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ABSTRACT: Antibiotic resistance is increasingly seen as a
serious problem that threatens public health and erodes our
capacity to effectively combat disease. So-called non-iron
metalloporhyrins have shown promising antibacterial proper- N
ties against a number of pathogenic bacteria including
Staphylococcus aureus. However, little is known about the
molecular mechanism(s) of action of these compounds and in
particular how they reach the interior of the bacterial cells. A
popular hypothesis indicates that non-iron metalloporphyrins
infiltrate into bacterial cells like a “Trojan horse” using heme
transport systems. Iron-regulated surface determinant (Isd) is
the best characterized heme transport system of S. aureus.
Herein we studied the molecular mechanism by which the
extracellular heme-receptor IsdH-NEAT3 of Isd recognizes
antimicrobial metalloporphyrins. We found that potent antibacterial porphyrins Ga(III)-protoporphyrin IX (PPIX) and Mn(III)-
PPIX closely mimicked the properties of the natural ligand heme, namely (i) stable binding to IsdH-NEAT3 with comparable
affinities for the receptor, (ii) nearly undistinghuishable three-dimensional structure when complexed with IsdH-NEAT3, and
(iii) similar transfer properties to a second receptor IsdA. On the contrary, weaker antibacterial porphyrins Mg(II)-PPIX, Zn(II)-
PPIX, and Cu(II)-PPIX were not captured effectively by IsdH-NEAT3 under our experimental conditions and displayed lower
affinities. Moreover, reduction of Fe(III)-PPIX to Fe(II)-PPIX with dithionite abrogated stable binding to receptor. These data
revealed a clear connection between oxidation state of metal and effective attachment to IsdH-NEAT3. Also, the strong
correlation between binding affinity and reported antimicrobial potency suggested that the Isd system may be used by these
antibacterial compounds to gain access to the interior of the cells. We hope these results will increase our understanding of Isd
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system of S. aureus and highlight its biomedical potential to deliver new and more efficient antibacterial treatments.

Staphylococcus aureus is a commensal organism that colonizes
the anterior nares and skin of about 20—50% of the human
population.' ™ Although its pathogenicity is largely suppressed
in healthy people, S. aureus can cause various life-threatening
disorders such as endocarditis, pneumonia, and septicemia in
immune-depressed individuals.*”® More worrisome is the fact
that strains of S. aureus are gaining resistance against antibiotics
of last resort such as vancomycin’ and methicillin.® Development
of novel drugs and/or vaccines is a necessary step to reduce the
increasing risks posed by this bacterium to public health. It is thus
desirable to expand the repertoire of essential metabolic pathways
at which to aim novel and more sophisticated antibacterial
strategies.

So-called iron-regulated surface determinant (Isd) is an
attractive target against S. aureus because its inactivation would
interfere with the ability of the bacterium to acquire iron
deemed essential for growth.”"" The Isd system comprises
nine protein receptors and transporters that extract, transport,
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and degrade heme molecules from the host organism in order
to utilize, for its own metabolic needs, the iron atom contained
in the heme group (Figure S1).">”'* In the first step, heme is
captured by extracellular IsdH or IsdB receptors attached to the
cell wall. Heme is subsequently transferred to the membrane
complex IsdEF-FhuD (function of membrane protein IsdD is
still unknown) via intermediate transporters IsdA and IsdC. A
common feature among Isd proteins residing in the cell wall
(i.e, IsdH, IsdA, IsdB, IsdC) is that all of them possess one or
more NEAr transporter (NEAT) domains. In particular,
extracellular receptor IsdH possesses three such domains.
NEAT1 and NEAT2 bind hemoglobin (major carrier of heme
molecules in host organism),'> whereas NEAT3 domain (IsdH-
NEAT3) captures heme molecules extracted from hemoglobin
and subsequently transfers them to downstream receptors such
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Figure 1. Crystal structure of IsdH-NEAT3 in complex with Fe(III)-
PPIX. Coordinates were obtained from entry number 2Z6F of the
Protein Data Base.'® Secondary structure is shown in purple. Binding
site is located on the right-low corner, where heme group is shown in
orange and iron ion in red. Residue Tyr642 is shown in black, forming
a coordination bond with the iron atom of the porphyrin moiety.
Val564 occupies a position in the vicinity of the metal coordination
sphere without interacting with the metal. This figure was prepared
with the program Pymol 0.99. The inset depicts the structure of a
canonical metalloporphyrin, which is identical to heme b except that
the iron atom is replaced by another metal.*

as IsdA.'®" Figure 1 shows the structure and binding
conformation of the IsdH-NEAT3-Fe(III)-PPIX complex.'®
Interestingly, IsdH confers S. aureus some ability to evade the
immune system, and thus a precise understanding of heme
binding and transport in this protein could be used to develop
more potent and safer vaccines against S. aureus.">°

In a separate strategy, several research groups have reported
the use of so-called non-iron metalloporphyrins, i.e., porphyrins
containing metals other than iron, as antibacterial weapons.
This strategy was pioneered by Stojiljkovic et al., showing that
some metalloporphyrins severely arrested the growth of Gram-
positive and Gram-negative pathogenic bacteria including
S. aureus.”" Ga(II)-PPIX was considered a particularly
promising antibacterial candidate with potential to enter
the clinical stage because it showed little toxicity toward
human cultured cells up to concentrations 100-fold higher
than those causing growth inhibition in S. aureus. At least two
additional reports have corroborated this initial discovery in
Plasmodium  falciparum and Porphyromonas gingivalis, thus
expanding the range of microorganisms susceptible to these
porphyrin-based compounds.”**> The mechanism by which
they exert their antimicrobial effect is not fully understood,
although it has been proposed that non-iron metalloporphyrins
enter bacterial cells through heme conduits, after which they
cause widespread toxicity by generating reactive oxygen
radicals.** According to the so-called “Trojan horse” hypothesis,
internalization of non-iron porphyrins is facilitated by heme-
import systems.”' We investigated whether these antimicrobial
compounds bind to IsdH-NEAT3, which is the first receptor of
the Isd system of S. aureus.

Herein we report that oxidation state of the metal center of
the porphyrin ring (ie, electrostatic charge) modulates
porphyrin binding to IsdH-NEAT3. We observed that affinity
of porphyrins carrying metals in oxidation state (III) is higher,
and binding more stable, than that of porphyrins containing
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metals in oxidation state (II). Interestingly, these results
mirrored the reported antibacterial potency of non-iron
metalloporphyrins.”’ The crystal structures of IsdH-NEAT3
in complex with Ga(IlI)-PPIX or Mn(III)-PPIX and the
transfer assays to second receptor IsdA revealed that
antibacterial porphyrins closely mimic the properties of the
natural ligand heme. Overall, our results support the hypothesis
that antibacterial porphyrins may utilize Isd system to penetrate
inside S. aureus cells, at least in the initial stages of their advance
toward the inner membrane of the bacteria.

B EXPERIMENTAL PROCEDURES

Metalloporphyrins. Cu(II)-PPIX, Zn(II)-PPIX, Mg(II)-
PPIX, Fe(IIl)-PPIX chloride, and Mn(III)-PPIX chloride were
purchased from Frontier Scientific (Logan, UT). Ga(IIl)-PPIX
hydroxide was szmthesized following the procedure described
by Nakae et al.”

Purification of IsdH-NEAT3. IsdH-NEAT3 comprising
residues Gly-534 to GIn-664 was expressed in Escherichia coli
Rosetta2 (DE3) cells grown in M9 minimal medium as
described elsewhere.”® Purification of IsdH-NEAT3 were
carried out essentially as described previously.'® IsdH-NEAT3
contained an N-terminal hexahistidine that was cleaved off with
protease thrombin to avoid unwanted side effects. Purified
IsdH-NEAT3 was obtained after a size-exclusion chromatog-
raphy step using a HiLoad 16/60 superdex 200 column (GE
Healthcare, Piscataway, NJ) equilibrated with S0 mM phosphate
buffer at pH 7.3.

Purification of apo-IsdA. IsdA encoding residues Ala-47
to Thr-316 was amplified by PCR using KOD-Plus DNA
polymerase (Toyobo, Osaka, Japan) and cloned into a pTAC-
MAT-Tag-2 Expression Vector (Sigma-Aldrich, St. Louis, MO)
using forward primer pTAC-IsdA $-AAAACTCGAGGCAA-
CAGAAGCTACGAACGCAAC-3' and reverse primer pTAC-
IsdA §-CCCGGGAATTCTCATTCTTTAGCTTTAG-3'.
IsdA devoid of heme ligand could not be purified with
satisfactory yields by the same method that was employed with
IsdH-NEAT3. Therefore, Escherichia coli RP523, a strain
permeable to heme, was employed for expression of apo-
IsdA.>® E. coli RP523 cells were grown in terrific broth medium
supplemented with ampicillin (50 ug mL™') and p-glucose
0.4% w/v, at 37 °C under anaerobic conditions (sealed bottle)
at 100 rpm. Cells did not require exogenous heme to grow under
these conditions.”’” When the optical density at 600 nm reached
a value of 1.0, cells were supplemented with IPTG (1.0 mM)
and grown for an additional 20 h at 28 °C. Purification of IsdA
was carried out similarly to IsdH-NEAT3.'® Briefly, cells were
harvested, disrupted by the sonication method in a buffer
containing 20 mM Tris, 200 mM NaCl, and 20 mM imidazol at
pH 7.9, and centrifuged for 30 min at 40000g. The soluble fraction
was loaded in a His-trap column (GE Healthcare, Piscataway, NJ),
washed with lysis buffer containing 30 mM imidazol, and eluted
with lysis buffer containing 200 mM imidazol. N-terminal
polyhistidine tag was cleaved off after a 24 h treatment with the
protease thrombin. Finally, purified apo-IsdA was obtained after a
size-exclusion chromatography step using a HilLoad 16/60
superdex 200 column (GE Healthcare, Piscataway, NJ) equili-
brated with 50 mM phosphate buffer at pH 7.3. The purified apo-
IsdA protein did not contain heme as determined from the UV—
vis spectrum of the protein (see, for example, Figure 8C).

Binding Selectivity. Appropriate amounts of IsdH-
NEAT3 in 50 mM phosphate buffer at pH 7.3 were mixed
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with a freshly prepared solution of metalloporphyrin in DMSO.
Protein and porphyrin concentration were kept in all cases at
molar ratio of 1:1. Fe(II)-PPIX was prepared by supplementing
a solution containing the ferric form with the reducing agent
Na,S,0, at a concentration of S mM. The concentration of
dithionite was kept at 2 mM in all solutions containing Fe(II)-
PPIX. Samples were briefly incubated before being loaded into
a diethylaminoethyl sepharose (DEAE-sepharose) ionic ex-
change column equilibrated with 1.0 M NaCl to remove
unbound (or weakly bound) metalloporphyrin. The flow-
through samples were collected after this brief step and applied
to a 16/60 HiLoad Superdex 200 size-exclusion chromatog-
raphy column equilibrated with 50 mM phosphate buffer at pH
7.3. Real-time chromatograms were recorded at two different
wavelengths: the first one corresponding to the protein (280
nm) and the second one corresponding to the Soret band of
the porphyrin ligand (~400 nm region) in an AKTA Purifier
System (GE Healthcare, Piscataway, NJ) equipped with
multiwavelength monitor system UV-900.

Binding Isotherm. Solutions of metalloporphyrin at a
concentration of 10 uM in phosphate buffer (50 mM, pH 7.3)
were titrated with increasing concentrations of IsdH-NEAT3 in
a manner analogous to that described previously,' except that
we recorded UV—vis spectra of each sample instead of
fluorescence emission. Binding causes an increase in the
molar absorptivity coefficient of the porphyrin ligand that can
be used to estimate the association constant using the equation

A=A + (A, — Ap)((K,[L])/(1 + K,[L])) (1)

where A is absorbance, Af is absorbance of porphyrin in the
absence of receptor, Ay, is absorbance of bound porphyrin, K, is
the association constant, and [L] is concentration of receptor.
Experimental data were fitted to eq 1 with the program Origin
7.0 (Northampton, MA) to obtain the binding constant.

Preparation of Protein Crystals. Purified IsdH-NEAT3
was mixed with 10-fold excess Ga(III)-PPIX or Mn(III)-PPIX
for 1 h. Excess or weakly bound metalloporphyrin was removed
by ionic exchange chromatography in a manner analogous to
that described in the binding selectivity assay above. Single
crystals of protein-porphyrin complexes were obtained in
different precipitant solutions depending on the ligand. Crystals
of IsdH-NEAT3 in complex with Ga(III)-PPIX were grown by
the vapor diffusion method (hanging drop) by mixing
protein-porphyrin complex at concentration of 10 mg mL™
with a precipitant solution containing poly(ethylene glycol)
monomethyl ether 2000 (25—29% w:v), sodium sulfate 0.2 M,
and sodium acetate 0.1 M at pH 4.2. The crystals developed in
1 month to approximate dimensions of 0.2 X 0.2 X 0.1 mm?.
Crystals of IsdH-NEAT3 in complex with Mn(III)-PPIX were
grown analogously in a solution containing poly(ethylene
glycol) monomethyl ether 550 (30% w:v), NaCl 0.1 M, and
bicine 0.1 M at pH 9.0. These crystals reached an approximate
size of 0.1 X 0.1 X 0.02 mm? within 1 month. Suitable crystals
of each complex were harvested, immersed in a solution of
mother liquor supplemented with 20% v:v glycerol for a few
seconds, and subsequently frozen and stored in a vessel
containing liquid N,.

Data Collection and Structure Refinement. Data
collection was carried out in beamlines AR-NE3A and AR-
NWI2A at the Photon Factory (Tsukuba, Japan) under
cryogenic conditions (100 K). X-ray fluorescence confirmed the
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presence of Ga atoms in the protein crystal. Diffraction images
of single crystals of [sdH-NEAT3 in the complex with Ga(III)-
PPIX or Mn(III)-PPIX were processed with the program
MOSFLM”® and merged and scaled with the program SCALA
of the CCP4 suite®® to a nominal resolution of 1.7 and 2.7 A,
respectively. The space group of the crystal containing Mn(III)-
PPIX was confirmed to be P2; with the program HKL2000.
The three-dimensional structure was determined by the
method of molecular replacement using the coordinates of
IsdH in complex with heme (PDB identification code 2Z6F)
with the program PHASER.*® Initial models were further
refined with the programs REFMACS®' and COOT.* The
average B-factors of the refined atoms of metalloporphyrin and
protein are comparable (Table 2), which is consistent with a
full occupancy of the binding pocket of the receptor. The
quality of the final model was assessed with the program
PROCHECK.*> The coordinate and structure factor files
corresponding to the final models have been deposited in the
RCSB Protein Data Bank under accession codes 3QUG (IsdH-
NEAT3-Ga(III)-PPIX complex) and 3QUH (IsdH-
NEAT3-Mn(III)-PPIX complex).

Transfer to Second Receptor IsdA. Transport of metal-
loporphyrins from IsdH-NEAT3 to apo-IsdA was measured
according to the methodology described by Liu et al.>* Holo-
IsdH-NEAT3 (porphyrin bound) and apo-IsdA (ligand free)
were mixed at a concentration of 10 uM in 0.5 mL solution
containing 50 mM sodium phosphate at pH 7.3 at a
temperature of 25 °C for 2 or 5 min. The proteins were then
separated by ion-exchange chromatography in a DEAE column.
The experimental conditions were adjusted in such a way that
IsdH-NEATS3, but not IsdA, binds to the affinity column.
IsdA was thus recovered in the flow-through, whereas IsdH-
NEAT3 was eluted with a solution containing 500 mM NaCl
The quantitative separation of the two proteins was
confirmed by SDS-PAGE (results not shown). The relative
amount of metalloporphyrin transferred from IsdH-NEAT3
to second receptor IsdA was estimated from the decrease
of the intensity of the Soret band in the 400 nm region
(Fe(II1)-PPIX, 400 nm; Ga(III)-PPIX, 420 nm; and Mn(III)-
PPIX, 375 nm).

B RESULTS AND DISCUSSION

Non-iron metalloporphyrins are antibacterial compounds that
inhibit growth of pathogenic bacteria.*" It is believed that these
porphyrins penetrate the bacterial cells through constitutive
heme conduits.”"** Tron-regulated surface determinant (Isd) is
the main heme portal in Staphylococcus aureus, and IsdH-
NEAT3 the first receptor that heme encounters in its route to
the interior of the cell. Herein we have investigated the
attachment of antibacterial analogues of heme to receptor
IsdH-NEAT3 because this receptor is a potential hot spot in
the transportation pathway.

We first tested the ability of IsdH-NEAT3 to capture up to
six different types of metalloporphyrins—Fe(1II)-PPIX (heme),
Ga(IIT)-PPIX, Mn(III)-PPIX, Cu(II)-PPIX, Mg(II)-PPIX, and
Zn(I1)-PPIX—by a combination of ionic-exchange chromatog-
raphy and size-exclusion chromatography. NEAT3 domain was
briefly incubated with each metalloporphyrin, and the mixture
was passed through an ionic exchange DEAE column to remove
unbound or weakly bound metalloporphyrin. Eluted fractions
from DEAE column were further subjected to size-exclusion
chromatography (Figure 2A). This rigorous methodology
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Figure 2. IsdH-NEAT3 selects porphyrins containing metal in oxidation state (II) but not oxidation state (II). (A) Experiment design. Protein
was briefly incubated with metalloporphyrin, followed by anion-exchange chromatography step to remove excess or weakly bound ligand, and
flow-through subjected to size-exclusion chromatography. (B—G) Size-exclusion chromatography of IsdH-NEAT3 in complex with
metalloporphyrins: (B) Fe(IlI)-PPIX, (C) Ga(Ill)-PPIX, (D) Mn(IIl)-PPIX, (E) Cu(Il)-PPLX, (F) Mg(Il)-PPIX, and (G) Zn(II)-PPIX. Black
traces correspond to absorbance of the protein recorded at 280 nm. Red traces correspond to absorbance of metalloporphyrin at its characteristic

Soret band maximum.

identified metalloporphyrins stably bound to IsdH-NEAT3 by
simply comparing their elution profile in a gel-filtration
experiment. When ligand was effectively captured by the
receptor, both protein and porphyrin appeared together in the
same elution peak of the gel-filtration experiment. Conversely,
nonspecific or weakly bound porphyrin ligands either detached
during the first DEAE chromatographic step or appeared at
longer retention times.'®

Figure 2B shows a typical size-exclusion of chromatogram of
IsdH-NEAT3 incubated with the natural ligand Fe(III)-PPIX.
Two elution peaks appeared simultaneously at 90 mL. These
peaks corresponded to protein (280 nm) and Soret band of
iron porphyrin (400 nm). This experiment demonstrated that
porphyrin remained attached to IsdH-NEAT3 after two
chromatographic steps. Our observation is consistent with the
in-vivo function of IsdH-NEAT3, which involves capturing heme
molecules freed from hemoglobin by NEAT1 and NEAT2
domains.'**

Among the non-iron metalloporphyrins tested, only Ga(III)-
PPIX and Mn(II)-PPIX showed similar chromatographic
profiles to that of Fe(Ill)-PPIX (Figure 2C,D). Conversely,
the Soret absorption peaks of Cu(Il)-PPIX, Mg(1I)-PPIX, or
Zn(II)-PPIX were absent from the gel-filtration chromatograms
(Figure 2E—G), demonstrating that the latter porphyrins did
not remain attached to the receptor. This conclusion was
verified by crystallizing a sample of IsdH-NEAT3 incubated
with Cu(II)-PPIX. This structure showed a binding site devoid
of porphyrin molecules (results not shown). The data above
revealed that porphyrins containing metals in oxidation state (III),
i.e,, Fe(Il)-PPIX, Ga(IIl)-PPIX, and Mn(III)-PPIX, formed stable
complexes with the receptor. In contrast, porphyrins bearing
metals in oxidation state IJ, ie.,, Cu(Il)-PPIX, Mg(I)-PPIX, and
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Zn(I)-PPIX, did not remain bound to IsdH-NEAT3 under our
experimental conditions.

The affinities of metalloporphyrins for the receptor were
further investigated with a more quantitative approach. We
took advantage of the hyperchromic effect that is observed
upon formation of metalloporphyrin-IsdH-NEAT3 complexes.
For example, Figure 3A shows that the intensity of the Soret
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Figure 3. Binding isotherm of Fe(III)-PPIX. (A) UV—vis spectra of
10 uM heme titrated with increasing concentrations of IsdH-NEAT3
as indicated in the inset. (B) Binding isotherm. This curve was built
from the values of absorbance at 401 nm shown in panel A (solid
squares). The red trace corresponds to a nonlinear regression fitting of
the experimental data to the equation described in the Experimental
Procedures with the program Origin 7.0.

band of Fe(III)-PPIX increased when titrated with receptor.
Similar observations were made with other metalloporhyrins
except Zn(II)-PPIX (Figure S2). The latter metalloporphyrin
showed a bimodal behavior in which absorbance signal

dx.doi.org/10.1021/bi200493h | Biochemistry 2011, 50, 7311-7320
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Table 1. Dissociation Constant and Binding Stability of
Metalloporphyrins

metal in PPIX Kp (uM) stable”
Fe(III) 2.1+ 0S5 yes
Ga(11I) 2.6 + 08 yes
Mn(II1) 2.5 +09 yes
Cu(ID) 13.5 + 7.0 no
Zn(1I) NAY no
Mg(1I) N.D. no
Fe(II) N.D. no

“Stable refers as to whether metalloporphyrin did or did not remain
attached to IsdH-NEAT?3 after the chromatographic step described in
Figures 2 and 4. °N.A. = not applicable. “N.D. = not determined.

increased at first, followed by a decrease at higher
concentrations of ligand. The binding isotherms (Figure 3B
and Figure S2) were fitted to eq 1 as described in the
Experimental Procedures (except Zn(II)-PPIX, which did not
obey this binding equation). The dissociation constants
presented in Tablel indicated that affinity of metalloporphyrins
bearing metals in oxidation state III were comparable to each
other within experimental error. Moreover, these group of
porphyrins displayed ~S-fold stronger affinity than Cu(II)-
PPIX.

In all these examples, the central portion of the porphyrin
molecule must be positively charged (+1) when the metal exists
in oxidation state III, but uncharged when metal is in oxidation
state II. This argument suggested that electrostatic forces
modulated the attachment of metalloporphyrin to NEAT3

[ ——280nm

20 40 60 80 100

L

elution volume (mL)

Figure 4. Reduction of Fe(III)-PPIX (ferric) to Fe(II)-PPIX (ferrous)
reduced the stability of the complex with IsdH-NEAT3. Ferric
porphyrin was reduced to ferrous form with S mM Na,S,0, and
subjected to the same two chromatographic steps described in Figure 2.

receptor. This hypothesis was tested by reducing Fe(III)-PPIX
to Fe(I[)-PPIX with S mM sodium dithionite (Figure 4).
Reduced ferrous-PPIX was subjected to the same chromato-
graphic steps described in Figure 2. The resulting chromato-
gram indicated that binding stability of Fe(I)-PPIX was
qualitatively similar to metalloporphyrins carrying metals in
oxidation state II. This experiment reinforced the idea that
electrostatic forces (via changes in oxidation state) modulated
the stability of metalloporphyrin/IsdH-NEAT3 complexes.
These data were consistent with the observation made
by Pluym et al. in the NEAT domain of heme-transporter
IsdC.>® These authors found that chemical reduction of
IsdC-Fe(III)-PPIX with sodium dithionite led to loss of heme

A ~ISDH-NEAT3+GA(IIDPPIX

)
Vol
T
S

N,
LD

i
Lox

Figure 5. Electron density map of metalloporphyrins bound to IsdH-NEAT3. (A, B) Ga(III)-PPIX complex, and (C, D) Mn(III)-PPIX complex.
The orientation of panels B and D differed by ~90° compared to that of panels A and C. SigmaA weighted 2F, — F. electron density maps were
contoured at a level of 1.0 (blue) or 5.0 (magenta), the latter emphasizing the electron density of the metal atom. Carbon atoms belonging to the
porphyrin are shown in yellow, those belonging to the protein in orange, oxygen atoms are shown in red, and nitrogen atoms are shown in blue. The
large sphere depicted in the center of the porphyrin moiety corresponds to the metal, colored green and purple for Ga(III) and Mn(III), respectively.
The coordination bond between Tyr642 of the protein and metal center and their average distances are also shown. In contrast, ValS64 occupies a
position near the metal but does not form a coordination bond. The semitransparent cartoon corresponds to the secondary structure elements of the

protein.
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Figure 6. Crystal structures of IsdH-NEAT3 in complex with
metal(IIl) porphyins are virtually indistinguishable from each other.
Colored ribbons correspond to the main-chain traces of IsdH-NEAT3
in complex with the following: Fe(III)-PPIX (black), Ga(III)-PPIX
(yellow), or Mn(III)-PPIX (blue). Ga(III)-PPIX molecule is shown to
indicate the location of the binding site of the receptor. Carbon atoms
of porphyrin are shown in orange. The large sphere in green
corresponds to Ga(III) ion. Space group of the crystal structure of
IsdH-NEATS3 in complex Fe(III)-PPIX was P2;2;2 and contained one
molecule of protein and porphyrin in the asymmetric unit;'® that with
Ga(IIl)-PPIX was crystallized in space group P2;2,2 and contained
two molecules of protein/porphyrin complex in the asymmetric unit;
crystal with Mn(III)-PPIX was crystallized in space group P2; and also
contained two complexes.

from the binding site of the receptor upon formation of the
ferrous species. On the contrary, analogous experiments
performed with IsdA-NEAT and IsdH-NEAT3 indicated that
the reduced form Fe(Il)-PPIX remained attached to the
receptor in a six-coordinated environment upon reduction of
the metal***” In other words, oxidation state of the metal in
these latter two examples could be a critical property prior to
their attachment to NEAT domain (Figure 2). However, this
property alone did not determine whether porphyrin moiety is
excluded or not from the binding pocket after ligand has been
captured by receptor.

Accelerated Publication

Table 2. Data Collection and Refinement Statistics”

data collection Ga(III)-PPIX Mn(III)-PPIX
space group P2,2:2 P2,
unit cell
a b, c (A) 75.42, 70.12, 49.20 4128, 75.93, 49.33
a, B, 7 (deg) 90, 90, 90 90, 95.1, 90
resolution (A) 50.0—1.70 49.1-2.70
wavelength 1.000 1.000
observations 192 786 26 563
unique reflections 28 690 8138
Rinerge 0.089 (0.50) 0.14 (0.40)
1/o(I) 17.0 (2.1) 6.6 (2.8)
multiplicity 6.7 (42) 3.3 (33)
completeness (%) 97.8 (83.8) 96.7 (97.0)
refinement statistics Ga(III)-PPIX Mn(TII)-PPIX
resolution (A) 50.0—-1.70 49.1-2.70
reflections work/free 28,515/1,180 8,127/373
Ryork/Riree (%) 21.4/25.7 22.4/28.6
no. atoms in asymmetric unit 2169 1947
no. protein copies 2 2
no. residues 226 224
no. PPIX ligands 2 2
no. sulfate ions 2 0
no. of glycerol molecules 2 2
no. of waters 157 33
protein B-factor 294 38.5
PPIX ligand B-factor 282 31.0
water B-factor 36.5 30.0
Ramachandran plot
preferred regions (%) 98.6 982
allowed regions (%) 14 1.8
outliers (%) 0 0
rmsd bond (A) 0.018 0.011
rmsd angle (deg) 2.0 1.23
coordinate error (A) 0.13 0.40
PDB identification code 3QUG 3QUH

“Statistical values given in parentheses refer to the highest resolution

bin.

More importantly, our results above revealed a good
correlation between binding selectivity and relative antibacterial
potency among non-iron metalloporphyrins.** A closer analysis
of the data reported by Stojilikovic et al. indicated that the
potency of non-iron metalloporphyrins is closely related to the
oxidation state of the metal. In particular, their data
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Figure 7. Detailed view of the binding pocket of IsdH-NEAT3 with metalloporphyrins bound. (A) Comparison between IsdH-NEAT3 in complex
with Ga(III)-PPIX and that in complex with Fe(III)-PPIX. (B) Comparison between IsdH-NEAT3 in complex with Mn(III)-PPIX and that in
complex with Fe(III)-PPIX. The two panels depict metalloporphyrins and all protein residues within a sphere of 4.0 A from any atom of the
porphyrin moiety, except Val633 which was removed from the figure to facilitate the observation of the metal center. Protein coordinates were
superimposed with the program COOT.** Carbon atoms belonging to IsdH-NEAT3-Ga(IIl)-PPIX are shown in yellow, those of IsdH-
NEAT3-Fe(III)-PPIX in black, and those of IsdH-NEAT3-Mn(III)-PPIX in cyan. Oxygen atoms are depicted in red and nitrogen atoms in blue.
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Figure 8. Transfer of metalloporphyrins from IsdH-NEAT3 to apo-
IsdA. (A) Experimental design: Receptor IsdH-NEAT3 in complex
with metalloporphyrin was incubated with ligand-free IsdA and the
proteins separated in a DEAE ionic-exchange column. Absorption
spectrum of each protein with each metal(III) porphyrin was recorded
between 250 and 650 nm. Three metalloporphyrin were tested:
Fe(III)-PPIX (B, C), Mn(IIl)-PPIX (D, E), and Ga(IIl)-PPIX (F, G).
Panels on the left corresponded to spectra of Isd-NEAT3 after elution
from the DEAE column (B, D, and F). Panels on the right
corresponded to spectra of second receptor IsdA (C, E, and G). In
all panels spectra after no incubation (dashed trace), 2 min incubation
(fine trace) and S min incubation (bold trace) with apo-IsdA are
shown. The arrow indicates the direction of the spectral changes upon
incubation with IsdA. The amount of ligand transferred was estimated
from the decrease in the intensity of the Soret band of metal-
loporphyrin bound to IsdH-NEATS3.

demonstrated that porphyrins bearing metals with oxidation
state (III) were more potent than those bearing metals in
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oxidation state (II) in all three bacteria tested. Our results,
using an orthogonal biophysical assay with purified samples of
IsdH-NEAT3, offered a more detailed explanation of the
microbiological data.

Next we determined the crystal structures of IsdH-NEAT3 in
complex with Ga(III)-PPIX and Mn(III)-PPIX at a resolution of
1.7 and 2.7 A, respectively, to observe the binding mode of non-
iron porphyrins to IsdH-NEAT3 (Figure S and Table 2). We
note that this is the first report of a crystal structure of Ga(III)-
PPIX in complex with a biological macromolecule. X-ray
fluorescence analysis confirmed the presence of Ga atoms in
the crystals (Figure S3). The higher value of Ruerge in the crystal
of IsdH-NEAT3-Mn(III)-PPIX complex was likely caused by
faster than usual radiation damage during data collection on a
very thin crystal of dimensions ~0.1 X 0.1 X 0.02 mm?. Although
this unwanted effect resulted in worse statistics than those of the
crystal containing Ga(III)-PPILX, it did not affect the conclusions
discussed below because the final model was thoroughly validated
before being deposited in the Protein Data Bank.

A closer look at the structures depicted in Figure S
demonstrated clear electron density features in the binding
pocket of IsdH-NEAT3 consistent with the presence of a
metalloporphyrin molecule. Metal atoms occupied the highest
electron density region in the center of the porphyrin ring.
Omit electron density maps (calculated without taking into
account the scattering power of the porphyrin moiety) showed
essentially the same features as above (Figure S4). In both
structures, Ga(III) and Mn(III) are coordinated to axial ligand
Tyr642 and not to neighboring residue Val564. Continuous
electron-density features and short distance between oxygen
atom of Tyr642 and metal suggested that this coordination
bond is critical to capture metalloporphyrin.

Comparison of atomic coordinates of IsdH-NEAT3 in
complex with Fe(IlI)-PPIX,'® Ga(IlI)-PPIX, and Mn(III)-
PPIX demonstrated that all three structures were indeed nearly
indistinguishable from each other. Their overall fold, secondary
structure elements, stoichiometry, and relative position of the
porphyrin ligand were very similar in the three structures
(Figure 6). This observation was somehow surprising when
considering that these crystals were grown with different
precipitant and pH solutions and crystallized in different space
groups with dissimilar unit-cell parameters. The root-mean-
square deviation (rmsd) between main-chain atoms of IsdH-
NEAT3 with Fe(IIl)-PPIX bound and those of the structure
containing Ga(III)-PPIX was 0.21 A, whereas that of Mn(III)-
PPIX was only slightly higher (0.30 A). These differences are
undoubtedly very small and in fact only a little larger than rmsd
values found within the same crystal structure: rmsd value
between chain A and chain B in the IsdH-NEAT3-Ga(III)-
PPIX complex was 0.13 A, whereas the equivalent rmsd of the
structure containing Mn(III)-PPIX was 0.20 A.

The similarities among the three crystal structures were also
found throughout the porphyrin binding pocket (Figure 7).
Atomic coordinates of protein and ligand atoms as well as
conformation of residues located at a distance of 4 A or less
from the porphyrin moiety did not change significantly in
response to the different metals. Interestingly, the distance
between axial ligand Tyr642 and metal atom of the porphyring
ring is slightly shorter in Ga(III)-PPIX complex (1.9 + 0.1 A)
than in the natural ligand Fe(IIl)-PPIX (2.2 + 0.15) or
Mn(IIT)-PPIX (22 + 04 A) (error corresponded to a
diffraction-component precision index computed by the
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method of Cruickshank®®). These differences were too small to
affect their relative binding affinities consistent with the values
shown in Table 1.

We next examined the ability of IsdH-NEATS3 to transfer the
porphyrin moiety to second protein receptor IsdA (the full
pathway traveled by heme is illustrated in Figure S1). We
followed a similar methodology to that described by Liu et al. as
indicated below.>* Porphyrin-bound IsdH-NEAT3 (holo-IsdH)
was incubated with the ligand-free form of the acceptor (apo-
IsdA), followed by a brief step to separate the proteins. Each
complex was analyzed by UV—vis spectrometry (Figure 8).
Data showed a steep decrease of the intensity of the Soret band
in samples with IsdH-NEAT3 (Figure 8B), accompanied by a
dramatic increase of the intensity of the Soret band in the
samples containing IsdA (Figure 8C). These results proved that
a large fraction of Fe(IIl)-PPIX was effectively transferred from
holo-IsdH to downstream receptor apo-IsdA.

Similarly, Ga(IIl)-PPIX and Mn(III)-PPIX were also trans-
ferred from the holo-NEAT3 donor to the apo-IsdA receptor.
In all three cases, more than 85% of ligand molecules initially
bound to IsdH-NEAT3 appeared attached to acceptor protein
IsdA after a brief incubation period of 2 min (86% for Fe(IIl)-
PPIX, 92% for Ga(Ill)-PPIX, and 97% for Mn(III)-PPIX). The
amount of metalloporphyrin transferred from Isdh-NEAT3 to
apo-IsdA did not increase significantly when the incubation
time was extended from 2 to S min, indicating that transfer
reaction is specific and relatively fast (faster than passive
transfer in IsdA which is on the order of hours®* and consistent
with binding stability seen in Figure 2). Moreover, the transfer
of porphyrin from IsdH-NEAT3 to apo-IsdA is largely
irreversible as determined from the small extent of metal-
loporhyrin back-transfer (<20%) from IsdA to apo IsdH-
NEAT3 (Figure SS).

IsdB and IsdC are also members of the Isd system possessing
NEAT domains and involved in capturing, binding, and
shuttling heme molecules toward the inner membrane of the
cell."*'”3% For example, the crystal structure of IsdC displays a
similar constellation of residues in the binding pocket to those
of IsdH-NEAT3 including the presence of an axial tyrosine
coordinating the metal.** IsdC-NEAT can capture Zn(II)-PPIX
with M affinity, and the solution structure of this complex
resembles that with heme.*" It will be interesting to expand the
scope of our investigations to determine, for example, if
oxidation state of the metal influences affinity and structure of
other IsdC-NEAT -metalloporphyrin complexes.

More recently, the crystal structure of IsdB-NEAT2 in
complex with heme has revealed a novel metal-coordination
architecture in a NEAT domain. This structure showed that, in
addition to oxygen atom of Tyr440, sulfur atom of Met362
coordinates the iron metal of heme with fractional occupancies
ranging from 0.3 to 0.8.** In IsdH-NEATS3 this position is
occupied by noncoordinating residue Val562 (Figure S). It will
be interesting to determine whether site-directed mutagenesis
at this position modulates the relative affinities among
metalloporphyrins in IsdH-NEAT3.

In summary, herein we have demonstrated mechanistic
equivalence between antibacterial metalloporphyrins and heme
in two critical steps of Isd system of S. aureus. The extent of
interaction of metalloporphyrin with IsdH-NEAT3 receptor is
correlated with antibacterial potency. And their transfer to IsdA
receptor suggested that efficient transport of metalloporphyrins
into the cell by this heme transport system could be essential to
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achieve maximum toxicity against S. aureus. Finally, our data
highlight the attractive idea of using Isd system as a novel route
to deliver these and other similar antibacterial compounds into
S. aureus.
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