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Pathogenic and opportunistic mycobacteria have a distinct class of non-heme di-iron
hemerythrin-like proteins (HLPs). The first to be isolated was the Rv2633c protein, which
plays a role in infection by Mycobacterium tuberculosis (Mtb), but could not be crystallized.
This work presents the first crystal structure of an ortholog of Rv2633c, the mycobacterial
HLP from Mycobacterium kansasii (Mka). This structure differs from those of hemerythrins
and other known HLPs. It consists of five α-helices, whereas all other HLP domains have
four. In contrast with other HLPs, the HLP domain is not fused to an additional protein
domain. The residues ligating and surrounding the di-iron site are also unique among
HLPs. Notably, a tyrosine occupies the position normally held by one of the histidine
ligands in hemerythrin. This structure was used to construct a homology model of
Rv2633c. The structure of five α-helices is conserved and the di-iron site ligands are iden-
tical in Rv2633c. Two residues near the ends of helices in the Mka HLP structure are
replaced with prolines in the Rv2633c model. This may account for structural perturbations
that decrease the solubility of Rv2633c relative to Mka HLP. Clusters of residues that differ
in charge or polarity between Rv2633c and Mka HLP that point outward from the helical
core could reflect a specificity for potential differential interactions with other protein
partners in vivo, which are related to function. The Mka HLP exhibited weaker catalase
activity than Rv2633c. Evidence was obtained for the interaction of Mka HLP irons with
nitric oxide.

Introduction
The gene Rv2633c in Mycobacterium tuberculosis (Mtb) is of interest as it is up-regulated within
minutes of phagocytosis of Mtb by macrophages during infection [1,2]. This rapid up-regulation, which
occurs at least partly in response to phagosomal acidification, is mediated by two well-characterized
regulators required for Mtb virulence, PhoPR and WhiB3 [3–5]. The potential importance of the
Rv2633c protein during infection was highlighted by an in vivo TraSH screen which found that
transposon insertions in Rv2633c significantly attenuated Mtb in a mouse infection model [6].
The primary amino acid sequence of the Rv2633c protein revealed that it is a hemerythrin-like

protein (HLP) with an HHE (histidine–histidine–glutamic acid) cation-binding domain [7].
Hemerythrins do not contain heme but use non-heme irons for oxygen transport or storage [8].
These proteins typically are comprised of identical subunits of four α-helices, with each subunit
housing a di-iron site with a bridging oxygen. The proteins typically possess six or eight of these subu-
nits [8,9], although monomeric hemerythrins have been identified in the bacterium Methylococcus
capsulatus [10] and the peanut worm Themiste hennahi [11]. The recombinant Rv2633c protein that
was expressed in Escherichia coli and purified [7] was a homodimer that contained two iron ions per
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subunit. However, it did not exhibit changes in its absorbance spectrum on the addition of reductant and O2

that were characteristic of hemerythrin. It did exhibit catalase activity, which was unexpected for a hemerythrin
and highly unusual for a non-heme di-iron active site.
Other HLPs have been characterized that also have a core structure comprised of four α-helices that house a

di-iron site. In contrast with the true hemerythrins, the helical domain is connected to an additional protein
domain. The nature of the additional domain confers distinct biological functions, which often relate to signal
transduction via methyl-accepting chemotaxis, diguanylate cyclase, or adenlyl cyclase domains [12]. The liga-
tion pattern of the di-iron site also varies with function among these HLPs, both in the number and identity of
the amino acid residues that provide ligands for the two iron ions [9]. Other HLPs include an oxygen-sensing
protein from Desulfovibrio vulgaris [13], an iron sensing protein in humans [14], and the YtfE protein from
E. coli [15]. YtfE, which also possesses a bound flavin, catalyzes the repair of Fe–S centers in other proteins
and exhibits nitric oxide reductase activity.
Structural studies of Rv2633c have been hampered by the instability of the protein in solution and its ten-

dency to precipitate. As such, an ortholog approach was employed to obtain structural information on this
protein [16]. A sequence and phylogenetic analysis revealed that this protein is a member of a subset of HLPs
that are exclusive to pathogenic and opportunistic mycobacteria [7]. In the present study, a gene that encodes
an HLP homologous to Rv2633c was cloned from Mycobacterium kansasii (Mka). The amino acid sequence of
the 161 residue Mka HLP, as deduced from the gene sequence, is 78% identical and 86% similar to that of
Rv2633c (from this point referred to as Mtb HLP), with no gaps in the sequence. The orthologous Mka HLP
was expressed in E. coli, and milligram quantities of the relatively stable protein were obtained. The solution
properties of the Mka HLP, its crystallization and crystal structure are presented. As suggested by previous
phylogenetic analysis [7], the structure reveals that this mycobacterial HLP is structurally distinct from other
classes of hemerythrin-like proteins. It differs in the number of helices in the core structure that contains the
di-iron site. It lacks an additional protein domain and is monomeric. The ligation pattern and environment of
the two iron ions is also different from those of true hemerythrins and previously described HLPs.
The Mka HLP structure was used as a reference to construct a homology model of the Mtb HLP. This model

revealed that the residues that provide ligands for the two irons, as well as interacting residues in the second
coordination sphere, are strictly conserved in the two proteins. The model also identified the locations in the
structure of each of the amino acids in the sequences that differ between the Mka and Mtb HLPs. Specific
residue changes were identified that provide the structural basis for differences in solution properties of the
Mka and Mtb HLPs. The new Mka HLP structure and Mtb HLP model significantly expand our view of
the structures and potential functions of HLPs.

Materials and methods
Cloning of the recombinant M. kansasii HLP
For heterologous expression of the Mka HLP, the MKAN_RS24640 gene was cloned from Mka chromosomal
DNA (derived from an Mka clinical isolate kindly provided by the National Jewish Hospital). This was inserted
into a pET15a vector, which adds a hexa-histidine tag at the N-terminus to facilitate purification. Briefly, the
pET15a-Mka HLP recombinant expression plasmid was created by FastCloning [17] the MKAN_RS24640
coding sequence into the pET15a vector (Novagen). The MKAN_RS24640 gene was PCR amplified from
chromosomal DNA purified from Mka using the primers MykaK.20209_pET15a-FC-F (50-CAGCAGCCATCA-
TCATCATCATCACGTGAACGCATACGAAGTGCTCAAAG-30) and MykaK.20209_pET15a-FC-R (50-GGCTT-
TGTTAGCAGCCGGATCCTCACAGGCTTCGGACCAGCG-30). The pET vector portion was PCR amplified
using the primers pET15a_2633c_FC-F (50-GGATCCGGCTGCTAACAAAGCC-30) and pET15_Rev_noThromb
(50-GTGATGATGATGATGATGGCTGCTG-30). Italicized letters in primer sequences indicate 50 extensions
that are complementary to the vector primers, which are required for the restriction enzyme- and ligase-free
Fastcloning method. The DNA fragments were combined, digested with DpnI to eliminate parental plasmid
DNA, and transformed into E. coli 10-beta (New England Biolabs). The transformed E. coli containing the
plasmid pET15a-Mka HLP was plated on LB agar plates containing ampicillin (100 mg/ml). Positive clones
were identified by PCR screening and confirmed by sequencing. DNA from the pET15a-MyKA2633c positive
clone was then transformed into Rosetta 2 (DE3) E. coli (MilliporeSigma Novagen) for expression and was
plated on LB agar plates containing the antibiotics chloramphenicol (34 mg/ml) and ampicillin (100 mg/ml).
Rosetta 2 positive clones were identified by PCR screening and confirmed by sequencing.
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Expression and purification of the Mka protein
For the protein used for the iron-bound Mka HLP structure, cells were grown in LB medium containing ampi-
cillin and chloramphenicol, and supplemented with 7 mg/l Fe(III), which had been filter sterilized and added
after autoclaving. Cells were grown at 30°C to an OD of ∼0.8 and induced with 1 mM IPTG, at same tempera-
ture, for 4 h. Cells were harvested by centrifugation and the cell pellet was frozen. A lysozyme/osmotic shock
treatment was used to break the cells. The cells were suspended (0.2 g/ml) in buffer containing 20 mM Tris–
HCl pH 8.0 plus 500 mM NaCl, with 10 mg lysozyme per g cells, PMSF (100 mM, 1 μl/ml), DNAse and a few
drops of 1 M MgCl2. The suspension was shaken at 30°C for 30 min. Then an equal volume of H2O was added
and the suspension was shaken for additional 30 min. The suspension was centrifuged to remove the solids
and the supernatant was applied to a Nickel NTA affinity resin in the suspension buffer and eluted with an
increasing gradient of imidazole.
For the protein used for the apo Mka HLP structure, cells were grown in autoinduction minimal medium

(500 ml) supplemented with ampicillin (100 μg/ml), and chloramphenicol (34 μg/ml) [18]. Upon reaching an
OD600 of ∼0.8, the culture temperature was reduced from 37 to 25°C and left to shake overnight. Cells were
harvested mid-morning by mild centrifugation and frozen at −80°C. After generating a cell extract from the
thawed cell pellet using a lysozyme/sonication method, the protein was purified using two chromatography
steps: immobilized metal ion affinity with 20 ml Ni-Agarose 6 FastFlow column and Superdex75 gel-filtration
with a HiLoad 26/60 column (GE Healthcare, Piscataway, NJ). The second chromatography step, in addition to
removing minor impurities from the metal ion affinity step, exchanged Mka HLP into the buffer used for
crystallization screening: 100 mM NaCl, 20 mM Tris–HCl, 1.0 mM dithiothreitol, pH 7.1 [19].

Protein analysis
The purity of the protein was assessed by SDS–PAGE. The native mass of the protein was determined by size
exclusion chromatography using a HiPrep 16/60 Sephacryl S-300 HR column on an AKTA PURE FPLC system
(GE Healthcare). The iron content of the protein was determined by a colorimetric assay [20] using ferrozine
(Sigma). Results were calibrated to a standard curve of solutions of known concentrations of ferrous iron.
Solution studies were performed at 37°C in 50 mM potassium phosphate buffer, pH 7.5. The catalase reaction
rate was monitoring as described previously [7] by the decrease in absorbance at 240 nm, which corresponds to
the concentration of H2O2 (ε240 = 43.6 M−1 cm−1). The protein was reduced by the addition of sodium
dithionite. Nitric acid was added to solutions using the NO donor, diethylamine NONOate sodium
(1,1-Diethyl-2-hydroxy-2-nitroso-hydrazine sodium).

Crystallography
Crystallization conditions were searched for using apo Mka HLP at 2 mg/ml using crystallization screens JCSG+,
JCSG-Top96 (RigakuReagents), MCSG-1 (Anatrace), Morpheus, LMB, and BCS (Molecular Dimensions) using
0.4 + 0.4 μl drops and XJR crystallization trays (RigakuReagents). Crystals were found within a few days in the
MCSG-1 screen condition F3: 200 mM ammonium citrate, 25% PEG 3350. Crystals for the high-resolution apo
Mka HLP data set were vitrified with 20% ethylene glycol by plunging them into liquid nitrogen. Data were
collected at the APS beamline 21-ID-F.
To phase the structure, a crystal from the same drop was incubated for 15 s in a solution containing 10% v/v

of 5 M sodium iodide in ethylene glycol and 90% v/v reservoir. This was followed by another 15 s incubation
in a solution containing 20% v/v of 5 M sodium iodide in ethylene glycol and 80% v/v reservoir, and vitrified
by plunging them in liquid nitrogen. A 180° data set was collected on an in-house Rigaku F-RE+ SuperBright
X-ray generator with CuKα radiation (wavelength = 1.5418 Å). Diffraction data were reduced with XDS [21].
For the anomalous iodide data set; Friedel mates were kept separate. For the iodide data set, eight iodide sites
were located with phenix.hyss [22]. The iodide sites were refined with Phaser_EP [23] yielding a phase set with
an overall FOM of 0.377. Phases were improved with PARROT [24] to a FOM of 0.672. An initial model was
built with ARPwARP [25]. The structure was then completed with iterative cycles of refinement in phenix.
refine [22] and real space model building in Coot [26]. The quality of the model was assessed with tools built
into Coot and phenix.refine, such as Molprobity [27].
Crystallization conditions for the iron-bound Mka HLP (22 mg/ml) were searched for using the MCSG-1

screen (Anatrace) and an optimization screen around the crystallization condition for the apoprotein. Crystals
that were isomorphous to the apoprotein crystals grew from MCSG-1 condition (3.5 M sodium formate,
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100 mM sodium acetate/HCl pH 4.6). These crystals were vitrified directly in liquid nitrogen without adding
additional cryoprotectant for in-house data collection. Initial data sets showed a low occupancy of iron that
decreased during crystal growth. Optimizing the crystallization process, the highest iron-occupancy was
observed in slightly modified conditions (3.0 M sodium formate, 100 mM sodium acetate/HCl pH 4.9) and
crystals were harvested 15 h after tray set up. Data reduction and structure refinement used the same techniques
as for the apo Mka HLP structure.

Homology modeling
A homology model of Rv2633c, the Mtb HLP, was generated using the Swiss-Model Homology modeling
online software (https://swissmodel.expasy.org) [28] using the structure of the Mka HLP as a template.

Results
Solution properties of the Mka HLP
The purification of the Mka HLP yielded ∼5 mg of protein per liter of bacterial cell culture. The protein
migrated on SDS–PAGE with a mass of ∼18 kDa. When subjected to size exclusion chromatography, the Mka
HLP eluted as a single peak with a retention time expected for a protein with a mass of ∼18 kDa, as deter-
mined by comparison with molecular mass standards. The mass of the protein that is predicted from the
sequence is 18 376 Da. Thus, this protein in solution is a monomer. The iron content of the protein as deter-
mined by the ferrozine assay [20] was 2.1 ± 0.1 irons per molecule from three different preparations. The iron
was relatively tightly bound. After incubation for 1 h with 1 mM EDTA, 1.7 ± 0.1 irons per molecule were
present. An apo Mka HLP, which lacked iron, was also expressed and purified. When subjected to size
exclusion chromatography, the apo Mka HLP eluted as two bands with retention times expected for a
monomer and a dimer. The apoprotein had no visible absorbance spectrum, consistent with the lack of iron.
The absorbance spectrum of the purified Mka HLP exhibited a broad peak centered at ∼350 nm that over-

laps the protein absorbance centered at 280 nm. This is attributed to the ferric non-heme irons (Figure 1A). In
addition to the 350 nm absorbance, the oxidized protein exhibited a weak broad absorbance centered at
∼500 nm. On reduction by the addition of sodium dithionite under anaerobic conditions, this visible absorb-
ance was bleached (Figure 1B). On re-exposure to air, the absorbance returned. When the reduced Mka HLP
was exposed to NO under anaerobic conditions, a similar result was obtained with the formation of the peak at
∼350 nm, although the intensity of the peak was greater than in the as-isolated protein (Figure 1B). This indi-
cates that NO is able to interact with the di-iron site. This unexpected result suggests a potential role for this
protein in adaptation to nitrosative stress that the bacterium experiences during infection. The addition of NO
to the as-isolated sample in aerobic conditions resulted in an enhancement of the visible absorbance peak
(Figure 1C). As NO is expected to react with Fe(II), this suggests that some of the iron in the air-oxidized
sample may be reduced. In addition to the reactivity towards NO, the Mka HLP also exhibited catalase activity
which was weak compared with that previously reported for Mtb HLP [7]. Mka HLP exhibited a kcat of 34 s

−1

and Km of 36 mM, compared with a kcat of 1475 s
−1 and Km of 10 mM for Mtb HLP.

Structures of the Mka HLP
Initial attempts to crystallize the Mka HLP yielded crystals that lacked iron. As such, an initial structure was
solved of the iron-free apo Mka HLP. It was subsequently observed that crystals of the iron-bound Mka HLP
could be formed, but that they rapidly lost iron. This realization allowed an approach to obtain the structure of
the holoenzyme as well. Despite the protein stock solution exhibiting a red color and the absorbance spectrum
indicating the presence of ferric iron, there was no evidence for iron in the initial electron density maps. On
closer inspection, it was noticed that the crystals formed within less than 1 day. A crystal that was harvested
within 15 h of the crystallization set up resulted in an iron-bound structure with an iron-occupancy of 75% for
Fe1 and 59% for Fe2. Data sets collected at longer times (two or more days) after crystallization set up resulted
in the absence of electron density for iron, despite the fact that the irons are tightly bound to the protein in
solution. The crystal structures of the apo and iron-bound of Mka HLPs were each refined to 1.75 Å (Table 1).
A search using the EMBO-EBI PDBeFOLD server indicated that no homologous structure exists in the PDB.
The structure of the Mka HLP monomer consists of five α-helices. The portion of the structure that contains

the four helices that provide ligands for the di-iron center is very similar to that of hemerythrin, which lacks
the fifth helix (Figure 2A). The active site of the Mka HLP contains two iron ions (Figure 2B). Each iron is

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND).570

Biochemical Journal (2020) 477 567–581
https://doi.org/10.1042/BCJ20190827

https://swissmodel.expasy.org
https://swissmodel.expasy.org
https://creativecommons.org/licenses/by-nc-nd/4.0/


ligated by two His residues. In addition, two Glu residues each provide an oxygen ligand to each iron
(Figure 2C). In all hemerythrins and HLP structures to date, a bridging oxygen links the two irons; this oxygen
could be a water molecule or a hydroxide ion. Oxygen is also present in the structure of Mka HLP that inter-
acts with both irons. This bridging oxygen/hydroxide is asymmetrically bound, with 1.71 Å distance to Fe1 and
2.48 Å distance to Fe2. This suggests the possibility of differing oxidation states of the two irons. A Tyr side
chain is also present in the site with the phenyl oxygen within 3 Å of an iron, and thus could be considered to
be a ligand. The distances between the irons and ligating residues are given in Table 2. Each iron has a different
coordination geometry. Fe1 has five coordination partners (His11-NE2, His45-NE2, Glu49-OE2, Glu109-OE1,
and the bridging oxygen), which form a square pyramid around Fe1 with the bridging oxygen at the tip. Fe2
has six coordination partners (Glu49-OE1, Tyr54-OH, His71-NE2, His105-NE2, Glu109-OE2, and the bridging
oxygen) in a distorted octahedral geometry.
The overall structures of the holo Mka HLP and apo Mka HLP are essentially the same. However, there are

differences in the positions of some residues that provide ligands to the irons in the di-iron site (Figure 3). In
the apoprotein structure, the side chains of His11 and His71 are present in two conformations with

Figure 1. Absorption spectra of Mka HLP.

(A) Spectrum of the as isolated purified Mka HLP. (B) Amplification of the relevant region of the spectrum of Mka HLP as

isolated (black), after anaerobic reduction by dithionite (red) and after subsequent anaerobic addition of NO (blue).

(C) Amplification of the relevant region of the spectrum of Mka HLP as isolated (black) and after addition of NO in aerobic

conditions (blue).

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-ND). 571

Biochemical Journal (2020) 477 567–581
https://doi.org/10.1042/BCJ20190827

https://creativecommons.org/licenses/by-nc-nd/4.0/


approximately the same occupancy. For each His, one of the conformations in the apoprotein is the same as in
the iron-bound protein. In the other, the side chain is pointing in a different direction. Thus, the presence of
iron locks these two His side chains into one conformation, while in the apoprotein structure the energetic dif-
ference between the two conformations is small enough that both occur with similar occupancy/probability. In
addition, the side chain of Glu109 in the apoprotein is flipped 90° relative to the position in the holoprotein
where it interacts with the irons.

Table 1 Data collection, refinement, and structure quality of the Mka HLP

Parameter Iodide derivative Apo Iron bound

PDB ID 6U3L 6Q09

Space group P3121 P3121 P3121

Unit-cell parameters

a (Å) 52.21 52.05 52.49

b (Å) 52.21 52.05 52.49

c (Å) 104.28 104.70 104.42

α = β, γ (°) 90, 120 90, 120 90, 120

Matthews coefficient (Å3Da−1) 2.10 2.13

Solvent content (%) 41.45 42.28

Resolution range (Å) 50–2.00
(2.05–2.00)*

50–1.75
(1.80–1.75)

50–1.75
(1.80–1.75)

Mean I/σ(I) 13.63 (2.65) 24.94 (2.18) 26.56 (3.66)

No. of observed unique reflections 20 880 (1176)† 17 189 (1264) 17 427 (1235)

Completeness (%) 97.3 (75.8) 100 (99.9) 99.9 (99.6)

Multiplicity 5.4 (3.8) 6.9 (4.9) 10.7 (11.0)

Rmerge
2 0.087 (0.541) 0.041 (0.639) 0.045 (0.621)

CC 1/2 99.8 (73.0)

Phasing

Figure of merit (before density modification) 0.38

Number of iodide sites 8

Refinement

No. of used reflections 17 176 17 335

Rwork (%)3 0.178 0.183

Rfree (%)4 0.218 0.225

Mean B factor (Å2) 36.2 40.3

RMSD bonds (Å) 0.008 0.009

RMSD angles (°) 0.851 0.927

Model validation

MolProbity

Clash score, all atoms 4.67 3.02

Ramachandran favored (%) 99.4 99.4

Ramachandran outliers (%) 0 0

Rotamer favored (%) 99.3 92.3

Rotamer outliers (%) 0 2

MolProbity score 1.24 1.20

*Value in parenthesis are statistics for the highest resolution shell;
†The phasing iodide data show unmerged reflections, whereas the refined data sets show merged reflections.
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Homology model of Rv2633c, the Mtb HLP
The Mka HLP was cloned, expressed, and structurally characterized as part of an effort to obtain a soluble and
stable ortholog of the Rv2633c protein from Mtb, which could not be crystallized. The sequences of the two
proteins are 78% identical and 86% similar (Figure 4). Thus, one would intuitively expect the structures to be
very similar. However, there must be key distinctions to account for differences in the properties of the two
proteins in solution. The Mtb HLP [7] is a dimer and is poorly soluble, as it readily precipitates from solution.
In contrast, the Mka HLP is a monomer that is relatively stable in solution. To gain insight into the details of
the structure of the Mtb HLP, a homology model was constructed using its amino acid sequence and the Mka
HLP structure as a template. Homology modeling was performed with the Swiss-Model Homology modeling
online software [28]. The structure predicted for the Mtb HLP is very similar to the crystal structure of Mka
HLP, as illustrated by the superimposition in Figure 5. The QMEAN Z-score [29] provides an estimate of the
quality of the structural model. Scores around zero indicate good agreement between the model structure and
experimental structures of similar size and scores below −4.0 indicate models with low quality. The QMEAN
Z-score for the model of the Mtb HLP was −0.68, which means the modeled structure has a very high probabil-
ity of being close to the actual structure. With the homology model, it was possible to identify the positions in
the structures of each of the amino acid differences between the two proteins in order to provide potential

Figure 2. The structure of Mka HLP.

(A) Superimposition of the structures of Mka HLP in green and a monomeric hemerythrin from Themiste hennahi (PDB entry 1A7D) [11] in purple.

(B) The overall structure of Mka HLP. The five α-helices are labeled and the components of the di-iron site are drawn in stick representation.

(C) Expansion of the Mka HLP di-iron site with the ligand side chains labeled.

Table 2 The distances between irons with ligands in the active site

Bond Distance (Å) Bond Distance (Å)

Fe1–Fe2 3.19 Fe1–OE1 (E109) 1.96

Fe1–O (bridge) 1.71 Fe2–NE2 (H71) 2.37

Fe2–O (bridge) 2.48 Fe2–NE2 (H105) 2.05

Fe1–NE2 (H11) 2.15 Fe2–OE1 (E49) 2.05

Fe1–NE2 (H45) 1.92 Fe2–OE2 (E109) 1.98

Fe1–OE2 (E49) 2.12 Fe2–OH (Y54) 2.96
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Figure 3. Superimposition of the active sites in the crystal structures of iron-bound Mka HPL (carbons in gray) and the

apoprotein (carbons in blue).

The two iron atoms and the bridging oxygen, shown as spheres, are from the holoprotein structure. For the apoprotein

structure, side chains of H11 and H71 were each modeled in two conformers with approximately equal occupancy.

Figure 4. Sequence alignment of the HLPs from Mka and Mtb.

The residues in the HHE cation binding domains of each protein are colored red. Identical residues are listed in the line between the protein

sequences and similar residues are indicated with a plus (+) sign.
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insight into the different physical properties of the two proteins. These differences are not randomly distributed
throughout the structure but clustered in certain regions (Figure 6). One of the most notable distinctions is that
Pro residues are present in the Mtb HLP in positions that reside in α-helices in the Mka HLP structure.
The residues in helices α1 and α2 are relatively conserved. Helix α1 (residues 3–23) has variations in six of

21 residues. For the most part, the changes result in residues with similar properties going from Mka to Mtb.
Three of them point toward solvent (Glu5 to Asp5, Glu9 to Arg9, and Val12 to Thr12). The other three point
toward the inside of the protein (Ile14 to Leu14, Ile21 to Val21, and Ser22 to Gly22). The reversal of charge of
residue 9 is the most notable difference. His11, which provides an iron ligand, is on this helix. Helix α2
(residues 29–57) is predominantly located in the interior of the protein with little surface exposure. It is highly
conserved with only one change to a similar residue, Ala33 to Val33. Three of the residues that provide iron
ligands reside on this helix, His45, Glu49, and Tyr54.
Helix α3 (residues 61–83) exhibits the largest variation between the Mka and Mtb proteins, with changes in

eight of the 23 residues. A significant change is Leu63 to Pro in the Mtb HLP. This residue is near the begin-
ning of the helix and likely alters the conformation or shortens the helix in a way not reflected in the homology
model. The stretch of residues 61–67 is the least conserved portion of the overall protein sequences (see
Figure 4). This helix also contains the His71 iron ligand. The loop that connects helix α3 and helix α4 also
contains two non-conservative amino acid differences, Ser87 to Arg87 and Glu88 to Ala88. Helix α4 (residues
90–113) exhibits only four changes out of the 24 residues. Two of the residues providing iron ligands are
present on this helix, His105 and Glu109. The changes result in similar residues except for Glu108 to Val108.
However, the loop connecting helix α4 and helix α5 have three non-conservative changes, Pro118 to Thr118,
Glu119 to Pro 119, and Arg121 to His121 from Mka to Mtb.

Figure 5. Superimposition of the iron-bound Mka HLP structure (green) and Mtb HLP homology model (pink) with the irons

atoms from the Mka HLP structure shown.The side chains of the residues involved in chelating the iron atoms are shown in

stick representation and are in essentially identical positions in the crystal structure and the homology model.
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Helix α5 (residues 124–152) is only present in the mycobacterial HLPs. There are no iron ligands on this
helix. There are five changes in these 29 residues, the potentially most significant being Ala145 to Pro145 in
the Mtb HLP. Again, this suggests that this helix in the Mtb HLP may be altered relative to what is seen in the
homology model. In contrast with the other helices, where many of the residues that were changed pointed to
the outside of the protein, four of the five differing residues in this helix point towards the inside. One add-
itional structural feature that exhibits variation is the eight residues that comprise the C-terminal tail. Six of
these residues vary from Mka to Mtb, although the features of the side chains are similar. This segment exhibits
some α-helical character but is very short. Furthermore, this segment does not extend from the body of the
protein but resides in a pocket formed by helices α2, α3, and α5.
With respect to the residues that provide ligands for the two iron ions, the di-iron site in the Mtb HLP

aligns perfectly with the Mka HLP (Figure 7). In fact, in addition to the strict conservation of position of the
primary ligands in the first coordination sphere, amino acids in a second coordination sphere that interact with

Figure 6. Superimposition of the Mka HLP structure (green) and Mtb HLP homology model (pink).

The six panels highlight differences in the amino acid sequences and the orientation of each of the five α-helices and the C-terminal tail.

At positions of amino acid differences, the side chains in the Mtb HLP model are illustrated in stick representations.
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the primary iron ligands are also conserved through either ionic or hydrogen bonding interactions within
3.5 Å. Of the four His ligands of the irons, two interact with Asp side chains, one with a Glu side chain and
one with another His side chain. This strict conservation of ligands and residues that surround the di-iron site
was not necessarily expected. The four α-helix core of hemerythrin and other classes of HLPs have similar
overall structures, but variation in the residues in the di-iron sites (Figure 8). In contrast, the environment of
the di-iron site is retained in these different mycobacteria.

Discussion
There are notable differences of the structures of these mycobacterial HLPs relative to true hemerythrins and
all other known HLPs. They possess a fifth α-helix in addition to the four-helix core present in the other pro-
teins. The ligation pattern of the iron ions in the di-iron site is also distinct from the other proteins (Figure 8).
True hemerythrins, which function in reversible O2 binding exhibit a di-iron site with a bridging oxygen, in
which one iron has ligands provided by three His residues and the other iron is co-ordinated by two His resi-
dues. In addition, a Glu and an Asp each provide one oxygen ligand to each iron. In contrast, mycobacterial
HLPs have a Tyr residue instead of a ligating His residue, which could interact with the iron. Hemerythrins
and HLPs are typically comprised of identical subunits of four α-helices that each house a di-iron site. The

Figure 7. Superimposition of the first and second coordination spheres of the Mtb HLP and Mka HLP.

The residue numbers are the same for both proteins. The carbons on the Mka HLP residues are gray and those on the HLP

Mtb residues are pink. The nearest points of contact between side-chain atoms bound to the iron and side chains in the

second coordination sphere are illustrated with dashed lines with the interatomic distance given in Ångstroms.
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native proteins are comprised of six or eight of these subunits [8,9] although a bacterial hemerythrin has been
identified that is a monomer [10]. The other HLPs with different iron ligation patterns and different biological
functions possess additional domains on each protein that are required for their respective biological functions.
An oxygen-sensing protein has been described from D. vulgaris, which has a di-iron site with the same ligation
pattern as true hemerythrins [13]. An HLP domain has been described in a protein found in humans that func-
tions as an iron sensor. It has a ligation pattern in which each iron has two ligands provided by His residues
and three Glu residues providing additional oxygen ligands [14]. The HLP domain which bears the most simi-
larity to the Mka HLP is the YtfE protein from E. coli which also has ligands from two His residues and two
Glu residues [15]. However, as stated earlier the mycobacterial HLPs have a Tyr residue in the position nor-
mally occupied by the additional His ligand. Furthermore, YtfE possesses a bound flavin cofactor, catalyzes the
repair of Fe–S centers in other proteins, and has nitric oxide reductase activity. The lack of additional domains
of known function further distinguishes the mycobacterial HLPs from the other HLPs. Considering this obser-
vation, one cannot rule out the possibility that other mycobacterial proteins could form a complex with a
mycobacterial HLP to confer a biological function, similar to the role of the additional protein domains in the
other HLPs. For example, as stated above, YtfE requires the fused FAD-containing domain for NO reductase
activity. As the Mka HLP exhibits reactivity towards NO, it is possible that it could function as an NO reduc-
tase given an appropriate electron donor or redox protein partner.

Figure 8. Di-iron centers of the Mka HLP and other known HLPs.

The PDB entries for the structures that are shown are Mka HLP (6Q09), Themiste dyscrita hemerythrin (1HMD) [33], Desulfovibrio vulgaris O2

sensor (2AWC) [13], Homo sapiens iron sensor (3V5X) [14], and E. coil YtfE (5FNN) [15]. Carbons are colored gray in the Mka HLP and green in the

other proteins.
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While the di-iron sites in the Mka and Mtb HLPs are identical, outside of the di-iron site the homology
model of the Mtb HLP reveals notable differences on certain residues. Proline residues are present near the
ends of helices α3 and α5 in the Mtb protein. It is possible that in the true Mtb structure the helical character
of those two regions is perturbed by these Pro residues, and this results in larger disordered segments connect-
ing helices α2 and α3, and helix α5 with the C-terminal tail. This could be related to the instability and poor
solubility of the isolated Mtb HLP relative to the Mka HLP. Helices α3 and α4 also exhibit several differences
in residues on the protein surface, which point outwards towards the solvent from each helix. This could be
related to the fact that Mtb HLP is a dimer in solution and iron-bound Mka HLP is a monomer. It also sug-
gests the possibility that these residues could be involved in protein–protein interactions with other proteins in
vivo that differ in the two hosts. The possibility that such unrecognized protein–protein interactions could be
important for function should not be ruled out, as these mycobacterial HLPs are the only ones that do not
possess an additional protein domain that is required for biological function. The Mka HLP crystal structure
and Mtb HLP homology model provide a framework for future site-directed mutagenesis studies to test such
hypotheses. The new structure and model also significantly expand our view of the diverse structures and
functions of HLPs.
It should also be noted that Mycobacterium kansasii does not cause tuberculosis. However, Mka is an oppor-

tunistic pathogen that causes pulmonary disease indistinguishable from tuberculosis. Mka is phylogenetically
the most closely related non-tuberculous mycobacterial species to Mtb [30]. Although the incidence is low in
healthy individuals, Mka is the second most common non-tuberculous mycobacterial species in HIV/AIDS
patients [31]. Detailed studies of Mka pathogenesis and host interactions have been limited. However, like
Mtb, intracellular survival within macrophages is an important virulence mechanism of Mka [32]. Thus, the
host-derived cues and stresses and the corresponding survival strategies are expected to be similar for Mka and
Mtb. While the low solubility of the Mtb HLP in solution complicates structure-function studies in solution,
the results of this study will inform in vitro studies to assess the roles of specific amino acid residues in viru-
lence. This can be done by knocking out the native Rv2633c gene in Mtb and replacing it with genes that have
been altered by site-directed mutagenesis to express variant proteins in macrophage and animal models of
infection. These data can be correlated with solution studies of analogous variants of the Mka HLP in vitro.
Thus, the structure of the Mka HLP and model of the Mtb HLP that are presented here will be relevant to
understanding the role of the mycobacterial HLPs in mycobacterial infections in general.

Data Deposition
The co-ordinates of the structures presented here have been deposited in the Protein Data Bank: apo Mka HLP
(6U3L), iron-bound Mka HLP (6Q09).
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