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ABSTRACT

Staphylococcus aureus infection is becoming a widespread threat in both hospitals

and communities worldwide, resulting in substantial treatment costs and numerous
patient deaths. Bacterial survival is largely dependant on the organism’s ability to
scavenge iron from a host via specialized pathways. The recently identified cell wall-
and membrane-associated Iron regulated surface determinant (Isd) proteins are one such
pathway. They serve to transport iron-containing heme, from hemoglobin, from the
environment into the bacterial cell for nourishment. To date very little is known about
the heme binding properties of these proteins and the overall Isd heme scavenging
mechanism.

Through the use of UV-visible absorption and magnetic circular dichroism
spectroscopies, mass spectrometry, and mutational analysis, the heme-binding properties
of IsdA, IsdC, and IsdE have been characterized. Recombinant IsdA (rIsdA) was found
to bind a single high-spin ferric heme, coordinated by tyrosine 166 of the IsdA near abc
transporter (NEAT) domain. Recombinant IsdC (rIsdC) was purified bound primarily to
protoporphyrin IX, with traces of high-spin ferric heme and an unidentified ligand of
approximately 320 Da. Recombinant IsdE (rIsdE) was purified bound to two heme
molecules and an unidentified ligand of approximately 320 Da. One heme is ferric and is
bound near the edge of a heme binding pocket through the imidazole group of histidine
229. The other is low-spin ferrous and is inaccessible to small ligands. The ferrous heme
binding amino acid residue(s) remain unknown but it appears to be bound deep within the

heme binding pocket of rIsdE.
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success was tremendous, however, in 1944 the first reports of penicillin resistant S.
aureus had already emerged (6, 9). Today, nearly all known strains of S. aureus are
resistant to penicillin. Due to their overuse, particularly in hospitals, the rise in antibiotic
resistant bacteria has become a common theme for virtually all antibiotics. Methicillin
was first released in North America in 1961 to combat drug resistant bacterial strains,
however, reports of methicillin resistant Staphylococcus aureus (MRSA) appeared as
early as 1968 (/0). Currently, serious MRSA infections are primarily treated with the
glycopeptide antibiotic vancomycin (Vancocin), however, resistance to this drug has also
been reported (/7). Vancomycin resistant S. aureus was first reported in the United
States in 2002 (8). Strict control over the use of vancomycin and other MRSA effective
antibiotics has now been implemented, only being used in severe cases where other less-
toxic antibiotics are ineffective.

The statistics concerning Canadian society are quite alarming. Upwards of $100
million is spent annually on treating antibiotic resistant S. aureus infection and in many
cases treatment is unsuccessful, resulting in 8000 Canadian deaths each year (/2).
Similar statistics can be found throughout the world (73, /4) and have helped spark a

great interest into developing new methods to fight bacterial infections.

1.2 Iron biochemistry

[ron is an essential mineral in nearly all living systems. [t plays a major role in
vital processes such as energy production, detoxification, and oxygen transport and
storage. Iron exists primarily in the +2 (ferrous) and +3 (ferric) oxidation states (/3).
Compounds containing iron in the +4, +5, and +6 oxidations states also exist, but, are
quite rare. In living systems, free iron is also extremely scarce due to the low solubility
of ferric iron, and the potential for oxidative damage with ferrous iron. In aqueous
solution, ferric iron coordinates with water to form [Fe(H20)s]>". Three water molecules
then deprotonate, and three are lost, to form insoluble Fe(OH); (Kyp = 2.64 x 107%). The
smaller positive charge on ferrous iron lowers this deprotonation effect and as a result
ferrous iron is quite soluble in aqueous solution at physiological conditions. However,

ferrous iron readily undergoes oxidation to form insoluble ferric iron via the Fenton



reaction (shown below) (/6), resulting in the additional production of hydroxyl radicals,

that can damage biological macromolecules.
Fenton reaction: Fe?™ + H.O0, > Fe'" +OH +OH

To avoid the problems with solubility and oxidative damage, all of the iron in
mammals is sequestered by a variety of molecules (Table 1.1). The vast majority of iron
in mammals is bound to protoporphyrin IX (PPIX) to form heme-b (Fe-PPIX) (Figure

1.2), a vital cofactor found in proteins such as hemoglobin and myoglobin. A variety of

coo cOO- cO0- ¢oo
\ / Y
CH, CH, qH2 CH,
C;‘Hz H lf:Hz C\:Z H dFHz
H 3: ~."-C‘,//C: \C// \\C/c\ /‘—CH, H 3C.\‘C/l/}’ _"""‘C[// \C./ “‘\\\C,"CH}
N N
CTNH N——C_ Y. N /N——CQ,_\\
HC< “CH HC\ Fe cH
He Z 1 1N e < | 10N
! C c C-~CH H SN C Ce C—CH,
EK \\Q Pt .'/ ‘\:c_\c ~ 3 C \C P \\C / oz, c P
! \ Y / : |
{ M . CH H €
CH, ;C.;:‘**r:f-c2 3 H SCH,
PPIX Heme-b (Fe-PPIX)

Figure 1.2. Structures of PPIX and heme (Fe-PPIX)

other porphyrins also complex iron to form different heme cofactors (for example heme-a
in cytochrome ¢ oxidase, heme-c¢ in cytochrome c, and heme-d in the catalases) (/7). In
mammals, following ingestion and absorption in the intestine, iron is bound by the
transport protein transferrin and delivered to tissues in need or to storage sites (/8). The
largest storage site for iron is in the liver, where it is bound by ferritin, an intracellular
protein approximately 450 kDa in size. Within the hollow core of ferritin, up to 4500
iron atoms are stored as iron (III) hydroxyphosphate (/8). Bodily demands dictate the
action of ferritin, accepting or releasing iron as required.

[ron sequestration results in a minimal level of free iron in mammalian systems
(approximately 10%* M). In addition to the prevention of oxidative damage and

precipitation of ferric iron, this also acts as an innate defense mechanism against invading



Table 1.1. List of the major iron containing molecules in mammals and their percentage of the total

iron pool.

Iron containing molecules % of total human iron pool

Heme (hemoglobin) ~70 %

Heme (myoglobin) ~5%

Ferritin ~25%

Transferrin <1%

Heme enzymes <1%

Other heme/iron containing < 1%

molecules

pathogens. The lack of free iron hinders pathogenic growth, allowing the host’s immune
system to destroy infection. However, bacteria have evolved accordingly. Numerous
iron acquisition systems have been characterized that utilize a number of the iron
containing molecules listed in Table 1.1. One example is the use of siderophores, low
molecular weight iron binding molecules (usually 400-1000 Da) that are secreted by
bacteria into their extra-cellular environments (/9). Due to their high affinity for iron,
siderophores are capable of removing iron from transferrin. Iron bound siderophores are
then transported into the bacterial cytoplasm, via transport proteins, nourishing the cell.
Figure 1.3 shows ferri-enterochelin, a siderophore secreted by E. coli under low iron
conditions. Numerous heme-iron scavenging systems have also been identified, which

use heme as the iron source to feed growing bacteria. When referring to heme

HOw A
|
MO Y
N0
0\7)\
‘[3 KC‘ C‘\(r;,‘o
ri/“\‘\]/ N0 on
I H [
. o o - 2
N -TEE N ANS o
CH o

Figure 1.3. Structure of the ferri-enterochelin siderophore of £. coli.



scavenging systems, it is assumed that heme-b is being scavenged, since hemoglobin and
haptoglobin (a serum hemoglobin binding protein (20)) are believed to be the primary

targets for heme extraction (2/-23).

1.3 Iron regulated surface determinant protein heme-iron transport system

In 2003, a series of bacterial proteins expressed only under iron limiting
conditions were identified in S. aureus (Figure 1.4) (22). Referred to as the iron
regulated surface determinant (Isd) proteins, this system is associated with the cell wall
and membrane of S aureus as well as other bacterial species, such as Listeria
monocytogenes and Bacillus anthracis. Controlling the protein expression are regulatory
regions found on the bacterial chromosome referred to as ferric uptake repressor (fur)
boxes (Figure 1.4B). Under heightened iron concentrations the protein fur binds to these
upstream regulatory regions, preventing the transcription of the Isd proteins. This
inhibitory mechanism ensures that valuable bacterial resources are not consumed if not
required.

Under low iron conditions, fur dissociates from DNA, allowing the synthesis of
the Isd proteins. Once translated in the bacterial cytoplasm, each protein is transported to
its respective location via signal sequences present within the proteins. IsdA, IsdB, IsdC,
and HarA (also referred to as IsdH) are directed to the cell wall, IsdD, IsdE, and IsdF to
the cell membrane, and IsdG and Isdl remain in the cytoplasm (27, 22). HarA/IsdH and
IsdB have been shown to bind hemoglobin, as well as haptoglobin in the case of
HarA/IsdH, and are, therefore, believed to interact and possibly extract heme from these
sources (24). Although hemoglobin and heme concentrations are extremely low in the
direct bacterial environment, S. aureus is known to secrete hemolysins which act to
disrupt the cell membranes of erythrocytes (25). The large stock of hemoglobin is then
released and is susceptible for uptake by bacterial heme scavenging systems. IsdA has
also been shown to bind heme and transferrin as well as act as a multi-adhesion, capable
of binding fibronectin, a component of the mammalian extra-cellular matrix (26). The
adhesion function is believed to aid bacteria in the early stages of infection (27).
Concealed within the cell wall is IsdC, a covalently anchored protein of unknown

function. Based on its location, IsdC has been proposed to function as a heme transfer









functioning of the protein is not affected, simply because its role is to bind heme.
Numerous heme binding proteins are associated with bacterial heme scavenging systems
that serve to transport heme into the bacterial cell where the central heme-iron atom can
be recycled. nourishing the bacterium. An example is the ShuA protein of Shigella
dysenteriae (31), a receptor protein that transports heme across the bacterial outer cell
membrane. The Isd proteins also fall under the category of heme-binding proteins, as

their function is to scavenge heme for its iron content.

1.5 Studying protoporphyrin IX and heme
1.5.1 Protoporphyrin IX and heme spectroscopy

In metalloporphyrins, there are two major electronic bands and a strong vibronic
band arising from © — 7 * transitions of the conjugated 18n e system (Figure 1.6). At
higher energy (typically observed between 380 and 430 nm) is the very intense B (or
Soret) band. It represents an allowed transition with extinction coefficients on the order
of 10° M'em™. At lower energy (500 - 600 nm) is the Quq, or & band, and the Q. or f
band, arising from the lowest porphyrin n—nt* singlet transition and its vibronic envelope,
respectively. They represent forbidden transitions and as such are typically weaker than
the B band, possessing extinction coefficients on the order of 10" M 'em’™.

Demetallation of a metalloporphyrin (for example forming PPIX from heme-5)
reduces the symmetry of the molecule from Dy, (square) to D,y (rectangular). As a result
a splitting of the doubly degenerate Q bands is observed. The Qg band splits into x and y
components (Qy o0 and Qy ¢0) as does the Qyip band (Qy vib and Qy vip). The result is a
visible region absorption spectrum consisting of four peaks (Figure 1.7).

The three metalloporphyrin bands (B, Qoo and Q) vary considerably in band
maximum and relative intensity. These variations are characteristic of the oxidation and
spin state of the central iron. Overlaid on the 3 bands are charge transfer transitions
between the central metal and the ring, which occur in the same spectral region. Charge
transfer transitions are particularly sensitive to the oxidation and spin state of the central
iron, being observed at different, but characteristic wavelengths in the visible region for
all but the diamagnetic low spin ferrous iron. The combination of n—n* and charge

transfer transitions produces a very complex UV-visible absorption spectrum. In some



instances this leads to a masking of important spectroscopic information. For this rcason,
magnetic circular dichroism (MCD) spectroscopy has often been utilized in the study of

heme-containing proteins (refer to section 2.1.2).
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Figure 1.6. UV-visible absorption spectrum of ferrous heme with pyridine axial ligands.
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Figure 1.7. UV-visible absorption spectrum of PPIX-dimethyl ester in 2-butanone.

1.5.2  Gouterman’s 4-orbital LCAO model

The spectroscopy of porphyrins is conveniently explained using Gouterman’s four
orbital Linear Combination of Atomic Orbital (LCAO) model. The HOMO to LUMO
transitions occur between the states with +4 (e,) to +5 (&g) units of angular momentum

(Figure 1.8). These porphyrin orbitals contain 4 and 5 nodes respectively. Transitions
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Chapter 2: Techniques

2.1 Spectrometric and spectroscopic techniques
2.1.1 Protein mass spectrometry

Mass spectrometry (MS) has become a widely used tool in both academic fields
and industry due to its ability to identify, through mass analysis, different components in
suitable samples (2, 3). The basic principle underlying mass spectrometry is the ability of
electric and magnetic fields to influence the trajectory of charged particles within a
vacuum. Simple mass spectrometers consist of three main components, an ionization
source, an analyzer and a detector. More complicated arrangements can arise if using
techniques such as tandem mass spectrometry, which contain a collision cell where
sample ions are fragmented. In order to analyze a sample it must first be vaporized at the
jonization source. The two most common methods of ionization used in protein mass
spectrometry are matrix-assisted laser desorption ionization (MALDI) and electrospray
jonization (ESI). Since only ESI data will be reported in this thesis, a brief description of
only this technique will be given.

The application of ESI mass spectrometry (ESI-MS) to large biological molecules
was initially developed by John B. Fenn, who was awarded the 2002 Nobel Prize in
Chemistry for his contributions to this field (4, 5). In ESI-MS sample flowing through a
capillary is dispersed into very small droplets through the use of high positive or negative
voltages applied to the capillary tip (Figure 2.1A). Depending on the polarity of the
voltage. droplets with excess positive or negative charge are formed. Evaporation and
charge-driven breakup of the droplets eventually leads to desolvated, charged protein
molecules (Figure 2.1C) (2), which then enter the mass analyzer and are ultimately
measured at the detector. One of the most common mass analyzers, and the type used to
measure the data presented here, is a time of flight (TOF) analyzer. TOF analyzers use
an electric field to move charged sample molecules within the analyzer. The principle is
that light, highly charged molecules will travel faster than heavy molecules possessing
few charges. Sample ions are timed between a shutter and the detector and a mass to
charge ratio (m/z) is measured by the instrument. The m/z ratio is then plotted against

the relative intensities of all ions detected to produce a charge state spectrum.
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Either negatively or positively charged analyte molecules can be produced at the
ionization source and be detected by the instrument, depending on the user’s selection.
All of the spectra presented in this thesis were recorded in positive ion mode, which is the
common method for studying proteins. Nucleic acids on the other hand are commonly
studied in negative ion mode due to the presence of numerous phosphate groups in a
polynucleotide backbone (2). In protein mass spectrometry, sample ions arise from the
protonation of basic amino acid residues (lysine and arginine) or deprotonation of acidic
residues (aspartic acid and glutamic acid). Depending on the number of exposed
acidic/basic residues, the amount of charge on a protein molecule can vary, producing a
number of charge states (Figure 2.2) (I, 6), unlike MALDI which typically produces
analyte molecules with a single charge. This allows ESI-MS to be used to monitor the
extent of folding of a protein. The exposed residues will be protonated/deprotonated
before those residues that are buried in the structure, so that if the structure changes for
example, as a function of heme binding or denaturation, then the number of residues

exposed will change. Denatured proteins will show higher charge states than the properly
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Figure 2.2. ESI mass spectra of cytochrome c at pH 6.4, pH 4.2, pH 2.6 and pH 2.3 (/).
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folded protein due to the increase in exposure of accessible sites (Figure 2.3D). An
observation that the center of the charge state distribution shifts to higher numbers is
strong evidence that the structure has become less folded or more open (7, 6, 7).

ESI is a soft ionization source, meaning that even weak intramolecular
interactions within a protein and intermolecular interactions between a protein and its
ligand(s) can be studied. From the charge state spectra the masses of present molecules
are calculated using computer programs (for example Masslynx), which use sophisticated
algorithms to account for isotopic mass differences. The resulting mass spectrum can
then readily identify components of an injected sample, such as a protein and its ligand(s).
Occasionally minor mass discrepancies can arise between the expected and observed
masses. Monocation and monoanion adducts can displace protons along the peptide
chain resulting in adduct spectra. For example, sodium adducts are commonly observed
and result in an increase in mass of 22 Da (23 Da from Na — 1 Da from H). If
examination of the deconvoluted mass spectrum reveals multiple peaks at consistent

increments, this is strong evidence for the presence of adduct species.

2.1.2 MCD spectroscopy

MCD spectroscopy has been widely used to study heme-containing proteins for
several decades (8-7/3). Key to the analysis MCD spectroscopic data is that MCD bands
lie at the same energy and have the same approximate band width as the corresponding
absorption bands (section 1.5). The need for MCD spectroscopy arises from the
complexity of the heme UV-visible absorption spectrum due to the overlapping of the
n—n* bands (B, Quo, and Q.ip) with the charge transfer bands between the iron center and
the PPIX ring (/4). In MCD spectroscopy these bands resolve into finer components,
thus providing additional spectroscopic information. MCD spectroscopy typically
provides information about the ground and excited state orbital degeneracies of high
symmetry complexes based on the Faraday A, B, and C terms (Figure 2.3) (/4). From
this, the oxidation and spin states of the iron, as well as identification of axial ligands can
be determined (9, 10, 12, 13, 16).

Faraday A terms arise from splitting of degenerate excited states, which absorb

either left- or right-handed circularly polarized light. A terms are typically seen in
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molecules with a high degree of symmetry, such as metalloporphyrins with Day, or square

symmetry. In the presence of a magnetic field, degenerate states split according to their

magnetic moments. Transitions from the non-degenerate ground state to the split excited

state then absorb either left or right handed circularly polarized light (Icp or rcp)

depending on the selection rule that the transition with AM; = +1 absorbs lcp, and

transition with AM; = -1 absorbs rcp. The corresponding increase or decrease in energy

of the excited states in the presence of a magnet field also results in a slight displacement

of the two bands, producing a derivative shaped peak. For species with degenerate

excited states and nondegenerate ground states, positive A terms (positive lobe to high
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energy of the cross-over energy) are observed. This will be the case for low spin ferrous
hemes (/2). Due to the non-degenerate ground state, A terms are temperature
independent, and as such are studied using room temperature experiments.

Faraday B terms arise from a mixing of excited states and are predominant in
molecules with low symmetry, such as Diy, (rectangular) in PPIX. Within a magnetic
field, fluctuations in the energies of the excited states may result in mixing. The result is
a preference to absorb either left or right handed circularly polarized light, depending on
the nature of the mixed states. Thus, B terms are Gaussian shaped and can be of either
sign. Like A terms, B terms are also temperature independent due to their non-
degenerate ground state.

Faraday C terms arise from a splitting of degenerate ground states and are
Gaussian shaped. According to the Boltzman distribution, these levels are relatively
equally occupied at room temperature. The overall result is that the split states cancel
one another out, producing a weak signal. However upon reducing the temperature,
using liquid nitrogen or liquid helium, the lower ground state becomes more highly
populated, resulting in the temperature dependence of C terms. Variable temperature
experiments can therefore be used to identify C terms. In iron porphyrins, ground state
degeneracy is found for high spin ferrous and all spin states of the ferric oxidation state.
In addition, pseudo-A terms may be seen when two, oppositely-signed C terms exist
closely in energy. These pseudo-A terms may be of either sign. In the heme proteins, the
MCD spectrum of 5-coordinate, high spin ferrous heme provides an example of a B band
(not to be confused with a B term) region characterized by a distorted negative pseudo-A

term (/2).
‘ Despite this apparent complexity, the MCD spectral bands are diagnostic of the
axial ligand identity, spin state, and oxidation state allowing in many cases unambiguous
determination of each of these parameters. This diagnostic sensitivity has been used
widely and successfully to interrogate the spin, oxidation and ligation state of the heme in
a wide range of heme proteins, including hemoglobin, myoglobin (/2, 17), the

cytochromes (18, /9) and catalase (8).
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22 General sample preparation procedures

Table 2.1 provides a list of the chemicals used in this thesis and their suppliers.

Table 2.1. Biological and chemical reagents used

CHEMICAL SUPPLIER
2-butanone . .
(CaHsCOCH,) Sigma Aldrich
ACTEV protease Amersham
Ammonium formate Fisher
(NH,COOH)
Ammonium hydroxide
(NH.OH) BpH
Ampicillin Sigma Aldrich

Bovine hemin
(C34H;2CIFeN,Oy)

Sigma Aldrich

Carbon monoxide

(H:2NCH(CO;H)CH,CH,CONHCH(CH,SH)CONHCH-CO,H)

‘o L-TEC
Formic acid

HCoo) Caledon
Glutathione Sigma Aldrich

GST-prep column

GE Healthcare

Isopropy! B-thiogalactopyranoside Fisher
Luria-Bertani broth Difco
Phosphate buffered saline 20

Protoporphyrin 1X
(C3aH3N,O)

Sigma Aldrich

Protoporphyrin IX dimethy! ester

(Na»S,0,)

(CreHssN;05) Sigma Aldrich
Pyridine
(CsHN) Caledon
Sephadex G-25 Fine Amersham
Sodium azide .
(NaNy) Fisher
Sodium chloride .
(NaCl) Fisher
Sodium fluoride .
(NaF) Fisher
Sodium hydrosuifite Fisher
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2.2.1 Cloning, overexpression, and purification of recombinant Isd proteins

The majority of the Isd genes (excluding signal sequence and C-terminal sorting
signals). were cloned into the GST fusion vector pGEX-2T-TEV to generate pGST-IsdA,
pGST-IsdC and p-GST-IsdE. Overexpression of GST-tagged Isd proteins in E. coli

ER2566 (protease-deficient) was achieved by growing plasmid-containing cultures in

Luria-Bertani broth (Difco) at 37 °C to an optical density at 600 nm of approximately 0.8.

Isopropyl-B-D-thiogalactopyranoside (IPTG) (0.4 mM) was added and cultures were
grown for a further 20 h at room temperature. Ampicillin (100 pg/ml) was incorporated
into all growth media. Bacterial cells were pelleted, resuspended in phosphate-buffered
saline (PBS), and lysed in a French pressure cell. Insoluble material was removed by
centrifugation at 100,000 g for 20 min. The GST-Isd fusion proteins were puritied by
passage of the cell lysate across a 20 mL GSTPrep column (Amersham Biosciences).
GST-1sd proteins were eluted from the column with 10 mM reduced glutathione, 100 mM
NaCl. and 50 mM Tris—-Cl, pH 9.0. Fusions were cleaved overnight at 4 °C with AcTEV
protease (Amersham Biosciences) according to manufacturer’s instructions. Cleaved
GST was removed by two passages across a GSTPrep column and collection of the

flowthrough.

2.2.2  Mutant Isd protein synthesis

All DNA mutations and cloning into E. coli were performed by Christie
Vermeiren (Dr. D. E. Heinrichs™ lab), Department of Microbiology and Immunology,
University of Western Ontario. Once viable cells containing the mutant plasmid were
obtained. expression and purification of the mutant protein were performed as outlined in

section 2.2.1.

2.2.3 ESI-MS protein sample preparation and measurement

ESI mass spectra were recorded on a Micromass LCT, time of flight mass
spectrometer operating in the positive ion mode. Samples were infused at flow rates of
15-20 uL. /min into the ESI-MS instrument.

Stock Isd protein solutions, in 1x phosphate buffered saline (PBS) buffer (pH 7),

were concentrated using centrifuge concentration tubes (Millipore) to approximately 1-2
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mM. G-25 size exclusion columns (14 cm long, 1.5 cm diameter) were used for buffer
exchange to ammonium formate (pH 7.3). Approximately 0.25 mL of concentrated
protein in PBS was added to the column and eluted with the ammonium formate buffer.
Samples were collected in small fractions, placed on ice, and run within 30 min following
preparation on a Micromass LCT ESI mass spectrometer. To denature the proteins, small
aliquots of 3 M formic acid were added (to bring the pH to approximately 2.3) prior to
injection into the mass spectrometer. Instrumental settings varied depending on the
protein sample being analyzed. Refer to sections 3.2.3 for rlsdA, 4.2.2 for rlsdC, and

5.2.3 for rIsdE.

2.2.4 UV-visible absorption and MCD sample preparation and measurement

Absorption spectra were recorded on a Cary 500 UV-visible spectrophotometer
(Varian Inc. Canada). MCD spectra were recorded using an SM2 5.5 T superconducting
magnet (Oxford Instruments Ltd, Oxford, UK) in a J-820 CD spectropolarimeter (Jasco
Inc., Japan) (Figure 2.4). UV-visible absorption and MCD spectral data were recorded
on identical solutions immediately following chemical changes at room temperature.

The following procedure was used for the preparation of rIsdA, rIsdC, rIsdE, and
all mutant protein absorption and MCD samples. The pyridine hemochrome test was
used to determine the concentration of the heme, as described in Berry e al. (21). The
protein concentrations were estimated using the molar extinction coefficients; 15,930
M'em™ for risdA, 18,490 M'em™ for IsdC, and 19,890 M'em™ for IsdE. Protein
samples were diluted with 1x PBS to obtain absorbances in the B region of less than 0.8
in a | cm cuvette. Crystalline aliquots of sodium fluoride, sodium azide, and sodium
cyanide were then added at approximately 5x, 10X, and 25x protein concentration and
then very large excess, as needed to obtain constant absorption and MCD spectra. The
sotutions were measured over a period of 1-2 h to ensure no further changes were
observed. To form ferrous heme, protein solutions were treated with increasing amounts
of crystalline sodium hydrosulfite (Na;S;04) as the reducing agent until no further
changes in the absorption and MCD spectra were observed. A key characteristic feature
of ferrous hemes is the absorbance band 432 nm. To study carbon monoxide binding,

gaseous CO was bubbled slowly into the sealed protein solutions, through a serum cap
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Chapter 3: Iron regulated surface determinant protein A (IsdA)

3.1 Introduction

Based on its iron regulated synthesis, location within the cell wall of S. aureus,
and ability to bind heme, IsdA has been proposed to function as an extra-cellular heme
scavenging protein (/, 2). As expressed in S. aureus, IsdA is a 350 amino acid, cell wall
anchored protein consisting of an N-terminal signal sequence, a hydrophobic C-terminal
(containing an LPXTG sorting sequence), and a single NEAT (NEAr abc Transporter)
domain (Figure 3.1) (/). Briefly, the signal sequence is involved in locating the protein
to the cell wall, the IsdA NEAT domain is believed to function as a heme binding
domain, and the C-terminal sorting signal is critical for anchoring the protein to the

bacterial cell wall.

313
lLPxTG
sdA 1 U j—]
Signal NEAT domain Hydrophobic
sequence tail
fisdA i )\ T
NEAT domain

Figure 3.1. Schematic of the amino acid sequence of [sdA and rIsdA.

3.1.1 Bacterial cell wall structure and the IsdA anchoring mechanism
The cell wall of Gram-positive bacteria consists of a repeating disaccharide, N-
acetylmuramyl-($1-4)-N-acetylglucosamine (NAM-NAG) (Figure 3.2A). The lactyl
group of NAM is linked to the N-terminal of a pentapeptide consisting of L-alanine, D-
glutamine, L-lysine, D-alanine, and D-alanine. The great strength of bacterial cell walls
comes from cross-linking the peptidoglycan units together with a pentaglycine cross-
bridge (the cross-bridge shows some variation between bacterial species) (Figure 3.2B).
In S aureus, the terminal D-alanine residue is cleaved and a pentaglycine unit forms a
cross-bridge between the amino group of the L-lysine side chain and the free carboxyl
A substantial part of this chapter has been published in Biochemistry [Vermeiren, C. L., Pluym, M.,
Mack, J., Heinrichs, D. E., and Stillman, M. J. (2006) Characterization of the heme binding properties
of Staphylococcus aureus IsdA, Biochemistry 45, 12867-12875]. This work was carried out in

collaboration with Dr. D. E. Heinrichs’ group, Department of Microbiology and Immunology,
University of Western Ontario.
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3.1.2 NEAr abc Transporter (NEAT) domains

The single IsdA NEAT domain is so named because of its presence in proteins
expressed from genes in the vicinity of other genes predicted to encode Fe’* transporters
(9). IsdA and IsdC each contain one NEAT copy, IsdB possesses two copies, and HarA/
IsdH contains three copies (/0). Although NEAT domains have now been identified in a
growing number of Gram-positive surface proteins, the exact function of this domain has
yet to be determined, but expressed in recombinant form, the IsdA NEAT domain has
both heme and fibrinogen-binding ability (/), while the two most N-terminal HarA/IsdH
NEAT domains are associated with hemoglobin-haptoglobin binding (10).

3.1.3 Therole of IsdA in S. aureus

Not unlike other characterized Gram-positive bacterial cell-surface proteins, IsdA

has been demonstrated to interact with more than one host component. Indeed, not only
has it been demonstrated that IsdA provides physiologically relevant adherence to
fibrinogen and fibronectin, but IsdA can also interact with several other host components
such as transferrin and heme (/, /7). Although there is evidence supporting the role of
IsdA as a broad-spectrum adhesin, this protein was initially suggested to play a role in
iron acquisition given i) that the Isd transcripts are iron-regulated, ii) IsdEF, encoded
from within the Isd locus, share similarity with ABC transporters that transport iron, and
iii) the ability of IsdA to interact with both transferrin and heme. The exact role,

however, of IsdA in iron acquisition is not clearly understood.

In the present chapter, ESI-MS, absorption spectroscopy and MCD spectroscopy

show that recombinant IsdA (rIsdA) binds a single heme molecule. The native heme-
rIsdA complex exists as a 5-coordinate, high spin ferric heme with restricted access to
anionic ligands. Reduction to ferrous heme allows access to ligands, and significantly,
this reaction is reversible so that subsequent reoxidation prevents access. Furthermore,
mutational analysis shows that tyrosine 166 (Y166) of the IsdA NEAT domain is directly

coordinated to the heme iron in the proximal position.
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3.2 Experimental

To study IsdA, the signal and sorting sequences were removed to produce rlsdA,
consisting of amino acids 49-316 (Figure 3.1). The resulting protein possessed high
solubility in aqueous solution and showed no apparent aggregation for upwards of 2

weeks when stored at 4°C.

3.2.1 rlIsdA protein preparation

Refer to section 2.2.1.

3.2.2 Mutant rIsdA protein preparation

DNA mutations and cloning into E. coli were performed by Christie Vermeiren
(Dr. D. E. Heinrichs’ lab), Department of Microbiology and Immunology, University of
Western Ontario. Mutant rIsdA protein expression and purification were performed as

outlined in section 2.2.1.

3.2.3 Mass spectrometry sample preparation and measurement

Refer to section 2.2.3. The mass spectrometer settings used to study rlsdA and
rlsdA mutants are given in Table 3.1. The remaining settings were tuned to give the
strongest signal, and showed some variance between runs. To remove heme from rlsdA,

the sample and extraction cone voltages were set to 100 V and 50 V, respectively.

Table 3.1. Micromass LCT-MS settings used for the analysis of rIsdA.

Capillary (V) 3500

Sample cone (V) 25-50

Extraction cone (V) 5-15
Desolvation temp. (°C) 20
Source temp. (°C) 80

3.2.4 UV-visible absorption and MCD spectroscopy sample preparation

Refer to section 2.2.3.
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indication of any other protein species in the solution or of any significant concentration
of free heme.

Denaturing rIsdA using formic acid changed the charge state distribution quite
dramatically (Figure 3.4C). At least two series of charge states were observed, each with
the molecular species of mass 30,065 Da as the parent molecule (Figure 3.4D). The
predominant series had a charge state maximum at +35, while the lesser species had
maxima between +24 and + 26. Because the parent molecule was the same for both
series, it indicated the presence of two or more very different conformations coexisting in
solution, one very much more open and, therefore, with more exposed basic residues
available for protonation and the other conformation(s) considerably more closed. In
both cases, the denaturing conditions resulted in loss of the bound heme. The two minor
peaks in Figure 3.4B were 275 Da higher than the mass of the parent molecule and were
present in all the mass spectra. These peaks were attributed to r[sdA proteins that were
275 Da heavier due to imperfect cleaving, an impurity not observable on gels. There was
no reason to consider that the additional residues had any effect on the heme binding

properties because the heavier peptide appeared in each mass spectrum.

+35 .
(A) +o9 +27  IsdA (C) 37 77 433 IsdA+formic acid
100 S (pH 7.3) 109 NG s (pH 2.3)
] +31 | ‘
|
| +28
|
600 800 1000 1200 1400 600 800 1000 1200 1400
miz D miz
(B) 30671 ( ) 30065
. 10? IsdA 100 IsdA + formic acid
{ (PH 7.3) (pH 2.3)
Y | %]
{30055
j M‘-—‘ILL‘ i o WEPTE Tl
O'rr“‘“‘f T T T T P T T s
30000 32000 34000 30000 32000 34000
Mass / Da Mass / Da

Figure 3.4. ESI mass spectra of rlsdA under native and denaturing conditions. (A) As it was purified
from E. coli (pH 7). (B) The deconvoluted species were assigned as the heme-free protein (mass
30,035 Da) and the heme-containing protein (mass 30,671 Da). (C) Electrospray mass spectrum of
[sdA following the addition of formic acid, which resulted in denaturing conditions. (D) The
deconvolution showed that the single species is the heme-free protein with a mass of 30,065 Da.
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3.3.2 Heme binding properties of rIsdA

The optical spectra of heme-binding proteins are dominated by the absorption
bands of heme molecules between 300 and 700 nm. The UV-visible region spectrum of
the heme in IsdA exhibited a major band near 408 nm (the B band), followed by a series
of bands that extended from 450 to above 600 nm (the Q bands). Figure 3.5 shows the B
band absorption spectra of the native rIsdA and the series of ligated species measured as
part of this study. The native, ferric risdA had a B band maximum at 408 nm (line 1).
No anionic ligands bound to this species. Reduction with sodium hydrosulfite resulted in
the B band shifting to 432 nm (line 2). Addition of CO to reduced rlIsdA resulted in a
blue shift of the B band to 421 nm (line 3). The heme was reoxidized with potassium
ferricyanide, resulting in a B band shift to 409 nm (line 4). The addition of excess

cyanide to the reoxidized sample had no effect (line 3).

421

Abs

T T .
350 400 450 500

»lnm

Figure 3.5. Absorption spectra recorded for solutions of rlsdA. (1) Native, ferric risdA, (2)
following reduction with sodium hydrosulfite, (3) following addition of CO to the reduced risdA in
(2) by bubbling through a serum cap into the sealed cuvette; (4) following addition of crystalline
potassium ferricyanide to re-oxidize the rlsdA solution in (3); (5) following addition of cyanide to
the re-oxidized solution from (4).
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Figure 3.6A shows the absorption and MCD spectra of rIsdA. The band maxima
in the absorption spectrum for the B band (at 407 nm) and the visible region bands (at
502, 540, and 625 nm) were characteristic of the high spin ferric heme “fingerprint
pattern”, which has typically been observed with heme proteins such as myoglobin with a
phenolate axial ligand (/2). Moreover, the well characterized absorption and MCD
spectra for myoglobin (/3, /4) provide an excellent model from which to draw
conclusions concerning the identity of the 5" and 6™ axial ligands of the heme iron in
rIsdA since, for myoglobin, spectra have been published for a great many combinations
of axial ligand and iron oxidation states (/2). It is well established that all the band
parameters change as a function of the protein environment of the heme. The spectral
changes arise largely as a result of changes that take place at or near the iron, because
charge transfer bands between the metal and the ring overlay the © to n* bands of the
porphyrin ring. These bands change in number, wavelength, and intensity depending on
the oxidation state (ferrous, ferric, ferryl) and spin state (low, intermediate, high) of the
iron, and the axial ligands of the iron control the spin.

In heme proteins, the proximal or 5" position axial ligand may be the nitrogen
from histidine, the sulfur from cysteine, or the oxide from tyrosine. The distal or 6"
position ligand may be i) other residues in the peptide chain, ii) water that allows full
access for small ligands to the iron, iii) empty, or iv) empty but with residues in the
vicinity of the heme pocket that block access to the iron. Alternatives (i) and (ii) would
result in heme spectra characteristic of 6-coordination, whereas alternatives (iii) and (iv)
would result in heme spectra characteristic of 5-coordinate iron. The MCD spectral data
from native rlsdA (Figure 3.6A) showed that the heme contained a 5-coordinate, high

“spin ferric iron with an anionic oxygen ligand, likely from a proximal tyrosine and that
the distal site was empty.

Axial coordination of the ferric heme in proteins with the 6"

position accessible
(for example, in myoglobin rather than in cytochrome c) is possible across the entire
range of the spectrochemical series, starting with the very low Aocr values of the halides
and extending to the strong field ligand cyanide. Ligation by anionic ligands such as
cyanide is thermodynamically preferred and takes place with strong binding constants.

Strong field ligands such as cyanide systematically force a change from high or
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intermediate to low spin if the existing ligand is a weaker field ligand. However, for
rIsdA, it was found that there was a negligible effect on the absorption and MCD spectra
following the addition of excess cyanide (Figure 3.6B). This was extremely unusual and
contrasted the expectation based on the spectral properties of myoglobin (and other heme
proteins), in which the MCD spectrum of the high spin ferric heme, which is
characterized by the well resolved, derivative shaped band centered at ca. 540 nm, is
replaced by a strong, low-spin marker band at 580 nm in ferric myoglobin (/3, /4). The
implication of the results presented here for the ferric rIsdA were that, in complete
contrast with myoglobin, no 6" position (distal) axial ligation took place in ferric rIsdA.
As would be anticipated, therefore, the addition of even a large excess of weaker field
ligands within the spectrochemical series, such as fluoride and azide, similarly resulted in
no spectral changes (/5). This implied that while unoccupied in the native protein the
distal site was congested and blocked by other residues, which accounted for inability of
free anionic ligands to bind to the high spin ferric heme. There is evidence in the
literature that tyrosine binds to ferric heme proximally in both the ShuT periplasmic
protein from Shigella dysenteriae (16) and bovine liver catalase (/7, /8). In rlsdA, the
oxidized ferric heme existed as the high spin iron (Figure 3.6A) with characteristic
spectral properties of a S-coordinate iron. This meant that the ferric heme in rIsdA was
inaccessible to even very strong ligands so that the central part of the heme may be
considered buried inside the protein structure, effectively blocking axial coordination of
the Fe’*.

The iron in heme proteins, even the six-coordinate heme in cytochrome c, can
usually be reduced with reducing agents such as sodium hydrosulfite (Na;S204) (/9).
- This was also the case for rlsdA. Reduction of the heme in rlIsdA, using sodium
hydrosulfite, resulted in large red shifts in the B band wavelength and MCD spectral band
shape (Figure 3.6C). The absorption band maxima of the B band (at 432 m) and of the Q
bands (at 558 nm), observed after the addition of Na;S,04 were consistent with the
presence of a S—coordinate, high spin ferrous heme. A much more significant predictor
of the oxidation state, spin state and coordination environment of the iron was the
presence of an inverted pseudo-A term in the B region (+ve at 434; —ve at 418 nm) within

the MCD spectrum and the collapse of all the visible region bands to the set observed
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between 540 and 600 nm. This spectral pattern provided the definitive “fingerprint
pattern™ evidence for this assignment. Upon reduction, therefore, rIsdA clearly formed a
high spin, 5-coordinate ferrous heme, with no coordination in the 6" position, just as
observed in myoglobin (/2). Bubbling CO into a sealed solution of the reduced rlsdA
resulted in the immediate formation of low spin ferrous heme, which was characterized in
the MCD spectrum by two intense positive A terms, centered at 421 and 569 nm (Figure
3.6D). Coordination by O, or CO resulted in the formation of low spin heme with an
MCD spectrum dominated by two positive A terms (/3). The relative intensities and
band centers are different for the O; and CO bound hemes allowing ready identification
of the axial ligand. This new pattern was characteristic of a ferrous heme with the 6"
position coordinated by CO and the 5% position coordinated by histidine. While this
reactivity was similar to that of myoglobin, it is quite unlike that of cytochrome ¢ where
the CO cannot break either of the two axially coordinated residues (the methionine or the
histidine) (/9). It appeared that the initial reduction took place at the edge of the heme
that was exposed and not the iron center because the anionic hydrosulfite would not be
able to reach the ferric center. Following this, electron transfer across the porphyrin
resulted in the reduction of the iron to the 2+ state. This implied that while the iron was
inaccessible to ligands, the heme ring was close to or exposed outside the surface of the
protein allowing reduction from the reducing agent.

Addition of ferricyanide to the reduced risdA returned the spectral properties to
those observed for the native protein (Figure 3.6A) with the 6™ position again
inaccessible to strong field ligands such as cyanide (Figure 3.5). This meant that the iron
had been re-oxidized to the ferric high spin state and also that the heme iron exhibited
electronic spectra characteristic of tyrosine proximal coordination. Once again the
spectral data showed that even excess cyanide could not bind to the heme-rIsdA complex,
providing evidence that access to the iron was again restricted. The significance of these
results is that whereas reduction enabled access by CO, oxidation restricted this access.
The structural model to describe such chemical properties involves a crevice or pocket

that reversibly opens following reduction, and closes following oxidation of the iron.
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Figure 3.6. Absorption and MCD spectra of rlsdA. (A) As isolated from £. coli. (B) Following the
addition of crystalline sodium cyanide in small aliquots up to extremely large excess. (C) With the
addition of sodium hydrosulfite. Crystalline hydrosulfite was added in small aliquots until there
were no further changes in the absorption and MCD spectra. (D) With the addition of sodium
hydrosulfite and carbon monoxide.
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3.3.3 rlsdA mutational analysis

The MCD spectrum of rIsdA was consistent with high-spin ferric heme
coordinated by a phenolate oxygen in the 5" position (/6). This implies that a tyrosine
residue was the heme binding amino acid in rIsdA. The NEAT domains of IsdA, IsdC,
and HarA/lsdH, show several conserved tyrosine residues, specifically Y87, Y102, Y166,
and Y170 (20, 21). This suggests that these residues play an important role in heme
binding.

Mutational analysis of each conserved residue, as well as all other tyrosine
residues in the rlsdA NEAT domain, revealed that only Y166 was crucial for heme
binding. Panels A and B of Figure 3.7 illustrate the lack of change in the absorption and
MCD spectra for rIsdA Y170A, which suggested that Y170 did not play a large role in
heme binding. Panel C of Figure 3.7 shows that in rIsdA Y170A, access for small
anionic ligands was restricted when ferric heme was present, just as in the native protein.
Furthermore, reduction to ferrous heme, as shown by the inverted A-term in the B region
(Figure 3.7D), and axial ligation in the reduced state, as shown by the characteristic low-
spin ferrous heme spectra (Figure 3.7E), were both possible. Similar results were found
for all other NEAT domain tyrosine residues, with the exception of Y166. An interesting
result arose upon mutation of both residues F112 and Y170, two rather bulky residues
located within the rlsdA NEAT domain. Individually, these mutations produced no
change in the MCD spectrum from that of native r[sdA (the MCD data for the rIsdA
F112A were identical to that of rlsdA Y170A), however, in the double mutant, changes
in the MCD spectrum were observed (Figure 3.7G). The increase in the B:Q band
intensity ratio from that of rlsdA and risdA Y170A, suggested a shift to a more
- intermediate-spin state of the heme-iron (/3, 2/). Ligation of cyanide was also observed
as indicated by the low-spin ferric heme marker band that appeared at 576 nm (Figure
3.7H). Evidently, removal of the bulky F112 and Y170 residues, aside from slightly
altering the heme binding environment, provided a pathway for cyanide to bind in an

axial heme site.
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Figure 3.7. Absorption and MCD spectra of the rlsdA Y170A and F112A/Y170A mutants. (A, F,
B, G) As purified from £. coli. (C, H) Following the addition of crystalline aliquots of sodium
cyanide. (D, I) Following the addition of crystalline aliquots of sodium hydrosulfite. (E, J)
Following the addition of crystalline sodium hydrosulfite and carbon monoxide.
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The UV-visible spectrum of rlsdA Y166A showed reduced heme binding upon
purification, compared to native rlsdA. The rise in the A€o nm / A€y07 nm (protein
absorption / heme absorption) value from 0.83 for rIsdA to 1.85 for rIsdA Y166A
illustrated this (Figure 3.8). These values were consistent over several protein
preparations of both rlsdA and rlsdA Y166A. The mass spectrum of risdA Y166A

(Panels A and B of Figure 3.9) offered further evidence of lowered heme binding affinity.
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Figure 3.8. UV-visible absorption spectra of rlsdA and rIsdA Y166A.

Native rIlsdA showed considerable heme binding upon mass analysis. Figure 3.9B
illustrates that for rIsdA, the majority of protein was bound to heme. Under the same
conditions, the mass spectrum of rIsdA Y166A (Figure 3.9E) clearly shows that heme
binding was reduced. No significant sign of free heme was observed in the mass spectra
of either native rIsdA or rIsdA Y166A. The charge states for rIsdA Y166A were
centered about +27 (Figure 3.9C) and were identical to those of native rIsdA (Figure
3.9A), suggesting that the mutation did not alter the overall fold of the protein. Close
examination of the peaks between 1000 and 1400 m/z revealed four charge state
distributions, corresponding to four distinct protein molecules (Figure 3.9D). Molecular
masses were calculated to be approximately 29,999 Da, 30,326 kDa, 30,616 kDa, and
30,936 kDa. The theoretical mass of IsdA rY166A, calculated from the amino acid
sequence, was approximately 29.97 kDa and was in close agreement to the observed peak
at 29,999 Da. The mass of heme is 616 Da, thus 30,616 Da represented single heme
bound rIsdA Y166A. The peak at 30,326 Da was believed to represent rIsdA Y166A
bound to an unidentified ligand approximately 320 Da in mass. 30,936 Da, thus,
represented rIsdA Y166A bound to both heme and the unidentified ligand.
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On a single occasion, considerable heme binding in the rlsdA Y166A mutant was
observed. The mass spectrum of this sample (Figure 3.10B) shows that the majority of
protein was heme bound, represented by the peak at 30,587 Da. Due to the increase in
the unknown ligand concentration in this sample, a more accurate mass of 305 Da was
assigned to it. It was also possible that the unidentified peak represented a 922 Da ligand,
however, this was not believed to be the case due to the peak observed approximately 320
Da higher than the ligand-free protein peak in Figure 3.9D. Panels C and D of Figure
3.10 show that upon increasing the sample and extraction cone voltages to 100 V and 50
V, respectively, the ligands were removed from the protein, hence the dominance of the
ligand-free rlsdA Y166A peak at 29,970 Da. This also confirmed that the peak observed
at 30,892 Da did not represent a slightly heavier protein. If it did, a mass 305 Da higher
than the ligand free rIsdA Y166A peak would still be have been observed following the
increase in sample and extraction cone voltages. Although free heme was observed (616
m/z), no signals were observed for the unknown ligand at 305 or 922 m/z. Furthermore,
no peaks were observed at fractions of 305 or 922 m/z, which would be observed if
charge states higher than +1 existed for this ligand.

The UV-visible absorption and MCD spectra of IsdA Y166A resembled a mixture
of species. The shoulder appearing to the red of the main B band (Figure 3.11A)
illustrated this. The band pattern in the B region of the MCD spectrum resulted from the
overlap of two A terms. This overlapping signal was apparent in all of the spectra
presented in Figure 3.11. The B band in native rIsdA appeared at 407 nm. Mutation of
Y166 resulted in a red shift to 412 nm, a change observed only for this mutation.
Interestingly, whereas axial ligation of CN™ was shown to be restricted in native IsdA, the
Y 166A mutant protein permitted ligation to the bound heme. The 580 nm band (Figure
3.11B) was characteristic of a low spin ferric heme (/3, /4), and was expected upon
ligation of a strong field ligand, such as cyanide. Addition of $,0.” gave the
characteristic inverted pseudo A-term in the B region of the MCD spectrum, centered
about 420 nm (Figure 3.11C). Carbon monoxide addition to reduced rlsdA Y166A
produced a characteristic Jow-spin ferrous MCD spectrum with the addition of a second

signal in the B region (Figure 3.11D).
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matching instrumental parameters. (A, C) Charge state spectrum of the entire scan range. (D)
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Figure 3.10. Charge state and deconvoluted mass spectra of rIsdA Y166A when purified
bound to a large quantity of heme. (A) Charge state spectrum under mild conditions. (B)
Deconvoluted mass spectrum under mild conditions. (C) Charge state spectrum under
harsh conditions (sample cone at 100 V, extraction cone at 50 V). (D) Deconvoluted mass
spectrum under harsh conditions.
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Following the addition of crystalline aliquots of sodium cyanide. (C) Following the addition of

crystalline aliquots of sodium hydrosulfite.
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The spectra presented in Figure 3.11 represent rIsdA Y166A that was bound to
approximately equal concentrations of heme and the unknown ligand, as shown by the
corresponding mass spectrum (Figure 3.9E). Conversely, the rIsdA Y166A sample
which contained a large quantity of heme, showed that the heme concentration was
approximately 3x that of the unknown ligand. The absorption and MCD spectrum of this
sample (Figure 3.12) were, therefore, dominated by heme and provided clearer insight
into the spin and oxidation state of the heme in rIsdA Y166A. Figure 3.12 illustrates that
this was the case. The overlapping signals in the B region were removed and a MCD
spectrum resembling an intermediate-spin ferrous heme was obtained. The large B:Q
band intensity ratio and visible region band pattern closely resembled that of

intermediate-spin ferric heme myoglobin (/3, 15), providing strong evidence for the
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Figure 3.12. Absorption (top) and MCD (bottom) spectra of rlsdA Y166A when
purified bound to a large quantity of heme.
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native rlsdA in that the B:Q band intensity ratio dropped from 2:1, as observed in native

rlsdA, to [:1.
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Figure 3.14. Charge state (A) and deconvoluted mass spectra (B) of rIsdA H33A. The large peak
observed at 1072 m/z is due to contamination by the standard solution used to calibrate the instrument.
Three pairs of charge states are indicated to aid in the assignment (at +20, +23. and +26.)
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Figure 3.15. Absorption and MCD spectra of rIsdA H83A. (A) As purified from E. coli. (B)
Following the addition of crystalline aliquots of sodium cyanide. (C) Following the addition of
crystalline aliquots of sodium hydrosulfite. No change was observed even following the addition
of a large excess of the reducing agent.
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3.4  Discussion

The ESI-MS data in this study clearly demonstrate that rIsdA binds one heme
group (Figure 3.4B). The charge state distributions for the protein with and without the
heme are similar, which indicates that there is little rearrangement of the protein
secondary or tertiary structures upon heme loss (Figure 3.4A). Denaturation of rIsdA
takes place at low pH with an associated large shift in charge state maximum from +29 to
+35 and the loss of heme (Figure 3.4C). It is considered that the more the charge state
distribution shifts towards greater protonation, the more open, and more random the
protein structure (23, 24). Following denaturation, two dominant envelopes of bands are
observed in the mass spectra shown in Figure 3.4C, both arise from the same molecular
mass (Figure 3.4D), neither set includes the heme. The charge states centered on +26 are
the same as for the native rIsdA in which the heme is bound (except for the slight
compensating reduction in mass) whereas the charge states centered on +35 appear only
following acidification. The relative fraction of the more folded form of the denatured
protein is approximately 30% with a charge state maximum near +26, whereas 70%
adopts the more open structure with the charge states near +35. The +26 set of charge
states may arise from the first stage in the unfolding process following loss of the heme.
Altogether, the rIsdA ESI-MS data correlate well with analytical ultracentrifugation and
gel filtration analyses that indicate that r[sdA exists as a monomer and adopts an
extended conformation in solution (6).

Not surprisingly, given the relatively recent identification of IsdA, no information
existed in the literature describing the environment of the heme bound to IsdA. Changes
in the coordination environment of the heme iron, and potential 5" and 6™ axial ligation
- positions above and below the plane of the porphyrinoid ring, result in MCD spectra with
substantially modified band morphologies and sign sequences. Extensive studies of heme
binding properties have identified a series of characteristic “fingerprint patterns™ for
different heme environments (/2). which help to provide answers to a series of questions:
1) How many ligands are attached to the iron in the native state and what is the nature of
these coordinating ligands (nitrogen from His, sulfur from Cys, or oxygen from Tyr, for
example)? ii) Can small axial ligands approach the iron? iii) Is the heme iron spin state

high, intermediate or low, which relates to the binding strength of the axial ligand present
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in the native state? (iv) What is the oxidation state of the central iron (Fe(Il), Fe(III) and
Fe(1V))?

In the experiments described here, rIsdA in solution was taken and to it added, in
stepwise fashion, strong-sigma donor, anionic axial ligands known to coordinate the
heme iron in its ferric state, which can result in changes in the spin state of the central
metal. The absorption and MCD spectral data for myoglobin with a wide range of
anionic axial ligands have been widely studied and serve as a model to compare with the
rIsdA data presented here (/3, 715). Therefore, rlsdA only partially follows the ligation
properties observed with myoglobin. No ligation of cyanide takes place with the native
ferric protein even in the presence of excess cyanide over periods of hours (Figure 3.6B).
These experiments resolve the questions posed above and determine both the electronic
structure and the environment of the bound heme.

The MCD spectral data of the rIsdA at pH 7 (Figure 3.6A) clearly indicate that the
ferric iron is coordinated to a weak field ligand, most likely anionic, with tyrosine the key
candidate (/6). The MCD data closely resemble that of a number of heme proteins,
including catalase in which tyrosine is known to be the proximal axial ligand. The lack
of cyanide binding indicates that access to the 6™ position on the ferric iron is limited (in
this case specifically to anionic ligands) since even in the presence of the excess of
cyanide, the distal site could not be reached. Reduction to the ferrous heme, however,
allowed access to CO, which suggests that the peptide relaxed in the region of the heme,
possibly because the anionic tyrosine binds much more weakly to the ferrous iron. This
reaction was reversible and subsequent oxidation back to the ferric again blocked access
to cyanide. Reduction of the heme would have to be through an exposed edge of the
“heme porphyrin as the iron center is not accessible to the anionic hydrosulfite, although
the mechanism for the reduction is not clear.

The conclusions on the environment of the heme in the native rlsdA are that the
heme is isolated within the peptide with only an edge accessible, which resembles the
situation in cytochrome c. The five-coordinate, high spin ferric iron is inaccessible to
anionic axial ligands. Reduction to the ferrous state introduces access to the ferrous iron.
The MCD spectral data provide strong evidence that reduction, in the absence of

exogenous axial ligands, leads to the high-spin, 5-coordinate ferrous heme in which the
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proximal ligand is now histidine (Figure 3.6C). Addition of CO leads to spectral data
characteristic of low-spin, 6-coordinate ferrous heme, in which the proximal group is also
histidine (Figure 3.6D). These MCD spectral data are almost identical to the well known
data of myoglobin. However, reoxidation again closes access, providing evidence that
the heme has not moved during this chemical process, which suggests that the heme
environment is quite stable with respect to chemistry taking place at the heme. In this
ferric state, the lack of anionic access, and the band maxima and MCD spectral pattern,
again indicate that the proximal group is tyrosine. These results suggest that different
residues coordinate the heme under these different redox states.

The NEAT domain in IsdA, which was also included in the rlsdA construct used
in this study, contains several tyrosine residues that could function as a coordinating
ligand of the heme molecule. Notably, Y87, Y102, Y166, and Y170 are conserved in the
NEAT domains of IsdA and IsdC which bind heme (20, 21), and also the C-terminal
NEAT domains of HarA/IsdH and IsdB from S. aureus. Notably, Pilpa et al. (20) have
shown that the most N-terminal NEAT domain of IsdH/HarA does not bind heme and
lacks these conserved tyrosines, lending support to the idea that at least one of these
conserved tyrosines plays an integral role in heme binding. It is interesting to note that of
several histidine residues present within IsdA only one, His83, is partially conserved
among IsdA, IsdB, IsdC, and HarA/IsdH NEAT domains, and may be the residue that
provides axial ligation for the heme iron when in the high-spin reduced state, provided
that the heme is similarly bound by these other NEAT domains.

The mass spectra of rIsdA Y166A shows that replacement of the tyrosine
phenolate group with a methyl group, heme binding is greatly reduced compared to that
of native rIsdA (Figure 3.9). The appearance of additional peaks, approximately 305 Da
higher in mass, suggests that upon removal of Y166, the reduction in heme binding
affinity allows for the coordination of other ligands into the rIsdA binding pocket.
Alternatively, the presence of a second ligand could suggest that the ligand binding
restrictions are somewhat reduced and, therefore, rIsdA Y166A picks up a second ligand
during expression in E. coli. Described in later chapters of this thesis, a peak of similar
mass also appears for both rlsdC and rIsdE, suggesting it is not mere chance that this

ligand is present.
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The absorption spectrum of native rIsdA shows that the B band is observed at 407
nm (Figure 3.8). In rIsdA Y 166A that band is blue shifted to 412 nm, with a second band
appearing as a shoulder at approximately 430 nm (Figure 3.11A). This dual band is more
evident in the MCD spectrum, which clearly shows the overlap between the two
derivative shaped bands giving rise to two negative peaks at 417 and 437 nm. These
overlapping of bands may suggest that two different heme coordinations exist in rlsdA
Y166A. Many iron containing hydroxamate siderophores have strong absorptions in the
400-440 nm range (25), which arise from charge transfer between the hydroxyl groups of
the siderophore and central ferric-iron atom. However, their extinction coefficients
(approximately 103) are orders of magnitude smaller than those of heme (approximately
10°) and would not exert such a major influence on the absorption and MCD spectra (26,
27). Removal of Y166 may result in two different orientations of bound heme molecules,
and this gives rise to the overlapping signals. Following the addition of ligands (CN" and
CO) and a reducing agent (Na;S,04) the shift in the overlapping band pattern in the B
region of the spectra appeared to parallel each other, offering support for this conclusion.
Why then do these odd band patterns disappear when the quantity of heme bound to the
protein is increased? The bands appearing in Figure 3.12 can also be identified in Figure
3.11A, with the only major difference being the presence of a negative 437 nm peak in
Figure 3.11A. This would suggest that the unknown ligand is causing the 437 nm band,
possibly through an interaction with bound heme, and that only when its concentration is
comparable to that of the heme, are the resulting spectral bands observed. Evidently,
future work is required to resolve this issue. Identification of the unknown ligand, and
subsequent MCD analysis would most likely provide the answer.

In summary rIsdA binds a high-spin ferric heme through residue Y166 of the
NEAT domain. These results provide strong evidence for the involvement of the NEAT
domain in heme binding. Similar results may be expected upon analysis of rlsdC and
HarA/IsdH, the other NEAT domain containing proteins of the Isd system. rlsdA has
also been shown to bind a ligand other than heme-b. Although its identity remains
unknown, its reappearance in the mass spectra of both rlsdC and rIsdE suggests it plays

an actual role in the functioning of §. aureus. This, however, is yet to be confirmed.
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