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ABSTRACT. Staphylococcus aureisthe source of a large number of hospital-acquired infections, of which
many are serious and can lead to death. Iron is critically important to the survival and growth of the
bacterium, and complex, multistep mechanisms are present to fulfill the necessary iron requirement. Isd
proteins located on the wall and membran&oéureusave been proposed to function in heme acquisition.

We report characterization of tt& aureusheme-binding protein ISdE, the lipoprotein component of a
membrane-localized ABC transporter that is believed key to receiving heme from cell wall-anchored Isd
proteins. Magnetic circular dichroism (MCD) data, which greatly extend the results from our initial study
of IsdE in bacterial cell lysates (Mack, J., Vermeiren, C., Heinrichs, D. E., and Stillman, M. J. (2004)
Biochem. Biophys. Res. Comm@20, 781—-788), probe the ligand and redox properties of the bound
heme. The MCD data show that IsdE, when overexpresse&d @oli, binds either ferric or ferrous heme

but that the largest fraction is low spin ferrous heme. Studies of mutants allowed identification and
characterization of the ligands in the fifth and sixth position on the heme iron as histidine, proximally,
and methionine, distally. This histidine-methionine heme-iron ligation is unique to heme transport proteins.
The smaller fraction of ferric heme in the protein is not bound by methionine, allowing for access by
strong field ligands, such as cyanide. Electrospray ionization mass spectral data are reported for the first
time and show that only one heme ligand binds per IsdE protein molecule. These data also show there is
little change in the conformation of the protein between the heme-bound and heme-free species, indicating
that the heme-free IsdE adopts a structure essentially independent of the heme. The mass spectral data
clearly show that IsdE reversibly unwinds under denaturing conditions to form at least two distinct, heme-
free conformations.

A surface receptor mediated heme-uptake system has beeanchored to the peptidoglycan by sortase B which is encoded
described irStaphylococcus aurepyencoded in a cluster of ~ from within theisd locus @). The remainder of the genes in
iron (via Fur)-regulated genes referred toiem-regulated  this operon have been predicted by sequence similarities to
surfacedeterminantsiéd') (1). Theisd locus is conserved  encode a membrane proteiisdD), a lipoprotein {sdE), a
in all of the availableS. aureusgenome sequences as well permeaseigdF), and a cytoplasmic proteiiisfiG). Encoded
as in several other Gram-positive bacteria includirgieria at a distinct location in the genome is HarA (faptoglobin
monocytogeneBacillus haloduransandB. anthracis The receptor), also referred to in the literature as Is8H HarA
locus includes eight genes, encoded in three iron-regulatedis an iron-regulated cell wall anchored protein with signifi-
transcriptional unitsisdA, isdB,andisdCDEFsrtBisd&2). cant similarity to IsdB.

The genessdA, isdB andisdC encode cell-wall anchored

proteins, characterized by their signal peptides for transport .
across the cell membrane and C-terminal sorting signal for
anchoring to the peptidoglycan cell wall structure. IsdC is

The involvement of the Isd proteins in acquisition of iron
om heme or hemeproteins has been documeri3ed)(

The acquisition of iron from heme is a complex, multistep
process involving the capture of heme and hemoproteins at

F—y . . the bacterial cell surface, removal of the heme moiety (in
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for transport into the cell 12). In this latter step, two  Biosciences) according to manufacturer’s instructions. Cleaved
independent ABC-type transporters have been implicated inGST was removed by two passages across a GSTPrep
the transport of heme into the cytoplasm; these have beencolumn and collection of the flowthrough. During the
proposed as the Isd transporters IsdE and IsdF, and the Htgurification process there are noticeable changes in the color
transporter (fohemetransporsystem) @, 10, 13). IsdE and of the protein solutions. This observation is attributed to the
HtsA are both predicted to be lipoproteins that function as gradual oxidation of ferrous heme.
high-affinity receptors for ligands at the outer surface of the  Site-Directed Mutagenesis of Isd&ite-directed mutagen-
bacterial membrane. They are members of the metal chelateesis of IsdE was performed using the QuikChange PCR Kit
superfamily of binding proteins, characterized by having a (Invitrogen), withPfu Turbo polymerase and pGST-IsdE or
bilobed structure with an. helix that connects the two lobes pGST-Y61A as a template. Oligonucleotides:-AaTT-
and spans the length of the protein. The ligand binding pocket TACGATTACCAGCCGGAATGCCT-3 5-AGGCATTC-
is formed between the two lobes of the protein. CGGCTGGTAATCGTAAAT-3, were used to generate the
We have previously demonstrated that, when overex- H229A mutation and SAAACCCACGTCAGCTAAGA-
pressed irE. coli as a GST fusion protein, IsdE scavenges CATTGCCT-3,5-AGGCAATGTCTTAGCTGACGTGGGTTT-
heme from within theE. coli cell. Magnetic circular 3 were used to generate the Y61A mutation. The PCR

dichroism (MCD) data offE. coli cell lysates containing the ~ Products were immediatepnl (Roche) treated for 45 min
overexpressed protein indicated that IsdE bound both ferricto degrade template DNA, and transformed ito coli
and ferrous hemesl1(). Knowledge of the IsdE:heme ER2566. Mutations were confirmed by Sequencing at the
stoichiometry and the coordination and electronic properties Robarts DNA Sequencing Facility (London, Ontario). Mutant
of the hemes bound in IsdE have not been determined asProteins were purified as described above.
yet but are crucial in evaluating the role of IsdE in heme  Mass SpectrometryElectrospray mass spectra were re-
transport, as the model &. aureusheme uptake continues ~corded on a Micromass LCT time-of-flight mass spectrom-
to be refined. eter operating in the positive ion mode. Stock Isd protein
In the present study, we have used extensive massSolutions, in k phosphate-buffered saline (PBS) buffer (pH

spectrometry and MCD spectroscopy spectral data, coupled7)'_"§’ere concentrat_ed using centrifuge con.centration. tubes
with amino acid substitution analyses, to study the heme (Millipore) to approximately %2. mM. G-25 size exclusion
binding properties of purified recombinant IsdE (rIsdE). We columns (14 cm Iong,. 1.5 cm diameter) were used f‘?r buffer
report that the mass spectral data provide exquisite detail of€Xchange to ammonium formate (pH 7.3). Approximately
the conformational status of ISdE, showing that heme-bound 9-25 ML of concentrated protein in PBS was added to the

and heme-free proteins adopt essentially the same structurec0lumn and eluted with the ammonium formate bufer.

whereas IsdE can be reversibly denatured and adopts at |ea§amples were coIIectgd in smgll fractions, P laced on ice, and
two heme-free conformations, both of which are very much analyzed within 30 min following preparation. To denature

more open than the native structure. The MCD and absorp-the p_roteins, small aquuo'_[s‘G M formic _acid were "?‘dd.ed
tion spectra show that the native, IsdE binds heme as a(to bring the pH to approximately 2.3) prior to injection into

mixture high spin ferric and low spin ferrous. Mutational (€ Mass spectrometer. To refold risdE, a a0Gample of

analysis identifies histidine and methionine as axial ligands the aci.dified risdE solut@o_n was th?” placed on a G-25 size
of the heme iron. exclusion column, equilibrated with 20 mM ammonium

formate (pH 7.2). The clear eluent was collected in fractions.
EXPERIMENTAL PROCEDURES Each fraction was then injected into the mass spectrometer,
monitoring for peaks near 2000 m/z.

Cloning, Querexpression, and Purification of Recombinant ~ Spectroscopic TechniqueAbsorption spectra were re-
IsdE. The isdE gene was amplified from thé&. aureus corded on a Cary 500 UWvisible spectrophotometer (Varian
RN6390 chromosome using oligonucleotidesSG&BATC- Inc. Canada). MCD spectra were recorded using an SM2
CCAATCTTCCAGTTCTCAA-3and5GGATCCCTATTTTT- 5.5 T superconducting magnet (Oxford Instruments Ltd,
TATCCTTATAA-3'. The resulting PCR product was sub- Oxford, UK) in a J-820 CD spectropolarimeter (Jasco Inc.,
sequently cloned into the GST fusion vector pPGEX-2T-TEV Japan). UV-visible absorption and MCD spectral data were
generating pGST-IsdE. Overexpression of GST-tagged IsdErecorded on identical solutions immediately following chemi-
in E. coli ER2566 (protease-deficient) was achieved by cal changes at room temperature. The pyridine hemochrome
growing plasmid-containing cultures in Luri@ertani broth test was used to determine the concentration of the heme,
(Difco) at 37°C to an absorbance at 600 nm of approximately as described in Berry et all4). Protein concentrations were
0.8. Isopropy)3-thiogalactopyranoside (IPTG) (0.4 mM) was calculated using a molar extinction coefficient of 19 890'M
added, and cultures were grown for a further 20 h at room cm™ for IsdE. Protein samples were diluted wittk PBS
temperature. Ampicillin (10@g/mL) was incorporated into  to obtain absorbances in the B region of less than 0.8 ina 1
all growth media. Bacterial cells were pelleted, resuspendedcm cuvette. Crystalline aliquots of sodium fluoride, sodium
in phosphate-buffered saline (PBS), and lysed in a Frenchazide, and sodium cyanide were then added at approximately
pressure cell. Insoluble material was removed by centrifuga- 5x, 10x, and 25< protein concentration and then at very
tion at 100 009 for 20 min. The GST-IsdE fusion protein large excess, as needed to obtain constant absorption and
was purified by passage of the cell lysate across a 20 mL MCD spectra. The solutions were measured over a period
GSTPrep column (Amersham Biosciences). GST-IsdE was of 1—2 h to ensure no further changes took place. To form
eluted from the column with 10 mM reduced glutathione, the ferrous heme species, protein solutions were treated with
100 mM NaCl, and 50 mM Tris-Cl, pH 9.0. Fusions were increasing amounts of crystalline sodium hydrosulfite
cleaved overnight at 4C with ACTEV protease (Amersham  (NaS;0,) as the reducing agent until no further changes in
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the absorption and MCD spectra were observed. To study +12
carbon monoxide binding, gaseous CO was bubbled slowly = (a) | @) |
into the sealed protein solutions through a serum cap until
no further changes in the absorption spectrum were measured.
UV —visible absorption spectra of protein solutions contain- 13
ing sodium hydrosulfite were obtained before and after MCD %] ] \
measurements to ensure reoxidation did not occur. To @) +11
denature rlsdE, small aliquots ® M formic acid were added @ ™ | ({?)(4) 1
to reach a pH of 2.5. The absorption spectrum was measured o M 5 ) ) Ju S N
immediately from 300 to 700 nm. Aliquotsf @ M am- 2400 2500 2600 2700 2800 2900
monium hydroxide were then added to raise the pH to 7.5 m/z
to refold the protein. 100 (B) 31728
The Role of MCD Spectroscopy in Studies of Heme
Proteins.MCD spectroscopy provides information about the ‘
ground and excited-state orbital degeneracies of medium to % \
high-symmetry complexes based on the Faraday A, B, and |
C terms (5). Key to the analysis of MCD spectral data is || 32051
that the MCD bands lie at the same energy and exhibit 31]12 /,,'_\ J‘I\f@?’ﬁik_
approximately the_ same baqu|dth_as the absprptmn bands. 3%000 31000 32000 33000
In metalloporphyrins, the visible region absorption spectrum mass / Da

is dominated by two major electronic bands arising fl@m  Figure 1: Charge state and mass spectra of risdE as purified from
t 7 * transitions. In decreasing energy, we find the Soret (or E. coli. (A) Charge state spectrum showing th&1,+12, and+13

B) band between 390 and 430 nm,Qor B (a strong charge states of risdE. No significant charge states were observed
: ; ; below 2300 m/z. (B) Deconvoluted mass spectrum shows four peaks
vibronic band progression) near 500 nm, and @ o near corresponding to ligand-free risdE (31112 Da), a single heme

550 nm. The band maxima and relative intensities are poynd to risde (31 728 Day), risdE bound to a single heme and a
characteristic of the oxidation and spin state of the central single unidentified ligand of approximately 323 Da (32 051 Da),

iron. Overlaid on these three bands are charge-transferand risdE bound to a single heme and a ligand of approximately
transitions between the central metal and the ring, which 634 Da (32 362 Da).

occur in the same spectral regiof5). Charge-transfer

transitions are particularly sensitive to the oxidation and spin RESULTS
state of the central iron being observed at different but rlsdE:Ligand StoichiometryEollowing purification from
characteristic wavelengths in the visible and near-IR regions. g coli, risdE produced a reddish-brown solution, a feature
In the MCD spectrum of heme proteins, we find derivative- -4mmon among heme-containing proteins. The charge state
shaped Faraday A terms for species with degenerate exciteq:g|_mass spectrum of risdE (Figure 1A) showed a group of
states and nondegenerate ground states, and only positive Aparge states centered #112. Deconvolution of those states
terms (positive lobe to high energy of the crossover energy) gave four distinct masses (Figure 1B). The theoretical mass
are observed. This will generally be the case for low spin qf r|sdE is 31 111 Da; thus, the peak at 31 112 Da represents
ferrous hemes such as that coordinated by CO. B terms aréyeme-free risdE. The intense peak at 31 728 Da represents
Gaussian-shaped bands that arise from interactions between single heme of mass 616 Da bound to the rIsdE (theoretical
all adjacent states and can be both positively and negativelymass is 31 726 Da). We propose that the peaks at 32 051
signed. C terms arise from ground state degeneracy and giveyng 32 423 Da arise from liganded reduced glutathione
rise at room temperatures to Gaussian-shaped bands of eithquSH) with a measured mass of approximately 320 Da
sign and are temperature dependent. In heme, ground stat¢theoretical mass 306.1 Da) and its oxidized form, glu-
degeneracy is found for high spin ferrous and all spin statestathjone-S-S-glutathione (GSSG) with a measured mass of
of the ferric oxidation state. In addition, pseudo-A terms may 34 (theoretical mass 610.0). The weak signals contribute
be seen when two, oppositely signed C terms exist closely g the larger errors in mass determination of both the GSH
in energy. These pseudo-A terms may be of either sign. In agnd GSSG. These four peaks, shown in Figure 1B, were

the heme proteins, the MCD spectrum of five-coordinate, consistently observed for multiple spectral analyses of
high spin ferrous heme provides an example of a Soret bandgifferent risdE samples.

region characterized by a pseudo-A terbg)( Reduction of the pH, which denatured the risdE, resulted
Because of inherent sensitivity to the electronic structure in loss of the GSH and GSSG, indicating that these two
of the protoporphyrin IX, the iron, and its axial ligand(s), species were bound as ligands to the protein. The charge
and because these effects have been shown to be systematitate spectrum of risdE (neutral pH) is presented in Figure
across a large number of proteins, the MCD spectral bands2A. Following addition of formic acid, which lowered the
are diagnostic of the axial ligand identity, and the spin and pH to 2.3, a shift in the charge state distribution was observed
oxidation state of the iron, allowing in many cases unam- (Figure 2B). Initially dominated by the-11,+12, and+13
biguous determination of each of these parameters from roomcharge states, acidifying the solution resulted in two distribu-
temperature measurements. This diagnostic sensitivity hagions centered or-37 and separately o#22, suggesting
been used widely and successfully to interrogate the spin,that these forms of riIsdE were in an unfolded sta@ 21).
oxidation, and ligation state of the heme in a wide range of Isolation of these higher charge states revealed that at this
heme proteins, for exampld%—19). low pH, risdE is free of both the heme, the GSH and GSSG,
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u‘w ‘ 22, e ’f“‘Lﬁ“”"f“”ff“”'“‘“fﬁ’?'::f“f”"r Ficure 3: B band absorption spectra of rlIsdE monitoring protein
W IJJ Mb s DA folding. (1) As purified fromE. coli. (2) Following acidification
0 B e : ‘ of 1 to pH 2.5. (3) Following neutralization of 2 to pH 7.5.
500 1000 1500 2000 2500
m/z 3 +12 is observed at 412 nm. Addition of formic acid to pH 2.5
100, (C) risdE (pH 7.2) 2399 2599 results in a blue shift in the B band to 393 nm, which is
characteristic of unbound hem&2j. Upon neutralization of
the acidic solution to pH 7.5, the B band returned close to
] its original position at 410 nm. These results indicated that
’] upon acidification, the bound heme was released by the
+14 +11 protein. Upon neutralization, the protein refolded and
" reboun e heme present in solution, giving the nm
2835 bound the h t lut the 410
0~ P“:})&‘)‘v \*‘*qs‘é‘d* Jarvrrass J;“;O—(’] DN absorption band. The 2 nm shift may have been due to the
m/z presence of a slightly different fraction of ferric and ferrous

Ficure 2: Charge state spectra of riIsdE monitoring protein folding.
(A) Charge state spectrum of rIsdE as purified fr&mcoli. (B)

hemes bound to the rIsdE following refolding.
Heme Binding in riIsdEWe approach the determination

Charge state spectrum of risdE at pH 2.3. (B inset) Deconvoluted of the properties of the bound heme in two parts. First,
mass spectrum of rlsdE at pH 2.3. (C) Charge state spectrum ofidentification of the oxidation and spin status of the heme
rlsdE following neutralization (pH 7.2) of the acidified sample. iron in the native protein, and second, identification of the
ligation status of the iron, which leads to proposals for both
a result to be expected for an unfolded protein. The proximal and distal ligands.
deconvoluted mass spectrum showed a single peak at 31 162 On the basis of analysis of the MCD spectra of the heme
Da (Figure 2B inset), very close to the theoretical mass of bound to rIsdE in the cell lysate, rIsdE was previously
31 111 Da. This result showed that the peaks observed inreported to contain a mixture of ferric and ferrous hemes
the original risdE mass spectrum all arose from ligands bound (10). The MCD spectra described here of purified risdE
to the same protein molecule. Cleavage products that canoffers further support for this conclusion and shows that the
produce proteins of slightly different masses were, therefore, ferric heme is high- or intermediate-spin and definitively that
not present. The charge state spectrum obtained for a lowthe ferrous heme is low-spin. The analyses described below
pH risdE solution following elution from a G-25 size shows that a combination of multiple heme species gave rise
exclusion column, using ammonium formate buffer at pH to the complex absorption and MCD spectra presented in
7.2, is shown in Figure 2C. The reappearance offié to Figure 4A. The overall pattern of the absorption bands in
+14 charge states envelope indicates that riIsdE has returnedrigure 4A closely resembles those of a low spin ferrous heme
to its native conformation. The major species present in the (19). Absorption spectra of low-spin ferrous hemes typically
reneutralized sample is heme-free rIsdE (Figure 2C), ascontain two well-defined bands in the visible region, corre-
indicated by the intensification of the heme free riIsdE charge sponding to the @ and Qj, transitions. In rIsdE these were
states at 2399, 2599, and 2835 m/z, although trace amount®bserved at 558 and 530 nm, respectively. A third band was
of heme-bound rIsdE are still present (compared with the also always observed far to the red near 650 nm. This band
large fraction shown in Figure 2A). The small amount of may arise from (i) the photooxidation of PPIZ3, 24), (ii)
ligand bound rIsdE can be attributed to the fact that riIsdE a charge-transfer ban@%), or (iii) an electronic transition
refolded near the top of the column, a location where the in the unidentified ligand. However, because the band
small ligands and large protein had only partially resolved. maximum changed only by a few nanometers following the
Once refolded, the presence of a small concentration of addition of sodium cyanide, sodium dithionite, and carbon

ligand in the direct environment, therefore, led to a small
degree of binding.

This unfolding and refolding reaction of rIsdE is supported
by the UV-visible absorption data presented in Figure 3.
Under native conditionspH 7.3), the heme B band of risdE

monoxide (Figure 4) we have tentatively assigned it to
charge-transfer that arises with both ferrous and ferric heme.
Provisionally we identify the fifth position imidazole as the
source because this band is not observed for the His229Ala
mutant, comparing Figure 4A with 7A. It is possible that
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the band is actually a composite of bands connected with on heme binding proteins in the metal chelate binding protein
the presence of the sixth position methionine in the ferrous superfamily, the structural conservation in this protein
and solely the histidine in the ferric heme. superfamily allowed us to generate a model of IsdE using
While the absorption spectrum of rIsdE appears to arise structural data from thg. coli periplasmic binding proteins
solely from low-spin ferrous heme, the MCD spectrum of BtuF and FhuD $1—33). The model indicated several
rlsdE shown in Figure 4A is quite different when compared potential heme ligands situated in the predicted heme binding
with spectral data for well-characterized low-spin ferrous cleft. Site-directed mutagenesis was used to introduce point
heme species for myoglobiri9 and cytochrome c2g). mutations into rIsdE by replacing the native residue with
Particularly, the large intensity ratio between the B and Q alanine, so that the functions of these residues could be
bands for rlsdE (approximately 5:1) is much larger than examined. Tyrosines were targeted because of the known
previously reported (usually closer to 2:1 or lesk9, (27). heme-iron tyrosyl ligation in the Isd NEAT domain structures
Those reports, however, were based on protein solutions(4, 5). Mutation of Y61, Y187, and Y261, the three tyrosine
containing a single heme species. Analysis of these spectraresidues believed to be in the rlsdE heme binding site, did
properties, therefore, indicates that risdE contains both ferric not significantly alter the results compared to those of native
and low-spin ferrous hemes; thus, the abnormally large B:Q rIsdE. For example, the charge state spectrum for risdE
intensity ratio results from the overlap of a ferric heme A Y261A showed that thet12, +13 charge states still
term with an A term from a low-spin ferrous heme, dominated (data not shown), indicating that the overall fold
effectively adding to the intensity in this region of the MCD of the protein was not affected by the mutati@®,(34). A
spectrum. strong single heme bound signal and two weaker signals
Coordination of a strong field ligand, such as cyanide, to approximately 320 and 640 Da higher than the heme bound
heme results in the formation of a low-spin iron cente, ( peak were also observed. The absorption and MCD spectra
28). Examination of the MCD spectrum from a myoglobin were identical to those of the native rlsdE shown in Figure
heme model shows that upon binding of cyanide, two main 4. Collectively, the data suggest that Y61, Y187, and Y261
features are observed, (1) a negative band near 580 nndo not participate directly in heme binding and the alanine
appears, and (2) an increase in the B:Q-band intensity ratiosubstitutions did not change the conformation of the native
(19). These features were both observed for risdE with the protein.
appearance of a negative band at 576 nm, and an increase Since histidine is a common heme-iron ligand, and one
in the B:Q-band intensity ratio from 5:1 to approximately histidine, H229 projected into the binding pocket in our
10:1 (Figure 4B). The addition of a reducing agent to rlsdE model, we next targeted this residue. In contrast to what we
produced a significant drop in the B band intensity, with observed for the tyrosine mutants described above, mutation
the B:Q-band intensity ratio changing from 5:1 to 1:3 (Figure of H229 resulted in significant changes in both the mass and
4C). The overall band pattern closely resembles that of MCD spectra of the mutant protein. The mass spectrum of
ferrous heme with bis-tetrahydrothiophene ligatiai)( The risdE H229A (Figure S2C) clearly shows that only heme
addition of carbon monoxide to the reduced solution then free (31,097 Da) and heme-bound protein (31,741 Da) were
brought back the B band intensity (Figure 4D), indicating present. There is no signal where, in the native risdE, two
that the CO had bound to the Fe(ll). The double band additional peaks are observed. Again thé&2 and +13
appearing at 562 and 573 nm was a result of the incompletecharge states dominated the spectrum, suggesting that the
ligation of carbon monoxide. Figure S1 illustrates that with changes observed were due to the lack of an imidazole side
increasing amounts of carbon monoxide the 572 nm bandgroup at amino acid 229 and not an alteration in the fold of
increases in intensity while the 562 nm band decreases.the protein 20, 34).
Vigorous addition of carbon monoxide could not entirely =~ The MCD spectrum of rIsdE H229A closely resembled
eliminate this dual peak, suggesting that carbon monoxidethat of a low-spin ferrous heme (Figure 5A) with THT and
ligation was hindered, possibly due to bis-axial ligation of NO in the axial positions27). riIsdE bound to a single heme
the ferrous heme, as is suggested by the reduced-heme risdBhould be represented by a peak at 31 713 Da in the mass
MCD spectrum. Collectively, the mass and MCD spectral spectrum. However, the peak is observed at 31 741 Da, a
data, Figures 1 and 4, show that a single risdE protein difference of 28 Da. Thus, it appears that the ferrous heme
molecule binds either a single ferric heme (of either high or in risdE H229A binds NO during purification, even though
intermediate spin state) or a single low-spin ferrous heme. no external source was provided. The two A terms, with
The ferrous heme is partially blocked from small ligands. crossover points at 421 and 576 nm, along with the positive
The ferric heme, however, is readily accessible to anionic B term at 519 nm fit the band pattern of a low-spin ferrous
ligands such as cyanide. Additionally, we have identified heme very closely19). Previously it was observed in the
the distal ligand of the ferrous fraction as being methionine, MCD spectrum of native rIsdE that cyanide did bind but for
due to the similarity in the reduced rIsdE MCD spectrum to rIlsdE H229A, no change was observed following addition
neutral thiol coordinated heme. of excess cyanide (Figure 5B). The addition of a reducing
Mutational Analysis of rlIsdEISdE is a member of the  agent did produce minor changes; however, these were most
metal chelate superfamily of ligand binding proteins. The likely due to some ferric heme contamination (Figure 5C).
overall fold of the protein in this superfamily is well- This suggests that there is a very small fraction of ferric heme
conserved and is composed of two domains, each consistingn riIsdE H229A unlike the case with the native protein, and
of a central3-sheet and surroundingrhelices, linked by an  the majority of the heme was low-spin ferrous.
a helix that spans the length of the protein. The substrate A rlsdE double mutant containing the Y61A and H229A
binding site is in a cleft formed between the teu$ domains mutations did not show any change following reduction
(29, 30). Despite the lack of crystal structure information (Figure 6). It appears that Y61 may play a small role in
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Ficure 5: Absorption and MCD spectra of rIsdE H229A. (A) As purified fréncoli. (B) Following the addition of crystalline sodium

cyanide. (C) Following the addition of crystalline sodium hydrosulfite. (D) Following the addition of crystalline sodium hydrosulfite and
carbon monoxide.
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5 /\ FiGure 7: Charge state and deconvoluted mass spectrum of riIsdE
< 0 AnpsslSI Y61A/H229A. (A) Charge state spectrum showing the characteristic
{ +11, +12, and+13 rIsdE charge states. (B) Deconvoluted mass
spectrum showing heme-free (31002 Da), single heme bound
(31 624 Da), and single heme with NO or CO in the distal position
0054 4% (31 652 Da) rIsdE Y61A/H229A.
strong single heme bound peak and weak GSH and GSSG
588 peaks were still present. In the riIsdE Y61A/H229A double
0.10 r ; ' ) inn i indi
0 0 0 o0 700 mutant a marked reduction in the degree of heme binding

A rm was observed. Preceding ferricyanide addition (Figure 8C)
) . approximately 66-70% of the protein was bound to heme.
Eﬁg&?ng' ﬂ{;b;g{jﬁ’fi'gﬂ ("j‘f“gog’!ﬁn[ﬁ ﬁ?gfggilﬁIer_'SdE YB1AH229A This value significantly dropped to less than 10% following
oxidation (Figure 8D).

coordinating ferric heme in rIsdE and upon elimination of
only H229A, a small amount still remains bound. The mass DISCUSSION
spectrum of the Y61A/H229A risdE double mutant also  The proposed sequence of events in heme acquisition by
showed the presence of a NO liganded heme, as indicatedS. aureusthrough the Isd system, is that hemeproteins such
by the peak at 31 652 Da (Figure 7B). Overall, the spectral as hemoglobin are bound by IsdB or HasA/IsdH, heme is
band patterns remained in close agreement to that of a low-then removed to be bound by IsdA, and then heme passes
spin ferrous heme. Following the addition of CO, no change through IsdC before being bound by the ABC transporter,
was observed (Figure 5D). It is interesting to note that none IsdEF, at the cell membrang&)( Once in the cytoplasm, heme
of the rIsdE mutants containing the H229A mutation may be degraded by the action of IsdG and 1)l The
exhibited an absorption band at 650 nm. This leads to the coordination of the hemes in IsdA and IsdC have previously
conclusion that the band near 650 nm (the band maximumbeen reported( 5) but they involve the NEAT domair86),
moves 45 nm depending on the oxidation and spin state whereas IsdE does not possess a NEAT domain. IsdE is a
in all other mutants and the native) arises from charge transferlipoprotein which functions as a high-affinity ligand binding
from the His proximal ligand to the iron. Overall, the data protein. It is also predicted to associate with the IsdF ABC
for riIsdE H229A suggest that a methionine residue binds a transporter permease. Questions that have remained unan-
low-spin ferrous heme, with a strongacceptor ligand in  swered currently concern the heme binding properties,
the distal site. The binding of small ligands is more favorable namely the number of hemes bound, their oxidation and spin
than is the case with native rIsdE due to the removal of H229. state, and the amino acids in the binding site that coordinate
Therefore, in the native state, H229 and a methionine residuethe heme. The data reported here provide that information
coordinate to the heme in rIsdE. and allow specific conclusions to be drawn concerning the
All of the data for rIsdE containing the H229A mutation structural properties of the heme binding site. When examin-
showed that only low-spin ferrous heme was bound. To ing the data for rIsdA g, 10, 36), risdC 6, 24, 36), and
investigate if ferric heme could also bind in the heme site, rIsdE, there are several common themes. One is the ability
a strong oxidizing agent (ferricyanide) was added to samplesof each protein to bind heme. The other is the presence of
of native rIsdE and rIsdE Y61A/H229A. Following addition ligands at approximately 36820 and 616-630 Da in mass.
of the oxidizing agent and purification on a G-25 size Because of the multiple purification steps preceding mass
exclusion column, the charge state spectrum of oxidized spectral analysis, it is unlikely that any compound not bound
risdE showed no change (Panels A and B of Figure 8). A to the protein would still be present. The mass spectrum of
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. +12 (A) IsdE and a positive peak to the blue of the Q-band A tefli®).(

100 The MCD spectrum of rIsdE (Figure 4A) follows this band
pattern with only slight differences, suggesting that the
predominant heme species present is low-spin ferrous heme.

+13 An abnormally large B:Q A-term intensity ratio and the

appearance of overlapping bands in the visible region
separate the MCD spectrum of rIsdE from those of other
low-spin ferrous heme-containing proteins. These anomalies
can be explained by the presence of ferric heme as a fraction
100- +12 (B) IsdE of the total bound heme. Ferric hemes contain numerous
+ Fe(CN)> charge-transfer bands in the visible regitf, (L9, 37), which
may explain the complex rIsdE MCD spectrum observed in
this region. In myoglobin, carbon monoxide binding to
ferrous heme gives a 2:1 B:Q-band A term intensity ratio in
the MCD spectrum X9). Oxygen binding gives an ap-
proximate 1:3 ratio. Ferric heme A-terms show similar
structure to those of low-spin ferrous hemes in the B region.

Thus, the overlap between ferrous and ferric signals will

+12 result in the increased intensity observed.

(C) IsdE Y61A/H229A Since the pure ferric heme risdE is unavailable, the
determination of the ferric heme spin state was difficult. The
presence of ferric heme is shown in the MCD spectral
changes observed following the addition of ligands (CN
and a reducing agent (A&O,) (Figure 4). Cyanide coor-
dinates much stronger with ferric heme than with ferrous
heme. The appearance of low-spin ferric heme signals

%

2400 2600 2800
miz

100+

2200 2400 2600 2800 . . . .
m/z following cyanide addition, therefore, suggests that ferric
100. +12 heme with a high or intermediate spin state was initially
(D) IsdE Y61A/H229A present. Conﬁrmgpon also comes from thg changes observed
+ Fe(CN)* following the addition of sodium hydrosulffite. If only ferrous
heme were present, one would expect no change in the MCD
%] +13 spectrum. This, however, is not the case. The original ferric

heme in rIsdE is reduced upon addition of sodium hydro-
L +11 sulfite, so that an MCD spectrum characteristic of a low-
RS e S .Lﬁ —— spin ferrous heme with methionine and histidine axial ligands
2400 2:32 2800 is measured 26, 27). Cyanide addition was shown to
Ficure 8: Charge state spectra of rIsdE (A, B) and risdE Y61A/ coord!natg the ferric heme, so Wher) reduced to ferrous,
H229A (C, D) preceding and following the addition of ferricyanide. Ccoordination by a small ferrous binding ligand would be
expected to still occur. Indeed, the addition of carbon
monoxide to a reduced solution of rIsdE results in an MCD
rlsdE at low pH (unfolded) in Figure 2B clearly shows that spectrum characteristic of low-spin ferrous heme (Figure 4D)
only ligand-free protein is present at 31 162 Da providing with His and CO as axial ligandsl9). The overlapping
strong evidence that these unidentified peaks in the masssignals observed in the Q region (as shown by the peaks at
spectrum measured at neutral pH do not arise from the 562 and 572 nm) can be understood in terms of the increased
presence of a slightly heavier protein impurity (for example affinity for methionine to the ferrous heme so that CO
arising from imperfect cleavage). The masses strongly ligation becomes hindered.
suggest the presence of a minor fraction of GSH and GSSG The band appearing at 650 nm in the absorption spectra
bound to the rIsdE at neutral pH, but which is released at of rIsdE (Figure 4A) offers evidence of a high-spin ferric
low pH when the protein is denatured. state. Heme bands this far to the red are rather rare but have
Mack et al. have previously reported that cell lysates been observed in cytochrome c peroxida®8).(Yonetani
containing overexpressed rlsdE exhibited MCD spectra that et al. have assigned this band to a charge-transfer transition
suggested the presence of both ferric and ferrous hetfes ( in a high-spin ferric heme2§). Initially, we concluded that
The MCD data of purified rIsdE described here confirm those its persistence in all of the rIsdE species from their MCD
previous conclusions and provide more details of both the spectra presented in Figures 4 and 7 suggests that just high
spin states and the structure of the binding sites. The ESI-spin ferric heme was not the only cause. Although there are
MS data show conclusively that rIsdE binds only one heme. a number of species that can cause a band near 650 nm, the
The observation of both ferric and ferrous hemes means thatabsence of the 650 nm band only with the His229 mutant
binding of either oxidation state of the heme-iron is possible. convinces us that the only explanation can be charge transfer
The MCD spectra of low spin ferrous hemes are quite from His 229. We can eliminate as a cause of the 650 nm
simple to analyze because of a lack of charge-transfer bandgeak the products of PPIX photo-oxidatid?8(24), because
in the 400-700 nm region. Three features are observed: two in none of the riIsdE mass spectra recorded were peaks
A terms corresponding to thegand Qo absorption bands  corresponding to PPIX (mass 562.7 Da) or bilirubin (mass

O rrrr—r
2200
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(A)

(8)

Ficure 9: Model of the IsdE heme binding pocket, illustrating
(A) ferric heme binding and (B) ferrous heme binding.

584.7 Da) (free in solution or bound to rIsdE) observed, and
we can also eliminate the result of GSH binding because
the GSH identified in the ESI-MS is present in such a small
fraction that the absorbance would not be observed.

A series of alanine substitution mutations in the vicinity
of the heme binding site were made. Of these, H229A clearly
exhibited spectral data different from the native protein. The
mass spectrum of rIsdE H229A clearly shows that it only
binds a single heme and that very little protein is heme-free
(Figures 6). MCD spectra for the series of liganded species
then confirm that the heme present is low-spin ferrous
(Figures 7A). There was no change observed in the MCD
spectrum following the addition of cyanide and carbon
monoxide. This is most likely a result of ligation by a
methionine residue of the protein and by NO, as would be
expected from the presence of a low-spin ferrous iron. Protein
bound ferrous hemes, containing water or an open distal
position, show readily recognizable high-spin characteristics,
as observed in myoglobirl).

The MCD spectrum of rIsdE H229A (Figure 5A) clearly
shows that the ferrous heme bound in rIsdE is low-spin. The
data suggest that H229 binds heme near the edge of the hem
binding pocket. This location would leave bound heme
relatively exposed to the environment, which helps to explain
the observed ligation of cyanide and carbon monoxide (when
reduced). The results indicate that both ferric and ferrous
heme can coordinate in the native rlsdE. However, upon
elimination of H229, coordination of ferric heme did not
occur. The charge state spectra of rlsdE in Figure 8 show
that following the addition of an oxidizing agent, no change
is observed. However, the charge state spectra of risdE
Y61A/H229A show that heme binding is greatly reduced
following the addition of ferricyanide.

In the ferric state, His229 coordinates the heme in the
proximal site, with a methionine residue near the distal
position. Because of the lowered affinity of methionine for
ferric heme, cyanide can ligate any ferric heme present. In
the ferrous state, the distal methionine now coordinates much
more tightly to form the low-spin ferrous state (Figure 9). It
is interesting to note that a methionine residue in the distal
heme site can function as a means for rIsdE to distinguish
between the ferric and ferrous oxidation states. Addition of

CO can replace the Met ligand. These observations suggest

that rIsdE contains two different heme iron coordination
modes in the same site, one for ferric and the other for ferrous
hemes. Mutation of H229 leaves only methionine coordina-
tion to the heme. Thus upon oxidation, the heme binding
affinity is greatly reduced and, therefore, heme does not bind.
In summary, rIsdE can bind different heme molecules but
only one at a time. In this study, we found that a small
fraction of rlsdE binds one ferric heme (spin state is either
high or intermediate), while a larger fraction binds one

Pluym et al.

ferrous heme, which is low-spin; in both cases we found
that a molecule of GSH and GSSG was also bound to the
protein. Our studies indicate that the bound heme is held
near the edge of the heme binding pocket by H229 and a
methionine residue. Binding in a shallow pocket in which
substrate is held near the edge of the protein is consistent
with other members of the metal chelate superfamily of
substrate binding proteins.

Addendumlt is noted that during the time of review of
this manuscript, the structure determinatiorsoureudsdE
in complex with heme was reporte@8). Our data on the
properties of the heme-bound form of the proti@isolution
are in complete agreement with the heme protein association
revealed by the crystal structure, which identifies the heme-
coordinating methionine proposed here as residue Met78.
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