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ABSTRACT: Many pathogenic bacteria require heme and obtain it from their environment. Heme transverses
the cytoplasmic membrane via an ATP binding cassette (ABC) pathway. Although a number of heme
ABC transport systems have been described in pathogenic bacteria, there is as yet little biophysical
characterization of the proteins in these systems. Thesia (hts) gene cluster encodes a heme ABC transporter
in the Gram positiveStreptococcus pyogenes. The lipoprotein-anchored heme binding protein (HBP) of
this transporter is SiaA (HtsA). In the current study, resonance Raman (rR), magnetic circular dichroism
(MCD), and nuclear magnetic resonance (NMR) spectroscopies were used to determine the coordination
state and spin state of both the ferric and ferrous forms of this protein. Identifiers from these techniques
suggest that the heme is six-coordinate and low-spin in both oxidation states of the protein, with methionine
and histidine as axial ligands. SiaA has a pKa of 9.7( 0.1, attributed to deprotonation of the axial histidine.
Guanidinium titration studies show that the ferric state is less stable than the ferrous state, with∆G(H2O)
values for the oxidized and reduced proteins of 7.3( 0.8 and 16.0( 3.6 kcal mol-1, respectively. The
reductive and oxidative midpoint potentials determined via spectroelectrochemistry are 83( 3 and 64(
3 mV, respectively; the irreversibility of heme reduction suggests that redox cycling of the heme is coupled
to a kinetically sluggish change in structure or conformation. The biophysical characterization described
herein will significantly advance our understanding of structure-function relationships in HBP.

Many pathogenic bacteria obtain some or all of the heme
required for biosynthetic and energy utilization pathways by
importing heme from their host. One method of acquiring
heme is via ATP-binding cassette (ABC1) transporters (1-
3). These are composed of a heme binding protein (HBP), a
membrane permease, and an ATPase. The heme is first
bound by the HBP, which then transfers it to the permease
component of the transporter for passage through the cell
membrane (1). The process is driven by the hydrolysis of
ATP. Although this heme uptake pathway has been inves-

tigated in a number of organisms (4-6), it is only in the
last 3 years that studies have begun to assess the spectro-
scopic and structural details of heme binding in the HBP. It
has been found that ShuT fromShigella dysenteriaehas a
single tyrosine as the axial ligand (7). For IsdE (8), the HBP
from Staphylococcus aureus(9), UV-visible absorbance
spectroscopy and magnetic circular dichroism data were
consistent with either a His-Tyr or Met-His axial ligand set;
a recent X-ray structure shows the ligands to be methionine
and histidine (10).

Streptococcus pyogenes, also known as Group A strepto-
coccus (GAS), is a pathogenic Gram positive bacterium that
causes a variety of infections (11). A number of heme-
containing sources can support in vitro growth of this
organism, including hemoglobin, the haptoglobin-hemo-
globin complex, myoglobin, heme-albumin, and catalase
(12, 13). An ABC heme transporter in this organism is
encoded by thesia (Streptococcal iron acquisition) gene
cluster (14), also known as thehts (heme transport S.
pyogenes) (15) gene cluster. In this ABC transport system,
the heme-binding lipoprotein is SiaA; it is associated with
SiaB and SiaC, the membrane permease and ATPase,
respectively. The proximal heme donor to SiaA in this Gram
positive bacteria may be Shp, a cell surface protein encoded
by the gene upstream of SiaA in the cluster. Shp can acquire
heme from hemoglobin and donate it to SiaA (16, 17). ESR
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studies on SiaA are consistent with a bisligated heme center
(17), but the axial ligands have not yet been reported.

Herein we report that the heme in SiaA has methionine
and histidine as axial ligands, as shown by evidence from
resonance Raman spectroscopy (rR), magnetic circular
dichroism (MCD), and nuclear magnetic resonance (NMR)
spectroscopies. The reduction potential of the protein has
been measured by spectroelectrochemistry. The effect of the
oxidation state on the stability of the protein has been
evaluated by conformational stability studies using guanidine
HCl (GdnCl) as a denaturant.

MATERIALS AND METHODS

Expression and Purification of SiaA. SiaA was expressed
and purified from Top10/pSiaA-His cells as previously
described (14) with small modifications. The plasmid, pSiaA-
His, expresses recombinant SiaA with an N-terminal fusion
to a six-His-Xpress epitope from the arabinose-regulated
promoter, PBAD (18). An enterokinase (EK) site downstream
of the Xpress epitope facilitates the removal of the tag from
the SiaA protein after purification, leaving eight residues
(DRWGSELE) that are not part of the SiaA sequence (which
begins with VNQHPKTA, omitting the native N-terminal
signal sequence). The six-histidine tag was removed for some
experiments.

SiaA expression was induced with 0.02% arabinose for 4
h. The cell pellet was broken twice with a French press in
45 mL of buffer containing 20 mM Tris-HCl (pH 8.0), 100
mM NaCl, 0.1% Triton X-100, 10% v/v glycerol, and four
tablets of protease inhibitor (Roche Complete Mini, EDTA-
free). The solution was cooled on ice between lysing cycles.
It was then centrifuged for 20 min at 35,000× g, and the
supernatant was syringe-filtered with a 0.45µm filter
(surfactant-free cellulose acetate membrane, Nalgene). All
of the following purification steps were conducted at 4°C
using a fast protein liquid chromatography instrument (FPLC,
Amersham BioSciences), and all buffer solutions were pH
8.0 unless specified otherwise. The sample was loaded onto
a nickel chelating column (5 mL HiTrap Chelating HP
column, Amersham BioSciences) equilibrated with binding
buffer (50 mM potassium phosphate, 250 mM NaCl, and
10% v/v glycerol). Unbound material was washed out with
5 column volumes of binding buffer. SiaA was eluted with
25 column volumes of buffer containing 50 mM potassium
phosphate, 250 mM NaCl, 10% v/v glycerol, and 0.5 M
imidazole applied via a linear gradient (0-100% imidazole).
Fractions were collected, and their SiaA content was
qualitatively evaluated by SDS-PAGE. Fractions containing
SiaA were pooled, and imidazole and salts were removed
by centrifugal filtration (Amicon Ultra-15, 5 kDa molecular
weight cutoff, Millipore) using a buffer of 20 mM Tris-HCl
and 10% v/v glycerol (designated as Buffer A).

Total protein concentration was measured using the
modified Lowry assay (Pierce Biotechnology, Inc.) with a
Varian Cary 50 Bio spectrophotometer. Enterokinase cleav-
age of the N-terminal six-histidine tag was performed in a
solution containing 0.1 units of EKMax (Invitrogen Corpora-
tion), 3 µL EKMax buffer, and 20µg of protein, diluted
with water to a final volume of 30µL. (One unit of
enterokinase is defined as the amount of enzyme that will
cleave 20µg of thioredoxin-chloramphenicol acetyl trans-

ferase fusion protein to 90% completion in 16 h at 37°C in
50 mM Tris-HCl, 1 mM CaCl2, and 0.1% Tween-20.) The
solution was incubated overnight (approximately 16 h) at
4 °C followed by incubation at room temperature (about
22 °C) for approximately 12 h. SDS-PAGE was used to
verify cleavage. SiaA was equilibrated with Buffer A using
a centrifugation filter as described above. The protein solution
was loaded onto a strong anion-exchange column (5 mL
HiTrap Q HP, Amersham BioSciences) equilibrated with
Buffer A. Unbound protein was washed out with 5 column
volumes of Buffer A and eluted with 25 column volumes of
Buffer A containing 1 M NaCl applied via a linear gradient
(0-100% NaCl). Fractions were collected, and purity was
demonstrated by overloading an SDS-PAGE gel with
sample. Fractions showing no contaminants were pooled,
equilibrated with Buffer A using a centrifugation filter as
described above, and stored at-80 °C.

Mass Spectrometry. Matrix-assisted laser desorption/
ionization mass spectrometry (MALDI) was performed using
an ABI Voyager DE-Pro (Applied Biosystems) MALDI
reflectron time-of-flight spectrometer in positive ion mode.
The sinipinic acid matrix was prepared in 30:70 acetonitrile/
water and 0.1% trifluoroacetic acid. The sample solution was
mixed with the matrix solution in a 1:1 ratio and the resulting
solution spotted onto the MALDI target plate. Electrospray
ionization mass spectrometry (ESI) was performed using a
Micromass Q-TOF Micro mass spectrometer in positive
mode. Samples were prepared in a solution containing 50:
50 acetonitrile/water and 0.1% formic acid. The capillary
voltage was 3.0 kV, and the flow rate was 5µL/min.
Deconvolution of the charge state distribution was performed
with the MaxEnt program included with the MassLynx
software. Throughout the text, peaks are rounded to the
nearest Dalton.

Nuclear Magnetic Resonance. Protein samples were
prepared by equilibration with deuterated 50 mM potassium
phosphate, adjusted to pD 7.4. The sample was deoxygenated
with nitrogen in a screw cap septum NMR tube (Wilmad),
and a solution of deoxygenated buffered sodium dithionite
(approximately 10-fold excess of reducing agent) was
injected into the NMR tube to reduce the protein.1H NMR
spectra of the reduced protein were recorded on a 500 MHz
Varian Unity+ instrument at 25°C using water suppression.
Proton chemical shifts were referenced to water at 4.77 ppm.

The NMR of the heme methyl resonances of the protein
in the paramagnetic region (20 to 45 ppm) was unaffected
by the presence or absence of the six-His-Xpress epitope,
indicating that the histidines in the His tag do not interact
with any heme in solution and that the presence of the
N-terminal sequence does not alter the heme binding site.
Experiments were therefore performed with both the full
construct and the enterokinase-cleaved form, as indicated in
the description of each experiment.

Resonance Raman Spectroscopy and pH Effects. Reso-
nance Raman spectra of the enterokinase-cleaved form of
SiaA were excited using 413.1 nm emission from a Kr+ laser.
Raman scattered light was collected withf1 efficiency and
f matched to anf4.5 0.6-m spectrograph equipped with a
liquid nitrogen-cooled CCD detector. The entrance slit was
set to 15µm for all measurements. The excitation laser beam
was focused to a line on the sample and its power adjusted
to 5-12 mW. All samples were spun at∼20 Hz to minimize
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laser-induced degradation of the protein samples. The spectra
were calibrated using Raman bands from methylene bromide
and toluene in the low-frequency regions and from toluene
and DMF in the high-frequency regions. The resonance
Raman samples used to investigate the effects of pH were
prepared by diluting 20µL of 100 µM SiaA (17) into 100
µL of 20 mM buffers of MES at pH 5.2 and 6.3, MOPS at
pH 7.1, Tris-HCl at pH 8.0, CHES at pH 9.1, and CAPS at
pH 9.9, 11.1, and 12.0. Ferrous SiaA samples were prepared
by equilibration of the ferric protein solution under a purge
of water-saturated N2 followed by reduction with a 10-fold
excess of buffered sodium dithionite solution. UV-visible
spectra were recorded before and after rR experiments to
ensure that the protein was not degraded by exposure to laser
radiation.

Spectrophotometric pH Titrations.Samples for these
measurements were prepared by the method described above
for rR samples. Additionally, pH effects were investigated
by titrating SiaA in Tris-HCl buffer, CHES buffer, and CAPS
buffer by the addition of 1µL aliquots of 1 M NaOH and 1
M HCl. These titrations were carried out using different
buffers and going both directions. All pH titrations were
monitored between 350 and 750 nm using a scanning
spectrophotometer. The wavelength axes of the spectrometer
were calibrated using the bands from holmium oxide glass.
The variable pH data were analyzed using a commercial
global analysis software package.

Electrochemistry. The midpoint reduction potential of the
enterokinase-cleaved form of SiaA was determined using the
spectroelectrochemical method of Dutton et al. (19). The
oxidized and reduced heme populations were monitored as
a function of cell potential by UV-visible absorbance
between 350 and 650 nm using a homemade spectroelec-
trochemical cell and a CCD-based multichannel spectrometer.
The wavelength axes of the spectrometer were calibrated
using the bands from holmium oxide glass. Mediator dyes
(methyl viologen, benzyl viologen, anthraquinone-2-sul-
fonate, anthraquinone-2,6-disulfonate, 2-hydroxy-1,4-naptho-
quinone, indigo disulfonate, indigo trisulfonate, indigo
tetrasulfonate, pyocyanin, duroquinone, 5-hydroxy-1,4-
napthoquinone, 1,4-napthoquinone, phenazine methosulfate,
2,6-dimethyl benzoquinone, 2-methyl-1,4-benzoquinone, and
1,2-napthoquinone-4-sulfonate) were used to prepare a stock
cocktail solution in DMSO, whose concentration was 10 mM
in each dye. This solution was diluted to a final concentration
of 10 µM in each dye. Reductive and oxidative titrations
were performed using microliter aliquots of 0.1 M dithionite
and 0.1 M ferricyanide, respectively. Cell potential was
monitored using a glass electrode and pH meter in the mV
mode. Establishment of equilibrium was confirmed after each
dithionite addition by monitoring voltage with a strip chart
recorder. The data were analyzed using a commercial global
analysis software package. The fitting model was a two
component system undergoing parallel redox processes. The
oxidized and reduced spectra of SiaA were fixed as the initial
and final species for one of the components. The other
component was a composite spectrum of the mediators whose
absorbance in the 350-700 nm range also changes as a
function of cell potential, yielding a second composite
midpoint potential.

Magnetic Circular Dichroism Spectroscopy.MCD spectra
were recorded at 4°C and 1.41 T on a JASCO J600

spectropolarimeter fitted with a JASCO MCD-1B electro-
magnet. JASCO software was used for data acquisition and
manipulation as previously reported (20). UV-visible ab-
sorbance spectra were recorded before and after MCD
measurements to check sample integrity. All spectra were
obtained using quartz cuvettes with either 0.5 or 1 cm path
lengths. SiaA protein samples (enterokinase-cleaved form of
the protein) were studied in 20 mM Tris-HCl at pH 8.0. The
cyanide and NO adducts of ferric SiaA were prepared as
previously described (21, 22). The ferrous species of SiaA
was prepared in a sealed cuvette by first exchanging the
atmosphere in the cuvette with nitrogen followed by the
addition of solid sodium dithionite.

Conformational Stability. Protein unfolding experiments
were performed on the enterokinase-cleaved form of the
protein using GdnCl as the denaturant, according to standard
protocols of Pace (23). UV-visible absorption spectrometry
(Varian 50 Bio spectrophotometer, 1.5 mL quartz black-
masked Supracil cuvettes (Spectracell) with 1 cm path
lengths) was used to follow the unfolding process. The
refractive index was used to verify GdnCl concentration (23),
which was 8.35 M. Approximately 5-10 µM protein in 50
mM Tris-HCl at pH 7.0 was used for the titrations. Reduced
protein was created by removing oxygen via nitrogen
flushing for approximately 40 min, then adding 5-10 µL of
an anaerobic 0.1 M sodium dithionite solution (approximately
10-fold excess of reducing agent). During the anaerobic
titrations, the sample compartment of the spectrometer was
kept under positive nitrogen pressure. GdnCl was titrated
into the solution and allowed to equilibrate while monitoring
optical absorbance at 414 and 424 nm for the oxidized and
reduced samples, respectively. Equilibrium was considered
to have been established when the absorbance showed no
further change. All experiments were conducted at 22°C.
The unfolding curves were analyzed using the following
equation (23):

where y is the absorbance at any point along the fitted
denaturation curve,yF is the absorbance of the folded state,
yU is the absorbance of the unfolded state,m is the slope at
the midpoint, and also the dependence of the free energy of
unfolding on the denaturant concentration,mF is the slope
of the folded state,mU is the slope of the unfolded state, [D]
is the concentration of GdnCl, [D]1/2 is the concentration of
GdnCl at the midpoint of the unfolding curve,R is the gas
constant, andT is the temperature (Kelvin). Kaleidagraph
(version 4.01, Synergy Software) was used to fit the curve
on the basis of the assumption that unfolding is a two-state
process. The free energy of protein unfolding in water
[∆G(H2O)] was calculated as∆G(H2O) ) m[D]1/2.

RESULTS

Protein Purification. The construct used in these studies
has an Asp4-Lys sequence, which is the cleavage recognition
site for enterokinase (24). Various protocols were tested to
find conditions that would give pure cleaved protein with a
minimum amount of enterokinase. A method using 0.1 units
of enterokinase per 20µg of the affinity-purified protein

y ) {(yF + mF[D]) + (yU + mU[D] × exp[m× ([D] -
[D]1/2)/RT]}/(1 + exp[m× ([D] - [D]1/2)/RT])
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incubated first for 16 h at 4°C and then for 12 h at 22°C
gave good yields of cleaved protein.

ESI of the purified protein showed masses corresponding
to the predicted apo and holoproteins at 32,190 and 32,803
Da, respectively. In addition, two other masses were observed
at 31,919 and 32,532 Da. The two additional peaks were
ascribed to the holo and apo forms of a protein that had
cleaved after the arginine in the sequence (N-terminus)-
DDDDKDR-n8-SiaA. Such cleavage finds precedence in
situations where the ionic charge of the recognition site is
preserved (24). Other preparations of SiaA gave complete
cleavage after the arginine residue in this sequence, as shown
by mass spectrometry and amino acid sequencing. MALDI
mass spectra of SiaA often had associated sodium ions (25,
26); different preparations had different numbers of sodium
ions.

Resonance Raman and UV-Visible Absorbance Spectros-
copy of Ferric and Ferrous SiaA. Figure 1A shows the rR
spectra of ferric and ferrous SiaA from 1350 to 1650 cm-1.
The oxidation state orπ* electron density marker,ν4, occurs
at 1371 cm-1 in Figure 1A(a) and at 1360 cm-1 in Figure
1A(b), indicating the presence of ferric and ferrous heme,
respectively. A shoulder occurs at 1360 cm-1 in the ferric
SiaA spectrum, indicating a steady-state accumulation of
ferrous heme due to photoreduction in the laser beam. The
corresponding spin state marker bands,ν3, occur at 1501 and
1490 cm-1, indicative of six-coordinate and low-spin (6c LS)

ferric and ferrous hemes, respectively. Figure 1B shows the
low-frequency rR spectra of ferric and ferrous SiaA. The rR
spectra of cellobiose dehydrogenase (CDH) (27) andEcDos,
a heme-based sensor fromE. coli (28), which both contain
a b-type heme and the Met-His axial ligand set, bear a
striking resemblance to that of SiaA. The ferrous state of
the protein did not bind CO(g), indicative of a highly stable
and/or deeply buried 6c heme (27, 29). These similarities
are consistent with SiaA having an axial ligand set compa-
rable to CDH andEcDos.

Figure 2 shows the UV-visible absorbance spectra of
ferric and ferrous SiaA. Both spectra are consistent with their
respective rR spectra, indicating LS hemes. Moreover, the
low-intensity bands to the red of the Q bands are consistent
with a Sf Fe LMCT transition, indicative of an axial Met
ligand (27, 28, 30).

pH Dependence of the Resonance Raman and UV-Visible
Spectra. Figure 3A and B shows the rR spectra as a function
of pH from 1350 to 1650 cm-1 and from 300 to 800 cm-1,
respectively. The spectra reveal little sensitivity to pH in these
regions of the spectrum. Whereas the low-frequency spec-
trum in Figure 3B shows no pH-dependent bands, Figure
3A reveals small shifts in the core size marker bands,ν4, ν2,
and ν37, to higher frequencies with increasing pH. These
spectral trends report a change in the axial ligand field.

Consistent with trends in the high-frequency rR spectra,
slight variations are also observed in the UV-visible spectra
as a function of pH (Figure 4A). The Soret maximum shifts
3 nm to the red as the pH is increased from 5.2 to 12.0,
giving rise to the pH dependence of A414 shown in the inset
of Figure 4A. Also, the Q-band maxima and the Sf Fe
LMCT absorbance change systematically with pH. Note-
worthy is the persistence of the LMCT band, indicating that
the Met-His ligand set is maintained over the investigated
pH range. Global analysis of the spectrophotometric pH
titration data was based on a single protonation equilibrium
model. This analysis yielded a pKa of 9.7 ( 0.1 for SiaA.
Figure 4B(a) and (b) shows the calculated absorbance spectra
of the acid and base forms of SiaA, and the inset shows the
calculated speciation diagram in which the species curves
cross at the pKa. The UV-visible spectrum of SiaA and its

FIGURE 1: Soret-excited rR spectra of SiaA in the in-plane
porphyrin stretching (A) and low frequency (B) regions. The
samples are 50µM SiaA and 10 mM Tris-HCl at pH 8.0. Spectra
correspond to ferric (a) and ferrous (b) SiaA.

FIGURE 2: UV-visible absorbance spectra of ferric (a) and ferrous
(b) SiaA in 10 mM Tris-HCl at pH 8.0.
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pH dependence in the ferric form is comparable to that of
E. coli cytochromeb562 (Eccyt b562). In the pH range 4.0-
6.8,Eccyt b562 has a Soret peak at 419 nm,â- andR-bands
at 531 and 561 nm, respectively, and Sf Fe LMCT bands
at 650 and 710 nm. At pH 9.96, these bands shift to 422,
538, 568, and 630 nm, respectively (31). These shifts and
their dependence on pH are comparable to those of SiaA,
indicating similarities in their acid/base behaviors.

Electrochemistry of SiaA. Figure 5 shows the results from
global analysis of the SiaA spectroelectrochemical titration
data. The arrows on the absorbance spectra show the
direction of absorbance change as the potential is decreased,
and the inset shows A424 for the reductive and oxidative
titrations of SiaA. Midpoint potentials of 83( 3 and 69(
17 mV were obtained from global analysis and fitting of
absorbance at 424 nm, respectively, for the reductive titration
of ferric SiaA. Similar analyses of the oxidative titration

yielded midpoint potentials of 64( 3 and 59( 16 mV.
The irreversibility of heme reduction suggests that redox
cycling of the heme is coupled to a kinetically sluggish
change in structure or conformation that influences theEm
of the Fe(III)|Fe(II) couple. The titration curves in the inset
of Figure 5 exhibit a feature at low potential. It arises from
absorbance changes attributable to mediator dyes and unre-
duced dithionite.

Magnetic Circular Dichroism Spectroscopy.The MCD
spectra of ligand adducts of ferric SiaA are compared with
parallel derivatives of myoglobin in Figure 6. The spectra
of the ferric-NO (Figure 6A) and ferric-CN (Figure 6B)
derivatives are quite similar to those of the analogous
myoglobin adducts except for minor differences in the

FIGURE 3: Soret-excited rR spectra of SiaA in the in-plane
porphyrin stretching (A) and low frequency (B) regions. The spectra
correspond to pH 5.2 (a), 6.3 (b), 7.1 (c), 8.0 (d), 9.1 (e), 9.9 (f),
11.1 (g), and 12.0 (h). The samples were prepared as described in
Materials and Methods.

FIGURE 4: Spectrophotometric pH titration of SiaA. (A) UV-visible
absorbance spectra of SiaA from pH 7.1 to 12.3. The inset shows
data and fit from titration curves generated from global analysis at
414.4 nm. (B) Component spectra of the acidic (a) and basic (b)
species of SiaA. The inset shows speciation of SiaA as a function
of pH, calculated by global analysis.

FIGURE 5: Spectrophotometric redox titration of SiaA. UV-visible
absorbance spectra of SiaA titrated with dithionite. The inset shows
data from oxidative and reductive titration curves at 424 nm.
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intensity of the NO derivatives and a few nanometers of
spectral shift in the cyanide derivatives. This provides strong
support for histidine as the fifth ligand to the heme iron of
ferric SiaA. No ligation of azide or imidazole takes place
with the native ferric SiaA protein even in the presence of
excess ligand concentrations. CO, the ligand widely used to
probe the heme environment of heme proteins, does not bind
SiaA in the ferrous state.

MCD spectra of ferric and ferrous species of SiaA,
cytochromeb5, and cytochromec are compared in Figure 7.
Systems containing His-His and Met-His coordination give
similar MCD spectra in the UV-visible region (32). Proteins
with hemec and hemeb with the same ligand coordination
structure show similar MCD spectra, but with a 4 to 12 nm
shift in the wavelength (33). Therefore, the spectra of both
ferric and ferrous cytochromec are shifted by+9 nm. Figure
7A displays the MCD spectra of ferric SiaA compared with
that of cytochromeb5 (His-His ligation) and cytochromec
(Met-His ligation). The spectrum of ferric SiaA is almost
identical to that of ferric cytochromec and is similar to that
of cytochromeb5, although the latter has a slightly higher
intensity in the visible region (feature at 540-580 nm) and
displays a blue shift of the Soret derivative feature by a few
nanometers.

The MCD of ferrous SiaA, ferrous cytochromec in urea,
and cytochromeb5 are plotted together in Figure 7B. Ferrous
cytochromec in urea has Met-His ligation, retaining the
ligand set of the native protein (34) (spectrum not shown).
However, the MCD spectral intensities are smaller for ferrous
cytochromec in urea, and its spectrum is more comparable
to that of ferrous SiaA. All three spectra in Figure 7B are
generally similar to each other in the visible region with only
minor differences. However, the spectrum of ferrous SiaA

displays a striking resemblance to that of ferrous cytochrome
c in urea in the Soret region.

NMR Spectrum of the Reduced Protein. The upfield region
of the NMR spectrum of the ferrous form of the protein is
shown in Figure 8. The three proton singlet is assigned to
theε-Me of the methionine; this is diagnostic for a methion-
ine axial ligand bound to the heme. Some of the other upfield
single proton resonances are due to theâ- andγ-protons on
the methionine. Not all upfield resonances integrate to one
proton because the heme binds to the protein in two
orientations rotated by 180°, as seen by two sets of heme
methyl groups in the ferric form of the protein (data not
shown).

Conformational Stability. Both the ferric and ferrous forms
of the protein were treated with GdnCl and the data fit with
a standard two state transition model as described in
Materials and Methods (Figure 9). The midpoints of the
transitions occurred at 3.1( 0.1 and 5.0( 0.1 M GdnCl
for the oxidized and the reduced form of the protein,
respectively, indicating that the ferrous form of the protein
was more stable, as expected. The conformational stabilities

FIGURE 6: Magnetic circular dichroism spectra at 4°C of (A) ferric-
NO derivatives of SiaA in 10 mM Tris-HCl buffer at pH 8.0 (s)
and myoglobin in 100 mM potassium phosphate buffer at pH 7.0
(---); (B) Ferric-CN derivatives of SiaA in 10 mM Tris-HCl buffer
at pH 8.0 (s) and myoglobin in 100 mM potassium phosphate
buffer at pH 7.0 (---). Ferric-NO and ferric-CN myoglobin spectra
are replotted from refs21 and22, respectively.

FIGURE 7: Magnetic circular dichroism spectra at 4°C of (A) ferric
SiaA in 10 mM Tris-HCl buffer at pH 8.0 (s), ferric cytochrome
b5 in 50 mM potassium phosphate buffer at pH 7.0 (---), and ferric
cytochromec in 10 mM potassium phosphate buffer at pD 7.0 (‚
‚‚); (B) ferrous SiaA in 10 mM Tris-HCl buffer at pH 8.0 (s),
ferrous cytochromeb5 in 50 mM potassium phosphate buffer at
pH 7.0 (---), and ferrous cytochromec in 9 M urea and 10 mM
potassium phosphate buffer at pD 7.0 (‚‚‚). Cytochromeb5 spectra
are replotted from ref37. Cytochromec spectra are from ref34,
replotted with a shift of+9 nm (see text).

FIGURE 8: High-field region of the 500 MHz1H NMR spectrum
of reduced SiaA at pD 7.4 and 50 mM deuterated phosphate buffer.
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[∆G(H2O)] of the oxidized and reduced proteins were 7.3
( 0.8 and 16.0( 3.6 kcal mol-1, respectively. Themvalues,
which describe the dependence of∆G on the concentration
of denaturant, were 2.4( 0.3 and 3.3( 0.6 kcal mol-1 M-1,
respectively.

DISCUSSION

Met-His Axial Ligation. A combination of the rR signatures
with the MCD and NMR spectral data allows the conclusion
that methionine and histidine are the axial heme ligands in
SiaA. The rR data indicate that both the ferric and ferrous
forms of SiaA are six-coordinate and low-spin. Although rR
signatures alone do not distinguish between His-His and Met-
His axial ligand sets, the spectra are consistent with Met-
His axial ligation of the heme iron. Often, CO(g) is used as
a probe of the heme environment, but it was found that like
cellobiose dehydrogenase (CDH) (27, 29), SiaA does not
bind CO(g) in the ferrous state. This is typical of stable 6c
LS hemes with two axial ligands.

MCD spectroscopy provides information about the coor-
dination structure of heme-iron complexes including the
determination of the oxidation state, spin state, and axial
ligand identification (35). This is accomplished by examining
the MCD spectra of the uncharacterized heme protein and
several of its ligand adducts in comparison with the spectra
of structurally characterized heme proteins or porphyrin
model complexes. MCD spectroscopy is more useful for this
approach than is UV-visible absorption spectroscopy be-
cause the MCD spectra provide better fingerprints.

Coordination of an exogenous sixth ligand to the heme
iron generates a complex in which five of the six ligands
are known. Comparison of the spectra of such a complex to
the spectra of the structurally undefined protein with the same
added exogenous ligand can then lead to the determination
of the axial ligandtrans to the exogenous ligand. In the
present study, two different ligand complexes of ferric SiaA,
ferric-NO and ferric-CN, were prepared and their MCD
spectra overlaid with the parallel derivatives of His-ligated
myoglobin (Figure 6). The MCD spectra of the two SiaA
derivatives are very similar to those of the corresponding
myoglobin derivatives. This provides strong support for the
conclusion that SiaA has a histidine axial ligand.

The MCD spectrum of ferric SiaA is almost identical to
that of ferric cytochromec, which has a Met-His ligation in
the given buffer conditions (34) (Figure 7A), allowing us to
conclude that native SiaA has the same ligand pair. However,
the possibility of His-His ligation cannot be ruled out as the
MCD spectrum of ferric SiaA is also very similar to that of
ferric cytochromeb5, which has two His ligands (36, 37). It
is been shown by the MCD spectral studies on His-His and
Met-His ferric low-spin heme systems that only NIR MCD
allows one to distinguish between His-His and Met-His
ligation (32).

To investigate the function of SiaA in heme binding and
release, it is essential to also study the ligation of the iron in
the ferrous state. Therefore, we have compared the MCD
spectra of ferrous SiaA with those of ferrous cytochromes
b5 (His-His) and cytochromec in urea (Met-His). Here, the
spectra of ferrous SiaA match the entire spectrum of ferrous
cytochrome c much more closely than that of ferrous
cytochromeb5, especially in the Soret region. We therefore
conclude that SiaA is Met-His coordinated in the ferrous
state.

In the NMR spectrum of a reduced Met-His heme protein,
the methionine bound to the heme has a characteristic three
proton singlet due to theε-methyl in the range from-2.9 to
-3.5 ppm (38-47). At least two, and generally three or four
of theâ-CH2 andγ-CH2 protons (depending on the chirality
of the methylene group and the placement of nearby residues)
are also seen in the upfield region. For SiaA, the NMR of
the upfield region is entirely consistent with an axial
methionine ligand.

Three-dimensional sequence alignment with the related
cobalamin transport protein BtuF (48, 49), the iron hydrox-
amate-binding protein FhuD (50), and the enterobactin-
binding protein CeuE (51) indicates that Met79 and His229
are the axial ligands. This hypothesis is consistent with the
recent X-ray structure of the heme-binding IsdE fromS.
aureus(10).

Comparison of SiaA with other b-Type Heme Proteins with
the Met-His Axial Ligand Set.There are three otherb-type
heme proteins in the protein data bank with Met-His axial
ligand sets; they areEccyt b562, a small soluble periplasmic
four-helix bundle protein fromE. coli (52, 53), CDH,
cellobiose dehydrogenase from the white rot fungusPhan-
erochaete chrysosporium(27), and EcDos, a heme-based
sensor fromE. coli (28). The proposed Met-His axial ligation
of SiaA makes comparison of their biophysical data relevant.
Both rR and UV-visible absorbance spectra clearly show
that the ferric and ferrous hemes are 6c and LS. Theν3 bands
for ferric and ferrousEccyt b562 (54), CDH (29), andEcDos
(28) have been reported at 1506( 1 cm-1 and 1494( 1
cm-1, respectively, indicating 6c LS heme in both oxidation
states. Additionally, the reported high-frequency spectra of
CDH andEcDos were recorded with Soret-excitation; these
spectra have band shapes and frequencies comparable to
those of SiaA. This comparison further supports SiaA having
Met-His axial ligation.

The calculated pKa for SiaA of 9.7 is in the range of that
reported for other heme proteins with axial histidines,
attributed to deprotonation of this ligand (47, 55). Reported
pKa values include myoglobin (10.4) (56); cytochromesc′
(8-9.1, depending on the species) (57, 58); and cytochrome
c550 from Bacillus halodenitrificans(≈11) (45). While these

FIGURE 9: Fraction of unfolded SiaA as a function of [GdnCl] for
oxidized SiaA (5µM, ---) in 50 mM Tris-HCl at pH 7.0 and reduced
SiaA (10µM, s) in 50 mM Tris-HCl at pH 7.0. The absorbance
changes were monitored at 414 nm (oxidized) and 424 nm
(reduced). The lines are a fit to the equation in Materials and
Methods.
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proteins establish a range for axial histidine deprotonation,
they do not provide a direct comparison to SiaA because of
differences in heme type, axial ligation, and spin state. The
only pKa reported for ab-type heme with Met-His axial
ligands of which the authors are aware isEccyt b562 (9.0,
measured by reduction potentials as a function of pH (30)
and 8.1, measured by NMR) (47). The observation that the
pKa for SiaA is higher than that forEccyt b562 indicates that
SiaA lacks a specific interaction of the axial histidine with
a nearby residue in the protein (30).

Electrochemistry. The reduction potential of SiaA lies
between 64 and 83 mV versus SHE. The range of reduction
potentials for heme proteins having the Met-His axial ligand
set spans approximately 400 mV (59, 60). Cytochromeb562

has a reduction potential of 167 mV (30, 61, 62). The CDH
heme domains ofP. chrysosporiumandHumicola insolens
have redox potentials of 130 and 126 mV, respectively, at
pH 7.0 (63). Many cytochromesc with Met-His ligands have
Em values in the 150 to 350 mV range (64). However, there
are some with lower redox potentials, particularly from
alkaliphilic variants ofBacillus, with Em values ranging from
50 to 100 mV (65). A recent study of cytochromec553 from
DesulfoVibrio Vulgaris found anEm value of-20 mV (66).
The reduction potential of a heme is controlled by a number
of factors, including the nature of the axial ligands, attach-
ment of the heme to the protein, solvent exposure of the
heme, ionization of the propionic acids, placement of the
NH groups of nearby amide linkages, interaction with buried
and surface charges, and conformational change occurring
upon oxidation or reduction. Gunner and co-workers have
recently looked at the contributions of specific factors in
determining redox potentials (64). They concluded that the
low potential ofB. pasteuriicytochromec553 (47 mV) (67)
was due to a combination of factors, including the placement
of the dipoles of the protein backbone near the heme. Overall,
the redox potential of SiaA is toward the lower end of the
range of Met-His proteins.

Possible Coupling of Heme Transfer and the Oxidation
State of the Protein. SiaA has a significantly higher reduction
potential than two other proteins that are also involved in
heme trafficking, HasA and ShuT. HasA has tyrosine and
histidine as axial ligands; it has a redox potential of-550
mV (68). ShuT has a tyrosine axial ligand and a reduction
potential ofe -430 mV (69). The relatively high reduction
potential of SiaA may indicate that heme transfer and the
redox state of the heme are coupled for this protein. In
solution, Shp transfers heme to SiaA with similar rate
constants in the ferric and ferrous forms (17), indicating that
either or both oxidation states might be important in the
transfer process in vivo.

There are two lines of evidence that heme transfer in SiaA
may be controlled in part by redox processes in the protein.
First, two ORFs in thesiagene cluster, SiaD and SiaE, have
significant homology to the CydC and CydD proteins of the
E. coli ABC cysteine exporter. CydDC exports cysteine and
glutathione in an ATP-dependent process (70, 71). Cysteine
export might poise the redox potential on the surface of the
cell so as to favor heme uptake. Very recently, Poole and
colleagues have proposed a relationship between the CydDC
transporter and the periplasmic nickel and heme binding
protein NikA (72).

Second, the irreversibility of heme reduction suggests that
the oxidation state change of the heme is coupled to another
change in structure or conformation. One possibility is
oxidation and reduction of a disulfide bridge in the protein.
Three-dimensional sequence alignment with the related
cobalamin transport protein BtuF (48, 49) indicates that C47
and C58 in SiaA are in position to make a disulfide bond.
The reactivity of some heme proteins has been shown to be
controlled by a dithiol/disulfide interconversion (73-75). In
particular, there is precedence for this interconversion
affecting binding to the heme in neuroglobin and cytoglobin
(76-78). Beyond this, there is speculation about a role of
the dithiol/disulfide interconversion in metal uptake via ABC
transporters, but only limited experimental evidence exists
to date (79, 80).

Denaturation. In general, heme proteins with Met-His
ligands are more stable in the ferrous form. This is true for
SiaA, which has midpoints for guanidinium-induced unfold-
ing of 3.1( 0.1 M for the oxidized and 5.0( 0.1 M for the
reduced protein. The∆G(H2O) values for the oxidized and
reduced proteins were 7.3( 0.8 and 16.0( 3.6 kcal mol-1,
respectively. The difference in the stability between the
oxidized and reduced proteins is slightly greater than that
for cytochromeb562 (4.3 ( 0.5 and 10.3( 2.4 kcal mol-1,
respectively) (81) and greater than the difference between
the forms ofD. Vulgaris c553 (9.1( 0.5 and 10.8( 0.7 kcal
mol-1, respectively) (66). The∆G(H2O) is slightly less than
the differences for horse cytochromec (9.6 ( 0.3 and 17.7
( 0.7 kcal mol-1, respectively) and yeast cytochromec (5.7
( 0.2 and 15.1( 0.7 kcal mol-1, respectively) (82). In all
of these examples with Met-His ligation, the ferric form is
less stable than the ferrous form.

Them values express the dependence of∆G(H2O) on the
concentration of denaturant. In general, they are thought to
correlate with the solvent-accessible surface area of the
protein upon unfolding (83). The values for SiaA are similar
to those of horse (104 residues) and yeast (108 residues)
cytochromec (82) andD. Vulgaris c553 (79 residues) (66),
although SiaA is a considerably larger protein (282 residues).
The fact that the heme is covalently attached to these
cytochromes, but not to SiaA, may affect them values. The
m values of the oxidized and reduced forms of SiaA are
similar to one another, as expected because the two forms
of the protein are essentially the same size; this was found
previously for the cytochromes above.

Comparison of protein unfolding in the two oxidation
states with rate constants for heme/hemin transfer can provide
insight into the extent to which specific protein-protein
interactions are important in this transfer. The rate constants
for heme/hemin transfer from Shp to SiaA (HtsA) have been
measured by Nygaard et al. (17). FerroShp transfers its heme
to apoSiaA with a rate constant of 28( 6 s-1; transfer of
the oxidized heme from ferriShp is less than 2-fold faster
(43 ( 3 s-1). For both oxidation states, the heme transfer is
affinity-driven. The rate of transfer from the ferric protein
is faster than that from the ferrous protein, consistent with
the unfolding data. However, the rates in the two oxidation
states are similar to one another, whereas the free energies
of unfolding differ noticeably. This is consistent with the
importance of protein-protein interactions in determining
the rate of heme transfer between these two proteins.
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Homologous Heme Proteins with Different Axial Ligands.
Herein, we have shown that SiaA from the Gram positiveS.
pyogeneshas methionine and histidine axial ligands. This is
also the case for the homologous protein IsdE fromS. aureus
(8, 10). In contrast, ShuT, from the Gram negativeS.
dysenteriae, has a single tyrosine as an axial ligand (7). There
is at least one other known example of a heme protein with
different sets of axial ligands in two different organisms,
the CO-sensing transcriptional activator, CooA (84-88).
Overall, however, the phenomenon is rare. Different sets of
axial ligands in the heme binding protein in ABC transporters
argue for subtleties in heme uptake and release from the
partner proteins in the heme transfer pathways. An under-
standing of these subtleties will be key in evaluating the heme
uptake pathway as a target for new therapeutics designed to
circumvent the growing antibiotic resistance of pathogenic
bacteria (9).
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