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Heme degradation plays a pivotal role in the availability of the essential
nutrient, iron, in pathogenic bacteria. A previously unannotated protein
from Mycobacterium tuberculosis, Rv3592, which shares homology to heme-
degrading enzymes, has been identified. Biochemical analyses confirm that
Rv3592, which we have termed MhuD (mycobacterial heme utilization,
degrader), is able to bind and degrade heme. Interestingly, contrary to
previously reported stoichiometry for the Staphylococcus aureus heme
degraders, iron-regulated surface determinant (Isd)G and Isdl, MhuD has
the ability to bind heme in a 1:2 protein-to-heme ratio, although the MhuD-
diheme complex is inactive. Furthermore, the 1.75- A crystal structure of the
MhuD-diheme complex reveals two stacked hemes forming extensive
contacts with residues in the active site. In particular, the solvent-exposed
heme is axially liganded by His75 and is stacked planar upon the solvent-
protected heme. The solvent-protected heme is coordinated by a chloride
ion, which is, in turn, stabilized by Asn?7. Structural comparison between
MhuD-diheme and inactive IsdG and Isdl bound to only one highly
distorted metalloporphyrin ring reveals that several residues located in -
helix 2 and the subsequent loop appear to be responsible for heme
stoichiometric differences and suggest open and closed conformations for
substrate entry and product exit.

© 2009 Elsevier Ltd. All rights reserved.
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Introduction

whereas prokaryotic HOs have been 1mphcated in
phycobilin and phytochrome biosyntheses.” Addi-

Heme degradation is a metabolic role performed
by diverse organisms, fulfilling various physiolog-
ical functions. The identification of a mammalian
microsomal heme oxygenase (HO) demonstrated
the oxidative cleavage of heme to release biliverdin
as its final product, along with free iron and carbon
monoxide in equimolar amounts." In eukaryotes,
this reaction is coupled with the conversion of
biliverdin to bilirubin by biliverdin reductase,”

*Corresponding author. Department of Molecular Biology
and Biochemistry, University of California, Irvine, CA
92697, USA. E-mail address: celia.goulding@uci.edu.

Abbreviations used: MhuD, mycobacterial heme
utilization, degrader; Mtb, Mycobacterium tuberculosis; TB,
tuberculosis; HO, heme oxygenase; Isd, iron-regulated
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tionally, increasing lines of evidence indicate that
HOs from several bacterlal pathogens play a major
role in iron availability;’ host heme degraded by
HOs in Gram-positive and Gram-negative patho—
gens (i.e., HmuO from Corynebacterzum diptheriae*
and HemO from Neisseriae sp.,” respectively) pro-
vides an alternate source of iron, an essential
element for growth, survival, and pathogenicity.
Recently, a new family of heme degraders has
been described in Staphylococcus aureus and Bacillus
anthracis, as well as the non-pathogenic Bradyrhizo-
bium japonicum.®™® While these proteins do not share
sequence or structural homology to canonical HOs,
they are able to degrade heme. Furthermore,
complementation studies show that S. aureus iron-
regulated surface determinant (Isd)l can restore
growth in Corynebacterium ulcerans HO mutant
(AHmuO) and demonstrate the ablhty of noncano-
nical heme degraders to function in vivo as HOs.”

0022-2836/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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The crystal structures of homodimeric IsdG and its
homolog, Isdl, reveal overall topologies distinct
from monomeric HOs albeit similar to monooxy-
genases 1nv01ved in antibiotic synthesis in Strepto-
myces sp.” Additionally, the heme-bound structure
of a catalytically inactive IsdG mutant revealed that
the a-meso edge of heme, which is buried in the
active site of HOs,'""® is exposed to solvent.'*
Together, these data imply that IsdG and Isdl
undergo a different mechanism for heme degrada-
tion distinct from HOs.

Mycobacterium tuberculosis (Mtb), the causative
agent of tuberculosis (TB), is a bacterial pathogen
responsible for approximately 8 million new mfec—
tions and 2 million deaths per year worldwide.'” The
ease of Mtb to enter latency and develop multidrug
resistance becomes a deadly combination for AIDS
patients, and there is an urgent need to discover new
anti-TB drugs. Similar to other pathogenic bacteria,
the acquisition of iron in Mtb is required for
infectivity and pathogenicity; as such, its iron
acquisition pathways are well characterized.'®'”
Because heme biosynthesis and degradatlon are
intricately linked with iron cycling'® and Mtb
possesses a biosynthetic pathway for heme,"” we
hypothesized the presence of proteins that are able to
catabolize heme. Therefore, proteins important for
iron acquisition and/or heme degradation can
potentially serve as new targets for anti-TB thera-
peutics. However, this effort has been hampered by
the lack of identification and biochemical character-
ization of a heme-degrading protein in Mtb.

In this study, we searched the Mth genome™ to
identify proteins that may function as heme degra-
ders. We have identified, for the first time, a putative
Mtb heme degrader, Rv3592, which shares sequence
homology with S. aureus IsdG and Isdl. Additionally,
we show that Rv3592, which we term MhuD
(mycobacterial heme utilization, degrader), is able to
bind and degrade heme. Significantly, MhuD can
bind two molecules of heme per monomer, which is
different from the monoheme IsdG and Isdl,
although MhuD-diheme is inactive. Finally, we
have also solved a 1.75-A crystal structure of
MhuD-diheme complex, which sheds light on the
nature of heme binding with alternate conformations.
The above results pave the foundation towards new
TB therapeutics targeting heme-degrading proteins.

Results

MhuD is homologous to bacterial
heme degraders

The existence and identity of a heme-degrading
protein in Mtb has not been established prior to this
study. Concurrent presence of heme biosynthetic
and degradation pathways in many organisms has
been suggested to be important in maintaining
cellular homeostasis by controlhng the availability
of heme and/or iron.'"® Since Mth possesses a

biosynthetic pathway for heme,'” we hypothesized
the presence of enzymes that are able to catabolize
heme. To prove this hypothesis, we conducted
extensive genome mining on heme-degrading pro-
teins in Mtb. A BLAST homology search of the entire
Mtb genome® did not reveal the presence of a
canonical HO gene. However, we identified a
putative gene, Rv3592, which shares 46% and 43%
sequence identity with S. aureus IsdG and Isdl,
respectively, analogous heme degraders that are
unrelated to HOs.” Homologous proteins are found
across other pathogenic and non—pathogemc bacte-
ria, 1nclud1ng B. anthracis 1sdG® and B. japonicum
HmuQ.® Furthermore, Mtb MhuD is a conserved
protein across all mycobacterial species, including
Mycobacterium avium and Mycobacterium leprae.
Multiple sequence alignments of these proteins
show several key conserved residues that have
been reported to be crucial for heme degrading
activity in S. aureus IsdG (Asn7, Trp67, and His77,
Fig. 1). In particular, mutational analyses of these
residues have been shown to maintain heme
binding albeit abolishing heme degradation.’
MhuD also contains these invariant residues
corresponding to Asn7, Trp66, and His75, suggest-
ing that it could function as a heme-degrading
protein.

MhuD binds and degrades heme

As a first report for mycobacteria, we found that
MhuD both binds and degrades heme. To test our
hypothesis that apo-MhuD is a novel protein
involved in Mtb heme degradation, we investigated
its ability to bind heme. Hemin was incrementally
titrated into 5 uM purified apo-MhuD and the
spectral range between 300 and 700 nm was
measured using a dual-beam spectrophotometer.
The resulting difference spectra are generated by
subtracting the free heme spectra from the heme-
titrated MhuD spectra. MhuD exhibits the hallmarks
of a heme-binding protein with the appearance of a
Soret peak at 410 nm, as well as a broad peak around
575 nm corresponding to the Q band region (Fig. 2a).
Plotting the absorbance difference at 410 nm against
heme concentrations reveals that heme binding is
saturable (Fig. 2a, inset).

To gain further insight into MhuD heme binding,
we used isothermal titration calorimetry (ITC) to
investigate the heme:MhuD stoichiometry and to
obtain binding constants. The ITC experiments in
which apo-MhuD (in the cell) was titrated with
hemin (in the syringe) generated a binding isotherm
consistent with saturation of heme binding (Fig. 2b).
Using the Origin software (MicroCal), we tried one-
site (x?=7.0x10%) and two-site (x*>=3.35x10%)
binding models and found that the best-fit para-
meters were obtamed w1th the sequential binding
site model (x*=1.29x10%), whereby two heme
binding sites per monomer were specified to be fit
in a sequential manner. The calculated heme
association constants (K,) correspond to two heme
sites of 1.240.3x10° and 2.0+0.3x10° M,
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Fig.1. Sequence alignment of Mtb MhuD with other heme-degrading enzymes (i.e., S. aureus IsdG and Isdl, B. anthracis
IsdG, and B. japonicum HmuQ), as well as homologous mycobacterial proteins from M. avium and M. leprae. Cylinders and
arrows define the regions of a-helices and p-strands, respectively. Residues that interact with the more solvent-exposed or
more solvent-protected hemes are indicated by # or *, respectively. Conserved catalytic residues are shaded, whereas loop
residues that contribute to open and closed conformations are boxed.

respectively. Additional ITC experiments in which
hemin (in the cell) was titrated with apo-MhuD (in
the syringe) were performed. The data were fitted
using a one-site binding model due to the initial high
heme concentrations that obscured the observation
of sequential binding (data not shown). When the
number of binding sites was allowed to vary, the
stoichiometry of heme to each MhuD monomer was
1.9+0.2 heme molecules while the calculated K, of
1.740.3x10° M ! is within the margins of error of
the two affinities reported from the sequential
binding mode. MhuD’s heme binding affinities are
comparable to those of S. aureus IsdG and IsdI (i.e.,
2x10° and 2.8x10° M, respectively),*” although
the 2:1 (heme:protein) stoichiometry is a feature
distinct from the 1:1 stoichiometry observed for all
other heme-degrading proteins reported to date.*””*
Furthermore, MhuD'’s ability to bind two molecules
of heme per monomer (MhuD-diheme complex) is
reinforced by the MhuD-diheme crystal structure as
discussed below.

Because heme degradation has previously been
shown to occur with monoheme—protein complexes,*”*
a 1:1 complex of heme to MhuD (MhuD-heme) was
prepared to assess its ability to degrade heme.
Briefly, a 1.5 molar excess of hemin was incubated
with apo-MhuD and purified by size-exclusion
chromatography. The equimolar concentrations of
protein and heme were verified by Bradford and
pyridine hemochrome assays, respectively.”' Single

turnover heme degradation reactions with MhuD-
heme were monitored spectrophotometrically be-
tween 300 and 700 nm in the presence of suitable
electron donors. While the cognate Mtb electron
donor has not been identified, previous studies
report that heme degrading activity may be ob-
served with the addition of NADPH-cytochrome
P450 reductase or ascorbate as electron donors.*”®
Incubation with either NADPH-cytochrome P450
reductase or ascorbate diminishes the Soret peak of
MhuD-heme over time (Fig. 2c and d, respectively),
indicative of heme degradation as observed for IsdG,
Isdl, and HmuQ.%® The addition of catalase inhibits
coupled oxidation of heme by exogenous hydrogen
peroxide in myoglobin and cytochrome b52223 and is
routinely used to study heme oxygenation by HOs,
as well as heme-degrading proteins, IsdG and
Isdl.”** Therefore, to rule out non-enzymatic heme
degradation, the above reactions were carried out in
the presence of 5 uM catalase. These data also
establish that, as with homologous proteins, mono-
heme-MhuD is able to degrade heme,®® and we are
further investigating the nature of the degradation
product. The above results strongly support that
MhuD serves as a heme degrader in Mtb.

Heme stoichiometry-dependent MhuD activity

The heme degradation assays are based on well-
established protocols, where the heme:MhuD ratio
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Fig. 2. Mtb MhuD is a heme-degrading protein. (a) MhuD binds heme. Difference absorption spectroscopy of hemin
(1 pl aliquots) added to 5 pM apo-MhuD, results in the increase of the Soret peak at 410 nm (arrow). Inset: The change in
absorbance at 410 nm versus heme concentration shows that heme binding is saturable. (b) Representative normalized heat
signal (upper panel) and binding isotherm (lower panel) profiles of the binding of heme to MhuD, in which twenty-eight
10-pL injections of 400 pM hemin solution into 30 pM apo-MhuD were performed at 3.5-min intervals. The binding
isotherm profile was fit to a sequential binding site model, whereby two heme binding sites per monomer were specified to
be fitted in a sequential manner. (c—e) Heme degradation experiments, carried out in the presence of 0.5:1 molar ratio of
catalase to heme-bound MhuD, were observed by the decrease of the Soret peak (arrow) by monitoring the spectral
changes from 300 to 700 nm every 5 min. (c) Cytochrome P450 reductase was added to 10 uM MhuD-heme at a 0.3:1 molar
ratio and heme degradation is observed by the decrease in the Soret peak (arrow) with each addition of 10 pM NADPH. (d)
Ascorbate (10 mM) was added to 5 pM MhuD-heme, and heme degradation is observed. (e) Ascorbate (10 mM) was added

to 5 uM MhuD-diheme, and no heme degradation is observed. All experiments were performed in triplicate (a—e).

is 1:1. However, our ITC studies indicate that MhuD
is capable of binding two hemes per monomer. To
correlate MhuD’s heme degrading activity with
heme binding ability, we prepared MhuD-diheme
by incubating 4 molar excess of hemin with apo-
MhuD, purified by size-exclusion chromatography,
and the 2:1 heme-to-protein stoichiometry was
Conflrmed by Bradford and pyridine hemochrome
assays.”' Contrary to the MhuD-heme study above,
where incubation with ascorbate in the presence of
catalase shows that the Soret peak of MhuD-heme
decreases over time (Fig. 2d), the Soret peak of an
equivalent protein concentration of MhuD-diheme
with ascorbate and catalase diminishes very little in
the same time period (Fig. 2e). Additionally, no
heme degradation was observed when MhuD-
diheme was incubated in the presence of NADPH-

cytochrome P450 reductase. These results indicate
that MhuD-diheme loses it ability to degrade heme,
thus rendering it inactive. Herein, we encounter an
interesting and important issue: a protein that has
the capability of binding two heme molecules per
monomer, yet only the monoheme—protein complex
is active. The crystal structures described below help
visualize such a difference caused by different heme
stoichiometry.

Structural overview of MhuD-diheme

After screening more than 1000 crystallization
conditions, optimizing several of these, and collect-
ing >100 synchrotron diffraction data sets, we
solved the 3.5-A crystal structure of apo-MhuD, in
which there was no observable electron density for
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the loop region surrounding the proposed heme-
binding region (residues 72-87 omitted) presumably
due to its high level of flexibility to facilitate heme
binding (data not shown). Despite thousands of
crystallization trials, we could not crystallize
MhuD-heme. As discussed below, the inability of
crystallizing the monoheme complex may be an
indication of protein flexibility necessary to conduct
heme degradation. In contrast, we obtained crystals
of MhuD-diheme complex, which grew within 48—
72 h. The partial apo-MhuD structure was then used
as a model for molecular replacement in solving the
1.75-A MhuD-diheme crystal structure (Table 1).
MhuD-diheme is a homodimer where each subunit
is defined by a ferredoxin-like fold consisting of a
BapRpap secondary-structure topology (Fig. 3a). The
p2 and p4 strands from each monomer come
together to form a central eight-stranded antiparallel
p-barrel decorated with two «-helices from each
monomer on opposite sides of the p-barrel. MhuD
shares overall structural similarities with IsdG and
IsdI,g/]4 as well as a monooxygenase, ActVA-Orf6,
from Streptomyces coelicolor.?> Therefore, although

Table 1. X-ray diffraction data collection and atomic
refinement statistics for apo-MhuD and MhuD-diheme
from Mtb

Apo-MhuD MhuD-diheme
Space group P2, c2
No. of monomers per 12 2

asymmetric unit

Unit cell dimensions (A) 35.7x245.42x61.8 44.0x64.6x71.1,

$=90.1°
pH of crystallization 6.5 7.0
condition
Data set .
Wavelength (A) 0.97567 1.03317
Resolution range (A) 50-3.1 50-1.75
Unique reflections (total) 19,537 (58,736) 19,968 (147,615)
Completeness (%) 96.5 (81.3) 98.9 (98.6)
Rerge” 14.8 (40.4) 6.6 (16.5)
I/o 7.8 (1.4) 28.1 (10.7)
Model reﬁnement
Residues missing 72-87 0
Resolution range A) 50-3.1 20-1.75
No. of reflections 18,746/1002 18,936/1018
(working/free)
No. of protein atoms 7566 1596
No. of water molecules 0 236
No. of heme/dimer 0 4
No. of chloride/ dimer 0 2
Ruvork/ Reree (%)° 33.1/35.4 17.8/23.3
Average B-factor, 28.4 23.7
all atoms (A?)
rmsd .
Bond lengths (A) 0.013 0.011
Bond angles (°) 1.737 0.616
Ramachandran plot (%)
Most favorable region 90.2 93.7
Additional allowed region 4.8 6.3

Statistics for the highest-resolution shell are given in parentheses
unless otherwise stated.
2 Rmerge YI-DI/YL
Rywork=21Fo—F.1 /Y Fo. Rgee was computed identically
except where all reflections belong to a test set of 5% randomly
selected data.

MhuD has a similar protein fold as homologous
monoheme structures, subtle conformational
changes enable MhuD to bind two hemes.

Heme-binding pocket

Each MhuD monomer binds two heme molecules
within the active site (Fig. 3a and b). The positions of
the four heme iron atoms in the MhuD dimer were
Ver1f1ed from the anomalous signal by SHELX C/D/
E.*® The porphyrin rings are stacked 3.45 A apart
with an inter-iron distance of 4.69 A and oriented
such that the propionate groups from one heme are
rotated approximately 80° relative to those from the
second heme. Besides observing good correlation of
the modeled hemes within the experimental electron
density map (Fig. 3b), we further validated their
propionate positions by refining the structure with
hemes placed in several alternate orientations,
which resulted in high negative densities in 2F,
—F. maps.

The heme-binding pocket is lined with mainly
hydrophobic residues; in all, 21 residues interact
with the diheme molecules, including Asn7, Trp66,
and His75, which have been observed to be critical
catalytic residues for IsdG (Figs. 1 and 3b).” The iron
atom in the solvent-exposed heme is pentacoordi-
nated by His75 (2.41 A) and further stabilized by an
additional 9 residues. The side chain of Arg26
hydrogen bonds with both propionate groups, as
well as forms a salt bridge between propionate-7
and N¢ Arg26 (2.62 A). Additionally, propionate-7 is
stabilized by the NH; atom of Arg22 (3.13 A). The
solvent-protected heme interacts with 14 residues in
the active site including three residues, Val30, Trp66,
and Pro82, which also interact with the solvent-
exposed heme (Fig. 1). Due to crystallization
conditions and consistency of bond lengths between
chloride and iron ions from previous reports,'**”*®
the atom liganded to the solvent-protected heme iron
is modeled as a Cl ion (2.36 A), which is, in turn,
bonded to Asn7 (3.16 A) (Fig. 3b). As with the solvent-
exposed heme, propionate-7 in the solvent-protected
heme s stabilized by the NH; of Arg22 (2.98 A) as well
as backbone N atoms from Val83 (2.71 A) and Ala84
.71 A). Propionate-6 interacts extensively with the
backbone N atom of Gly86 (2.92 A).

The diheme active site is located near a 2-fold
crystallographic symmetry axis that forms a pro-
tein—protein interface between two dimeric MhuD
biological subunits (Fig. 3c). This interface is
facilitated by van der Waals contacts from residue
76 to 83 in both subunits, which are located in the
loop regions following a-helix 2. The interaction
within this region is further stabilized by a weak
hydrogen bond between the carbonyl of His87 and
the NH, moiety of Asn80 in the adjacent loops, as
well as a water-mediated hydrogen bond between a
carbonyl to backbone N atom between the two
subunits. Furthermore, the solvent-exposed hemes
from each subunit stack nearly parallel upon each
other (4.0 A apart) with an inter-iron distance of
10.2 A (Fig. 4a). Thus, at the crystallographic
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Fig. 3. Structure of MhuD-diheme. (a) Ribbon representation of dimeric MhuD-diheme complex (chain A, blue; chain
B, gold). The hemes, two per monomer, are represented as stick models with carbon (white), nitrogen (blue), and oxygen
(red) with Fe (orange spheres), and the CI™ ion (cyan spheres) coordinates the more solvent-protected heme. (b) Heme-
binding pocket with F,—F. omit map contoured at 3.0 o (black mesh). Fe and CI™ spheres are colored orange and cyan,
respectively. (c) Ribbon diagram of the two subunits at the crystallographic interface shown in blue and magenta,
respectively. Stick representations for heme and residues in the interacting loop regions, in light gray for one subunit and
pink in the other. Fe and Cl" spheres are colored orange and cyan, respectively. The water molecule is represented by a
small blue sphere and hydrogen bonding between residues in the loop regions is represented by black broken lines.

protein—protein interface between two biological
subunits, there are four heme molecules planar
stacked upon each other.

Discussion

In contrast to previous studies of homologous
bacterial heme-degrading enzymes,®® mycobacteri-
al MhuD has the ability to bind two molecules of
heme per monomer as indicated by the ITC data.
The elucidation of the 1.75-A X-ray crystal structure
of MhuD-diheme revealed the presence of two

heme molecules in the active site, contrary to the
equimolar ratio of metalloporphyrin to protein
observed in the structures of inactive heme-IsdG-
N9A and non-iron CoPPIX-Isdl complexes * Four
data sets collected from different crystals under a
total of two conditions were analyzed and, in every
instance, two heme molecules per monomer were
determined, confirming that the structural stoichi-
ometry is not the consequence of a single crystal.
Moreover, MhuD-diheme is unlikely to be an
artifact of crystallization since it was purified by
size-exclusion chromatography and no additional
heme was added during crystallization.
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Fig. 4. Structural comparisons of multi-heme binding sites. (a) Line representation of the two subunits of MhuD-
diheme at the crystallographic interface shown in light gray and dark gray, respectively. Hemes are in stick
representation. (b) Active site of NapB (PDB code: 1]NI); polypeptide backbone is shown as a line representation, whereas
the diheme and coordinating histidines are shown as stick representations. (c) Line representation of the two subunits of
ChaN (PDB code: 2G5G) at the crystallographic interface (shown in light gray and dark gray, respectively). Hemes are in

stick representation.

Comparison with other diheme structures

There is only one other protein structure in the
Protein Data Bank (PDB) with a similar diheme
planar stacked conformation in its active site, NapB,
a cytochrome suburut of nitrate reductase involved
in electron transfer.”” As with the MhuD-diheme
structure, NapB-diheme has nearly parallel heme
planes stacked at van der Waals distances although
the inter-iron distance is twice as long (9.9 A)
compared to that of MhuD-diheme (4.7 A) (Fig. 4a
and b, respectively). NapB’s longer inter-iron
distance is due to the steric clash between one

heme and the histidine coordinating the adjoining
heme (Fig. 4b); similar diheme-dihistidine interac-
tions (10.2 A) are also observed at the crystallo-
graphic interface between MhuD’s solvent-exposed
hemes (Fig. 4a). Additionally, there is a striking
similarity between the MhuD active-site diheme
conformation and the heme-heme stacking interac-
tions at the crystallographic dimer interface of
ChaN, an iron-regulated lipoprotein that has been
implicated in heme acquisition in the Gram-negative
pathogen Campylobacter jejuni®® In ChaN, the
parallel stacked diheme conformation occurs be-
tween two heme molecules each associated with a
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monomer, where the heme planes are 3.5 A apart
and the inter-iron distance is 4.4 A, although the
propionates of each heme are rotated 180°, whereas
in the MhuD active site, an ~ 80° rotation is observed
(Fig. 4c and a, respectively).

Heme-heme stacking at crystallographic inter-
faces, as observed in the structures of MhuD and
ChaN,* is not unprecedented. Similar stacking
interactions and orientations are observed in the
crystal structure of Gram-positive Streptococcus
pyrogenes Shp, a cell surface protein involved in
heme uptake.” Additionally, a NEAT domain of
IsdH, an S. aureus extracellular heme receptor
involved in heme acquisition, has two crystallo-
graphically related hemes that appear to interactina
similar manner to that of MhuD.?* Furthermore, it
was proposed that this diheme stacking between
IsdH-NEAT domain monomers forms a multimeric
complex that allows additional heme association,
thus facilitating IsdH to transport more than one
heme per monomer at a time. In sum, the heme-
heme stacking in the MhuD-diheme structure
reported herein not only is the first among its
structural homologs but also adds one more
example to the novel heme-stacking geometry
reported only once before.

Differences between the heme-binding pockets
of MhuD-diheme compared to IsdG- and
Isdl-metalloporphyrin structures

There are several distinct structural differences
between MhuD-diheme and the structures of
catalytically inactive heme-IsdG (heme-IsdG-
N9A) and Isdl bound to a non-degradable substrate
cobalt protoporphyrin IX (CoPPIX-IsdI)."* Super-
impositions of MhuD-diheme with heme-IsdG-
N9A (rmsd, 2.2 A) and CoPPIX-IsdI (rmsd, 2.1 A)
show overall structural similarity (Fig. 5a). Howev-
er, notably, both IsdG and Isdl have only one
metalloporphyrin per monomer, where their por-
phyrin rings occupy a similar location as MhuD’s
solvent-protected heme although their propionate
groups are rotated approximately 90° about the axis
normal to the tetrapyrrole ring with respect to the
solvent-protected heme in MhuD. In both IsdG and
IsdI metalloporphyrin structures, the metal is axially
coordinated by histidine (His77 and His76, respec-
tively) as seen for the solvent-exposed heme of
MhuD-diheme, while CoPPIX-IsdI has a Cl™ ion as
a distal axial ligand and Asn7 is coordinated to the
Cl ion, as observed for the solvent-protected heme
of MhuD-diheme. Interestingly, the porphyrin rings
in IsdG and Isdl are more distorted than those of
MhuD. The distortions of the dihemes in MhuD
(both 0.7 A), analyzed with normal-coordinate
structural decomposmon ¥ are not as severe as
those in the porphyrin rings in IsdG (1.9 A) and IsdI
(2.3 A), which are the largest observed to date.™
These discrepancies are due to subtle structural
differences: in MhuD, a-helix 2 is extended whereas
the corresponding residues in the S. aureus proteins
consist of two a-helices kinked at a 45° angle (Fig.

5a). A closer inspection of the heme-binding pockets
by both amino acid sequence and structural align-
ments indicates that the difference can be attributed
to the absence of a conserved phenylalanine in
MhuD (Phe73, Phe72, and Ala71 in IsdG, Isdl, and
MhuD, respectively). In IsdG and Isdl, this phenyl-
alanine is involved in an edge-to-face aromatic
interaction with the conserved catalytic tryptophan
(Trp67 and Trp66 in IsdG and Isdl, respectively) and
m—7 stacking interactions with the imidazole ring of
the conserved catalytic histidine, thus restricting the
motion of this catalytic residue, as well as the
subsequent loop (Fig. 5b). Consequently, the loop
region in both IsdG and IsdI precludes the existence
of a second heme molecule, although similar
conserved residues in the three proteins remain
involved in substrate binding despite the presence
of an additional heme in MhuD (Fig. 5b). Another
distinct difference within the loop region is at its C-
terminus leading up to p-strand 4: in MhuD, the
hydrophobic residues make extensive contacts
predominantly to the more solvent-exposed heme,
whereas the corresponding residues (i.e., aspartates
or glutamates) in the Isd heme degraders are flipped
out and exposed to solvent. Moreover, the solvent-
accessible surfaces of Isd hemes compared to that of
MhuD dihemes are quite distinct. For MhuD, the
solvent-ex osed heme has ~220 A? (as calculated by
ArealMol)** surface accessibility to solvent, whereas
the solvent-protected heme has ~54 A? solvent
acce551b1hty (Fig. 6a). In the IsdG-heme structure,
~73 A? of the porphyrin surface is solvent exposed
to the surface (Fig. 6b). These subtle structural
differences in MhuD may be attributed to the heme
binding residues in a-helix 2 and the subsequent
loop region. Interestingly, these residues are invari-
ant or conservatively substituted in all mycobacte-
rial MhuD homologs to date, thus hinting at a novel
and evolutionarily conserved diheme binding fea-
ture in mycobacteria.

Functional implications of the
MhuD-diheme structure

Comparisons of the heme-bound heme-degrading
protein structures suggest potential open inactive
(MhuD-diheme) and closed active (IsdG— and IsdI-
metalloporphyrin) Conformatlons The apo struc-
tures of MhuD, IsdG, and IsdI” are disordered near
the heme binding site, in the loop region following
a-helix 2, suggesting a dynamic active-site pocket.
Additionally, attempts to fit the apo version of the
MhuD-diheme structure into the apo-MhuD data
set resulted in clashes between subunits arising
from residues 80-90, yet again implying that this
loop region is highly flexible. The extended o-helix
2 in MhuD-diheme and the subsequent loop
regions for all three proteins (Fig. 5a and b) allow
heme entry and product exit, which is not possible
in the closed active conformation as observed in
both IsdG- and Isdl-metalloporphyrin structures
(Fig. 6b).> Flexibility of the heme-binding pocket
has also been reported in HO-1, where the distal
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Fig. 5. Comparison of the heme binding sites between MhuD and Isd proteins. (a) Superposition of heme-degrading
enzyme structures show that the a-helix 2 in MhuD (cyan) is extended whereas they are kinked by 45° in IsdG (magenta)
and IsdI (blue), thus precluding the existence of a second heme. Furthermore, the loop region in MhuD that makes
extensive contacts with the two hemes is flipped out in IsdG and IsdI. Porphyrin ring is represented as a stick model with
carbon (white), oxygen (red), and nitrogen (blue). Fe and Cl™ spheres are colored orange and marine, respectively. (b)
Most of the residues within the active site of MhuD and IsdG are conserved except for Phe73 and Ala71 of IsdG and
MhuD, respectively. Residue side chains are represented by stick models with carbon (magenta and cyan for IsdG and
MhuD, respectively), oxygen (red), and nitrogen (blue). Additionally, the porphyrin ring of heme (stick representation
with carbon in light blue for IsdG) in IsdG is kinked and is located in the same position as the solvent-protected MhuD
heme (carbon in white).

and proximal helices are further apart in the apo  contribute to differences in the open and closed
structure, leading to an increase in the size of the states of holo HO-1.

pocket.’® Additionally, the distal helix, which con- Protein-induced nonplanar porphyrin rings have
tains a conserved Gly-rich motif, has been shown to ~ been reported to influence biological activity of
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Fig. 6. Surface representation of hemes in MhuD and
IsdG. (a) Surface representation of one subunit of MhuD
(light cyan) with the dihemes in stick representation with
carbon (cyan), oxygen (red), and nitrogen (blue). Fe and C1”
spheres are colored orange and marine, respectively. (b)
Surface representation of one subunit of IsdG (light gray)
with heme in stick representation (carbon in magenta).

proteins, including enzymatic reactivity.”> In con-
trast to HO-1-associated heme, the porphyrin rings
in IsdG and Isdl are severely distorted, suggesting
that distortion may be necessary for catalysis in the
closed conformation of non-HO heme degraders.'*
Incidentally, porphyrin ring distortion has also been
proposed for a newly identified class of proteins,
YfeX and EfeB, whereby iron extraction occurs
without the oxidative cleavage of the porphyrin
ring.”” Therefore, comparison of the MhuD structure
with its homologs, as well as extensive biochemical
analyses discussed above, implies the importance of
protein flexibility in all families of heme degraders.

Biological relevance

Similar to other pathogenic bacteria, Mtb requires
the essential micronutrient iron for growth and,

hence, for its infectivity and pathogenicity. Because
the process of iron acquisition is a good target for
chemotherapeutic drug development, mycobacterial
siderophore (iron-chelating molecules) biosynthetic
pathways have been well characterized.!®!” During
macrophage-associated infection, the siderophore
genes are transcriptionally up-regulated in response
to limited iron availability by the activating protein,
IdeR,*® and are eventually secreted to sequester iron
from iron-containing host proteins (i.e., transferrin,
lactoferrin, and ferritin). Additionally, the transcrip-
tional factor, sigma factor E, has been shown to
control gene expression in the presence of macro-
phages; interestingly, MhuD is %p—regulated 2.5-fold
during macrophage infection,” suggesting its po-
tential role in Mtb virulence. Thus, MhuD may be
crucial to produce available iron from heme during
iron-deplete conditions. Alternatively, when iron
supply is not limited, MhuD’s ability to bind two
hemes per monomer could provide a venue for heme
storage, a regulatory mechanism that may be
analogous to mycobacterial ferritin proteins, BfrA
and BfrB, for iron storage.'” This novel feature of Mtb
may be an evolutionarily more economical strategy
for mycobacteria to utilize the same protein scaffold
to acquire double the amount of iron at the cost of
being inactivated.

Several heme-uptake systems encoded within
operons have been described for pathogenic bacte-
ria, such as S. aureus (i.e., isd operon) and Serratia
marcescans (i.e., has operon), where heme is extracted
from hemoglobin through secreted or cell-wall-
anchored proteins.**' MhuD is conserved across
mycobacterial species and is predicted to be within
its own operon or in an operon with its adjacent
gene, Rv3593, encoding a probable lipoprotein.****
However, none of the surrounding, genomically
conserved encoded proteins share homology to
other known proteins involved in heme uptake.
Additionally, a genome-wide search failed to
identify a putative mycobacterial heme-uptake
pathway.** Nonetheless, this does not negate the
possibility of exogenous heme acquisition. Since
host (human) iron is most abundant as heme and a
major role of bacterial HOs is their involvement in
heme-iron acquisition,” it is therefore conceivable
that Mtb may possess a yet undiscovered mecha-
nism to shuttle extracellular heme into its cytoplasm
as yet another alternate source of iron.

Methods and Materials

Construction of the expression vectors for MhuD

Regions of the coding DNA spanning Mtb protein
MhuD (Rv3592) were PCR amplified from Mtb H37Rv
genomic DNA using KOD HotStart Polymerase Kit
(Novagen) with 5" and 3’ primers containing Ndel and
HindIII restriction enzyme sites, respectively. The PCR
product was gel purified (Qiagen) and ligated into a
linearized blunt vector, pCR-BluntII-TOPO (Invitrogen),
and transformed into OneShot TOP10 Escherichia coli cells
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(Invitrogen). Double digestion with Ndel and HindIII was
performed on Rv3592 from the blunt vector as well as the
plasmid pET-22b (Novagen). Excised Rv3592 and pET-22b
were ligated and transformed into E. coli BL21-GOLD
(DE3) cells (Novagen).

Expression and purification of apo MhuD

E. coli BL21-GOLD (DE3) cells harboring pET-22b-
Rv3592 were grown aerobically at 37 °C in LB medium
containing 100 pg/mL ampicillin. At an ODggg nm of ~0.8,
protein expression was induced by 1 mM isopropyl-R-D-
thiogalactoside and cells were harvested after 4 h by
centrifugation at 5000 rpm for 30 min and then washed
with resuspension buffer (20 mM Hepes, pH 7.8, and
350 mM NaCl). Cells were lysed by sonication on ice in
resuspension buffer containing PMSF and hen egg
lysozyme, and the suspension was then centrifuged at
12,000 rpm for 40 min before filtration (1 pm) to remove
cell debris. The cell lysate was then loaded onto a Ni**-
charged HiTrap chelating column (5 mL) and washed
with 50 mM Tris, pH 7.4, 350 mM NaCl, and 10 mM
imidazole. Fractions of the eluted protein (between 50 and
100 mM imidazole) were collected and concentrated
(Amicon, 5 kDa molecular mass cutoff) to 1 mL. The
protein was further purified on an S75 gel-filtration
column equilibrated with 20 mM Tris, pH 8, and 10 mM
NaCl. The eluted protein was finally loaded onto an ion-
exchange column (HiTrap Q HP, 5 mL), yielding pure
apo-MhuD, which eluted at 150 mM NaClL

Reconstitution of apo-MhuD with heme

A 0.5-mM hemin solution was prepared by initially
dissolving 3.3 mg hemin chloride in 500 pL 0.1 M NaOH,
to which 500 pL 1 M Tris, pH 8.0, was added and finally
dlluted w1th 50 mM Tris, pH 7.4, and 150 mM NacCl to
10 mL.* To reconstitute MhuD-heme and MhuD-diheme
complexes, we added hemin to 0.1 mM apo-MhuD up to
1.5:1 and 4:1 molar ratios, respectively, at 4 °C and excess
hemin was removed with an S75 gel-filtration column.
Protein concentrations were determined by a modified
Bradford assay using bovine serum albumin as a
standard, and heme concentratlons were determined by
the pyridine hemochrome method.”'

Heme binding experiments

Aliquots of hemin (1 to 10 uM) were added into 5 uM
apo-MhuD, 50 mM Tris, pH 8.0, and 150 mM NaCl at
25 °C, and heme binding was monitored by difference
absorption spectroscopy (Varian Cary 3E) between 300
and 700 nm corresponding to the Soret and Q band
regions 5 min after each titration. All experiments were
performed in triplicate.

Isothermal titration calorimetry

The association constant and stoichiometry of heme
binding were assessed using VP-ITC (MicroCal). Briefly,
28x10 pL injections of 400 pM hemin solution were
titrated into 1.5 mL 30 uM MhuD at 3.5-min intervals, with
constant stirring at 307 rpm. The experiments, including
the reference experiment in which hemin was titrated into
buffer, were performed in triplicate in 50 mM Tris, pH 7.4,
and 150 mM NaCl at 30 °C. All data were analyzed using

the Origin software from MicroCal. After baseline
correction with the blank experiment, a nonhnear least-
squares method was used to minimize x> values and
obtain the best-fit parameters for the binding affinities and
stoichiometry. The best-fit parameters were obtained from
the sequential binding site model in which two binding
sites were specified to be fitted in a sequential manner. The
reverse reaction, where 400 pM MhuD was titrated into
30 uM hemin, was also performed under identical
conditions and the best-fit parameters were fitted using
a one-site binding model.

Single turnover heme degradation experiments

The single turnover degradation reaction of MhuD-
heme was investigated in two separate electron-donor
reactions provided by either NADPH-cytochrome P450
reductase or ascorbate. Degradation of heme was spec-
trophotometrically (DU800, Beckman Coulter) monitored
by 100-pL reactions carried out at 25 °C.*® These reactions
were also carried out in the presence of catalase (0.5:1
catalase:MhuD-heme) from Aspergillus niger (Sigma-
Aldrich) to rule out non-enzymatic degradation of heme.
All reactions were performed in triplicate. (i) NADPH-
cytochrome P450 reductase assay: human cytochrome
P450 reductase (Sigma-Aldrich) was added to 10 pM
MhuD-heme, 50 mM Tris, pH 7.4, and 150 mM NaCl at a
0.3:1 molar ratio. Degradation was initiated by the
addition of 10-uM increments of NADPH, up to a final
concentration of 100 pM, and spectral changes were
monitored upon each addition. (ii) Ascorbate assay:
10 mM sodium ascorbate was added to 5 pM MhuD-
heme or MhuD-diheme, 50 mM Tris, pH 7.4, and 150 mM
NaCl. Spectral changes were monitored every 5 min.

Crystallization, data collection, structure
determination and refinement

Purified apo-MhuD and MhuD-diheme were concen-
trated to 10 and 15 mg/mL, respectively, in 50 mM Tris,
pH 7.4, and 150 mM NaCl for crystallization trials. Apo-
MhuD crystallized in 0.1 M Bis-Tris, pH 6.5, and 25%
polyethylene glycol 3350, and MhuD-heme crystallized in
0.1 M Bis-Tris, pH 5.0, 0.2 M NaCl, 20% polyethylene
glycol 3350, and 10 mM triethylamine HCI. Crystals were
swiped through 1:1 crystallization conditions and 40%
glycerol, and diffraction data were collected at 70 K.
Complete data sets were collected from single crystals.
The apo-MhuD crystal diffracted to 3.5 A with unit cell
dimensions of 35.7 Ax245.4 Ax61.6 A with 12 subunits
per asymmetric units in space group P2;, while the
MhuD-diheme crystal diffracted to 1.75 A with unit cell
dimensions of 43.9 Ax64.6 Ax71.1 A with one dimer per
asymmetric unit in space group C2. Images were indexed,
integrated, and reduced using HKL2000.* Despite the
high resolution for MhuD-diheme, data were collected
with a poor positioning of the detector, leading to a
higher-than-expected signal-to-noise ratio (I/0=0.7). The
initial phases for the apo-MhuD structure were deter-
mined by Phaser”” using a structural model of TT1380, a
conserved hypothetical protein from Thermus thermophilus
(PDB code: 1IU]) as the search model, whereas apo-MhuD
was used as the search model for MhuD-diheme. Four
strong heme iron sites per asymmetric unit were located
from the anomalous signal using SHELXC/D/E.*® The
additional phase information from the single-wavelength
anomalous diffraction calculation was combined with the
molecular replacement model phases through SIGMAA
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and DM in CCP4 program suite,*® which improved the
resulting electron density map. Model building was
performed with a combination of ARP/wARP* and
Coot™ and refinement was carried out by REFMAC5.”"
The omit map was calculated by removing the heme
coordinates from the model followed by refinement using
CNS.”> Data collection and refinement statistics are
presented in Table 1. The stereochemistry and geometry
of each MhuD monomer were validated with
PROCHECK™ and ERRAT®* and were found to be
acceptable. Since both monomers were not identical, it
was possible to model in residues 2-102 for chain A and
only residues 2-99 for chain B. Furthermore, the side
chains of Arg79 (for chains A and B) and Asn81 (for chain
A) were modeled as alanines as there was no observable
electron density. All molecular graphics were prepared
with PyMOL.>®

PDB accession number

The atomic coordinates and structure factors for the
crystal structure of Mtb MhuD-diheme have been
deposited with the PDB (Research Collaboratory for
Structural Bioinformaticst) as entry 3HX9.
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