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ABSTRACT: The heme ATP binding cassette (ABC) trans-
porter, ShuUV, of Shigella dysenteriae has been incor-
porated into proteoliposomes. Functional characterization
of ShuUV revealed that ATP hydrolysis and transport of
heme from the periplasmic binding protein, ShuT, to the
cytoplasmic binding protein, ShuS, are coupled. Site-
directed mutagenesis of ShuT residues proposed to be
required for stabilization of the complex abolished heme
transport. Furthermore, residues His-252 and His-262,
located in the translocation channel of ShuU, were
required for the release of heme from ShuT and translo-
cation to ShuS. The initial functional characterization of
an in vitro heme uptake system provides a platform for
future spectroscopic studies.

Gram-negative bacterial pathogens have evolved sophis-
ticated mechanisms for utilizing the hosts’ heme-containing
proteins as a source of iron (1, 2). In Shigella dysenteriae,
active transport of heme into the periplasm is facilitated by
coupling the proton motive force of the cytoplasmic mem-
brane through TonB to the outer membrane receptor, ShuA
(3). Heme is then sequestered in the periplasm by the
periplasmic binding protein (PBP), ShuT. Translocation of
heme into the cytoplasm is facilitated by a heme-specific
ABC transporter, ShuUV. ABC transporters make up a
diverse family of proteins that use energy from hydrolysis
of ATP to pump ligands against a concentration gradient.
They are involved in nutrient uptake, osmotic regulation,
toxin excretion, and multidrug efflux (4–6). Several ABC
transporters with homology to the heme uptake systems have
been structurally characterized, including the vitamin
B12-BtuCD complex (7–11). The heme ABC transporter
consists of two membrane-spanning domains (MSDs) of
ShuU, which form a translocation pathway, and two nucle-
otide-binding domains (NBDs) of ShuV.

A concerted mechanism for translocation of vitamin B12

by BtuCD has been proposed largely on the basis of structural
studies (5, 10–12). In the resting state, the translocation
channel of the MSD is closed to the periplasm and open to
the cytoplasm (Figure 1A). Interaction of the PBP with the
transporter triggers the closing of the NBD interface,
generating the open conformation of the PBP such that the

affinity for the ligand is reduced. This conformational change
in ShuUV opens the translocation channel and brings the
NBDs together. Following ATP hydrolysis, the PBP is
released, and the NBD dimer reopens, releasing the substrate
and resetting the transporter.

In this work, we report the first in vitro translocation of
heme from the PBP, ShuT, through the ABC transporter,
ShuUV, to the cytoplasmic heme-binding protein ShuS.
ShuUV was incorporated into 3:1 (w/w) Escherichia coli
lipid/L-R-phosphatidylcholine liposomes. On the basis of
Sodium dodecyl sulfate-polyacrylamide electrophoresis
(SDS-PAGE), we estimate that 50% of the added ShuUV
is incorporated into the liposomes (Figure 1B). ShuT was
encapsulated within the lumen of the ShuUV proteolipo-
somes by multiple freeze-thaw cycles (13–15). The heme-
bound ShuT protein encapsulated within the proteoliposomes
was quantified by pyridine hemochrome assuming a 1:1
heme:protein ratio (16). Approximately 68% of the ShuT
added to the proteoliposomes was routinely incorporated into
the lumen. The rate of ATP hydrolysis was calculated from
a NaH2PO2 calibration curve generated by the modified
molybdate method (17). The amount of heme transported
from ShuT to apo-ShuS in the external solution was
calculated by the pyridine hemochrome method.
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FIGURE 1: Structure and mechanism of the ABC transport system.
(A) Proposed mechanism for translocation of heme by ShuUV. (B)
Sodium dodecyl sulfate-polyacrylamide electrophoresis of the
proteoliposomes with ShuT in the lumen. (C) Schematic of the
proteoliposome system indicating the orientation of transport from
ShuT in the lumen to ShuS in the external medium.
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It should be noted that ShuUV may be incorporated into
the proteoliposomes right-side-in or, as shown in Figure 1C,
inside-out. Although we cannot accurately calculate the ratio
of the inside-out to right-side-in forms of ShuUV, on the
basis of previous studies of the BtuCD complex it has been
shown that the transporters partition in an approximately 50:
50 ratio (13). In this study, we have utilized the inside-out
proteins to assess transport of heme to ShuS in the external
medium. As shown in Table 1, addition of ATP to the
ShuUV proteoliposome preparation gave a basal stimulation
of ATP hydrolysis but yielded no further increase over time.
In contrast, heme-bound ShuT within the lumen and ShuS
in the external medium significantly increases the rate of ATP
hydrolysis (Figure 2 and Table 1).

The increase in the level of ATP hydrolysis appears to be
coupled to the translocation of heme from heme-bound ShuT
in the lumen to apo-Shus in the external medium (Table 1).
Indeed, on the basis of the calculated amount of heme-bound
ShuT trapped in the lumen of the proteoliposomes, complete
transfer of the heme from ShuT in the lumen to apo-ShuS
in the external medium is observed (Table 1). However, ShuT
within the lumen of the proteoliposmes did not stimulate an
increase in the level of ATP hydrolysis and is similar to the

initial stimulation observed in the absence of ShuT (Figure
2 and Table 1). These data are consistent with a concerted
model, in which the closed conformation of heme-bound
ShuT is required for interaction with the ShuUV transporter,
thus inducing the conformational change required to bring
the NBDs together for ATP hydrolysis. Recent crystal-
lographic studies from our collaborators have confirmed the
open and closed forms of ShuT and heme-bound ShuT,
respectively (18).

On addition of ATP to the ShuUV proteoliposomes alone
or the proteoliposomes in the presence of ShuT, a residual
amount of heme is released to ShuS and corresponds to the
fraction of heme trapped nonspecifically within ShuUV on
purification. Interestingly, upon addition of ATP to the heme-
bound ShuT/ShuUV proteoliposome system in the absence
of ShuS, no sustained increase in the rate of hydrolysis is
observed, indicating that in the absence of ShuS the heme
is most likely not released to solvent. These data provide
the first evidence that the cytoplasmic heme-binding protein
ShuS directly accepts heme from the ABC transporter
ShuUV. This is in agreement with previous genetic studies
that have shown the ShuS protein is required for efficient
heme utilization, and in its absence, high concentrations of
heme are toxic to the cell (19). The requirement that ShuS
accept heme from ShuUV is not surprising given the ability
of free heme to catalyze the production of reactive oxygen
species that may cause DNA and lipid damage. These data
differ from those of previous studies on the BtuCD/BtuF
system in which cobalamin is apparently released into the
lumen of the proteoliposomes in the absence of an acceptor
protein (13). However, this may be due to the differences in
the physiochemical properties of the water soluble corrin ring
of vitamin B12 versus the more hydrophobic porphyrin
macrocycle.

In the concerted model of translocation, it is proposed that
the PBP remains complexed to the ABC transporter on ligand
translocation (13). Previous structural studies of the BtuCD
and BtuF proteins have suggested that specific Glu residues
on the lobes of BtuF (Glu-72 and -202) are required for
stabilizing the interaction with the BtuCD ABC transporter
(7). To test this hypothesis, the conserved Glu residues on
the surface of the lobes of ShuT, Glu-74 and Glu-207, were

Table 1: Heme Translocation and ATP Hydrolysis for the Wild-Type and Mutant ShuUV Transportersa

ShuUV transporter total amount of heme transferred to ShuS (nmol)d total amount of ATP hydrolysis (nmol)e

Wild-Type ShuUV System

ShuUVc 2.2 ( 0.1 1280 ( 40
ShuUV with ShuT 2.2 ( 0.1 1750 ( 44
ShuUV with heme-bound ShuTb 16 ( 0.7 4353 ( 328
ShuUV with heme-bound Glu-74 Val ShuTb 1.0 ( 0.04 2034 ( 153
ShuUV with heme-bound Glu-207 Val ShuTb 1.7 ( 0.1 1630 ( 33
ShuUV with heme-bound Glu-74/207 Val ShuTb 2.5 ( 0.35 1596 ( 43

ShuUV Mutant System

His-252 Alac 3.0 ( 0.1 1096 ( 68
His-252 Ala with heme-bound ShuTb 3.9 ( 0.42 1949 ( 78
His-262 Alac 2.0 ( 0.5 460 ( 35
His-262 Ala with heme-bound ShuTb 2.6 ( 0.15 580 ( 74
His-252/262 Alac 2.0 ( 0.5 952 ( 47
His-262 Ala with heme-bound ShuTb 2.6 ( 0.15 895 ( 238

a The amount of heme-bound ShuT within the lumen was calculated by pyridine hemochrome to be 17 ( 0.6 nmol. b The amount of heme-bound
ShuT within the lumen was calculated by pyridine hemochrome to be 17 ( 0.6 nmol. c Basal ATP hydrolysis measured in the absence of ShuT. d The
amount of heme transferred to ShuS at the 10 min time point was measured by pyridine hemochrome following removal of the liposomes. e Total ATP
hydrolysis at the 10 min time point.

FIGURE 2: Hydrolysis of ATP over time. Wild-type ShuUV with
heme-bound ShuT (black), ShuT (cyan), heme-bound ShuT E74V
(red), heme-bound ShuT E207V (light green), heme-bound ShuT
E74/207V (blue), ShuU H252A (magenta), ShuU H262A (purple),
and ShuU His-252/262 Ala (green) with heme-bound ShuT. All
experiments included ShuS in the external medium.

7978 Biochemistry, Vol. 47, No. 31, 2008 Rapid Reports



mutated to Val (see Figure S1 of the Supporting Information).
The addition of ATP to the single or double Glu heme-bound
ShuT mutants within the ShuUV-reconstituted proteolipo-
somes resulted in no increase in the rate of ATP hydrolysis
(Figure 2), and consequently no translocation of heme to
ShuS. Therefore, in addition to requiring the closed confor-
mation of heme-bound ShuT, Glu-74 and Glu-207 are
essential for stabilizing the protein-protein interaction and
driving the conformational change required for substrate
release and ATP hydrolysis.

Furthermore, a sequence alignment of all predicted heme
ABC transporters revealed two absolutely conserved His
residues. The conserved His residues, which are also present
in the vitamin B12 transporter, BtuC, are located in the
substrate translocation channel. Therefore, we hypothesized
that the corresponding residues in ShuU, His-252 and His-
262, are responsible for coordination of heme in the
translocation channel. A homology model of ShuUV indicat-
ing the location of the conserved His residues is given in
the Supporting Information (Figure S1). To determine if His-
252 and/or His-262 is required for heme transport, site-
directed mutagenesis was utilized to create both the single
and double His to Ala ShuU mutants. Proteoliposomes of
the His-252 Ala, His-262 Ala, or His-252/262 Ala ShuUV
mutants with heme-bound ShuT incorporated into the lumen
were tested for their ability to transport heme to ShuS. In
the presence of heme-bound ShuT in the lumen, none of the
His ShuUV mutants gave an increase in the rate of ATP
hydrolysis (Figure 2). Furthermore, the amount of heme
transferred to ShuS compares with that calculated to be
nonspecifically associated with ShuUV on purification (Table
1). The inability of heme to be translocated from heme-bound
ShuT to ShuS when either His-252 or His-262 is mutated
suggests that both residues are essential for the transport of
heme. Furthermore, the fact that there is no increase in the
rate of ATP hydrolysis in the proteoliposomes containing
the ShuUV His mutants, and no heme is translocated to ShuS,
suggests the heme may be kinetically trapped within ShuT.
We therefore hypothesize that His-252 and His-262 provide
a high-affinity binding site within the translocation channel
of ShuU that is required, in addition to the conformational
changes induced on binding of heme-bound ShuT, for the
release of heme to the transporter. The functional charac-
terization of ShuT and ShuUV mutants in which we can
potentially trap kinetic intermediates provides a platform for
future spectroscopic studies.

In summary, the in vitro heme uptake system has provided
new insight into the mechanism of heme transport in bacterial
pathogens. In this study, we have further refined the
concerted mechanism of ligand translocation in ABC trans-
porters (Figure 1A) by providing evidence that substrate
coordination within the translocation channel of ShuU is

directly coupled to ATP hydrolysis and substrate release.
Thus, ATP hydrolyis triggers the ligand-gated switch that
releases the substrate at the cytoplasmic face, resets the
closed conformation at the periplasmic face, and allows
release of the substrate free PBP (Figure 1A). The ABC
transporter on release of the substrate free PBP is reset to
the resting state to undergo another cycle upon binding the
substrate-loaded PBP. Future site-directed mutagenesis stud-
ies combined with spectroscopic methods will aid in the
elucidation of the molecular mechanism of translocation of
heme across the cytoplasmic membrane.
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