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ABSTRACT: Iron is a critically important nutrient for all
species. Bacteria have evolved specialist survival systems to
chelate and transport iron across the wall and membrane into
the cytoplasm. One such system in the human pathogenic
bacteria Staphylococcus aureus involves extracting heme from
hemoglobin and then transporting the intact heme across the
wall and membrane. The iron-regulated surface determinant
(Isd) proteins act in concert to carry out the heme scavenging
and subsequent transport. While details of the static heme-
binding reaction are currently quite well known, little

mechanistic data are available. In this paper, we describe detailed time-resolved mass spectral and magnetic circular dichroism
spectral data recorded as heme is transferred unidirectionally from holo-IsdA to apo-IsdE via IsdC. The electrospray mass
spectral data simultaneously monitor the concentrations of six protein species involved in the trans-wall transport of the extracted
heme and show for the first time the mechanistic details of heme transfer that is key to the Staphylococcus aureus Isd heme-
scavenging system. Bimolecular kinetic analysis of the ESI-mass spectral data shows that heme transfer from IsdA to IsdC is very
fast, whereas the subsequent heme transfer from IsdC to IsdE is slower. Under limiting IsdC conditions, the IsdC intermediary
cycles between heme-free and heme-containing forms until either all heme has been transferred from holo-IsdA or no further
apo-IsdE is available. The data show that a unique role for IsdC is acting as the central cog-wheel that facilitates heme transfer

from IsdA to IsdE.

B INTRODUCTION

Iron is an essential nutrient to all forms of life, being critical for
a range of functions including oxygen transport and energy
metabolism. However, free ferric (Fe’") iron is almost insoluble
in aerobic systems, with an estimated concentration of
approximately 107** M."* Under normal biological conditions
iron is sequestered in ferritin, transferrin, and heme proteins in
mammals. As a result, bacteria have developed multiple iron
acquisition systems to facilitate their survival’>™® A readily
accessible and the most abundant iron source for bacteria in
mammals is iron-protoporphyrin IX (heme), which is typically
bound in proteins such as hemoglobin and myoglobin. Bacteria
can extract heme from hemoglobin and myoglobin using
protein-based extraction pathways that generally isolate and
subsequently bind the heme to the amino acid ligands His and
Tyr.”~” The heme is then transferred through the bacterial cell
wall via a series of heme-binding proteins and finally to an ABC
heme transporter to cross the membrane into the cytoplasm,
where the iron is then extracted from the protoporphyrin IX
with heme-degrading proteins. Examples of bacterial heme
acquisition systems include the phu system in Pseudomonas
aeruginosa, the has system in Serratia marcescens, and the shu
system in Shigella dysenteriae.” The isd system in Staphylococcus
aureus also carries out this function and is the heme-scavenging
protein system that is the focus of this present study.’
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Antibiotic-resistant bacterial infections by S. aureus cause a
range of infections and diseases, most significantly life-
threatening pneumonia, meningitis, endocarditis, and septice-
SO The iron-regulated surface determinant (Isd) protein
system extracts iron from heme in hemoglobin and
myoglobin.'>"* The isd gene cluster was first identified in
2002,"*7'¢ and in 2003 Mazmanian et al.'” proposed that the
Isd series of proteins acts as a heme-transfer pathway across the
cell wall and through the membrane of the Gram-positive S.
aureus. In S. aureus the Isd system consists of nine iron-
regulated proteins: IsdA, IsdB, IsdC, and IsdH, which are cell-
wall-anchored surface proteins; IsdE and IsdF, which constitute
a substrate-binding protein and the membrane-localized ABC
transporter; and, finally, IsdG and Isdl, which are heme-
degrading enzymes in the cytoplasm.'® > Defining the detailed
function of the Isd proteins takes on added significance when
one considers that several of the Isd proteins have been
demonstrated to play a significant role in S. aureus patho-
genesis, using several different culture and animal models that
tested for tissue adherence, colonization, persistence, and ability
to cause tissue abscesses.”'~**
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Considerable research has provided the structures and some
mechanistic details of the Isd-mediated heme acquisition
systems in S. aureus. A number of individual reactions of the
Isd protein system have been reported, including the binding of
hemoglobin by IsdB,"*** the IsdH-dependent binding of
haptoglobin and haptoglobin—hemoglobin,”**” and heme
binding by IsdA, IsdB, IsdC, IsdE, and IsdH.%**73! The
proteins IsdA, IsdB, IsdC, and IsdH each contain at least one
near transporter (NEAT) domain that adopts a beta sandwich
structure to bind one ferric heme into a groove with heme-iron
coordination via Tyr.*>* IsdE, a lipoprotein and member of
the class III substrate-binding proteins, binds heme into a
shallow groove between two a/f lobes of the protein, using His
and Met to coordinate to the ferric-heme-iron.

Key to the proposal for the role of the Isd series of proteins
in iron acquisition in S. aureus is that heme passes from protein
to protein in such a manner as to move spatially through first
the ~90 nm thick bacterial wall and then the bacterial
membrane into the cytoplasm. Experimental evidence for the
trans-wall and trans-membrane sections of the mechanism for
this channeling process has not been reported to date.
Techniques previously used to study the Isd system include
UV—visible absorption spectroscopy (heme transfer from IsdA
to IsdC), crystallography for protein structure and heme-
binding ligands, magnetic circular dichroism (MCD) spectral
data to elucidate ligand binding to heme, and electrospray
ionization mass spectrometry (ESI-MS) to elucidate the heme-
transfer pathway. Individual heme-transfer reactions have been
predominantly studied by UV—visible absorption spectroscopy,
where the heme-transfer kinetics between pairs of proteins has
been analyzed by stopped-flow spectroscopy.'>*>**%3¢ How-
ever, a major difficulty arises when using UV—visible absorption
spectroscopy to monitor heme binding when the amino acid
residues binding the iron of the heme in both the donor and
receiver proteins are similar or the same, which is the case for
several proteins within the Isd system. This results in very
similar optical spectra, leading to very small AA changes in the
spectra during heme transfer. Mass spectral data overcome
these limitations by readily distinguishing the differing masses
of the heme-free apo-proteins from heme-free denatured apo-
proteins and from the native heme-bound holo-proteins. ESI-
MS has been previously been shown to be a powerful technique
in elucidating the mechanism of protein folding or cofactor
transfer in systems.””*' In previous work, it was also shown
that ferric heme transfer occurred in an unusual unidirectional
fashion down the pathway of the series of Isd proteins, where
we indicate the proximal amino acid residue in parentheses,
IsdB (Tyr)—IsdA (Tyr)—IsdC (Tyr)—IsdE (His) or,
alternatively, initiating from IsdH, IsdH (Tyr)—IsdA—
IsdC—IsdE. Finally it was shown that heme transfer through
the cell wall must occur via IsdC, indicating that IsdC acts as
the central conduit of the Isd system.*®

In this paper, the first real-time measurement of heme
transfer between the three key proteins in the Isd system
involved in the trans-wall channeling are reported. By exploiting
the unidirectional nature of the Isd system (that is, heme
transfer only takes place from IsdA—IsdC—1IsdE) and by using
limiting concentrations of IsdC, we have explored the real-time
heme-transfer kinetics across these three proteins by MCD
spectroscopy and ESI-MS. Time-resolved mass spectral data
provide firm evidence for a sequential, multiprotein heme-
transfer system. Determining the reaction rates from kinetic
measurements for heme transfer between these three Isd

proteins provides new information that directly addresses the
hypothesis that the proteins function in concert as a heme
shuttle system in the Gram-positive bacteria cell wall.

B EXPERIMENTAL METHODS

Gene Cloning, Protein Expression, and Mutation Techni-
ques. DNA encoding residues 62—184 of IsdA, residues 28—150 of
IsdC, and residues 32—292 of IsdE were PCR amplified from S. aureus
RN6390 chromosome and cloned into pET28(+) in such a way as to
incorporate N-terminal 6X-His tags. DNA-encoded His-tagged protein
was digested out of pET28a(+) and cloned into pBAD30* before
being introduced into E. coli RP523, a hemB mutant.®

E. coli RP523 cells harboring recombinant plasmids were grown at
30 °C in Luria—Bertani broth (LB; Difco) containing ampicillin (100
pug/mL) and L-arabinose (0.2%). After overnight incubation, cells were
harvested and resuspended in binding buffer (10 mM sodium
phosphate, pH 7.4, S00 mM NaCl, 10 mM imidazole). Cells were
then ruptured in a French pressure cell, and cell lysates were subjected
to ultracentrifugation at 150000g for 1 h to remove insoluble material.
Proteins were purified using a 1 mL HisTrap column (GE Healthcare)
and an AKTA FPLC system with an elution buffer containing 10 mM
sodium phosphate, pH 7.4, 500 mM NaCl, 500 mM imidazole.
Proteins were then desalted using a S mL HiTrap desalting column
(GE Healthcare). The 6X-His tags were removed by incubation with
thrombin (10 U/mg protein; GE Healthcare) at room temperature for
16 h and run through a HisTrap column for final purification.

Hemin (Sigma) was dissolved in diluted ammonium hydroxide, pH
10. Protein concentrations were estimated using the extinction
coefficients at 280 nm of 28.85 mM™' cm™ for Isd-NEAT-A, 38.26
mM™! em™ for Isd-NEAT-C, and 20.07 mM ™' cm™ for IsdE. These
values were determined by calibrating the 280 nm protein band by
quantifying completely holo-Isd proteins by Fe atomic absorption
spectroscopy using an AA240 instrument with SPS S auto sampler
(Varian, Canada) and by UV—visible absorption spectroscopy using a
Cary 500 instrument (Varian, Canada). Each Isd protein binds only
one heme; therefore, the amount of iron present corresponds to the
amount of heme, which then corresponds to the amount of Isd
protein.

ESI-MS Measurements. Protein solutions were concentrated,
desalted, and buffer-exchanged from 10 mM phosphate-buffered saline
solution (PBS), pH 7.4, to 20 mM ammonium formate, pH 7.4 (a
mass spectrometry-compatible buffer), using Millipore Amicon Ultra-4
centrifuge filter units (10 kDa MWCO) with a Beckman CS-6
swinging-bucket centrifuge (3000 rpm for 10 min per run). Once
thoroughly buffer exchanged, proteins were used for ESI-MS
measurements.

A Bruker micrOTOF II ESI-TOF mass spectrometer (Bruker,
Canada) operated in the positive-ion mode was used for all ESI-MS
measurements. Samples in 20 mM ammonium formate buffer, pH 7.4,
were infused into the spectrometer at a rate of 600 L h™' using a
microliter infusion pump. The instrument was calibrated with an
external CsI standard solution. Data were processed using the Bruker
DataAnalysis 4.0 program. Parameters: sample range, 500—4000 m/z;
rolling average, 2 X 0.5 Hz; end plate offset, =500 V; nebulizer, 2.0
bar; dry gas temperature, 293 K; flow rate, 8.0 L/min; capillary voltage,
4200 V; capillary exit, 180 V; skimmer 1, 22 V; hexapole, 225.0 V;
hexapole rf, 600 V. The complete kinetic run was measured from a
single mixture.

Heme-Transfer Reactions. To monitor heme transfer between
the two NEAT domains (IsdA-N and IsdC-N) and IsdE, apo-IsdC-N
(for MCD) or holo-IsdC-N (for ESI-MS) was added to a mixture of
holo-IsdA-N and apo-IsdE. Previous reports have shown that there is
no heme transfer between holo-IsdA-N and apo-IsdE and that no free
heme can be detected, so this mixture is stable.*® The solution was
rapidly mixed and then immediately infused into the mass
spectrometer. Data were measured continuously for up to 30 min;
however, only the first 20 min of data are shown. The protein
concentrations were deduced from the normalized relative abundances
summed from the charge states of the apo/holo pairs of the respective
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proteins at each time interval. The samples were held at a
thermostated temperature of 15 °C during infusion for ESI-MS
measurements. Each transfer reaction shown is an average of three
separate runs.

Kinetic Analysis. To calculate the concentration of each Isd
species, the intensities (counts) of the charge states of each Isd protein
were summed and then normalized relative to the apo/holo pair. The
charge states used for each Isd protein were as follow: apo/holo-IsdA-
N, +8 and +7; apo/holo-IsdC-N, +9 and +8; and apo/holo-IsdE, +13,
+12, and +11. The concentration data for each species (holo-IsdA-N,
apo-IsdA-N, holo-IsdC-N, apo-IsdC-N, holo-IsdE, and apo-IsdE) at
each time interval for the complete kinetic reaction were analyzed
using the program Copassi.** The reaction scheme used is described
below in the Results section. Errors were calculated using the standard
deviation for each k calculated from the fit.

MCD Spectral Measurements. MCD spectra were measured
using an SM2 S.5 T superconducting magnet (Oxford, UK) attached
to a J-810 CD spectrometer (Jasco Inc., Japan) with a range of S00—
350 at 2 nm steps with a 1 s response time and no delay between
scans. A f, spectrum was measured with a solution containing holo-
IsdA-N and apo-IsdE with the absence of apo-IsdC-N (conditions
under which no heme transfer could take place). Spectra were then
measured continuously for 40 min. A t,, spectrum was recorded 90
min after the kinetic run had started.

UV-Visible Absorption Spectral Measurements. Continuous
UV—visible absorption spectral scans were measured on a CaryS0 Bio
spectrometer (Varian, Canada) using the Scanning Kinetics
Application with a range of 200—700 nm at a scan rate of 4800 nm
min~" with two cycles (0.2 min delay between scans for 3 min, and 1.0
min delay between scans for S0 min). Apo-IsdC-N was denatured by
adding sodium docecyl sulfate (SDS, 2% by m/v) and then boiling the
protein for 30 min.

B RESULTS

Species ldentification with MCD Spectroscopy. MCD
spectroscopy has been shown to be a powerful technique not
only in ligand identification of the Isd heme-binding proteins
but also for tracking heme transfer.***%*>*¢ A solution of 6 4M
holo-IsdA-N, 0.6 #M apo-IsdC-N, and 9 yM IsdE was studied
with continuous scanning MCD spectroscopy, Figure 1. As
shown previously, holo-IsdA-N exhibits a very different MCD
spectral trace than holo-IsdE due to the presence of different
axial amino acid-binding ligands of the ferric heme-iron (Tyr
(IsdA-N) to His (IsdE)), causing the heme iron spin to change
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Figure 1. MCD spectra recorded during the reaction between holo-
IsdA-N, a stoichiometrically limited amount of apo-IsdC-N, and apo-
IsdE. Spectral changes are observed for the heme transfer from IsdA-N
to IsdE through IsdC-N.

from high to low spin.36’45’46 This is marked by a large increase

in the B-band MCD signal intensity at both 408 (+) and 423
nm (—) in the MCD spectrum. The absolute value of the MCD
signal intensity at 422 nm is shown in the inset of Figure 1.
There is a steady increase in the MCD signal magnitude,
indicating transfer of heme from IsdA-N to IsdE through IsdC-
N. However, due to the substoichiometric amount of apo-IsdC-
N present in solution and the significant overlap of the spectral
envelops of holo-IsdA-N, IsdC-N, and holo-IsdE species in
solution, it was not possible to track the concentration of holo-
IsdC-N, and it was very difficult to quantify the time-dependent
concentration of the holo-IsdA-N in solution by MCD
spectroscopy. Therefore, in order to track all species in
solution and create an accurate kinetic map of the reaction, ESI-
MS was used to solve the problem.

ESI-MS Data Show Real-Time Transfer of Heme from
IsdA-N to IsdC-N and Then to IsdE. The ESI-MS technique
is able to identify all of the six protein species involved in the
heme-transfer reaction, which include heme-bound, holo-IsdA-
N, holo-IsdC-N, and holo-IsdE. ESI-MS can also measure the
spectroscopically silent apo-IsdA-N, apo-IsdC-N, and apo-IsdE.
The mass spectral data were obtained from a single, mixed
solution.

From previous work, it was shown that apo-IsdC-N
efficiently removes heme from holo-IsdA-N and then transfers
heme to apo-IsdE.”>*® Apo-IsdE does not remove heme from
holo-IsdA-N. Since each NEAT domain contains a distinct
amino acid composition, and therefore, a distinct mass, a
reaction similar to the MCD experiment was performed using
time-resolved ESI-MS, Figure 2, with Isd species concentrations
of 6 uM holo-IsdA-N, 0.45 M holo-IsdC-N, and 12 yM IsdE.
Since the first measured point was approximately 0.5 min, holo-
IsdC-N was used instead of apo-IsdC-N to circumvent the first
filling step of apo-IsdC-N, and therefore, the kinetic map is
more accurate. With these concentrations, the stoichiometric
ratio of IsdA-N:IsdC-N:IsdE was approximately 1:0.075:2,
meaning that IsdC-N must turn over approximately 13 times to
complete the reaction and transfer all heme to apo-IsdE,
thereby imparting the role of heme shuttle onto IsdC-N.

The time-dependent charge state data reveal all six possible
species in solution: IsdA-NEAT (AA), apo-IsdC-NEAT (AC),
and apo-IsdE (AE) species and the heme-bound species holo-
IsdA-NEAT (HA), holo-IsdC-NEAT (HC), and holo-IsdE
(HE). In the ESI-MS data the +8 and +7 charge states were
observed for IsdA-N, +9 and +8 for IsdC-N, and +13 to +11 for
IsdE. Early in the reaction (0.5 min), the formation of holo-
IsdE is detected, together with solely holo-IsdC-N (specifically
no apo-IsdC-N was detected), indicating that the filling of
IsdC-N from IsdA-N is faster than transfer to IsdE, resulting in
a buildup of holo-IsdC-N.

Progressing through the reaction, the disappearance of
charge states associated with holo-IsdA-N is observed
coincident with the appearance of the apo-IsdA-N charge
states. By the 10 min mark, only apo-IsdA-N charge states are
observed, with no holo-IsdA-N charge states. After 20 min, the
spectral data show the presence of a remaining but limited
fraction of holo-IsdC-N and a large fraction of apo-IsdC-N,
together with apo-IsdA-N. Interestingly, in the kinetic reactions
we find that there is always a significant fraction of holo-IsdC-N
detectable at the end of the reaction. This atypical result does
not match previously recorded unidirectional heme transfer,
which was found to leave the donor completely heme-free.**
The IsdE is approximately 50% holo, which corresponds
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Figure 2. Mass spectral data recorded during heme transfer from IsdA-N to IsdE via IsdC-N. ESI-MS charge states are shown at nine time intervals
(0.5, 1.0, 2.0, 3.0, 5.0, 7.5, 10, 15, and 20 min) for the heme-free apo-IsdA-NEAT (AA), apo-IsdC-NEAT (AC), and apo-IsdE (AE) species and the
heme-bound holo-IsdA-NEAT (HA), holo-IsdC-NEAT (HC), and holo-IsdE (HE) species. +8 and +7 charge states were observed for IsdA-N, +9
and +8 for IsdC-N, and +13 to +11 for IsdE. At the start of the reaction the concentrations were as follow: HA, 6.0 uM; HC, 0.45 uM; and AE, 12

UM. The temperature was 15 °C.

stoichiometrically to the predicted stoichiometry of the
reaction.

Determination of the Reaction Mechanism and the
Rates of Reaction. To determine the mechanism of the
reaction and the associated reaction rates, a multifunctional
analysis** was carried out. Quantification of charge state data
requires that both apo- and holo-Isd proteins have similar
charge state distributions; therefore, by making apo and holo
peaks relative to each other, it was possible to calculate
concentrations.>®*° For this analysis, all the data points were
simultaneously fitted with a set of sequential bimolecular
reaction equations. The changes in the concentration of each of
the six species as a function of time are best seen in the
summary plot, Figure 3.

The cog-wheel-like mechanism of heme transfer where IsdC-
N acts as a heme shuttle is not a straightforward reaction. Fits
with either a completely irreversible mechanism or a completely
reversible mechanism did not fit the time-resolved data
measured for the heme transfer for each protein (see
Supporting Information). Scheme 1 provides an outstanding
fit to the data (Figure 3) with a very straightforward
mechanism.

16581

The unexpected chemistry that results in some of the heme
being essentially frozen in IsdC-N (reaction (3) in Scheme 1)
must lie in the turnover of IsdC-N itself, that is, the filling of
apo-IsdC-N from holo-IsdA-N and subsequent transfer to apo-
IsdE. This is taken into account in Scheme 1, where the heme
transfer from holo-IsdA-N to apo-IsdC-N results in apo-IsdA-N
and holo-IsdC-N*. Holo-IsdC-N* is an inactive heme-transfer
protein that is indistinguishable from native holo-IsdC-N. The
time-dependent ESI-MS results from Figure 2 and the fits using
Scheme 1 are shown in Figure 3. The rate constants are shown
in Table 1. The rate constant for transfer from holo-IsdA-N to
apo-IsdC-N (k,) is approximately 2.5 times the rate constant
for the transfer of heme from holo-IsdC-N to apo-IsdE (k).
The reaction rate constant that disables IsdC-N is approx-
imately 9 times slower than that for heme transfer from holo-
IsdC-N to apo-IsdE, the slowest of the two heme transfers.
Therefore, the progression to the disabled IsdC-N is slow but
steady.

The reactions in Scheme 1 were tested by performing the
same reaction as in Figure 2 but with an increase in holo-IsdC-
N (Figure S2). At the start of the reaction the concentrations
were HA = 6.0 uM, HC = 1.2 uM, and AE = 12 uM. By
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Figure 3. Fits to the experimental ESI-MS data using Scheme 1 with
the data from Figure 2. The experimentally determined concentrations
(apo-IsdE, yellow; holo-IsdE, purple; apo-IsdA-N, black; holo-IsdA-N,
red; apo-IsdC-N, green; and holo-IsdC-N, blue) are superimposed by
the smooth lines that represent the best fit to all the data based on
Scheme 1. At the start of the reaction the concentrations were as
follow: HA, 6.0 uM; HC, 0.45 uM; and AE, 12 yM. The temperature
was 15 °C.

Scheme 1. Irreversible Reaction Mechanism Used To Fit the
Experimental Data from Figure 2

k

holo-IsdA-N + IsdC-N  ——— IsdA-N + holo-IsdC-N (1)
k.

holo-ISdC-N + IsdE ——— IsdC-N + holo-IsdE (2)
k

holo-1sdA-N + IsdC-N — IsdA-N + holo-l1sdC-N* (3]

Table 1. Bimolecular Rate Constants for Figure 2B: A
Mechanism Based on Scheme 1

kinetic parameters using
the Scheme 1 mechanism

(second-order rate constants) specific rate constant/uM ™" ™!
k 2.3 X 1072+ 0.2 x 1072
k, 9.6 X 1073 + 0.3 x 1073
ks 11X 107 + 0.1 x 1073

approximately doubling the amount of holo-IsdC, both parts of
the reaction would be affected by a concentration change. This
reaction was fitted with the kinetic parameters from Table 1.
The fit confirms the results from Table 1. This model is an
accurate and simple explanation of the kinetics observed when
IsdC-N acts as a heme shuttle and turns over heme from IsdA-
N to IsdE.

UV-Visible Absorption Data Indicate That Protein
Confirmation Is Important for Heme Transfer. A control
experiment was performed in order to test if only intact apo-
IsdC-N can bind heme from holo-IsdA-N in order to transfer
heme to apo-IsdE or if IsdC-N acts as an independent
facilitator, whereby apo-IsdC-N acts as a trigger to facilitate
heme transfer between holo-IsdA-N and apo-IsdE, Figure 4.
Figure 4A shows that heme does not dissociate or transfer from
holo-IsdA-N to IsdE within the time frame of the kinetic
measurements. The Soret band for holo-IsdA-N and holo-IsdC-
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Figure 4. Heme-transfer reactions showing the importance of intact
IsdC-N by UV—visible absorption spectroscopy: (A) 6.0 M holo-
IsdA-N with 12 yM apo-IsdE, showing lack of heme transfer; (B) 6.0
4#M holo-IsdA-N, 0.6 uM apo-IsdC-N, and 12 uM apo-IsdE, showing
heme transfer from IsdA-N—IsdC-N—IsdE; (C) 6.0 uM holo-IsdA-N,
0.6 uM denatured apo-IsdC-N, and 12 uM apo-IsdE, indicating no
heme transfer. Each experiment was carried out for 30 min (within the
experimental time frame of the other kinetic experiments presented).

N is at 403 nm due to Tyr ligand binding, while it would shift
to 413 nm for holo-IsdE due to His binding. However, this
Soret band shift is immediately observed when apo-IsdC-N is
added to a solution of holo-IsdA-N and apo-IsdE, Figure 4B,
showing that heme transfer from holo-IsdA-N to apo-IsdE has
occurred. This result was mirrored in Figure 1 with the time-
dependent MCD results. In a further test, denatured apo-IsdC-
N was added to a mixture of holo-IsdA-N and apo-IsdE to test
if native IsdC-N is required for the heme-transfer reaction to
take place, Figure 4C. The data show that no heme transfer
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from holo-IsdA-N occurred to apo-IsdE within the exper-
imental time frame, although a slight wavelength change is
detectable in the Soret band of the holo-IsdA-N. This could
indicate slight interactions with SDS that was added to the
solution when apo-IsdC-N was added. Nonetheless, no heme
transfer was observed.

B DISCUSSION

The proposed role of the Isd proteins is to shuttle heme
through the cell wall and membrane of S. aureus. Two
important questions arise: (i) What is the actual mechanism for
the heme transfer following heme acquisition from hemoglobin
or haptoglobin—hemoglobin? (ii) Can the Isd system act as a
cog-wheel with respect to heme transfer, by which we mean,
can the same Isd proteins keep transferring heme in sequence?
With respect to question (i), previous equilibrium studies have
shown that heme transfer takes place from holo-IsdA-N to apo-
IsdC-N and also from holo-IsdC-N to apo-IsdE unidirection-
ally,>3¢ implying protein-to-protein transfer is involved rather
than a dissociative reaction mechanism, which would not
impose the specificity of the reaction observed. These weak
protein—protein interactions have been shown where heme
transfer resulted from a hand-clasp model between the alpha
and beta loops in the Isd protein structure just outside of the
heme pocket. These interactions facilitate the association of the
NEAT domains of Isd-A and IsdC-N, forming an interactive
complex.®® Furthermore, it was determined that the heme-
transfer rates from IsdA to IsdC and IsdC to IsdE were >70 000
times faster than simple heme dissociation due to protein—
protein interactions.’ The data presented in this work also
show a requirement for protein—protein interactions rather
than a series of coupled dissociative/associative reactions, and
this is in agreement with the recent findings of others.*’

Key to being able to answer question (ii) is the development
of a technique that can differentiate between spectroscopically
similar species and spectroscopically silent species regardless of
the number of protein species in solution. Time-dependent
ESI-MS data are able to perform this task. Quantitative analysis
of charge state data can be performed since the apo and holo
confirmation of the Isd proteins contain similar charge states.
Hence, apo and holo charge states can be used relatively to
each other to quantitate the Isd species measured be ESI-
MS.30364849 T answer question (i), the complete system
and the values of the rate constants reported here must be
taken into account. IsdB and IsdH were proposed as the
starting points of the heme transfer through the relatively thick
(ca. 90 nm) peptidoglycan cell wall, with transfer via IsdA to
IsdC and then on to IsdE. It is reasonable to assume that IsdE,
which is located at the membrane surface, serves as the acceptor
for heme prior to its passage through the membrane and into
the cytoplasm, where heme is then met by the heme-degrading
enzymes IsdG and IsdL.'*~>°

Relative Rates of Heme Transfer between Isd Species.
The values of the specific rate constants for heme transfer from
Table 1 for the model that fits the reaction mechanism in
Scheme 1 are 2.3 X 107> uM ™' s for the first step from holo-
IsdA-N to apo-IsdC-N (k;) and 9.6 X 107> uM™" s7! for the
second step from holo-IsdC-N to IsdE (k,). The reaction rates
are different by a factor of ~2.5 (k;/k,). Since NEAT-to-NEAT
heme transfer is relatively fast,”® this difference between the
first step and the second step has a major ramification: heme
will rapidly build-up in IsdC in the cell wall before slowly

transferring to IsdE, the protein located on the membrane as
part of the ABC transporter.

Overall, these results may explain the importance of a
multistep heme-transfer mechanism. The introduction of the
requirement for the intervention of a single protein in the
heme-transfer mechanism is restrictive. The data presented
here, and specifically the disparity in transfer rates, suggest a
possible explanation: if heme transfer was slow from IsdA to
IsdC, then free heme exposed during the extraction from
hemoglobin, which involves IsdH and IsdB, might be lost to the
bacterium. With a fast heme-transfer rate into a wall-bound
protein (IsdC), heme is moved deeper into the cell wall of the
bacterium, where it is more protected from the extracellular
milieu. The subsequent slower heme transfer from IsdC to IsdE
can act as a throttle for the system to control the eventual heme
transport into and buildup in the cytoplasm; indeed, Skaar and
co-workers have demonstrated heme toxicity in S. aureus.*®

The Disabling Step of IsdC-N Is Slow. This slow
progressive step, ~9 times slower than normal transfer from
IsdC-N to IsdE, affects the overall kinetic model and the heme-
transfer kinetic results. Key to the reaction is the treatment of
IsdC-N. The limited concentration of IsdC-N imparts a critical
role on this protein so that IsdC-N acts a central cog-wheel in
the heme-transfer system. IsdC-N plays the role of shuttling
heme from IsdA-N to IsdE, where IsdC-N would need to turn-
over approximately 10 times before the reaction is finished
under the experimental conditions used in this work. Although
the disabling step may exist for all Isd proteins when cycling
heme, the disabling step may be due to the proteins not being
compartmentalized in the cell wall. Further research is needed
to look at the wall-anchored protein—protein interactions to
further investigate this disabling step.

Intact Isd Proteins Are Required To Transfer Heme.
The mass spectral data in Figure 2 provide one more important
piece of information about the reaction. Charge states in the
ESI mass spectrum are sensitive to changes in the volume of the
protein and, therefore, provide a measure of changes in solvent
access to the protein’s basic amino acid residues. Protein
integrity during the heme-transfer reaction can be determined
directly from the charge state distribution.””***%*>*¢ The data
show that no major changes in the charge state distribution
occur for the apo and holo species of IsdA-N, IsdC-N, and
IsdE. This indicates that no significant structural changes took
place as a result of heme binding or release in any of these
proteins. No protein degradation was observed; this observa-
tion was particularly important with respect to IsdC-N
following its turnovers.

The UV-—visible absorption experiments show how im-
portant IsdC-N is to protein—protein interactions with regard
to heme transfer. Significantly, disruption of the hand-clasp
model bgr protein denaturation completely disables heme
transfer.®

Bl CONCLUSIONS

Overall, the model proposed in this study treats IsdC-N as a
central cog-wheel in the important through-cell-wall heme-
transfer pathway of the Isd system (IsdA-N, IsdC-N, and IsdE).
The model suggests that intact substoichiometic amounts of
IsdC-N are crucial to heme transfer from IsdA-N to IsdE
because heme does not transfer from IsdA-N directly to IsdE.
Overall, the rate of transfer from IsdA-N to IsdC-N is faster
than transfer from IsdC-N to IsdE, which may impart heme
cytotoxicity relief for the bacterium by throttling the heme-
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Figure S. Heme transport model based on analysis of the mass spectral
data obtained from this study. Unidirectional heme transfer takes place
from IsdA-N to IsdC-N to IsdE, and the diagram indicates that IsdC-N
cycles round, acting as a cog-wheel in the overall transfer reaction.
There is no direct transfer from holo-IsdA-NEAT to apo-IsdE. The
mass spectral data to support the model are in agreement with the
model first proposed by Schneewind and colleagues.'”

transfer reaction into the cell interior. Key to the transfer
reaction mechanism used to account for the experimental data
is the disabling of IsdC-N, which also may be important for
heme toxicity protection. Figure 5 summarizes the results found
in this research. The conclusions are (i) that IsdC (here studied
as IsdC-N) is the central cog-wheel in heme transfer through
the S. aureus wall and acts as a courier between IsdA and IsdE
by cycling between IsdC and IsdE multiple times and (ii) that
the differential in rates supports a hypothesis that heme
stockpiling in the wall may take place as a result of efficient
scavenging but more restricted influx via the membrane
transporters reduces possible subsequent heme toxicity.
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