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Pathogenic bacteria require iron to replicate inside mamma-
lian hosts. Recent studies indicate that heme acquisition in
Gram-positive bacteria is mediated by proteins containing one
or more near-iron transporter (NEAT) domains. Bacillus
anthracis is a spore-forming, Gram-positive pathogen and the
causative agent of anthrax disease. The rapid, extensive, and
efficient replication of B. anthracis in host tissues makes this
pathogen an excellent model organism for the study of bacterial
heme acquisition. B. anthracis secretes two NEAT hemophores,
IsdX1 and IsdX2. IsdX1 contains a single NEAT domain,
whereas IsdX2 has five, a novel property among hemophores. To
understand the functional significance of harboring multiple,
non-identical NEAT domains, we purified each individual
NEAT domain of IsdX2 as a GST fusion and analyzed the spe-
cific function of each domain as it relates to heme acquisition
and transport. NEAT domains 1, 3, 4, and 5 all bind heme, with
domain 5 having the highest affinity. All NEATSs associate with
hemoglobin, but only NEAT1 and -5 can extract heme from
hemoglobin, seemingly by a specific and active process. NEAT1,
-3, and -4 transfer heme to IsdC, a cell wall-anchored anthrax
NEAT protein. These results indicate that IsdX2 has all the fea-
tures required to acquire heme from the host and transport
heme to the bacterial cell wall. Additionally, these results sug-
gest that IsdX2 may accelerate iron import rates by acting as a
“heme sponge” that enhances B. anthracis replication in iron-
starved environments.

Pathogenic bacteria must acquire iron from their mamma-
lian hosts to survive and replicate during infection (1). How-
ever, the host sequesters iron within heme, which is further
bound tightly to hemoproteins, such as hemoglobin (Hb) (2, 3).
In response, bacteria have evolved protein-based systems that
scavenge heme from host proteins and import this heme-iron,
thereby alleviating iron deficiency and promoting bacterial rep-
lication (4 —6).
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Recent studies suggest Gram-positive bacteria utilize a con-
served protein module, a near-iron transporter (NEAT)?
domain, to acquire heme from host hemoproteins (7-9). Pro-
teins harboring this domain may bind heme, Hb, or both and
initiate NEAT-NEAT heme transfer to receptor proteins local-
ized on the cell envelope (10-14). Bacterial strains lacking
genes encoding NEATs grow poorly on heme or Hb as an iron
source and generally are less virulent than their wild-type coun-
terparts (15-17). There is also evidence that recombinant
NEAT proteins can serve as effective vaccines (18 -21). How-
ever, the structural and molecular mechanisms of NEAT func-
tion remain to be determined.

Bacillus anthracis is a Gram-positive, spore-forming bacte-
rium that is the causative agent of anthrax disease and a weapon
of bioterrorism (22, 23). Infection begins when spores enter a
host and are phagocytosed by resident macrophages (24, 25).
Germination at the site of infection or in regional lymph nodes
leads to the escape of rapidly replicating vegetative cells into
hematogenous tissues, resulting in high bacterial cell numbers
(26 -29). The multifaceted ability of this pathogen to replicate
efficiently in several host tissues, including blood, makes it an
ideal model system for the study of iron uptake processes.

Along these lines, B. anthracis secretes two NEAT-contain-
ing hemophores (iron-regulated surface determinants 1 and 2
(IsdX1 and IsdX2)) that promote the growth of this pathogen
on Hb as a sole iron source (14, 16, 30). IsdX1 harbors a single
NEAT domain that can bind and transfer heme to cell wall-
anchored IsdC (16, 30). The second hemophore, IsdX2, con-
tains five NEAT domains (30). These findings raise interesting
questions as to why a bacterial hemophore would harbor five
potentially functionally redundant NEAT domains. In this
report, we describe the properties of each recombinant IsdX2
NEAT domain and find that this hemophore is capable of per-
forming all of the functions needed for heme acquisition,
including the ability to bind heme and Hb, extract heme from
Hb, and transfer heme to a downstream receptor. These prop-
erties are novel for a bacterial hemophore.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Reagents, and Cloning—Escherichia coli
strains (DH5a or XL1-Blue) were grown in Luria broth (LB)
supplemented with 50 ug/ml ampicillin (Fisher). B. anthracis

3 The abbreviations used are: NEAT, near-iron transporter; Mb, myoglobin;
RU, response unit.
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strain Sterne 34F2 was grown in LB, and chromosomal DNA
was extracted using the Wizard genomic DNA purification kit
(Promega). The primer pairs, neatn-BamHI and neat,-EcoRI
(supplemental Table S1), allowed each NEAT domain of isdX2
to be PCR-amplified individually off the chromosome. Forward
primers each encoded a BamHI restriction site. The reverse
primer for each NEAT had an artificial stop codon (UAA)
inserted before the EcoRI restriction site. The resulting PCR
product was digested using BamHI and EcoRI restriction
enzymes (New England Biolabs). The insert was ligated and
cloned between the BamHI/EcoRI sites of the vector pGEX2TK
to create a protein fusion to glutathione S-transferase (GST):
pGEX2TK-gst-neatn. DNA was then transformed into chemi-
cally competent DH5a and XL1-Blue. pGEX2TK-gst-isdC in
XL1-Blue was previously cloned by Maresso et al. (15) and used
for IsdC expression.

Protein Purification—E. coli XL1-Blue strains harboring gst-
neatn or gst-isdC were grown in LB supplemented with 50
pg/ml ampicillin. Each protein was expressed using 1.5 mm
isopropyl B-p-thiogalactopyranoside (Sigma) induction for 2 h
at 37 °C or overnight at 30°C. The 2-h induction leads to
approximately a 2—3-fold reduction in the amount of heme co-
purifying with each NEAT domain when compared with over-
night induction. Cells were centrifuged (6,000 X g) and resus-
pended in phosphate-buffered saline (PBS; 137 mMm NaCl, 2.7
mM KCl, 10 mMm sodium phosphate dibasic, 2 mMm potassium
phosphate monobasic, pH 7.4) or 50 mm Tris-HCI, pH 7.0. Bac-
teria were lysed using a French press and centrifuged at
14,000 X g, and supernatants were applied to glutathione-Sep-
harose resin (Amersham Biosciences). After two 30-ml washes
in buffer, each protein was eluted off the column after incuba-
tion with 50 units of thrombin (Calbiochem) to isolate NEAT#
or 25 mMm reduced glutathione (Calbiochem) to isolate GST-
NEATn/-IsdC. Thrombin was removed from protein prepara-
tions using aminobenzamidine resin (Sigma). For the heme-
binding assays in Fig. 3, heme was removed by adjusting the pH
to ~3, followed by heme removal using methyl ethyl ketone
(31). However, this method leads to substantial protein precip-
itation and could not be used to make apoprotein for the heme
scavenging assays shown in Fig. 4. For these assays, the NEAT
proteins were purified using the 2-h induction described above.
The concentration of recombinant proteins was determined
using the bicinchoninic acid method (Pierce) or the Bradford
assay (Bio-Rad) (32). The molar extinction coefficients for each
recombinant NEAT were calculated from the amino acid
sequence according to the method of Pace et al. (33) (NEAT1
(11,460 M ' cm™1), NEAT2 (4,470 M~ * cm '), NEAT3 (12,950
M~ ' em ™), NEAT4 (12,950 M~ * cm™ %), and NEATS5 (12,950
M tem™Y).

Measurement of Heme Binding—For a qualitative measure of
heme binding, E. coli cells expressing GST-NEAT#n were grown
in 1.5 liters of LB for 3 h, followed by overnight induction at
30 °C. Each protein was then purified as described above and
scanned from 250 to 650 nm. For a more quantitative measure
of heme binding, each apo-NEAT# (4.5 um) was incubated in
Tris-HCL, pH 7, with 2.5 um hemin (oxidized heme) for 15 min
at 25 °C, and the UV-visible spectrum was measured (250 — 650
nm) using a DU800 spectrophotometer (Beckman-Coulter,
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London, UK). The absorbance at ~400 nm (Soret band) was
recorded for each sample as well as a hemin-only control.

Heme Scavenging from Hemoglobin—GST-NEATn (NEAT],
12 um; NEAT2, 165 um; NEATS, 15 um; NEAT4, 13.5 pu;
NEATS5, 15 uMm) were expressed for 2 h, purified from E. coli as
stated above, immobilized on 2 ml of glutathione-Sepharose
resin, and washed with 30 ml of Tris-HCI (50 mm; pH 7.0). The
resin-NEAT complex was incubated with 1 ml (2.5 umM mono-
mer) of bovine Hb (Sigma) at 25 °C. After 30 min, the superna-
tant (Hb) was removed, and the resin-NEAT was washed with
25 ml of buffer. Next, each GST-tagged NEAT# was eluted with
0.8 ml of 25 mm glutathione, and its relative heme content was
determined by Soret spectroscopy and compared with an
equivalent reaction in which GST-NEAT# was incubated with
buffer (50 mm Tris-HCI, pH 7.0) instead of Hb. Additionally, all
elutions were subjected to the pyridine hemochrome assay to
determine molar concentrations of heme, as described previ-
ously (34). SDS-PAGE was performed on each sample to verify
that any differences in the Soret absorbance were not due to
differences in NEAT protein amounts or carryover of Hb into
NEAT elutions. To test whether NEAT3 and -4 were still capa-
ble of binding heme, the elutions that were incubated with the
buffer control were mixed with heme (2.5 um), and the absor-
bance was measured from 250 to 650 nm.

Association with Hemoglobin—A BlAcore 3000 biosensor
(Amersham Biosciences) was used to measure the interaction
of each NEAT with Hb. Briefly, holo- or apo-Hb (in 50 mm
Tris-HCI, pH 7.0) was covalently coupled to a CM5 sensor chip
at 25 °C to a density of 3600 (holo-Hb) and 8000 (apo-Hb)
response units (RUs) using amine chemistry as described pre-
viously (35, 36). NEAT1 (1-20 um), NEAT2 (1-15 jum), NEAT3
(1-17 um), NEAT4 (1-14 um), or NEATS5 (1-12 pum) in HBS-N
buffer (0.01 M HEPES, 0.15 m NaCl, pH 7.4) was injected at 20
pl/min for 300 s at 25 °C. Data were obtained for each reaction
using “double referencing,” where parallel injections of analyte
are flowed over a control surface and then over immobilized
Hb. The kinetics and affinity constants were calculated using
BIAevaluation 4.1 software (Amersham Biosciences), and the
data fit as described (37). All fits for this kinetic analysis had a *
value of <2.S.D. values for each NEAT protein were calculated
from three different concentrations of NEAT injected from
three independent experiments (n = 9).

Heme Transfer from IsdX2 NEAT Domains to IsdC—GST-
IsdC was purified using affinity chromatography as described
above, eluted with glutathione, and dialyzed in two applications
of 50 mm Tris-HCI, pH 7.0. NEAT1, -3, -4, and -5 were purified
from E. coli as described previously, loaded with heme while on
the resin by running 20 ml of 3 um heme over the column,
followed by one 25-ml wash with Tris-HCI, and then cleaved
with thrombin. Examination of the Soret absorbance for each
preparation indicated that each NEAT was equivalently heme-
loaded (data not shown). GST-IsdC (7 um) was immobilized on
250 pl of glutathione-Sepharose beads, and resin was washed
three times in 1 ml of Tris-HCI buffer and incubated for 1 h at
room temperature with NEAT1 (12 um), NEAT3 (14 uwm),
NEAT4 (6 um), or NEATS5 (7.5 um). Resin was sedimented by
centrifugation, and supernatants containing NEAT#n were
removed. After washing, eluates containing GST-IsdC were
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FIGURE 1. In silico analysis and purification of IsdX2 NEAT domains. A, the full 885-amino acid sequence of IsdX2 is shown. The lip region (blue text) and the
YXXXY signature sequence within the B8-sheet (red text) are indicated for each color-coded NEAT domain. The arrowhead indicates the predicted site of
cleavage by signal peptidase. B, each NEAT protein was expressed in E. coli and purified by GST affinity chromatography. Approximately 5 ug of each
thrombin-cleaved preparation was applied to SDS-PAGE and analyzed by Coomassie stain. All NEAT domains were obtained in a pure form at the correct

predicted size (14 kDa).

collected by eluting with 125 ul of 25 mwm glutathione. Each
sample was next analyzed from 250 to 650 nm and compared
with the spectrum for a GST-IsdC-only control. Heme occu-
pancy measurements were calculated for each GST-IsdC reac-
tion by dividing the Soret band maxima absorbance unit (~400
nm) for each IsdC elution by the 280 nm absorbance unit for the
same sample. Because the extinction coefficients for GST-IsdC
would be identical for all eluates, this ratio is a valid measure of
the relative heme content in a particular sample. All elutions
were also examined by SDS-PAGE.

Heme Dissociation—Holo-NEAT]1, -3, -4, and -5 were gener-
ated as described for the IsdC transfer studies. NEAT prepara-
tions (NEAT1 at 1.1 um, NEAT3 at 0.93 um, NEAT4 at 1.5 um,
and NEATS5 at 0.87 um) were incubated with 47 um apomyo-
globin (Mb) in PBS, pH 7.4, at room temperature for 20 h (30,
38). A Cary spectrophotometer (Agilent) or HP spectropho-
tometer (Aligent) was used to measure spectra from 250-700
nm as a function of time. Changes in absorbance at 382 nm
(control) minus that at 408 nm (Mb-specific) were plotted
against time to generate heme dissociation curves.

RESULTS

In Silico Analysis of IsdX2 and Protein Purification—Most
Gram-positive pathogenic bacteria harbor genes encoding for
NEAT domain proteins, and several of these proteins contain
more than one NEAT (16, 17, 39 —44). This finding raises inter-
esting questions concerning the functional role of multi-NEAT
proteins in heme uptake. A bioinformatics analysis of IsdX2
from B. anthracis identified five non-identical NEAT domains,
each ~125 amino acids in length, within 885 total residues (Fig.
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1A). A comparison of each NEAT indicates that four of the five
NEATS contain a YXXXY sequence within the proposed heme-
binding pocket (8, 16,45—47) (Fig. 1A, red text, and supplemen-
tal Fig. S1). The most obvious difference is the substitution of a
histidine for the second tyrosine in IsdX2 NEAT domain 2 (Fig.
1A, red text), suggesting that this domain may function differ-
ently than the other four domains, an idea that we have con-
firmed experimentally in succeeding sections. Other than this
change, sequence data alone are insufficient in predicting the
function of these five NEAT domains.

To begin to understand the functional role of IsdX2, we took a
reductionist approach and analyzed each individual NEAT
domain separately. This strategy simplifies the assignment of a
function to a single domain, avoids the use of full-length IsdX2
(which is difficult to purify because of its susceptibility to proteol-
ysis), and is consistent with existing literature that indicates indi-
vidual NEAT domains form functional units (41, 42, 46—50).
B. anthracis genomic DNA encoding each NEAT was amplified by
PCR and cloned into pGEX2TK to create a fusion to GST (15, 16,
30, 41, 42, 45, 46, 49, 51-53). Recombinant GST-NEAT# protein
was expressed in E. coli and purified by affinity chromatography,
and each NEAT domain was released from GST by thrombin pro-
teolysis. SDS-PAGE analysis of each preparation (Fig. 1B) indi-
cated a single polypeptide of ~14 kDa (theoretical mass of NEAT],
14 kDa; NEAT?2, 14.2 kDa; NEATS3, 14.1 kDa; NEAT4, 14.1 kDa;
NEATS5, 14.1 kDa), indicating that each NEAT domain migrated
at the expected theoretical mass.

Heme Binding by the IsdX2 NEAT Domains—To analyze the
heme binding function of each NEAT, we first sought to deter-
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FIGURE 2. Analysis of the purified IsdX2 NEAT domains. Each recombinant
NEAT domain was purified as described under “Experimental Procedures.”
The resulting recombinant proteins (~15 um) were analyzed for the presence
of a Soret band at 400 nm. Specific Soret wavelengths were as follows: 405 nm
for NEAT1 (black); 404 nm for NEAT3 (green) and NEAT5 (orange); 403 nm for
NEAT4 (purple). NEAT2 does not absorb light at the Soret wavelength, sug-
gesting that it cannot bind heme (blue).

650

mine if recombinant NEATs expressed for 16 h could bind
endogenous heme produced by E. coli. Each NEAT protein was
purified as described under “Experimental Procedures” and
assayed for bound heme by measuring the Soret absorbance at
~400 nm, a well documented spectroscopic assay used to
detect the presence of iron-porphyrin (12, 16, 41, 43, 5052, 54,
55). As indicated by the spectral scans from 250 to 650 nm
shown in Fig. 2, NEAT domains 1, 3, 4, and 5 demonstrated
intense Soret signals, suggesting co-purification with iron-por-
phyrin. In contrast, purified NEAT2 (Fig. 2, blue) shows no
absorbance at 400 nm, suggesting that it is unable to bind heme.
To confirm the heme-binding activity of these NEATSs, heme
was removed from each preparation, and apoproteins were
incubated with hemin, followed by measurement of the Soret
spectra (Fig. 3, A—E, compare solid with dotted lines). When 2.5
uM heme is incubated with NEAT domains 1, 3, 4, or 5, the
Soret band becomes red-shifted and narrows (compared with
the heme-only control reaction), a property that is characteris-
tic of proteins that specifically bind heme (8, 15). These data
show that NEAT domains 1, 3, 4, and 5 of IsdX2 bind heme,
whereas NEAT domain 2 binds heme very poorly if at all.
Heme Scavenging by IsdX2 NEAT Domains—To determine if
any of the NEAT domains of IsdX2 can acquire heme from
hemoglobin, each GST-tagged NEAT domain was immobilized
on glutathione-Sepharose resin, the entire complex was incu-
bated with or without bovine holo-Hb for 30 min, and eluted
GST-NEATH# fractions were analyzed for heme by Soret spec-
troscopy and quantitated by the pyridine hemochrome assay.
For NEAT domains 1 and 5, increases in the Soret peak inten-
sities were observed after incubation with Hb (Fig. 4, A and E;
compare solid with dotted lines at 400 nm). Indeed, calculation
of the molar heme amount (values reported in the legend to Fig.
4) for each sample suggested that NEAT1 and -5 had more
heme relative to the amount of heme originally present on each
NEAT (3.6- and 3.1-fold increase, respectively). In contrast, no
or little change in Soret absorbance was observed for NEAT
domains 3 and 4 (Fig. 4, C and D), and little change was
observed in the heme content before and after the experiment
(1.7- and 1.3-fold, respectively). Upon incubation of NEAT2
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FIGURE 3. Heme binding by the IsdX2 NEAT domains. A-£, each apo-NEAT
(4.5 um) was incubated with 2.5 um heme for 15 min (solid lines). Spectro-
scopic scans of NEAT1 (A), NEAT2 (B), NEAT3 (C), NEAT4 (D), and NEAT5 (E) are
shown and compared with the heme-only control reactions (2.5 um; dotted
lines).
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with Hb, no Soret absorbance was observed (Fig. 4B), most
likely because this NEAT cannot bind heme (Figs. 2 (blue) and
3B). These differences cannot be accounted for by different
amounts of GST-NEAT in each preparation (Fig. 4F, SDS-
PAGE of each elution with GST-NEAT at 45 kDa, GST at 26
kDa, or NEAT at 14 kDa).

To rule out the possibility that the reason for the lack of heme
scavenging by NEAT3 and -4 was due to non-functioning pro-
tein preparations, we performed an additional experiment: the
elutions for NEAT3 and -4 were subjected to a separate heme
binding analysis. When free heme (2.5 uMm) was added to these
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FIGURE 4. Heme scavenging from Hb by the IsdX2 NEAT domains. A-£,
NEAT domain 1 (12 um; A), 2(16.5 um; B), 3 (15 um; €), 4 (13.5 um; D), or 5 (15 um;
E) was coupled to glutathione-Sepharose, and the complexes were incubated
with holo-Hb (2.5 um monomer). NEAT proteins complexed to the resin were
next separated from Hb, the resin was washed, GST-NEATs were eluted, and
each eluate (solid lines) was analyzed by comparing its Soret intensity with an
equivalent amount of GST-NEAT protein incubated with Tris-HCl buffer
instead of Hb (dotted lines; compare solid with dotted lines at 400 nm). Quan-
titation of the molar concentration of heme in each reaction after elution
yielded the following values: NEAT1 + buffer/-+Hb = 0.7 um/2.5 um; NEAT3 +
buffer/+Hb = 0.16 uw/0.28 um; NEAT4 + buffer/+Hb = 0.17 um/0.22 um;
and NEATS5 + buffer/+Hb = 0.83/2.6 um. Insets C and D, the ability of NEAT3
and -4 to bind heme was tested by incubating the NEAT-only elutions from
the heme scavenging experiments with 2.5 um heme. F, Coomassie. Eluates
(10 pl) from each GST-NEAT elution were analyzed by SDS-PAGE. GST-NEATn
migrates at ~42 kDa. The bands at ~26 and 14 kDa for each GST-NEATn
elution represent free GST and NEAT, respectively, due to some proteolysis
during the purification and/or experiment. Each result is a single representa-
tion of three independent experiments.

samples, an increase and red shift of the Soret band was
observed when compared with a heme-only control reaction
(Fig. 4, C and D, inset, spectral scans). These data suggest that
the NEATs (NEAT3 and -4) in these samples can readily bind
heme, suggesting that their inability to scavenge heme is not
due to any residual bound heme carried over from the purifica-
tion. Instead, these results suggest that there are functional dif-
ferences between the NEAT domains in IsdX2, with NEAT1
and -5 having the capacity to extract heme from Hb but
NEAT?2, -3, and -4 lacking this ability.

The Association of the IsdX2 NEAT Domains with
Hemoglobin— Although the study of bacterial hemophores has
increased in recent years, very little is known about the mech-

33656 JOURNAL OF BIOLOGICAL CHEMISTRY

A NEAT 1 over holo-Hb B NEAT 2 over holo-Hb

200 B”fer 200 Buffer
¥
(2] . (2]
g Inject = Inject
S5

@ @ 100
2 100 2
- o
2 2 N
4 4 —

02 v . 0 . ,

50 300 550 50 300 550
Time (seconds) Time (seconds)

C NEAT 3 over holo-Hb D NEAT 4 over holo-Hb

Buffer
300 200 Buffer
Inject

n 2
= = \J
=] Inject -]
[0} (o]
2 150 2 100
[} o
T o
1] 7]
jol jol
o 4 &

04 . : o4 : )

50 300 550 150 400 650

Time (seconds) Time (seconds)

E NEAT 5 over holo-Hb
250

Buffer

Inject

125

Response Units

04 T "
100 350 600
Time (seconds)

FIGURE 5. The association of the IsdX2 NEAT domains with holo-Hb. A-E,
recombinant NEAT1 (1-20 um; A), NEAT2 (1-15 um; B), NEAT3 (1-17 um; C),
NEAT4 (1-14 um; D), or NEAT5 (1-12 um; E) was injected at a constant flow rate
of 20 ul/min over 3600 RU of immobilized holo-Hb. Association and dissoci-
ation phases were monitored for 300 s by observing changes in the RUs with
time. The dissociation constants (K,) were calculated assuming a 1:1 binding
model (see “Experimental Procedures”) and represent the mean and S.D. val-
ues of at least three different concentrations from three independent deter-
minations. K, was as follows: NEAT1 = 4.1 = 1.4 X 108 m; NEAT2 = 4.4 +
1.7 X 107 ®M; NEAT3 = 4.6 = 0.8 X 10" ®m; NEAT4 = 1.8 = 0.1 X 10 ®m; and
NEAT5 = 7.5 = 3 X 10 7. All sensorgrams analyzed had a x° value of <2.The
S.D. values for all values were calculated from the average of two concentra-
tions for each NEAT/IsdX2 sensorgram, from three independent experiments
with multiple preparations of the same protein (n = 9).

anisms by which heme is taken from Hb (56, 57). For example,
the most well studied hemophore, HasA, from the Gram-neg-
ative pathogen Serratia marcescens, seems to acquire heme
from Hb passively (i.e. without a physical interaction) (58 —60).
To understand how the NEATSs of IsdX2 acquire heme from
Hb, we tested each NEAT domain to see if it associates with
holo-Hb, using surface plasmon resonance spectroscopy.
Holo-Hb was covalently coupled to a carboxymethyl chip using
amine chemistry. Increasing amounts of each recombinant
NEAT were then infused over holo-Hb, and RUs were mea-
sured as reported previously (37).

Asindicated in Fig. 5, A-E, a dose-dependent increase in RUs
was seen for all recombinant NEAT proteins infused, suggest-
ing a physical interaction with holo-Hb. NEAT1 and -5, the
IsdX2 domains that scavenge heme from Hb (Fig. 4, A and E),
associated with holo-Hb with apparent affinities (reported in
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the legend to Fig. 5) that were ~75- and 4-fold greater than the
non-scavenging NEAT?2, -3, and -4. Little or no response (asso-
ciation) was observed when the experiments were repeated
using the highest concentration of each NEAT infused over
apo-Hb, indicating that these interactions are dependent on Hb
being in the heme-bound state (supplemental Fig. S2). Close
examination of the response curves in Fig. 5 suggests that the
interaction with holo-Hb may be biphasic, which may suggest
that there are two binding sites on Hb (one with high affinity
and one with low affinity). Given the complex nature of mam-
malian hemoglobin (the protein exists as a dimer of « and 3
subunits, both of whose confirmation and affinity for heme are
different (61)), the biphasic nature may suggest that there is
preference for one subunit. A test of this hypothesis will require
additional studies. Regardless, the complete association and
dissociation phases are used to calculate the K,, meaning the
reported values represent a “composite” affinity of both phases.
In all cases, the x* values (how well the models fit the actual
data) were low (<2) and rigorous (see “Experimental Proce-
dures”), indicating the fits correctly model the experimental
sensorgrams.

Heme Transfer from IsdX2 to IsdC—To determine if IsdX2
can transfer its heme to the B. anthracis cell wall-anchored pro-
tein IsdC, recombinant GST-IsdC was immobilized on gluta-
thione-Sepharose resin, the entire complex was incubated with
or without holo-NEAT#, and eluted GST-IsdC was analyzed
for bound heme by absorption spectroscopy. As indicated in
Fig. 6, the Soret band for GST-IsdC increased after incubation
with NEAT domains 1, 3, and 4 (Fig. 6, A-C). Quantitation of
the data by calculating the ratio of the Soret absorbance
(A 400 nm) to the protein absorbance (A,g ) (@ valid method
when the extinction coefficients are identical for GST-IsdC elu-
ates in this analysis) indicates that the increase in Soret is due to
heme transfer and not differences in protein (Fig. 6, A-D,
insets). However, no significant increase in Soret absorbance
was observed when IsdC was incubated with NEAT domain 5
(Fig. 6D), despite this preparation being heme-loaded (supple-
mental Fig. S3). Additionally, the increase in the Soret absor-
bance for IsdC incubated with NEAT1, -3, or -4 could not be
accounted for by different amounts of analyzed GST-IsdC or
contamination with free NEAT (Fig. 6, A—D, insets showing an
SDS-PAGE analysis of each IsdC elution with GST-IsdC at 45
kDa and cleaved IsdC at 22 kDa). Collectively, the data suggest
that NEAT domains 1, 3, and 4 transfer heme to IsdC.

Heme Dissociation from the IsdX2 NEAT Domains—Plotting
absorbance changes after titration of apoprotein with free
hemin is complicated by hemin dimerization and the micromo-
lar amounts of apoprotein and hemin needed for the measure-
ment. Thus, affinity calculations made from such data are
almost always an underestimate of the true affinity. However,
estimates of heme affinity can be made by measuring the rate of
heme dissociation from heme-binding proteins (38). To deter-
mine the rates of heme loss from each heme-binding IsdX2
NEAT domain, holo-NEAT], -3, -4, and -5 were incubated with
the heme-scavenging reagent apo-Mb, which contains H64Y
and V68F mutations to amplify spectral changes and maintain
an exceptionally low K, for heme (38). This high affinity
apo-Mb promotes unidirectional flow from the heme donor to
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FIGURE 6. Heme transfer from the IsdX2 domains to IsdC. A-D, holo-NEAT
domain 1 (12 um; A), 3 (14 um; B), 4 (6 um; ), or 5 (7.5 um; D) was incubated with
GST-IsdC (7 um) that was coupled to glutathione-Sepharose resin, and com-
plexes were washed, GST-IsdC was eluted, and eluate was analyzed by Soret
spectroscopy (Fig. 6, A-D, compare black with gray lines at 400 nm). The rela-
tive heme occupancy represents the ratio of the absorbance at 400 nm to that
at 280 nm (black bars, IsdC after incubation with a NEAT domain; gray bars,
IsdC after incubation with a buffer control). Insets A-D, the reactions (10 ul)
from each GST-IsdC elution were analyzed by SDS-PAGE. GST-IsdC migrates at
~45 kDa, and holo-NEATs migrate at 14 kDa. The bands at 22 kDa represent
free IsdC due to some proteolysis during the experiment. Each result is a
single representation of three independent experiments.

the scavenging reagent, and the observed time courses provide
ameasure of the rate and extent of heme dissociation from each
NEAT (30).

As indicated in Fig. 7, A-C, NEAT1 and -3 lost 100% of the
heme initially loaded on the protein within 200 min, and
NEAT4 lost 100% of the heme within 300 min. However, only
35% of the heme was lost from NEAT5 (Fig. 7D) after 20 h of
incubation with apo-Mb. Table 1 indicates the relative dissoci-
ation rates calculated for each NEAT domain, with two phases
detected for each. The cause of the very slow phases could be
slow hemin loss from higher affinity conformations. These data
suggest that NEAT5 has the highest affinity for heme (~10" '3
M, the K, for apo-Mb (38, 62)), whereas NEATT, -3, and -4 are
probably less than this value. Thus, the lack of heme transfer
from NEATS5 to IsdC is probably due to the higher affinity of
NEATS5, suggesting that transfer to IsdC by IsdX2 is affinity-
mediated and determined by the off rates of thermal heme dis-
sociation from each NEAT domain.

DISCUSSION

Examination of the function of each NEAT domain of IsdX2
indicates the following: (i) NEAT1, -3, -4, and -5 bind heme,
with NEAT5 having the highest affinity; (i) NEAT1 and -5
readily extract heme from Hb; (iii) all of the NEAT's appear to
associate with Hb, but the two heme-scavenging NEATSs
(NEAT1 and -5) interact with the highest apparent affinity; and
(iv) NEAT1, -3, and -4 transfer heme to a downstream NEAT
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FIGURE 7. Dissociation of heme from IsdX2 NEAT domains. A-D, holo-NEAT1 (1.17 um; A), holo-NEAT3 (0.93 um; B), holo-NEAT4 (1.5 um; C€), or holo-NEATS5
(0.87 um; D) was mixed with 47 um apo-Mb for 20 h. Spectral changes at 408 nm, relative to a control wavelength at 382 nm, were measured using a
conventional spectrophotometer. The rate constants derived from these experiments are reported in Table 1.

TABLE 1

Rates of heme dissociation from IsdX2 NEAT domains

Conventional spectroscopy was used to measure heme dissociation from IsdX2
NEAT domains, as described under “Experimental Procedures.” Each NEAT had
two phases of dissociation kinetics, an initial rapid phase followed by a slower
rate of heme loss. All k, values were calculated as described previously (30). NA,
not applicable.

Protein k, phase 1 k, phase 2 Heme transfer, £ =20 h
min~! min~ !

NEAT1 0.07 0.005 Complete

NEAT3 0.07 0.005 Complete

NEAT4 0.04 0.003 Complete

NEAT5 NA 0.0005 35% transferred

protein, IsdC (summarized in Table 2). These data, in combi-
nation with our previous report demonstrating that IsdX1 can
transfer heme to full-length IsdX2 (30), suggest that IsdX2 is a
multifunctional secreted protein that harbors all of the heme
acquisition activities often associated with multiple protein sys-
tems, as is observed for the cell wall-anchored proteins of
Staphylococcus aureus (10, 14). In essence, IsdX2 may act as a
“heme sponge,” effectively soaking up heme from multiple
sources and increasing the localized concentration of heme
around the bacillus for eventual delivery to the cell surface.

A growing body of evidence indicates that NEAT domains
are major mediators of heme uptake in Gram-positive patho-
genic bacteria. In some cases, genetic deletion of one or more
NEAT proteins reduces virulence, presumably by diminishing
the ability of the bacterium to acquire iron and replicate during
infection (13, 15-17). More recent studies highlight the poten-
tial utilization of NEAT proteins in vaccine assembly. For
example, the vaccination of mice with antibodies raised against
two recombinant NEAT proteins, IsdA and IsdB from
S. aureus, protected mice against abscess formation and a lethal
challenge of Staphylococci (19). This suggests that individual
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NEAT domains can serve as immunogens for induction of neu-
tralizing antibodies, and protection is probably due to inhibi-
tion of NEAT function by the antibody binding to the heme
binding structure. Interestingly, IsdX2 was one of the top
five most robust inducers of antibody production in a serum
screen of potential anthrax immunogens (63). Such studies
highlight the importance of understanding the mechanism
of action of NEAT proteins for both vaccine and anti-infec-
tive development.

Along these lines, the crystal structure of the NEAT protein
IsdC revealed two regions that may mediate the properties of
heme binding, extraction, and transfer (46 —49). The first is a
B-hairpin structure that often contains a YXXXY heme-binding
signature on the eighth B-sheet. The second region, the flexible
3,0-helical lip, extends over the distal side of the heme and may
act asa “lock” that facilitates heme scavenging and transfer. It is
likely that attempts to improve recombinant NEAT vaccines or
develop small molecule inhibitors of NEAT activity will revolve
around an understanding of the mechanistic properties of these
two regions.

An alignment of each IsdX2 NEAT domain with NEAT
domains of B. anthracis and S. aureus revealed a correlation
with amino acid sequence and NEAT function (supplemental
Fig. S1). First, with respect to the B-hairpin region, the first
tyrosine of the YXXXY signature sequence is thought to be the
fifth axial ligand and coordinates the heme iron, a result con-
firmed in the crystal structures of IsdC and IsdA and supported
by mutagenesis data (42, 46, 48). The second tyrosine probably
stabilizes this linkage by hydrogen bonding to the first. Inter-
estingly, IsdX2 NEAT domain 2, which has a histidine in place
of the second tyrosine (supplemental Fig. S1, arrowhead indi-
cates the position of this residue), does not bind heme (Figs. 2
(blue) and 3B), consistent with the proposed role of the second
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TABLE 2

A summary of the biological function of each IsdX2 NEAT domain

NA, not applicable.
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Protein Lip region B-Hairpin (YXXXY) Heme binding Heme scavenging Heme transfer to IsdC
NEAT1 MMNQY YHHEY Yes Yes Yes
NEAT2 KMNTY YKQTH No No NA
NEAT3 MMNTY YHHFY Yes No Yes
NEAT4 MMNTY YHHFY Yes No Yes
NEAT5 MMNQY YHHFY Yes Yes No

Tyr side chain in stabilization of the proximal iron ligand (first
Tyr). A similar observation has been made for the first NEAT
domain of IsdB and the first two NEAT domains of IsdH, both
of which also lack the second tyrosine and instead act as hemo-
protein receptors (8, 12, 17, 40, 42, 50, 64). However, unlike
these NEAT domains, NEAT domain 2 of IsdX2 binds Hb
poorly, and its rather rapid rate of Hb dissociation would seem-
ingly preclude it from serving as a “receptor” for host Hb (Fig.
5B). However, we cannot rule out the possibility that NEAT2
may serve a structural role, perhaps positioning the other
NEATS to efficiently interact with Hb for heme extraction or
heme transfer to IsdC. Future studies will be geared toward
testing these hypotheses.

There are also differences in the lip region that may correlate
with the heme scavenging function of each IsdX2 NEAT
domain (supplemental Fig. S1, underlined residues). For exam-
ple, NEAT1 and -5, which both actively scavenge heme from
Hb, contain the amino acid sequence MMNQY, whereas the
heme-binding NEATSs that do not scavenge heme from Hb
(NEAT3 and -4) contain an MMNTY. Whether or not the abil-
ity to extract heme from Hb depends on a glutamine in the
fourth position remains to be determined; however, it should be
noted that IsdX1, which can also scavenge heme from Hb, har-
bors an arginine at this position, suggesting that heme scaveng-
ing functions may rely on specific side chains and are probably
dependent on more than one residue. These results also suggest
that the mechanism of heme binding may be separate from that
of heme scavenging from Hb.

One of the interesting questions that arises from these stud-
ies is why a single bacterial hemophore would evolve to contain
multiple, functionally distinct domains. One possibility is to
accelerate heme acquisition and import for the pathogen. A
single protein that can receive and transfer heme to the cell
surface is expected to enhance bacterial replication by catalyt-
ically promoting the import of iron. Although this study
focused on the properties of each individual NEAT domain, it is
possible that the NEATs may act together in the context of the
full-length protein.

The data for heme transfer to IsdC indicates that there are
important inherent differences between the IsdX2 NEAT
domains with respect to heme uptake by the bacterium. NEAT5
is inefficient at donating heme to IsdC, in contrast to NEAT1,
-3, and -4. This is probably due to the low heme dissociation
rates (higher affinity) observed for NEAT5, suggesting that
IsdX2-mediated heme transfer to IsdC may be a passive event
that is dependent on the thermal rate of heme dissociation from
the NEAT domains instead of being governed by protein-pro-
tein interactions. This passive transfer of heme from IsdX2 to
IsdCisin contrast to that seen for transfer from IsdX1 and BslK,
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both of which have slower rates of heme loss and actively trans-
fer heme to IsdC via direct protein-protein interactions (30, 51).

Although IsdX2 clearly transfers heme to IsdC, we cannot
rule out the possibility that other B. anthracis NEAT proteins
or as yet unidentified proteins can receive heme from NEAT5
or the full-length IsdX2 protein. Such candidate proteins
include the recently identified BslK, an interesting NEAT pro-
tein with three S-layer homology domains, or BAS0520, a
NEAT-containing protein that is up-regulated in low iron envi-
ronments and important for virulence in an inhalational model
of anthrax disease (51, 65). How the seemingly multifunctional
role of IsdX2 in heme import relates to the potentially redun-
dant role of these other cell-associated NEAT proteins remains
to be determined, and studies are currently ongoing to answer
these questions.

This study allows us to expand the current model of heme
acquisition in B. anthracis. Upon infection and exposure to Hb,
extracellular IsdX2, through NEAT1 and -5, associates with
holo-Hb, leading to active heme capture. Additionally, any
unoccupied NEATs (NEAT3 and -4) can bind free heme
released in the vicinity, allowing four NEAT domains to essen-
tially “soak up” large amounts of heme. Spontaneous heme dis-
sociation from IsdX2 NEAT domains 1, 3, and 4 allows heme
transfer to cell surface-anchored IsdC, presumably by a passive
mechanism. IsdC can then rapidly transfer this heme to the
membrane ABC-like transporter IsdEFD, which subsequently
pumps heme into the cytosol for degradation by the heme
monooxygenase IsdG, thereby liberating the iron. By scaveng-
ing heme from Hb, accepting heme from IsdX1, and possessing
a high rate of heme dissociation, IsdX2 increases the useable
heme concentration around the cell surface and may accelerate
the rate of heme-iron uptake, which in turn would correlate
with increases in growth and replication of B. anthracis under
conditions of iron starvation.
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