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Abstract: The heme acquisition system A protein secreted by
Pseudomonas aeruginosa (HasAp) can capture several syn-
thetic metal complexes other than heme. The crystal structures
of HasAp harboring synthetic metal complexes revealed only
small perturbation of the overall HasAp structure. An inhib-
itory effect upon heme acquisition by HasAp bearing synthetic
metal complexes was examined by monitoring the growth of
Pseudomonas aeruginosa PAO1. HasAp bound to iron–
phthalocyanine inhibits heme acquisition in the presence of
heme-bound HasAp as an iron source.

The heme acquisition system A (HasA) protein is a hemo-
phore secreted by some pathogenic bacteria with a heme
acquisition (Has) system such as Pseudomonas aeruginosa,[1]

Serratia marcescens,[2] Pseudomonas fluorescens,[3] and Yer-
sinia pestis[3b, 4] (Figure 1). Under the low-iron conditions
found in animal cells, these bacteria secrete HasA to capture
heme from their hosts as an iron source.[2b] The heme captured
by HasA is transferred to a hemophore-specific outer-
membrane receptor called HasR.[5] HasA-type hemophores

have attracted much attention for their heme acquisition from
target hemoproteins such as hemoglobin in the hosts[2b] and
for the transfer of heme from HasA to HasR.[6] The crystal
structure of the heme-bound form (holo form) of the
hemophore from S. marcescens (HasAsm) was first solved by
Arnoux et al.[7] HasAsm binds heme through two loops with
coordination of Tyr75 and His32 to the heme iron center.[7]

The overall structure of HasAsm bound to heme resembles “a
fish biting the heme”.[7] Subsequently, Alontaga et al.
reported the crystal structure of the hemophore from P.
aeruginosa (HasAp).[8] The structures of these two hemo-
phores are essentially identical.

The crystal structures of the holo forms of HasA proteins
show that the captured heme moiety is highly solvent
exposed; not only the propionate groups but also the edges
of the heme pyrrole rings A, C, and D can be seen from
outside (Figure 1). This unique fashion of heme binding, like
a pair of tweezers griping the heme, suggests that metal
complexes with different structures to heme could be
accommodated by HasA proteins. Because the heme-free
form (apo form) of HasA exhibits an open conformation with
a large rearrangement of the His-32 loop (Figure 1),[9] even
relatively bulky metal complexes could enter the heme

Figure 1. The Has system in P. aeruginosa. Under low-iron conditions,
P. aeruginosa secretes apo-HasAp (PDB ID: 3MOK), which captures
heme (PDB ID: 3ELL); the resulting holo-HasAp delivers the captured
heme to the specific outer membrane receptor, HasR, on P. aeruginosa.
In holo-HasAp, His32 and Tyr75 coordinate to the heme iron atom. In
the bound heme, the edges of the pyrrole rings A, C and D are highly
solvent exposed.
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binding pocket. These considerations led us to investigate
whether HasA could capture metal complexes other than
heme. We were also interested in how the addition of
synthetic metal complexes to HasA might affect the transfer
of heme from HasA to HasR. We report herein that the
hemophore from P. aeruginosa (HasAp) can capture several
metal complexes including Fe–phthalocyanine (Fe–Pc) with-
out any structural perturbation and the resulting Fe–Pc-
bound HasAp markedly inhibits the growth of P. aeruginosa
even in the presence of heme-bound HasAp.

First, we investigated whether HasAp interacts with
synthetic metal complexes that have different structures to
heme by subjecting a simple mixture of 3.5 mm apo-HasAp and
a methanolic solution of metal complexes (2.7 equiv) to
electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS; (Figure 2a–e). With heme, the intensity
ratio of apo-HasAp to holo-HasAp was 1:0.6 under the
conditions examined (Cone voltage: 45 V). Under similar
conditions, the synthetic metal complexes iron mesoporphyr-
in IX (Fe–MPIX), iron 2,3,7,8,12,13,17,18-octaethyl-
21H,23H-porphyrin (Fe–OEP), and iron N,N’-disalicylal-
1,2-phenylenediamine (Fe–salophen) gave peaks correspond-
ing to holo-HasAp formation, whereas iron tetraphenylpor-
phyrin (Fe–TPP) showed only the peak for apo-HasAp

(Figure 2a–e). The intensity of the peaks for holo-HasAp

bound to these metal complexes was comparable to or even
larger than that measured with heme, thus indicating that the
complexes of HasAp with Fe–MPIX, Fe–OEP, or Fe–salophen
are relatively stable[10] (Figure 2a–e, the UV/Vis spectra of
samples used for ESI-TOF-MS are shown in Figure S1 in the
Supporting Information). In fact, we have succeeded in
purifying HasAp bound to these metal complexes by column
chromatography.

UV/Vis spectra of HasAp bound to metal complexes after
purification are shown in Figure S2. A titration experiment
showed 1:1 binding of HasAp and the metal complexes (see
Figure S3). These results suggest that HasAp can capture
these metal complexes, which have a planar structure, in the

same fashion as with heme. We have further succeeded in
crystalizing HasAp bound to Fe–salophen and Fe–MPIX
(Figure 3a, b). The crystal structures show clear electron
densities assignable to Fe–salophen (Figure 3d) and Fe–
MPIX (Figure 3e) at the heme-binding position. The overall
structures of Fe–salophen-bound HasAp and Fe–MPIX-
bound HasAp are essentially identical to that of heme-
bound HasAp (root-mean-square deviation (RMSD) over 2–
184 amino acid residues for Ca atoms: 0.810 for Fe–salophen
and 0.443 for Fe–MPIX), whereas the His32 loop in Fe–
salophen-bound HasAp is clearly shifted inwards as a result of
induced-fit binding to accommodate a small metal complex
(Figure S4). Both Tyr75 and His32 bind to the iron atoms of
Fe–salophen and Fe–MPIX. The location of Fe–MPIX is
identical to that of heme but Fe–MPIX is captured in a reverse
orientation relative to that of heme (minor orientation;
Figure 3k and Figure S4), possibly as a result of steric
repulsion between the two ethyl groups of Fe–MPIX, which
protrude out of the porphyrin plane. This observation
indicates that heme binding by HasAp is regulated by
recognition of the vinyl groups of the heme so that heme
can only be bound in a single orientation. Although the
structure of Fe–salophen is largely different from heme, Fe–
salophen was similarly captured by HasAp. The central phenyl
ring of the salophen ligand was accommodated in the
hydrophobic pocket composed of Phe46, Tyr56, Leu85,
His134, Val137, and Met141 located deep in the heme binding
site (Figure 3g). This interaction seems to be a key interaction
in the binding of Fe–salophen and leads to a single orientation
of Fe–salophen in HasAp.

Given the crystal structure of HasAp bound to Fe–
salophen, it is intriguing to examine binding of Fe–phthalo-
cyanine (Fe–Pc) to HasAp because the structure of Fe–Pc is
similar to that of Fe–salophen and the crystal structures
shown in Figure 3 suggest that there is enough space to
accommodate Fe–Pc, which bears a large p-plane. Phthalo-
cyanine is a highly hydrophobic molecule with a large planar
structure and is thus insoluble in water; it is even difficult to

Figure 2. Positive mode ESI-TOF-MS spectra of the mixtures of apo-HasAp and the metal complexes: a) hemin; b) Fe–MPIX·Cl; c) Fe–OEP·Cl;
d) Fe–TPP·Cl; and e) Fe–salophen·Cl. The sample mixture was prepared by adding 100 mL (2.7 equiv) of metal complexes dissolved in methanol to
a solution of purified apo-HasAp in ammonium acetate buffer (5 mm, 3.5 nmol, 900 mL). Cone voltage was fixed at 45 V. The molecular weight of
apo-HasAp was calculated to be 19034.77 Da based on its amino acid sequence. f) Positive mode ESI-TOF mass spectrum of purified HasAp

harboring Fe–Pc in 5 mm ammonium acetate buffer. The concentration of HasAp with Fe–Pc was 4.5 mm. The exact masses of the metal
complexes are 616.18 Da (heme), 620.21 Da (Fe–MPIX), 588.29 Da (Fe–OEP), 668.17 Da (Fe–TPP), 370.04 Da (Fe–salophen), and 568.08 Da (Fe–
Pc).
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dissolve Fe–Pc in methanol, mainly because of a strong
stacking interaction. We thus had to use other polar organic
solvents to dissolve the Fe–Pc. Because apo-HasAp did not
aggregate even in 50 % DMSO, we used a DMSO solution of
Fe–Pc to examined the binding of Fe–Pc to apo-HasAp Fe–Pc-
bound HasAp was stable even after the removal of DMSO by
dialysis (Figure 2 f, Figure S2). The crystal structure of Fe–Pc-
bound HasAp showed clear electron density for Fe–Pc and the
binding fashion was similar to that of Fe–salophen (Fig-
ure 3 f). As was observed for Fe–salophen binding, one of the
phenyl rings of Fe–Pc was accommodated in the hydrophobic
pocket in the depths of the heme binding site (Figure 3 i).
Only minor perturbation of the overall structure of HasAp

was observed (Figure 3c and Figure S4). The RMSD over 2–

184 amino acid residues for Ca

atoms against heme-bound
HasAp was estimated to be
0.915.

To examine the effect of
synthetic metal complexes on
the growth of P. aeruginosa, we
cultured P. aeruginosa PAO1 in
the presence of HasAp bound to
the artificial metal complexes
and monitored bacterial growth
through measuring the absorb-
ance of the culture at 600 nm
(OD600; Figure 4 a). Even though
P. aeruginosa did not grow in
a medium containing EDTA as
an iron ion scavenger (Fig-
ure 4a, green line), P. aeruginosa
started to grow following the
addition of heme-bound HasAp

to the medium (Figure 4a, red
line), thus indicating that P.
aeruginosa uses the heme in
holo-HasAp as an iron source.
Growth of P. aeruginosa was also
observed following the addition
of Fe–MPIX-bound HasAp (Fig-
ure 4a, pink line), thus indicat-
ing that Pseudomonas aerugi-
nosa could utilize Fe–MPIX as
an iron source. These results
show that the transfer of heme
from HasAp to HasR as well as
the heme degradation processes
to acquire iron[11] are not much
affected by the substitution of
the two vinyl groups for ethyl
groups. By contrast, for HasAp

bound to Fe–salophen or Fe–Pc,
the OD600 values did not
increase. This suggests either
that Fe–salophen and Fe–Pc are
not transferred to HasR or that
they are transferred to HasR but

the subsequent steps were inhibited (Figure 4c, Steps III, IV,
and V).

To examine the influence of Fe–salophen and Fe–Pc on
the growth of P. aeruginosa, we cultured the bacteria in media
containing both HasAp bound to heme and HasAp bound to
Fe–salophen or Fe–Pc. Interestingly, in the presence of Fe–Pc-
bound HasAp, the OD600 values did not increase at all despite
the presence of heme-bound HasAp (Figure 4b, blue line).
HasAp bound to Fe–salophen did not affect the growth of P.
aeruginosa under these conditions. These results clearly
indicate that HasAp bound to Fe–Pc inhibits heme acquisition
by the Has system. The half-maximal inhibitory concentration
(IC50) was estimated to be 24 nm, thus indicating that Fe–Pc-
bound HasAp efficiently inhibited heme transportation (Fig-
ure S6). No toxicity for the cells of HasAp bound to Fe–Pc was

Figure 3. X-ray crystal structures of HasAp with synthetic metal complexes: Fe–salophen (yellow;
a,d,g, j); Fe–MPIX (pink; b, e, h,k); and Fe–Pc (turquoise; c, f, i, l). In the side views of overall structures
(top row, a–c) HasAp is shown as a ribbon model and the metal complexes as space filling models. In
the top views of the binding sites (second row, d–f), HasAp is shown as a ribbon model and 2Fo-Fc

electron-density maps of the metal complexes contoured at the 1.0s level are shown in gray mesh. In the
third row (g–i), close-up views corresponding to those from the propionate side of the heme are shown,
with the metal complexes and the hydrophobic amino acid residues located in the binding pocket
depicted as stick models. Close-up views of the side of the metal complexes are shown in the bottom
row (j–l), with H32, Y75 and the metal complexes shown as stick models. In the bottom two rows, the
crystal structure of heme-bound HasAp (PDB ID: 3ELL) is superimposed on the stick models and
depicted in light gray. The electron densities from Fo-Fc Fourier synthesis omitting the metal complexes
are presented in the Figure S5. The atomic coordinates and structure factors (codes 3W8M, 3WAH, and
3W8O) have been deposited in the Protein Data Bank.
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observed: there was no growth inhibition by Fe–Pc-bound
HasAp either in the absence of EDTA (i.e., in iron-containing
medium) or in the presence of free Hemin (Figure S7 and S8).
Although further studies on the interaction between HasAp

and HasR, including the transfer of metal complexes from
HasAp to HasR, are required to clarify the mechanism of
inhibition by HasAp bound to Fe–Pc, we propose two
possibilities: 1) Fe–Pc-bound HasAp strongly interacts with
HasR and blocks the specific interaction domain of HasR,
thereby resulting in a strong inhibition of heme transfer from
holo-HasAp to HasR (step III in Figure 4c, Figure 4d); 2) Fe–
Pc is transferred to HasR and blocks the access channel of
HasR because of the higher hydrophobicity of Fe–Pc
compared to heme (step IV in Figure 4c, Figure 4e). Fe–
salophen-bound HasAp did not inhibit the growth of P.
aeruginosa, thus suggesting that Fe–salophen bound to HasA
could not block the specific interaction domain of HasR or
that transferred Fe–salophen was not effective in blocking the
access channel of HasR. It is very interesting that the
inhibitory effect differs depending on the structure of the
metal complexes captured by HasAp.

In conclusion, we have demonstrated that HasAp can
capture several synthetic metal complexes other than heme.
The crystal structures of HasAp bound to Fe–MPIX, Fe–
salophen, and Fe–Pc showed that HasAp captures these metal
complexes in the same fashion as it does heme without any
structural perturbation. We also found that HasAp bound to
Fe–Pc strongly inhibited HasAp-mediated heme acquisition.
These findings contribute to the understanding of heme
transfer from HasA to HasR. Furthermore, we expect that
these observations could lead to the development of a P.
aeruginosa elimination system that doesn’t involve antibiotics.
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