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Bacterial pathogens acquire heme from the host hemoglobin as an iron nutrient for their
virulence and proliferation in blood. Concurrently, they encounter cytotoxic-free heme
that escapes the heme-acquisition process. To overcome this toxicity, many gram-positive
bacteria employ an ATP-binding cassette heme-dedicated efflux pump, HrtBA in the
cytoplasmic membranes. Although genetic analyses have suggested that HrtBA expels
heme from the bacterial membranes, the molecular mechanism of heme efflux remains
elusive due to the lack of protein studies. Here, we show the biochemical properties and
crystal structures of Corynebacterium diphtheriae HrtBA, alone and in complex with
heme or an ATP analog, and we reveal how HrtBA extracts heme from the membrane
and releases it. HrtBA consists of two cytoplasmic HrtA ATPase subunits and two trans-
membrane HrtB permease subunits. A heme-binding site is formed in the HrtB dimer
and is laterally accessible to heme in the outer leaflet of the membrane. The heme-
binding site captures heme from the membrane using a glutamate residue of either subu-
nit as an axial ligand and sequesters the heme within the rearranged transmembrane helix
bundle. By ATP-driven HrtA dimerization, the heme-binding site is squeezed to extrude
the bound heme. The mechanism sheds light on the detoxification of membrane-bound
heme in this bacterium.
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Heme (iron-protoporphyrin [PP] IX complex) is one of the most pivotal metal cofac-
tors across the kingdoms of life and is utilized in numerous biological processes, includ-
ing oxygen metabolism. For their survival and virulence in hosts, pathogenic bacteria
can break down the host erythrocytes and acquire the free heme from hemoglobin via a
bacterial heme-acquisition system that includes heme-binding proteins and an ATP-
binding cassette (ABC) importer (1). The bacteria utilize the internalized heme intact
as a component of hemoproteins, although they can also endogenously synthesize it or
enzymatically extract the iron from the internalized heme for use as a nonheme iron
(1). However, because of its lipophilicity and unruly chemical reactivity, unassimilated
heme can have deleterious effects on cells, such as causing membrane disorder and gen-
erating reactive oxygen species (ROS) that oxidatively damage proteins, lipids, and
DNA (2).

The cytoplasmic membranes of many gram-positive bacteria are exposed to high con-
centrations of heme from lysed erythrocytes because these bacteria lack outer-membrane
barriers. To tolerate heme toxicity, these bacteria have evolved heme-dedicated efflux
pumps in the cytoplasmic membranes (1). The heme-regulated transporter genes /7B and
hrtA (hrtBA), encoding an ABC transporter, were discovered among genes that were
highly expressed in Staphylococcus aureus in response to exogenous heme (3) and were
found to confer heme resistance (4-7). Intriguingly, Corynebacteriales, gram-positive
diderms possessing atypical outer membranes (8, 9), also carry these genes (10) (S/
Appendix, Fig. S1). While HrtA contains a well-conserved nucleotide-binding domain
(NBD), HrtB is predicted to possess a transmembrane (TM) domain (TMD) with four
TM helices and an extracytoplasmic domain (ECD) protruding between TM1 and TM2
(11) (SI Appendix, Fig. S1). Although heme detoxification strategies can entail sequestra-
tion in proteins, degradation, and extrusion of heme (in addition to ROS dismutation),
genetic analyses revealing that heme generates ROS in cytoplasmic membranes (11, 12)
suggest that HrtBA extrudes heme from membranes (11).

The molecular mechanism of heme eflux, however, remains unclear because to the
best of our knowledge, biochemical and structural studies have not been performed. In
the present study, we characterized the functional properties of HrtBA from a gram-
positive diderm— Corynebacterium diphtheriae, the causative agent of diphtheria—and
determined the crystal structures of its unliganded (substrate- and nucleotide-free),
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Significance

Heme (iron-protoporphyrin IX
complex) is extremely cytotoxic
when in excess, although it plays
an important role in numerous
biological processes. Due to its
lipophilicity, free heme is
concentrated in lipid membranes,
generating harmful reactive
oxygen species. Pathogenic
bacteria overcome heme toxicity
via degradation, sequestration,
and extrusion, while they
assimilate heme derived from the
host heme-containing proteins as
an iron nutrient. To eliminate
heme toxicity, Corynebacterium
diphtheriae and many gram-
positive bacteria possess a heme-
dedicated efflux pump, HrtBA, in
their cytoplasmic membranes.
Our functional and structural data
reveal how HrtBA expels heme
from the membrane using ATP,
elucidating a mechanism of
bacterial heme detoxification in
host blood.
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heme-bound, and nucleotide-bound states. Based on these data,
we reveal a heme detoxification mechanism in which HrtBA
extracts heme from the membrane and releases it using ATP.

Results

Functional Characterization of HrtBA. We first examined
heme detoxification by HrtBA using a recombinant heme-
sensitive Escherichia coli K-12 strain. The parental E. coli strain,
JW0451, is naturally resistant to exogenous heme, with growth
doubling times of 1.1 h at 1 and 10 pM heme (Fig. 1 A, Top
and SI Appendix, Fig. S2); its outer membrane is impermeable
to heme because of the lack of a heme receptor protein. How-
ever, the expression of ChuA protein, which is responsible for
heme internalization across the outer membrane, from the
pathogenic bacterium E. coli O157 (13) led to growth retarda-
tion at 1 and 10 pM heme with prolonged doubling times
(2.4 and 2.7 h, respectively) (Fig. 1 A, Middle and SI Appendix,
Fig. S2). These observations indicate that heme that passes
through the outer membrane is cytotoxic to the bacterium. The
expression of HrtBA in the heme-sensitive cells rescued growth
at 1 and 10 pM heme (doubling times of 1.4 and 1.5 h, respec-
tively), showing that HrtBA expressed in the cytoplasmic
membrane detoxifies exogenous heme (Fig. 1 A, Bottom and S/
Appendix, Fig. S2).

For biochemical analyses, we next solubilized and purified
HrtBA from the membrane fractions of recombinant £. co/i in
the presence of 7-dodecyl-B-D-maltoside (DDM) (87 Appendix,
Fig. S3). The HrtBA transporter, reconstituted into lipid nano-
discs (ST Appendix, Fig. S3), displayed heme-dependent ATPase
activity (Fig. 1 B-D). The half-maximal effective concentration
(ECs) of heme was estimated to be 0.9 pM (Fig. 1 ). In terms
of the physiological conditions in which the transporter drives
heme efflux by ATP hydrolysis, this value is consistent with the
free heme concentration that affects the growth of the HrtBA-
lacking C. diphtheriae strain (10). Fitting the ATP-dependent

kinetic data to the Hill equation indicated that the maximum
velocity was increased by heme, but the K, for ATP was not
affected, with a Hill coefficient of 1.7 (Fig. 1D).

Measurement of the ultraviolet (UV)-visible absorption spec-
trum for heme, exogenously added to the nanodisc-embedded
HrtBA solution, confirmed heme binding to HrtBA. Heme in
the aqueous buffer exhibited a broad Soret band at ~400 nm,
which is attributed to its dimeric state (14) (Fig. 1, red). In
the presence of empty nanodiscs, the band became sharp at
407 nm (Fig. 1E, turquoise), indicating that heme preferen-
tially migrates to the lipid bilayers and resides in the mono-
meric state (15) because of its lipophilicity (16, 17). Heme
binding to the nanodisc-embedded HrtBA generated a sharper
Soret peak at 405 nm, which was blue-shifted compared to that
of heme in the empty nanodiscs (Fig. 1E, blue vs. turquoise).
These spectral data strongly suggest that HrtBA can bind heme
that migrates from the buffer to lipids, although we cannot
exclude the possibility that HrtBA could receive heme directly
from the buffer.

To examine the role of ATP in heme binding to HrtBA, we
carried out a heme transfer assay in the presence or absence of
ATP, in which a secretory high-affinity heme-binding protein,
HasA from Serratia marcescens (18), was used as an acceptor
(the experimental design is illustrated in Fig. 1F). Nucleotide-
free HrtBA predominantly retained heme even in the presence
of HasA (Fig. 1 G, Lefi). In contrast, HrtBA transferred most
heme to HasA in the presence of ATP (Fig. 1 G, Right). The
use of a nonhydrolyzable ATP analog, adenylyl-imidodiphos-
phate (AMPPNP), produced a similar result (Fig. 1H).

We further studied the role of ATP hydrolysis in heme binding
and detoxification. HrtA contains conserved motifs (Walker A,
Q-loop, signature, Walker B, D-loop, and H-loop) that play essen-
tial roles in ATP binding and hydrolysis (S/ Appendix, Fig. S1).
Mutations in Walker A (K49A), signature (G143A), and Walker
B (E165Q) motifs of HrtA failed to rescue growth in the presence
of heme, with doubling tmes of ~3 h (8] Appendix, Fig. S2 A,
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Fig. 1.

ATP-dependent heme-efflux functions of HrtBA. (A) Growth rescue of heme-sensitive E. coli with HrtBA. Photographs of the culture test tubes after a

24-h incubation. JW0451, parental strain. (B) ATPase activity of HrtBA reconstituted in nanodiscs. Heme and PPIX dissolved in dimethyl sulfoxide (DMSO)
were added at a final concentration of 10 pM in the presence of 2 mM ATP. n = 3. (C) Heme-dependent ATPase activity of HrtBA in the presence of 2 mM
ATP. n = 3. (D) Kinetics of ATPase activity in the presence (square) or absence (circle) of 5 pM heme. n = 3. (E) UV-visible spectra of heme. Two micromolar of
heme in buffer (red), empty nanodiscs (turquoise), and HrtBA-nanodiscs (blue). The nanodisc solutions were used at 4 pM for full binding to the added
heme. (F) Schematic of heme transfer assay using a heme-binding protein. Heme-loaded HrtBA nanodisc was incubated with HasA in the presence or
absence of ATP and subjected to gel filtration column chromatography. In total, 200 pmol of the proteins with 100 pmol heme was analyzed. (G) Heme
transfer in the presence (+) or absence (w/o) of ATP. (H) Heme transfer in the presence (+) or absence (w/o) of AMPPNP.
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Middle and B, Leff). Although ATPase activities were lost
(81 Appendix, Fig. S4A), consistent with the findings of a pre-
vious study on equivalent mutations in the purified HrtA sub-
unit of S. awureus (19), heme transfer assays indicated that
these mutants possessed varying degrees of ATP-dependent
heme release activities (S Appendix, Fig. S4B). Specifically,
although G143A presented a similar profile as the wild-type
protein (SI Appendix, Fig. S4 B, Middle), K49A and E165Q
transferred significant amounts of heme to HasA in the
absence of ATP, indicating their low heme-binding affinities
(SI Appendix, Fig. S4 B, Left and Right). Meanwhile, addition
of ATP to K49A resulted in some retention of heme in the
mutant despite its low heme-binding affinity, indicating that
K49A may also reduce ATP-binding affinity. The partial defect
in ATP binding of K49A is consistent with a previous
nucleotide-titration study (20). ATP binding and concomitant
heme release are unaffected in E165Q), which agrees with the
structure determinations of other ABC transporter Gln mutants
in the ATP-bound, substrate-free state (21, 22). Thus, to vary-
ing degrees, the HrtBA catalytic mutants bind ATP and modu-
late the TMDs to release bound heme, while impairing ATPase
activity.

These functional data unambiguously indicate that the
HrtBA wild type binds heme with a high affinity in the absence
of nucleotides, and it releases the bound heme upon ATP bind-
ing via reducing heme affinity. Therefore, heme detoxification
in vivo necessitates ATP hydrolysis for binding and release of
the heme and is not fulfilled by sequestration of the heme. To
elucidate the structural basis of the heme efflux mechanism, we
next performed X-ray crystallography on HrtBA (Fig. 2).
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Fig. 2. Crystal structures of HrtBA. (Top) (A) Unliganded form. (B) Heme-
bound form. () AMPPNP-bound form. (Middle) Top views of the TM helices
of the HrtB dimer. The aa (1 to 12, 249 to 263, 332 to 343) are omitted.
(Bottom) Top views of the HrtA subunits. Glu219 of HrtB, heme, and
AMPPNP are indicated by stick models. Horizontal lines indicate the hydro-
phobic layer of the membrane. An arrow indicates heme.
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Overall Structure of HrtBA. We determined the crystal structures
of HrtBA in the unliganded, heme-bound, and AMPPNP-
bound states at 2.65, 3.27, and 2.88 A, respectively (summarized
in ST Appendix, Table S1). HrtBA comprises two copies of the
HrtB-HrtA pair (Fig. 2). The overall architecture is strikingly
reminiscent of MacB (23-26), the membrane component of the
macrolide efflux transporter, and the lipoprotein translocator
LolCDE (27, 28), which are both type VII members of the
ABC transporter family (29, 30) (S/ Appendix, Fig. S5A).

HrtB is a membrane-embedded subunit consisting of the
TMD (amino acids [aa] 1 to 42 and 214 to 344) and ECD
(aa 52 to 204) (S Appendix, Fig. S5 B and (). The TMD
contains four TM helices (TM1 to TM4), an N-terminal
elbow helix, a coupling helix between TM2 and TM3, and a
C-terminal helix. TM1 and TM2 are bundled together and
extend to the extramembrane space, peripherally accompanied
by TM3 and TM4 (SI Appendix, Fig. S5B). The two linker
helices 1 (aa 43 to 51) and 2 (aa 205 to 213) connect the ECD
to TM1 and TM2, respectively. The intracellular components
(the elbow, coupling, and C-terminal helices) contact the HrtA
subunit mainly through hydrophobic interactions. The two
linker helices are perpendicularly bent in HrtB (S Appendix,
Fig. S5 B and D), while the corresponding regions are straight
and fused to TM1 and TM2, respectively, in MacB and
LolCDE (87 Appendix, Fig. S5E).

The HrtA subunit exhibits the ATPase structure typically
conserved in the ABC transporter superfamily (30). The NBD
consists of a well-conserved RecA-like domain and a structur-
ally diverse helical domain (87 Appendix, Fig. S5B). The HrtA
subunit forms a groove on the NBD to accommodate the
coupling and C-terminal helices of HrtB.

Structure of the Heme-Binding Site. The structure of the heme-
bound form revealed that the substrate-binding site containing
one heme molecule is located within the TM helices beneath
the ECDs. The position is at the same height as the boundary
between the outer leaflet of the membrane and the peptidogly-
can layer (Fig. 2B). Heme is enclosed by the kinked TM1 and
straight TM2 from each HrtB subunit (Figs. 2B and 34). The
lower half of the protoporphyrin ring is surrounded by the
well-conserved hydrophobic residues of TM1 (L35, L39), TM2
(L223), and Pro301 of the shoulder loop between TM3 and
TM4 (Fig. 3A). The upper half is stacked by the imidazole
group of His163 from each ECD. Glu219 residues are located
close to the heme iron. The electron densities of the Glu219
side chains suggest ligation to the heme iron (Fig. 35). How-
ever, the coordination state of the heme iron (penta- or hexa-
coordination) was not determined from the densities because
they represent an average of the molecules in the crystal.
Instead, by measuring the UV-visible absorption spectrum
(Fig. 1E) and the resonance Raman spectrum assignable to the
five-coordination state (Fig. 3C), we concluded that one Glu
residue serves as a fifth-axial ligand for the heme iron.

Glu coordination is rare for heme-binding proteins (31-36),
although it is present in cytochrome bs95 of the cytochrome b4
oxidase complex from Geobacillus thermodenitrificans (37) and
E. coli (38, 39). We assessed the role of Glu219 of HrtB in
heme binding using Glu219-mutated proteins. The mutation
of Glu219 to unligandable Ala or Gln almost abolished the
heme-dependent activation of the ATPase, although the
mutants retained basal activity (Fig. 3 D, Left and E, Lef?). This
is consistent with the observation that metal-free PPIX did not
increase the activity (Fig. 1B). Specific heme binding to the
mutants was impaired significantly but not completely, judging
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from the heme absorption spectra of these mutants (Fig. 3 D,
Middle and E, Middle). A heme transfer assay verified that the
heme-binding affinities were eliminated even in the absence of
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Fig. 3. Structure and properties of the heme-binding site. (A) Structure of
the heme-binding site in the heme-bound state. Well-conserved aa resi-
dues are indicated by stick models. (B) 2Fo-Fc electron density map of the
bound heme and Glu219 contoured at 1.0 ¢ (pink) with an Fe anomalous
peak (contoured at 9.5 o, orange). (C) Resonance Raman spectrum of
heme-bound HrtBA. (D-F) Mutational analyses of Glu219 mutants E219A,
E219Q, and E219H, respectively. ATPase (Left), UV-visible spectrum (Middle),
and heme transfer (Right). (Left) ATPase was measured at 10 uM heme or
PPIX. (Middle) To fully bind to 2 uM heme, the transporter nanodiscs were
used at twofold concentrations in E219A and E219Q (blue). In H219H, 2-uM
HrtBA nanodiscs containing 2 pM heme were analyzed, and dithionite-
reduced spectrum is shown as a red line. Lines of the wild type are overlaid
(cyan). (Right) In E219A and E219Q, 200-pmol nanodiscs were added to
100 pmol heme and analyzed by gel filtration column chromatography. In
E219H, 100-pmol nanodiscs containing 100 pmol heme were used.
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ATP (Fig. 3 D, Right and E, Right). Nevertheless, expression of
the mutants was able to rescue growth, with slightly prolonged
doubling times (1.5 to 1.8 h) in the presence of heme (87
Appendix, Fig. S2 A, Bottom). These data indicate that the
heme-binding site can accommodate heme by hydrophobic
interactions with the protoporphyrin moiety, and Glu219 con-
tributes to high-affinity heme binding. The basal level of
ATPase activity is capable of heme extrusion from the mem-
brane, and the axial ligation of heme enables HrtBA to detoxify
higher concentrations of heme by increasing the ATPase turn-
over rate.

In contrast, substitution with a canonical axial ligand resi-
due, His (31), resulted in a purified protein containing one
heme molecule of E. coli-derived heme within the heterote-
tramer in the six-coordination state, judging from the heme
and protein analyses of the protein solution (40) (Fig. 3 F
Middle), indicating that the position of aa 219 allows ligation
to the heme iron. Probably due to its high-affinity heme bind-
ing, the His mutant possessed relatively high basal activity
without a significant heme-dependent elevation (Fig. 3 F, Lefd),
and this mutation abolished heme transfer to HasA (Fig. 3 F,
Right) and detoxification in E. coli, with doubling times of ~3
h (S Appendix, Fig. S2 A, Bottom).

The glutamate residue at position 219 seems to provide
moderate heme-binding affinity (ECso = 0.9 pM in Fig. 1)
that can be regulated by ATP binding for the association/disso-
ciation of heme. The use of a glutamate residue is in contrast
to the stringent heme binding of the heme-acquisition system,
in which heme-binding proteins use His and Tyr as axial
ligands, although specific heme binding in the TMD of the
importer has not been characterized (1, 41, 42).

The Heme-Binding Site Is Laterally Accessible to Membrane-Buried
Heme in the Unliganded State and Collapses in the Nucleotide-
Bound State. The structure of the unliganded form revealed how
the heme-binding site extracts the heme from the membrane.
The TMD monomers contact each other along TM2 (Fig. 24).
In comparison with the heme-bound state, TM2 pivots at the
terminus of the coupling helix, generating a lateral shift of the
TM helices with a 5.4-A distance for Glu219, while the NBD
subunits are nearly overlaid (Fig. 2 A and B and S/ Appendix, Fig.
S6 A and B). No inward-facing substrate-binding cavity is present
inside the TMD dimer. Instead, the Glu219 of each HrtB is
exposed to the surface of the TMD dimer on the boundary of
the outer leaflet surface of the membrane (Fig. 24 and S7
Appendix, Fig. S6C). The location of the heme-binding site in
the TM helices is consistent with the intercalation of heme in the
lipid layer (43). Thus, the unliganded state is competent to asso-
ciate the heme that laterally accesses one of the two Glu21 resi-
dues from the membrane outer leaflet. The bound heme is
autonomously housed in the rearranged four-TM helix bundle in
the heme-bound conformation.

In contrast, the HrtBA-AMPPNP complex adopts a four-
helix bundle structure of tightly associated TM1s and TM2s.
The upper half of the TM1 straightens (Fig. 2C), rendering the
intervening space incapable of accommodating heme. This is
consistent with the functional data that nucleotide binding to
the NBD transmits allosteric signals to the heme-binding site
in the TMD to abolish its binding capability (Fig. 1 G and H).

ATP-Mediated NBD Dimerization Squeezes TM Helices for Heme
Extrusion. The structural difference between the heme-bound
and AMPPNP-bound states evokes an ATP-dependent alloste-
ric mechanism for heme extrusion. In the AMPPNP-bound
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Fig. 4. Conformational changes in the heme-binding site upon nucleotide
binding. (4) Helical shift in the heme-bound TMD dimer upon AMPPNP
binding based on superimposition of the TMDs. The heme-bound and
AMPPNP-bound states are shown in pink and cyan, respectively. (B) Close-up
of the heme-binding site.

state, the HrtA subunits adopt a nucleotide-mediated dimer
structure (Fig. 2 C, Bottom). GIn90 of each subunit coordinates
the nucleotide-associated Mg2+ in the nucleotide-binding site,
and the signature motif of the other subunit interacts with the
nucleotide (SI Appendix, Fig. S7A), similar to that observed
with other known ABC transporters (22). The nucleotide-
bound structure is generated from the unliganded state with
the induced-fit rotation of the A-loop and the helical domain
containing the Q-loop and signature motif (SI Appendix, Fig.
S7B, magenta to blue) and the shift of the signature motif of
the other subunit (S Appendix, Fig. S7B, isolated fragments,
red to turquoise). These structural changes lift the coupling
helix concomitant with a swing of ~10° (8] Appendix, Fig.
S70). Collectively, the nucleotide-mediated NBD dimerization
elevates the TM2s (E219 lift of ~4.6 A) (Fig. 4A4). In concert
with the vertical shift, a horizontal rotation of the ECDs and
linker helices (Fig. 2, Top B vs. C and S/ Appendix, Fig. S7C)
may cause an inward movement of the upper part of TM1 to
TM2 of the other subunit, straightening the TM helices (Fig.
4B). Formation of the tightly associated four-helix TM bundle
is accompanied by a migration of Leu39 and His163 into the
heme-binding pocket to collapse the binding site (Fig. 4B).

Discussion

Heme is a beneficial but deleterious nutrient for organisms. To
manage this contradiction, many gram-positive bacteria possess a
heme-dedicated ABC-type efflux pump, HrtBA, in the cytoplas-
mic membranes in addition to a heme importer. HrtBA rescues
the cells from heme toxicity since the cytoplasmic membranes are
exposed to high concentrations of heme in the host blood (87
Appendix, Fig. S8 A and B).

Heme predominantly accumulates in the cytoplasmic mem-
brane when it escapes from the heme-binding proteins of the
acquisition system in the peptidoglycan layer. The cytotoxicity
of membrane-accumulated heme has been ascribed to ROS,
despite the multifaced mechanisms of heme toxicity (2). ROS,
which cause oxidative damage to membrane proteins, are gener-
ated during heme redox cycle with menaquinones, respiratory
components in cytoplasmic membranes (11, 12). The membrane
localization of heme and menaquinones suggests that HrtBA

PNAS 2022 Vol.119 No.27 2123385119

detoxifies heme by expelling it from the cytoplasmic membrane
rather than by exporting it from the cytoplasm across the mem-
brane (11). It is noteworthy that HrtBA-driven extraction of
heme from the cytoplasmic membrane accompanies decrease
of heme in the cytoplasm according to the partition equilibrium
of heme between the cytoplasm and membrane (16, 17), which
can account for the accumulation of the cytoplasmic heme in
the HrtBA-lacking mutant (44).

Our functional and structural data strongly suggest that
HrtBA expels heme from the membrane. Heme predominantly
binds to lipid membranes (Fig. 1£), and HrtBA can extract the
membrane-embedded heme and release it upon ATP binding
(Fig. 1 Eand G). Furthermore, the heme-binding site contain-
ing heme-ligandable Glu219 residues in the HrtB dimer is
located on the surface of the outer leaflet of the membrane
(Fig. 2). The lack of a substrate-translocating cavity across the
membrane in the TMDs (Fig. 2) also indicates that HrtBA
does not directly receive heme from the cytoplasm. Thus, we
propose a plausible model of the ATP-dependent heme efflux
cycle (Fig. 5). In HrtBA, the membrane-localized heme accesses
one of the two Glu219 residues of the TMDs exposed to the
protein-lipid interface at the extracytoplasmic side and is
sequestered into the four-helix TM bundle (Fig. 5, State I to
State 2). Upon ATP binding, heme-bound HrtBA transitions
into the ATP hydrolysis-competent state (ATP-bound state),
releasing the bound heme (Fig. 5, State 2 to State 3). The sub-
sequent hydrolysis of ATP resets HrtBA to the unliganded state
(Fig. 5, State 3 to State I). Note that unliganded HrtBA less
frequently transitions into the ATP hydrolysis-competent state
(Fig. 5, State 1 to State 3), giving basal activity because of the
high transition energy (45).

Our functional and structural study consequently strength-
ens the position that type VII ABC transporters may share

State 2

State 1

State 3

Fig. 5. Mechanism of heme efflux in the membrane by HrtBA. (State 7)
Unliganded state, laterally accessible heme embedded in the outer leaflet
of the membrane. (State 2) Heme-bound state. (State 3) ATP-bound state.
TM1, TM2, and NBD are depicted. The heme ligand residue Glu219 of TM2
in HrtB is colored cyan. Heme and ATP are colored red and blue, respec-
tively. See text for a description of the proposed heme-translocation cycle.
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lateral access to substrates at the extracytoplasmic side and
nucleotide-dependent four-helix bundle formation for substrate
release. Consistently, in MacB and LolCDE, their substrate ves-
tibules are also located at the interspace between the outer leaf-
let of the cytoplasmic membrane and the peptidoglycan layer,
and substrate binding is abolished upon nucleotide binding
(24, 27, 28, 46).

Gram-positive commensal and opportunistic pathogens can
cause septicemia and meningitis. Such fatal diseases are initiated
by bacterial propagation in the bloodstream. Inhibitors for
HrtBA functions may prevent bacterial proliferation in the host
blood. The structure-function studies presented herein will,
thus, be helpful in development of antibiotics.

Materials and Methods

Cloning and Expression of HrtBA. The hitBA gene was amplified by PCR from
C. diphtheriae NCTC13129 (ATCC700971D) genomic DNA. The hrtBA DNA frag-
ment and a synthetic DNA duplex of Strep-tag Il were ligated to pMAL-p2G and
PRSET-C generating pTac-Cd hrtBAstr and pT7-Cd hrtBAstr, respectively, in which
the Strep-tag Il DNA is fused in frame to the 3’ end of the hrtA gene (S Appendix,
Fig. S9). The gene encoding the outer-membrane heme receptor ChuA was ampli-
fied by PCR from the E. coli 0157:H7 strain Sakai genomic DNA. The promoter for
the ampicillin-resistance gene (Pa,) of pACYC177 and chuA DNA fragment was
subcloned into pACYC184, generating pCm-Pp,-chud (S Appendix, Fig. S7). The
E. coli K12 strain JWO0451(acrB::Km') canrying pCm-Pay-chuA and plac-Cd hriBA
was used in the growth rescue experiments in the presence of heme. The E. coli
BL21(DE3) Star strain was used for protein production. Details are provided in SI
Appendix, Detailed Methods.

Purification of HrtBA. The £ coli membranes containing HrtBA were solubi-
lized with 1% (wt/vol) DDM at 4 °C for 30 min. The HrtBA protein was purified by
Strep-Tactin Superflow column chromatography and Superdex 200 pg column
chromatography in the presence of DDM or lauryl maltose neopentyl glycol.
Details are provided in SI Appendix, Detailed Methods.

Incorporation of HrtBA into Lipid Nanodiscs. HtBA was incorporated into
lipid nanodiscs formed by a membrane scaffold protein, MSP1D1 (47). Details
are provided in SI Appendix, Detailed Methods.

Measurement of ATPase Activity. The ATPase activity of HrtBA was deter-
mined using a reduced nicotinamide adenine dinucleotide (NADH) oxidation-
coupled enzyme assay (48). The reaction was initiated by the addition of
nanodisc-embedded HrtBA in the presence of heme or PPIX at 37 °C. The oxida-
tion of NADH was monitored by measuring the absorbance at 340 nm. Details
are provided in SI Appendix, Detailed Methods.

Spectroscopic Measurements. Visible spectra were recorded at 25 °C using
a Shimadzu UV-2500 spectrophotometer equipped with a micro cuvette holder.
Resonance Raman spectra were obtained using a single polychromator, Jovin
Yvon SPEX750M, equipped with a liquid nitrogen-cooled charge-coupled device
detector. Details are provided in SI Appendix, Detailed Methods.

Heme Transfer Assay. The secretory heme-binding protein, HasA, was purified
from the culture medium of E. coli BL21 (DE3) expressing the PCR-amplified
hasADE genes from S. marcescens strain CDC3100-71 as previously described
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(18) with slight modifications. HtBA nanodiscs containing a half equivalent of
heme were mixed with HasA in the presence or absence of nucleotides and
were subjected to Superdex 200 Increase column chromatography. The eluted
proteins and heme were monitored by measuring Aygonm and Agos nm, respec-
tively, and their contents were determined from the area of the peaks in the elu-
tion profile. Details are provided in SI Appendix, Detailed Methods.

Crystallization, Data Collection, Phase Calculation, and Structure Refinement.
Crystallization of HrtBA-MneAMPPNP, HrtBA-MgeAMPPNP, HrtBA-manganese
PPIX (MnPP), HrtBA-heme, and unliganded HrtBA proteins was performed using
the sitting-drop vapor-diffusion technique. For the first screening, MemGold HT-96
and MemGold2 HT-96 were used with a mosquito robot automated system. The
arystals obtained were subjected to cryoprotectant treatment. X-ray diffraction data
were collected under cryogenic conditions using beamlines BL26B1/B2, BL41XU,
and BL32XU at SPring-8, Harima, Japan. The diffraction data were integrated and
scaled using HKL2000 (49) or XDS (50) software. Structural analysis for the
MneAMPPNP dataset was conducted using the single anomalous dispersion tech-
nique, and the other datasets were analyzed using the molecular replacement
technique in Coot (51) and Phenix software package (52). The quality of the struc-
tural models was assessed using MolProbity (53). Details are provided in SI
Appendix, Detailed Methods. The data and refinement statistics are summarized in
SI Appendix, Table S1.

Data Availability. Coordinates and structure factors have been deposited in the
Protein Data Bank, under the accession codes 7W78 (54) for HrtBA-Mge AMPPNP,
7W79 (55) for HrtBA-MneAMPPNP, 7W7A (56) for MnPP-bound crystal data
(anomalous), 7W7B (57) for MnPP-bound crystal data (high resolution), 7W7C
(58) for unliganded HrtBA, and 7W7D (59) for heme-bound crystal data. All other
study data are included in the article and/or S/ Appendix.

Note. Heme refers to ferrous iron PPIX, whereas hemin refers to ferric iron PPIX.
In this article, the term "heme" is used as a generic expression irrespective of
the iron valence state. The term “free heme" means the exchangeable heme
that reversibly binds to proteins, lipids, and small ligand molecules, distinct
from the heme tightly bound to hemoproteins (60). Ideally, free heme exists in
very small quantities due to its insolubility and lipophilicity (60).
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