catalyzes the
synthesis of legiobactin, LbtB and Cyc4 promote secretion of the
siderophore, and LbtU and LbtC mediate uptake of Fe’>*-legio-
bactin complexes (10-14). Ferric reductase enzymes in the
periplasm and cytoplasm may help mediate the assimilation of
imported ferric iron (15). The second way by which L. pneumo-
phila acquires iron is via the uptake of Fe>™, with the inner mem-
brane protein FeoB translocating ferrous iron into the cell’s inte-
rior (16). The inability to mutate both feoB and IbtA indicates that
having at least one of these two pathways is essential for L. pneu-
mophila viability (10). Legiobactin and FeoB are required for lung
infection by L. pneumophila (11, 16).

It has long been known that L. pneumophila secretes a brown
pigment (17-24). Early work found that pigment production is
enhanced by L-tyrosine in the growth medium and is most obvi-
ous when legionellae are experiencing slow growth (17, 18, 25). It
was later shown that pigment results from oxidative polymeriza-
tion of the homogentisic acid (HGA) that is released by the bac-
teria into the culture supernatant (26). HGA is a product of phe-
nylalanine/tyrosine catabolism; i.e., L-phenylalanine is converted
to L-tyrosine by the phenylalanine hydroxylase encoded by phhA,
L-tyrosine is then converted to 4-hydroxyphenylpyruvate by an
amino acid transferase encoded by hisC2, and 4-hydroxyphe-
nylpyruvate is finally converted to HGA by the 4-hydroxyphe-
nylpyruvate dioxygenase encoded by Ily (26-31). The HGA that is
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made can be either secreted, as noted above, or broken down to
4-maleyl-acetoacetate by the homogentisate 1,2-dioxygenase, en-
coded by hmgA (31, 32). Thus, the L. pneumophila pigment is
HGA-melanin, a type of pyomelanin that is also made by various
other environmental bacteria as well as some other pathogens
(33-35). For years, the only function ascribed to the HGA-mela-
nin was bacterial resistance to light (36).

While seeking factors involved in the production of legiobac-
tin, we discovered that L. pneumophila culture supernatants can
mediate the reduction of ferric iron salts (32). Since the activity
was lacking in supernatants from a nonpigmented Ily mutant but
increased for a hyperpigmented hmgA mutant, we inferred that
HGA-melanin, directly or indirectly, facilitates ferric iron reduc-
tion. Compatible with the nature of HGA-melanin, the wild-type
activity was positively influenced by the amount of tyrosine in the
medium, resistant to protease treatment, acid precipitable, and
variable in size (32). In light of these results, we posited that the
secreted pyomelanin represents another facet of L. pneumophila
iron acquisition; i.e., the reduction of extracellular Fe’* by HGA-
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TABLE 1 Wild-type and mutant Legionella strains used in this study

Reference
Species and strain® Description or source
Wild-type strains
L. pneumophila
130b (ATCC BAA-74) Clinical isolate, serogroup 1 58
Philadelphia 1 (ATCC 33152) Clinical isolate, serogroup 1 59
Los Angeles 1 (ATCC 33156) Clinical isolate, serogroup 4 60
L. anisa (ATCC 35292) Environmental isolate 61
L. jamestowniensis (ATCC 35298) Environmental isolate
L. micdadei (ATCC 33218) Clinical isolate 62
Mutants of strain 130b
NU269 feoB mutant 16
NU275 IspF mutant 63
NU287 tatB mutant 64
NU292 ccmB mutant 65
NU302 IbtA mutant 10
NU302(plbtA) IbtA-complemented NU302 10
NU326 hmgA mutant 32
NU326(phmgA) hmgA-complemented NU326 32
NU408 Ily mutant 31
NU424 IbtA lly double mutant This study
GG105 dotA mutant 66

@ L. pneumophila wild-type strains are listed with their original designations, followed,
in parentheses, by the corresponding American Type Culture Collection (ATCC) strain
number.

melanin generates Fe** that can be internalized via FeoB trans-
port. We now report confirmation of this hypothesis as well as
demonstrate the ability of HGA-melanin to stimulate L. pneumo-
phila growth and act upon iron chelates that are prominent within
the mammalian host and natural environmental habitats.

MATERIALS AND METHODS

Bacterial strains. L. pneumophila strain 130b, also known as strain AA100
or Wadsworth, served as our principal wild-type strain. Table 1 lists ad-
ditional wild-type legionellae, as well as mutants of strain 130b that were
also examined in this study. In order to construct the /brA Ily double
mutant NU424, plasmid pUClly:GNT (31) was introduced into the IbtA
mutant NU302 by transformation. Transformants were selected on anti-
biotic-containing agar medium, and insertion of the gentamicin resis-
tance cassette into the Ily gene was confirmed by PCR using primers lly-
LpgFBcll and llyLpgXhol, as previously described (31). Escherichia coli
strain DH5a (Invitrogen, Carlsbad, CA) was used as the host for recom-
binant plasmids.

Bacteriological media and growth assays. L. pneumophila was rou-
tinely cultured at 37°C on buffered charcoal yeast extract (BCYE) agar or
in buffered yeast extract (BYE) broth (37). These media contain an iron
supplement consisting of 0.25 g of ferric pyrophosphate per liter. E. coli
strains were grown in LB medium. When appropriate, the following an-
tibiotics were added to the medium at the indicated final concentrations
(in pg/ml): ampicillin, 100; gentamicin, 2.5 for L. pneumophila and 5 for
E. coli; chloramphenicol, 3 for L. pneumophila and 30 for E. coli; and
kanamycin, 25 for L. pneumophila and 50 for E. coli. All chemicals, unless
otherwise noted, were from Sigma-Aldrich (St. Louis, MO). In order to
prepare L. pneumophila for iron uptake assays or to obtain supernatants
containing siderophore activity, bacteria were grown at 37°C in deferrated
chemically defined medium (CDM) (10, 38). Briefly, CDM ordinarily
consists of the 20 amino acids and nine trace metals, in addition to iron,
pyruvate, glutathione, a-ketogluturate, MOPS [3-(N-morpholino)pro-
panesulfonic acid] buffer, KH,PO,, and NaCl. Deferrated CDM is CDM
that lacks the iron component and is made with deferrated water. In order
to obtain bacterial HGA-melanin, legionellae were grown at 37°C in
CDMP, a variant of CDM that contained extra L-tyrosine (32). To moni-
tor the growth of L. pneumophila strains, bacteria were grown in BYE,
CDM, or CDMP broth, and the optical density at 660 nm (OD,,) of the
cultures was determined using a DU720 spectrophotometer (Beckman,
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Fullerton, CA) or a Synergy H1 hybrid reader (Biotek, Winooski, VT)
(10, 32).

Preparation of HGA, synthetic HGA-melanin, and bacterial HGA-
melanin. Unpolymerized HGA was prepared as a fresh, 200-pg/ml
(1.19 mM) solution in phosphate-buffered saline (PBS). Synthetic
HGA-melanin (i.e., oxidized and polymerized HGA) was made by
incubating the HGA solution for 3 days at 37°C with agitation at 225
rpm. To obtain L. pneumophila HGA-melanin, wild-type strain 130b
that had been grown in non-iron-supplemented BYE broth until mid-
log phase (i.e., ODg4,, ~1.0) was inoculated into deferrated CDMP
and incubated for 3 days with shaking. The cell-free supernatant was
then acidified to pH 1.5 with 11 M hydrochloric acid (HCI). After
precipitation at 4°C for 16 h, the HGA-melanin was collected by cen-
trifugation at 5,000 X g for 1 h and washed once in 10 ml of 10 mM
HCI. The resulting pellet was air dried and reconstituted in PBS to the
same OD,, (as read by the Synergy H1 hybrid reader) as the synthetic
HGA-melanin. In order to obtain an appropriate negative control for
the bacterially derived HGA-melanin, the nonpigmented Ily mutant
was grown in an identical fashion, and its culture supernatant was
acidified and processed as described above.

To obtain iron-loaded HGA-melanin, strain 130b was cultured in
CDMP containing 30 uM ferric chloride for 3 days. The resulting super-
natant was consecutively filtered through 50-kDa-, 30-kDa-, 10-kDa-,
and 3-kDa-cutoff cellulose filters (Millipore, Billerica, MA). The melanin-
containing fractions collected on the filters were washed once with 15 ml
of deferrated CDM and then reconstituted in 20 ml of deferrated CDM.
The OD,, of each fraction was measured in order to judge the amount of
melanin, and the ferrozine assay (32) was used to determine the concen-
tration of iron in the sample. For the ferrozine assay, 100 .l of the bacterial
fraction was mixed with 100 .l of 1 mM ferrozine (Acros Organics, Geel,
Belgium), and the reaction mixture was incubated overnight at room
temperature (RT). The color change associated with ferrozine binding to
ferrous iron was measured at 562 nm using the Synergy H1 hybrid reader.
In order to judge the total amount of iron in the sample, the reducing
agent vitamin C was added to a final concentration of 1 mM. In order to
ascertain the levels of ferrous iron in the samples, treatment with vitamin
C was omitted. To quantify the amount of product in our reaction mix-
tures, a standard curve was prepared using known concentrations of fer-
rous sulfate (FeSO,) covering the range of 0 to 180 wM. In order to have
the appropriate negative control for the iron-loaded bacterial melanin,
the nonpigmented Illy mutant was grown and its supernatant was pro-
cessed and tested in parallel.

Ferric iron reduction assays. Ferric iron reduction was done as de-
scribed before (32), with the following details and modifications. Reac-
tions were carried out in 25 mM Tris buffer (pH 7.5) in 96-well microtiter
plates in a final volume of 250 pl containing 400 M ferrozine. The initial
substrates added included ferric nitrate, ferric chloride, or ferric ammo-
nium citrate, all at 120 WM, or ferric pyrophosphate at 30 wM. To assay for
potential reducing reagents, we added either 10 wl of synthetic HGA-
melanin, 10 pl of unpolymerized HGA (200 pg/ml), 100 pl of bacterial
HGA-melanin prepared from the acid-precipitated supernatants of strain
130D, or 100 pl of acid-precipitated supernatant material obtained from
the nonpigmented /ly mutant. PBS served as the negative control, and the
known reducing agent vitamin C, at a concentration of 1 mM, was the
positive control. The reaction was allowed to proceed at RT for 1 h when
testing HGA and the synthetic HGA or overnight when assessing bacterial
supernatant samples. As described above, the color change associated with
ferrozine binding to ferrous iron was measured at OD-,. For later reduc-
tion reactions, we employed as the substrates 100 pl of (1:500) diluted
equine holoferritin (catalog no. F4503; Sigma-Aldrich) and 100 .l of 50
.M human holotransferrin (in 25 mM Tris buffer, pH 7.5; catalog no.
T0665; Sigma-Aldrich), and the reaction proceeded for 24 h at 37°Cin a
5% CO, incubator. Because it was not possible to assay for the reduction
of insoluble ferric hydroxide under the above-mentioned reaction condi-
tions, we inoculated the bacterial strains in 100 ml of deferrated CDMP
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containing as a supplement 1 g of ferric hydroxide, and after 3 days of
incubation at 37°C with shaking (225 rpm), we used the ferrozine assay to
determine the amount of total iron and ferrous iron released into culture
supernatants.

Iron uptake assays. Bacterial strains were first grown in non-iron-
supplemented BYE broth until mid-log phase (OD,, 1.0). Next, the
bacteria were centrifuged at 5,000 X g, washed, and resuspended in defer-
rated CDM to an ODgg, of 0.3. After further incubation for 13 h at 37°C
with shaking (i.e., 225 rpm), the bacterial culture was centrifuged and
then washed three times in a base buffer consisting of CDM containing 50
mM MOPS, 2 mM monobasic potassium phosphate (KH,PO,), and 50
mM sodium chloride (NaCl). The final bacterial pellets were resuspended
in base buffer to an OD,, of 1.0, and **FeCl, (PerkinElmer, Boston, MA)
in 10 mM HCI was added to a final concentration of 1 wCi/ml (37 kBq/
ml). To each milliliter of this reaction mixture was added 16.7 pl of un-
polymerized HGA, synthetic HGA-melanin, acid-precipitated HGA-mel-
anin from strain 130b supernatants, acid-precipitated supernatant
material from the nonpigmented /ly mutant, or PBS. In some cases, vita-
min C was added to a final concentration of 1 mM. After 0, 60, and 120
min incubation at RT, 1 ml of the suspension (n = 3) was filtered through
a 0.45-pm-pore-size nitrocellulose membrane (Millipore, Billerica, MA)
and washed with 5 ml of a 0.5% solution of thioglycolic acid to remove the
extracellular iron. The number of counts per minute of radioactivity as-
sociated with the bacteria was measured with a Beckman LS6500 scintil-
lation counter, and the mean of the counts per minute over a 5-min period
was recorded (13). To confirm that the method is detecting only cell-
associated iron, a control experiment was carried out in the absence of
bacteria, and in this case, very little radioactivity remained on the filters
after washing with thioglycolate.

Determining the effect of iron-loaded melanin on bacterial growth.
Wild-type strain 130b was precultured in non-iron-supplemented
BYE until mid-log phase, washed, and then resuspended in deferrated
CDM to an ODgg, of 0.3. Two hundred microliters of the bacterial
suspension was aliquoted into the wells of a 96-well microtiter plate.
Into the bacterial culture was then added 10 pl of either standard CDM
(which contains iron), deferrated CDM, or the >50-kDa, 30- to 50-
kDa, 10- to 30-kDa, 3- to 10-kDa, or <3-kDa supernatant fraction
obtained from CDMP cultures of either strain 130b or the nonpig-
mented /ly mutant (see above). The inoculated plates were then incu-
bated in the Synergy H1 hybrid reader at 37°C with a 1-min period of
shaking every 10 min. The ODg, of each well was recorded every 10
min for a period of 40 h. To prevent condensation, the lids of the
microtiter plates were precoated with 10 ml of 0.05% Triton X-100 in
20% ethanol for 30 min and air dried (39).

Siderophore assay. Chrome azurol S (CAS) assays were done as de-
scribed before (9, 10, 13). Briefly, 100 pl of deferrated CDM culture su-
pernatant was mixed with 100 wl of CAS solution in the wells of a 96-well
plate, and after 30 min of incubation at RT, the ODg;, of the mixture was
measured using the Synergy H1 hybrid reader. Desferrioxamine was used
to generate a standard curve for quantifying siderophore activity.

Statistical analysis. The unpaired f test was used in experiments with
two-group comparisons. The one-way analysis of variance (ANOVA) was
used in experiments with >2 experimental groups. P values of <0.05 were
considered different. With the exception that the control experiment
whose results are presented in Fig. S3 in the supplemental material was
done twice, all experiments were done on at least three independent oc-
casions. In all cases, the multiple trials yielded similar results, and there-
fore, the results of a representative experiment are presented in each of the
figures. Although the absolute levels of iron reductase and CAS activity in
a given type of supernatant/HGA sample varied from 1 to 9% from day to
day and the absolute levels of iron uptake for a particular bacterial strain
typically varied from 10 to 30% from day to day, all of the statistically
significant differences that we observed between different supernatant or
bacterial samples were observed in each of the corresponding repeat ex-
periments.
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FIG 1 Reduction of ferric iron by HGA and HGA-melanin. Acid-precipitated
HGA-melanin obtained from wild-type strain 130b culture supernatants
(black bars) or acid-precipitated material obtained from Illy mutant NU408
culture supernatants (bars with horizontal lines) (A), synthetic HGA-melanin
(stippled bars) or unpolymerized HGA (bars with diagonal lines) (B), or PBS
(white bars) (A, B) was mixed with ferric nitrate (FeNit), ferric chloride
(FeChl), ferric ammonium citrate (FeCit), and ferric pyrophosphate (FePyr).
After 1 h of incubation for HGA and synthetic HGA-melanin samples or over-
night incubation for supernatant samples, the amount of ferrous iron gener-
ated was determined. Data are the means and standard deviations obtained
from triplicate samples. In panel A, the levels of Fe*>" generated by the wild-
type sample were significantly greater than those produced by the mutant
sample and the PBS control (***, P < 0.001). In panel B, the levels of Fe**
generated by HGA were significantly greater than those produced by synthetic
melanin (***, P < 0.001), with the results for both HGA and HGA-melanin
being greater than those for the PBS control (***, P < 0.001).

RESULTS

HGA-melanin and HGA can directly mediate ferric iron reduc-
tion. Previously, we determined that acid-precipitated material
obtained from culture supernatants of L. pneumophila strain 130b
can mediate reduction of ferric nitrate and ferric chloride (32). To
begin this study, we sought to verify that this activity was depen-
dent upon partially purified HGA-melanin versus another super-
natant component that might have been in the precipitated sam-
ples. Thus, we compared acid-precipitated material obtained
from wild-type 130D versus lly mutant supernatants for their abil-
ity to reduce Fe’ ™. Whereas 130b samples reduced ferric nitrate,
ferric chloride, ferric ammonium citrate, and ferric pyrophos-
phate, the nonpigmented mutant samples had a level of activity
that was no greater than that of the PBS control (Fig. 1A). Next, in
order to determine if pyomelanin itself reduces ferric iron or is
merely required for the activity of a coprecipitating substance, we
used pure HGA to generate HGA-melanin in the test tube and
then tested the ability of the synthetic HGA-melanin to mediate
ferric iron reduction. Synthetic HGA-melanin had activity against
all of the iron substrates (Fig. 1B). Ferric iron reduction was also
seen when we tested pure, unpolymerized HGA (Fig. 1B). In fact,
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the activity of HGA was greater than that of HGA-melanin, sug-
gesting that some reducing capacity is lost when HGA is oxidized
and polymerized. Also, HGA, unlike HGA-melanin, showed
greater activity against ferric nitrate and ferric chloride than
against ferric ammonium citrate and ferric pyrophosphate. Taken
together, these data indicate that both the HGA-melanin and un-
polymerized HGA present in L. pneumophila supernatants can
directly mediate the reduction of ferric iron.

HGA-melanin and HGA promote iron uptake by Legionella.
We hypothesized that the ability of HGA-melanin and HGA to
reduce extracellular ferric iron sources would generate ferrous
iron that can be internalized by L. pneumophila via its FeoB trans-
port system. To test this hypothesis, bacteria that had been grown
in deferrated CDM and washed to remove conditioned medium
(which contains legiobactin and potential reducing agents, e.g.,
glutathione) were suspended in buffer containing radiolabeled
ferric chloride and then incubated in the presence or absence of
HGA-melanin, unpolymerized HGA, or the known reducing
agent vitamin C. At various times, the level of cell-associated ra-
diolabel was determined. After 60 and 120 min of incubation,
HGA, synthetic HGA-melanin, and HGA-melanin from L. prneu-
mophila culture supernatants all significantly increased the
amount of radiolabeled iron taken up by wild-type strain 130b
(Fig. 2A and 3A). Although enhanced iron uptake was seen for a
variety of mutants lacking membrane proteins (see Fig. S1 in the
supplemental material), HGA and HGA-melanin did not increase
iron uptake by a feoB ferrous iron transport mutant (Fig. 2B and
3B). Thus, the enhanced uptake exhibited by wild type upon ex-
posure to HGA and HGA-melanin was due to increased levels of
available ferrous iron. Compatible with this conclusion, there was
no enhancement of uptake by 130D if the radiolabel presented to
the bacterium was already in the ferrous form (see Fig. S2 in the
supplemental material). In terms of its iron uptake, the nonpig-
mented /ly mutant behaved similarly to parental strain 130b (Fig.
2C and 3C), indicating that the ability to take up the Fe** that is
generated by HGA or HGA-melanin is independent from the bac-
terium’s ability to produce HGA.

HGA and HGA-melanin most likely promote iron uptake by
strain 130b by acting upon extracellular Fe**, with the Fe*" made
moving toward the bacterial surface and then crossing the cell
envelope. However, it is formally possible that exposure to HGA
and HGA-melanin induces a change in the bacterial surface trig-
gering an alternative iron reduction and/or uptake pathway. To
distinguish between these possibilities, 130b bacteria were prein-
cubated with HGA, synthetic HGA-melanin, or the vitamin C
control for 2 h (to allow for a possible association with or modi-
fication of the bacterial cell), then washed to remove all unbound
reducing agents, and finally, incubated with radiolabeled FeCl,. In
contrast to results obtained when bacteria were exposed to HGA
or HGA-melanin at the same time as radiolabeled iron (Fig. 2),
preincubation with HGA or the pyomelanin (or vitamin C) did
not enhance iron uptake over that observed with the PBS control
(see Fig. S3 in the supplemental material). Thus, HGA-melanin
and HGA enhance iron assimilation and do so by generating Fe**
in a form that is compatible with uptake.

HGA and HGA-melanin also promoted iron uptake by L.
pneumophila Philadelphia 1 and Los Angeles 1 (Fig. 4), and a sim-
ilar result was obtained when we examined several other Legionella
species, i.e., L. anisa, L. jamestowniensis, and L. micdadei (see Fig.
$4 in the supplemental material). That L. micdadei does not pro-
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FIG 2 Effect of HGA and synthetic HGA-melanin on iron uptake by L. pneu-
mophila 130b. Wild-type (WT) strain 130b (A), feoB mutant strain NU269 (B),
and lly mutant strain NU408 (C) that had been grown in deferrated CDM and
then resuspended in buffer were mixed with >>FeCl, in the presence of PBS
(white bars), synthetic HGA-melanin (stippled bars), unpolymerized HGA
(bars with diagonal lines), or vitamin C (hatched bars), and after 0, 60, and 120
min of incubation, the levels of intracellular radiolabeled iron were deter-
mined. The data represent the means and standard deviations obtained from
triplicate samples. In panels A and C, HGA, synthetic HGA, and vitamin C
resulted in significantly greater levels of iron uptake relative to the level for the
PBS control (***, P < 0.001).

duce pigment (40, 41) indicates, once again, that the ability to take
up Fe*" generated by HGA or HGA-melanin is independent from
a bacterium’s ability to produce HGA and pyomelanin. In sum,
the ability of HGA and HGA-melanin to promote iron uptake is
not peculiar to L. pneumophila strain 130b and may, in fact, be
conserved across the Legionella genus.

HGA-melanin can stimulate L. pneumophila growth under
low-iron conditions. When strain 130b was grown in CDMP sup-
plemented with ferric chloride, HGA-melanin was detected in su-
pernatant fractions that were >50 kDa, 10 to 30 kDa, 3 to 10 kDa,
and <3 kDa (Fig. 5A). These findings were compatible with the
variable size that has been observed for HGA-melanin and other
melanins (32). No melanin was detected in the 30- to 50-kDa
fraction (Fig. 5A), suggesting that the polymers of HGA-melanin
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FIG 3 Effect of bacterial HGA-melanin on iron uptake by L. pneumophila
130b. Wild-type strain 130b (A), feoB mutant strain NU269 (B), and Illy mutant
strain NU408 (C) that had been grown in deferrated CDM and then resus-
pended in buffer were mixed with *FeCl, in the presence of PBS (white bars),
acid-precipitated HGA-melanin obtained from 130b culture supernatants
(black bars), or acid-precipitated material from /ly mutant strain NU408 cul-
ture supernatants (bars with horizontal lines), and after 0, 60, and 120 min of
incubation, the levels of intracellular radiolabeled iron were determined. The
data are the means and standard deviations obtained from triplicate samples.
In panels A and C, 130b melanin resulted in greater levels of uptake relative to
those for the mutant sample and the PBS control (***, P < 0.001).

that are =30 kDa may self-aggregate in a specific manner or form
large complexes with other components of the supernatant, such
that the HGA-melanin shows a discontinuous distribution of
sizes. Interestingly, all of the HGA-melanin-containing fractions,
but not the 30- to 50-kDa fraction, contained significant amounts
of iron (Fig. 5B), with approximately one-half of that iron being in
the ferrous form (Fig. 5C compared to B). Eighty-three percent of
the total iron was in the >50-kDa, 10- to 30-kDa, and 3- to 10-kDa
fractions, and the remaining 27% was in the <3-kDa fraction,
indicating that the majority of the iron in the culture supernatants
was not free ferric chloride or in low-molecular-mass chelates. In
contrast, the >50-kDa, 10- to 30-kDa, and 3- to 10-kDa fractions
obtained from cultures of the nonpigmented /Iy mutant had sig-
nificantly less iron, and in the case of the 10- to 30-kDa fraction,
no iron was detected (Fig. 5B and C). Unlike the wild-type situa-
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FIG 4 Iron uptake by other L. pneumophila strains upon exposure to HGA
and HGA-melanin. Strains Philadelphia 1 (Phil 1) (A) and Los Angeles 1 (LA
1) (B) that had grown in deferrated CDM were mixed with >*FeCl, in the
presence of either PBS (white bars), synthetic HGA-melanin (stippled bars),
unpolymerized HGA (bars with diagonal lines), or vitamin C (hatched bars),
and after 0, 60, and 120 min of incubation, the levels of intracellular radiola-
beled iron were determined. The data are the means and standard deviations
from triplicate samples. In panels A and B, HGA, synthetic HGA, and vitamin
Cresulted in levels of iron uptake greater than the level for the PBS control (**,
P <0.01; 9%, P < 0.001).

tion, most of the iron in the Ily mutant supernatants was in the
<(3-kDa fraction. Taken together, these data suggested that when
L. pneumophila grows in culture, a substantial portion of the avail-
able iron associates, directly or indirectly, with HGA-melanin.
When L. pneumophila is grown in low-iron BYE medium and
then inoculated into deferrated CDM, the bacteria become iron
starved and exhibit very minimal growth, unless the CDM is sup-
plemented with an iron source (Fig. 6A). To determine if the iron
that associates with secreted HGA-melanin is capable of stimulat-
ing bacterial growth, we examined the various supernatant frac-
tions described above for their ability to stimulate the growth of
strain 130b in the deferrated CDM. The >50-kDa (Fig. 6B), 10- to
30-kDa (Fig. 6D), and 3- to 10-kDa (Fig. 6E) fractions obtained
from wild-type supernatants, which contained both iron and
HGA-melanin, significantly improved the growth of the iron-
starved legionellae above that observed with the deferrated CDM
control. The wild type’s 30- to 50-kDa supernatant fraction, which
contained neither iron nor HGA-melanin, gave no growth stim-
ulation (Fig. 6C). In marked contrast to the results obtained with
wild type, the >50-kDa (Fig. 6B) and 3- to 10-kDa (Fig. 6E) frac-
tions obtained from cultures of the nonpigmented /Iy mutant
stimulated growth to a significantly lesser degree, and in the case
of the mutant’s 10- to 30-kDa fraction, there was no growth en-
hancement at all (Fig. 6D). When the <3-kDa fractions were
tested, the mutant sample promoted growth to a slightly greater
degree than did the wild-type sample (Fig. 6F), in line with the
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FIG 5 Association of iron with bacterial HGA-melanin. Wild-type strain 130b
(black bars) and lly mutant strain NU408 (bars with horizontal lines) were
grown in CDMP supplemented with FeCl, for 3 days at 37°C, and then cell-free
supernatants were collected and consecutively filtered through 50-, 30-, 10-,
and 3-kDa cellulose filters. For each fraction, the amount of HGA-melanin was
determined by measuring the OD,, of the sample (A), the level of total asso-
ciated iron was determined by the ferrozine assay in the presence of the reduc-
ing agent vitamin C (B), and the amount of associated ferrous iron was ascer-
tained by the ferrozine assay in the absence of vitamin C (C). The data are the
means and standard deviations obtained from triplicate samples. In panel A,
all wild-type fractions contained more pigment than did the corresponding
mutant samples (***, P < 0.001), with the exception of the 30- to 50-kDa
fraction, which was devoid of melanin in both cases. In panels B and C, the
>50-kDa, 10- to 30-kDa, and 3- to 10-kDa fractions of the wild type contained
more iron than did the corresponding fractions of the mutant (***, P < 0.001),
whereas the <3-kDa fraction of the mutant had more total iron than that of the
wild type (***, P < 0.001).

larger amount of iron in that mutant sample. Together, these data,
especially those obtained when examining the 10- to 30-kDa frac-
tions, indicate that HGA-melanin can stimulate the growth of L.
pneumophila under iron-limiting conditions. Given the ability of
HGA-melanin to associate with iron, mediate ferric iron reduc-
tion, and then promote ferrous iron uptake, we infer that the
growth stimulation caused by HGA-melanin is due to increased
iron assimilation.

The production of HGA-melanin and the elaboration of sid-
erophore activity are inversely related. Given the ability of HGA-
melanin to promote iron uptake and bacterial growth under iron-
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limited conditions, we hypothesized that the production of the
pyomelanin might be complementary to that of the L. prneumo-
phila siderophore; i.e., HGA-melanin levels would be increased in
strains that do not elaborate legiobactin. Indeed, an /bfA mutant
produced 3- to 4-fold more HGA-melanin than did wild-type
strain 130b and nearly as much as did a hyperpigmented hmgA
mutant (Fig. 7A). When an intact copy of [btA was introduced into
the legiobactin mutant on a multicopy plasmid, there was a large
drop in pyomelanin production, compatible with hyperexpres-
sion of siderophore activity in the complemented mutant (10)
(Fig. 7A). As expected, the increase in HGA-melanin production
associated with the loss of IbfA was abolished when the Iy gene was
also mutated in an IbtA lly double mutant (Fig. 7A). In light of
these results, we examined whether or not legiobactin levels were
altered in the Ily and hmgA mutants. Although the nonpigmented
Ily mutant did not exhibit increased levels of siderophore activity,
the hyperpigmented hmgA mutant (but not its hmgA-comple-
mented derivative) did display significantly lower levels of sidero-
phore (Fig. 7B). Interestingly, the IbtA Ily double mutant showed
an increased level of CAS reactivity compared to that of the IbtA
mutant (P < 0.05), suggesting that the loss of HGA-melanin
might trigger the production of an additional, as-yet-unknown
siderophore (Fig. 7B). The apparent inverse relationship between
the production of HGA-melanin and the elaboration of sidero-
phore activity further indicates that the pyomelanin can be in-
volved in iron assimilation by L. pneumophila.

HGA and HGA-melanin release iron from naturally occur-
ring iron chelates. Within the mammalian host, the vast majority
of iron is tightly bound by protein iron chelators, such as (holo-)
transferrin and ferritin (42). Furthermore, ferritin levels are ele-
vated in the serum of some Legionnaires’ disease patients (43).
Therefore, we next determined whether HGA and HGA-melanin
are capable of releasing and reducing iron from purified ferritin
and transferrin. HGA, synthetic HGA-melanin, and HGA-mela-
nin precipitated from wild-type 130b culture supernatants all
were capable of releasing ferrous iron when mixed with purified
ferritin (Fig. 8A). In a similar vein, HGA and the HGA-melanins
were able to release and reduce iron from purified transferrin (Fig.
8B). In contrast, acid-precipitated materials obtained from Ily
mutant supernatants did not show any activity against ferritin or
transferrin (Fig. 8).

Within many aquatic habitats, iron is in its ferric form as in-
soluble minerals, such as ferric hydroxide (44). Thus, we next
sought to determine if HGA and HGA-melanin were capable of
releasing ferrous iron from ferric hydroxide. However, when the
purified reagents were mixed together in the test tube, the ferric
hydroxide appeared to remain completely insoluble and no solu-
ble iron was detected (data not shown). Therefore, we cultured L.
pneumophilain CDMP with ferric hydroxide added and examined
culture supernatants for the presence of solubilized iron. The pig-
mented supernatants obtained from wild-type strain 130b cul-
tures contained approximately 6-fold more total iron than did the
nonpigmented supernatants obtained from Ily mutant cultures
(Fig. 9A). Essentially, the same result was obtained when we spe-
cifically examined the supernatants for levels of ferrous iron (Fig.
9B). Taken together, these data indicate that HGA and HGA-mel-
anin produced by L. pneumophila are capable of reducing and
releasing the iron contained within iron chelates that the bacte-
rium likely encounters within both its natural aquatic habitats and
its mammalian hosts.
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FIG 6 Effect of HGA-melanin on L. pneumophila growth under iron-limited conditions. Wild-type strain 130b that had been grown in non-iron-supplemented
BYE was inoculated into deferrated CDM that was supplemented with an additional aliquot of deferrated CDM (black triangles), standard CDM which contains
iron (open squares, in panel A only), ora CDMP culture supernatant fraction that was obtained from 130b (black circles) or the lly mutant NU408 (black squares)
and that was either >50 kDa (B), 30 to 50 kDa (C), 10 to 30 kDa (D), 3 to 10 kDa (E), or <3 kDa (F) in size. Samples were incubated at 37°C for up to 40 h, and
bacterial growth was monitored by measuring the OD 4, of the cultures. Data are the means and standard deviations from 3 to 4 replicates, although all the error
bars are too small to be seen above the data point symbols. In panels B, D, and E, the cultures treated with the melanin-containing supernatant fractions from the
wild type grew better than did those cultures supplemented with either supernatant material from the /ly mutant or deferrated CDM (*, P < 0.05). In panel F, the
cultures treated with the fraction from the mutant grew better than did those cultures supplemented with either supernatant material from the wild type or

deferrated CDM (*, P < 0.05).

DISCUSSION

Summarizing the results of this study, we have demonstrated that
secreted HGA and HGA-melanin (i) directly mediate the reduc-
tion of ferric iron substrates, including ones that L. pneumophila
likely encounters in natural aquatic and mammalian host envi-
ronments, (ii) enhance iron uptake by Legionella strains, because
of the ferrous iron generated by the reduction reactions, (iii) stim-
ulate L. pneumophila growth under iron-limiting conditions, and
(iv) are made in inverse fashion to secreted siderophore activity.
In light of these data, we conclude that HGA and HGA-melanin
are key components of L. pneumophila iron acquisition. Thus,
upon encountering ferric iron in its extracellular milieu, L. pneu-
mophila appears to have at least two options for iron acquisition.
The first pathway, as we previously described, entails chelation of
the Fe’™ by legiobactin and then the subsequent binding of the
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ferrisiderophore to the LbtU receptor on the bacterial surface (9
13). The second pathway, identified here, involves reduction of
the ferric iron source by HGA or HGA-melanin and then subse-
quent uptake of the generated ferrous iron via the FeoB pathway.
Although we know that FeoB is the inner membrane transporter
for the ferrousiron (16), the identity of the outer membrane porin
is unknown for L. pneumophila, as it is for the many other FeoB-
containing bacteria. That all three of the other Legionella species
tested were able to utilize HGA-melanin for enhanced iron uptake
suggests that this second pathway for iron assimilation is present
in many, if not all, other legionellae. Given the critical role of iron
acquisition in L. pneumophila growth, we suspect that the function
of HGA and HGA-melanin uncovered here is relevant to the nat-
ural ecology and pathogenesis of the bacterium. Supporting this
viewpoint are the findings that genes involved in HGA production
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FIG 7 Relationship between secreted HGA-melanin and siderophore activity.
As indicated, wild-type strain 130b, [btA mutant strain NU302, complemented
(comp.) IbtA mutant strain NU302, hmgA mutant strain NU326, comple-
mented hmgA mutant strain NU326, IbtA lly double mutant strain NU424, and
lly mutant strain NU408 were grown in deferrated CDMP for 24 h, and then
the levels of HGA-melanin (A) and relative siderophore activity (B) in cell-free
supernatants were determined by measuring the OD,,, and CAS reactivity,
respectively. The data are the means and standard deviations from duplicate
samples. All mutant and complemented mutant strains had levels of pigment
and siderophore activity that were different from those of the wild type (***,
P <0.001; %, P <0.05).

are expressed in L. pneumophila biofilms and in Legionella-in-
fected macrophages and the pigment is seen in L. pneumophila-
infected lungs and sputum (6, 31, 45-47). That nonpigmented
mutants are still able to grow in amoebae and macrophage host
cells (28, 30, 36) is compatible with the fact that the bacterium has
multiple means of iron uptake. Indeed, siderophore mutants are
also not impaired for intracellular infection (10).

To our knowledge, the data reported here represent the first
documentation of a role for HGA and a pyomelanin in bacterial
iron acquisition and assimilation. The fact that many other bacte-
ria, including a variety of environmental bacteria as well as several
key (plantand/or animal) pathogens, produce HGA-melanin (32)
suggests that our observations have broad implications and other
bacteria should be tested for the role of their secreted HGA in iron
acquisition. Aside from L. pneumophila, the one bacterium whose
secreted HGA-melanin has been studied at a functional level is the
Gram-negative, environmental bacterium Shewanella algae; in
that case, the pyomelanin provides a soluble electron shuttle or a
membrane-associated electron conduit to reduce ferric iron to get
energy (48, 49). Among the other bacteria known to produce
HGA-melanin, key human pathogens include Burkholderia ceno-
cepacia, Pseudomonas aeruginosa, and Vibrio cholerae (32, 50-53).

In considering the mechanism by which HGA and HGA-mel-
anin promote iron acquisition, it would appear that they, by virtue
of their ferric iron reduction reactions, generate ferrous iron that
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FIG 8 Effect of HGA and HGA-melanin on host iron chelates. As indicated,
HGA-melanin obtained from wild-type strain 130b supernatants (WT Sup’t),
acid-precipitated material obtained from /ly mutant strain NU408 superna-
tants (I/ly Sup’t), synthetic HGA-melanin (Syn. HGA-melanin), unpolymer-
ized HGA (HGA), or the PBS control (PBS) was mixed with ferritin (A) or
transferrin (B), and then after 24 h at 37°C, the amount of ferrous iron gener-
ated and released into solution was determined by the ferrozine assay. The data
are the means and standard deviations obtained from triplicate samples. The
levels of ferrous iron generated by HGA, synthetic HGA-melanin, and bacte-
rial HGA-melanin were greater than those produced by the mutant sample and
the PBS control (***, P < 0.001).

PBS

diffuses to the bacterial surface and is internalized through the
yet-to-be-defined outer membrane porin/channel. However,
since Fe*" is generally not stable at neutral pH under aerobic
conditions, this mechanism may not be able to fully explain our
results. Given the finding that iron associates with the HGA-mel-
anin in the bacterial culture supernatants, it is also possible that
the pyomelanin provides a shuttle or trap protecting and bringing
the ferrous iron closer to the surface of L. pneumophila. In support
of this type of scenario, we observed that HGA-melanin promoted
iron uptake to the same degree as the stronger reducing agents
vitamin C and unpolymerized HGA (compare Fig. 1 and 2). Thus,
the amount of iron assimilated by the bacterium may not be solely
dependent on the concentration of the Fe>™ generated but may be
influenced by the polymerized status of the reducing agent or the
nature of a HGA-melanin complex. Other pyomelanins present in
the soil have been linked to the sequestration of other metals,
including uranium, molybdenum, lead, bismuth, and arsenic
(54). In thinking about the ferric iron reduction reaction itself, it is
possible that HGA and HGA-melanin do not always act alone; e.g.,
a secreted protease of L. pneumophila that degrades transferrin
(55) may improve the access of HGA to the ferric iron in that host
iron chelate.

Over the years, a wide variety of activities have been linked to
microbial melanins and pigments overall (33, 56, 57). In addition
to the link between L. pneumophila HGA-melanin and resistance
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FIG 9 Effect of bacterial HGA-melanin on ferric hydroxide. As indicated,
wild-type strain 130b and Ily mutant strain NU408 were grown in CDMP
containing added ferric hydroxide (1%, wt/vol), and then after 72 h of incu-
bation at 37°C, the levels of total iron in cell-free culture supernatants were
determined by the ferrozine assay in the presence of the reducing agent vitamin
C (A) and the level of ferrous iron in cell-free supernatants was ascertained by
the ferrozine assay in the absence of vitamin C (B). Data are the means and
standard deviations obtained from triplicate samples. The levels of iron re-
leased into the supernatant were greater for the wild type than the mutant (***,
P <0.001).

to light that was mentioned in the introduction (36), microbial
melanins have been linked to antioxidant and antiphagocytic ac-
tivities and the ability to blunt antimicrobials. Other virulence-
related functions ascribed to different types of microbial pigments
include cytotoxicity, disabling of ciliary action, induction of apop-
tosis, induction of inflammation, and immunosuppression (57).
Thus, finding a role for HGA-melanin in L. prneumophila iron
assimilation significantly increases our appreciation for what pig-
ments do for microorganisms and pathogens.
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