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Abstract

MhuD is a protein found in mycobacteria that can bind up to two heme molecules per protein
monomer and catalyze the degradation of heme to mycobilin /n vitro. Here the Ky for heme
dissociation from heme-bound MhuD was determined to be 7.6 + 0.8 nM and the K for heme
dissocation from diheme-bound MhuD was determined to be 3.3 = 1.1 uM. These data strongly
suggest that MhuD is a competent heme oxygenase /1 vivo.
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TOC Figure. MhuD forms an enzymatically-active 1:1 complex with heme at nanomolar
concetrations of labile heme and an inactive 1:2 complex at micromolar concentrations.

Mycobacterial infections are responsible for a range of human diseases, including two
ancient ones: tuberculosis (Mycobacterium tuberculosis infection)! and leprosy
(Mycobacterium leprae infection).2 This genus has a unique heme acquisition pathway that
is at least partially responsible for supplying a critical nutrient during infection by harvesting

TElectronic Supplementary Information (ESI) available: Experimental section, including derivation of eqn (1) and eqgn (2), titration
data for C-terminal His-tagged MhuD, further analysis of the UV/Vis Abs data, MhuD fractionation /n vitro as a function of [heme],
FPLC chromatographs, SDS-PAGE gels, DNA sequencing data, and ESI-MS data. See DOI: 10.1039/x0xx00000x
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iron from hemoglobin and perhaps other host heme-containing proteins.3 # Since bacteria
require micromolar iron for growth,® and the proteins of this pathway are unique to
mycobacteria, the proteins of the mycobacterial heme acquisition system are promising drug
targets.5: 7 Currently, this heme iron acquisition pathway is thought to begin with Rv0203, a
secreted heme binding protein that could transport extracellular heme to the mycobacterial
cell surface.® Next, heme is transferred from Rv0203 to the periplasmic domains of inner
membrane proteins MmpL3 or MmpL11.° Finally, heme is degraded to non-heme iron and
mycobilin by cytosolic MhuD.19-12 However, the precise mechanism of mycobacterial heme
acquisition and the identities of the protein components are still poorly understood. In this
communication, the details of heme binding by the putative terminal enzyme of the pathway,
MhuD, will be addressed.

MhuD is a non-canonical heme oxygenase that catalyzes the monooxygenation of heme to
meso-hydroxyheme, followed by dioxygenation of this intermediate to the mycobilin
product.11: 13 This enzyme is unique among heme oxygenases in the fact that it can bind two
heme molecules per protein monomer,1 and the diheme-bound MhuD (MhuD-diheme)
form of the enzyme does not degrade heme. However, the heme dissociation constant for
heme-bound MhuD (MhuD-heme) has been reported to be in the micromolar range,1°
which is inconsistent with the nanomolar values reported for four other heme oxygenases:
HO-1,14 HO-2,15 1sdG,16 and Isdl.16 Furthermore, the reported heme dissociation constant
for MhuD-diheme is also micromolar,10 implying that there is only a narrow labile heme
concentration range where the enzymatically-active MhuD-heme form species can be
formed. These observations call into question whether MhuD is a competent heme
oxygenase /n vivo, but a recent reinvestigation of the heme dissociation constants for
Staphylococcus aureus 1sdG and Isdl calls into question the accuracy of heme dissociation
constants measured using micromolar protein samples.1® Thus, a reinvestigation of the
MhuD-heme and MhuD-diheme dissociation constants previously measured using
isothermal titration calorimetery (ITC) and micromolar protein samples with a more
sensitive spectroscopic technique is warranted in order to determine whether MhuD is a
competent heme oxygenase /n vivo.

The heme dissociation constants for MhuD-heme (K1) and MhuD—diheme (Kp) were
measured using fluorescence and UV/Vis absorption (Abs) spectroscopy-based assays. A
recombinant form of MhuD (Rv3592) with a C-terminal Hisg tag was expressed in and
purified from Escherichia coli as previously described.19: 17 The K, for MhuD-heme and
its standard error were determined using a previously described fluorescence assay that
relies upon Forster resonance energy transfer (FRET) from Trp66 to enzyme-bound heme.16
Next, K and its standard error was measured for MhuD-diheme using Abs spectroscopy
and a mathematical model derived in the ESI. Critical analyses of these data suggested that
the C-terminal Hisg tag interferes with heme binding despite the fact that no interaction
between heme and the Hisg tag was observed in the X-ray crystal structures of MhuD-heme
or MhuD-diheme.10: 17 For this reason, a form of MhuD with an enterokinase-cleavable N-
terminal Hisg-tag (MhuDcp) was prepared. Measurements of Ky and K, for MhuDcy
using fluorescence and Abs spectroscopies provide important insights into the interactions
between MhuD and heme.
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Fluorescence spectroscopy was used to measure K for heme dissociation from MhuD-
heme. This was accomplished using an assay originally developed for heme-bound S. aureus
IsdG (IsdG-heme) and Isdl (Isdl-heme),16 which can also be used for MhuD-heme because
a conserved tryptophan is located within 4 A of the heme substrate for all three non-
canonical heme oxygenases.1”: 18 For MhuD, which can sequentially bind two heme
substrates,10 the Kyvalue extracted from this experiment will correspond to K because
Trp66 fluorescence will be fully quenched by FRET to the first heme molecule bound by the
active site. The fluorescence-detected titrations of heme into 100 nM MhuD yielded a K of
4.2 + 1.4 nM with an R? value of 0.908 (Fig. S1, ESIt). In comparison, analysis of the
fluorescence-detected titrations of heme into MhuDcy resulted in a K of 7.6 £ 0.8 nM
with an R2 of 0.985 (Fig. 1). Thus, the K, values for heme dissociation from MhuD-heme
and MhuD¢cp—heme are similar, suggesting that the Hisg tag of MhuD minimally interferes
with formation of the MhuD-heme complex. These K, values are three orders of magnitude
lower than the value previously reported for MhuD-heme based upon 1TC,10 but similar to
those previously reported two other non-canonical heme oxygenases.® Nevertheless, since
there has been an issue in the literature with the accuracy of Kyvalues extracted from heme
titrations into heme oxygenases,8: 19 the accuracy of the fit was further assessed.

In order to assess the goodness of fit, simulated titration curves for K values one order of
magnitude smaller and larger than the best fit were compared to the experimental data for
MhuDcp—heme (Fig. 2). Decreasing the K value from the best fit of 7.6 nM to 0.76 nM
lowered R2 from 0.985 to 0.911 and resulted in a simulated titration curve that misses the
error bars for six data points. Increasing K to 76 nM decreased R? to 0.398 and produced a
simulated curve that missed all but one of the experimental error bars. Thus, these data
indicate that the nanomolar value measured here for K is accurate, and the micromolar
value measured previously is actually an upper limit due to the micromolar protein
concentration required for 1TC.10 Based upon the data presented in this manuscript, and that
reported previously for IsdG—heme and Isdl-heme, 16 it is reasonable to conclude that the K,
for heme dissocation from non-canonical heme oxygenases is nanomolar.

Following measurement of K for MhuD-heme using fluorescence spectroscopy, Abs
spectroscopy was used to measure K for MhuD-diheme. Abs-detected titrations of heme
into 5 UM MhuD or 5 pM MhuD¢H were monitored at 410 and 395 nm, respectively, and fit
to eqgn (2), which has been derived here as an analytical expression for sequential binding of
two substrates to a single protein. These fits yielded K, values of 4.4 +7.2 nM and 3.3

+ 1.1 uM for MhuD-diheme and MhuD¢cp—diheme, respectively (Figs. S2, ESIT, and 3).
The value measured here for MhuDcp—diheme is similar to the micromolar value reported
previously based upon ITC,10 but three orders of magnitude higher than that reported here
for MhuD-diheme. Careful inspections of the fits to eqn (2) reveal that the best fit line falls
outside the experimental error bars for MhuD-diheme. Furthermore, the Soret band of
MhuDcy initially blue-shifts by 6 nm to 401 nm upon addition of up to two equivalents of
heme, then red-shifts to 401 nm upon addition of a third equivalent of heme (Table S1,

TElectronic Supplementary Information (ESI) available: Experimental section, including derivation of eqn (1) and eqn (2), titration
data for C-terminal His-tagged MhuD, further analysis of the UV/Vis Abs data, MhuD fractionation /n vitro as a function of [heme],
FPLC chromatographs, SDS-PAGE gels, DNA sequencing data, and ESI-MS data. See DOI: 10.1039/x0xx00000x
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ESIT). On the other hand, the Soret band of MhuD steadily blue-shifts from 408 nm to 394
nm upon addition of up to three equivalents of heme (Table S2, ESIT), suggesting that there
is an additional interaction between MhuD and heme in the C-terminal Hisg tagged
construct. The discrepancies between the two K values reported in this work, and the one
reported in the literature, motivated a careful assessment of the accuracy of the value
reported here for MhuD¢n—diheme.

Similar to the strategy described above to assess the accuracy of the fluorescence analysis,
the Abs data was compared to simulated titration curves for K values one order of
magnitude smaller and larger than the best fit (Fig. 4). The R? value for the fit decreased
from 0.985 to 0.975 and 0.969 when titration curves were simulated for K values of 0.33
and 33 uM, respectively. Furthermore, the best fit titration curve passes through all
experimental error bars for MhuDcy—diheme, whereas the fits for K values one order of
magnitude smaller or larger than the best fit do not. These analyses strongly suggest that the
Kp value reported here for MhuDcy—diheme is accurate, and the Hisg tag interferes with
measurement of this value. Since no interaction between the Hisg tag and the active site of
MhuD was observed in the X-ray crystal structure of this species,10 the interference may be
a weak interaction between the Hisg tag and labile heme. The fact that the K, value
reported previously for MhuD—-diheme based upon ITC is consistent with the accurate K
value reported here for MhuDc—diheme suggests that the interaction between the Hisg tag
and the heme substrate has a minimal impact on the thermodynamics of heme binding. In
summary, the data presented here indicate that K for heme dissociation from MhuDcp—
heme is 7.6 = 0.8 nM and K, for heme dissociation from MhuDcp—diheme is 3.3 + 1.1 M.

Thus, the data presented here strongly suggest that MhuD is a competent heme oxygenase /n
vivo. The nanomolar Ky for MhuD-heme is on the same order of magnitude as those
previously reported for the heme-bound forms for other heme oxygenases,14-16 but the
relevance of the Kyvalues can perhaps be best understood by considering several scenarios.
At sub-nanomolar concentrations of labile heme, the measured K values imply that MhuD—
heme and MhuD-diheme complexes are not stable and will dissociate prior to enzymatic
turnover (Figure S3, ESIt), which means that any excess heme biosynthesis or acquisition
relative to heme protein loading will increase the labile heme concentration.® 4 20 Once
nanomolar concentrations of labile heme are reached, a stable MhuD-heme complex will be
formed resulting in heme degradation and a reduction of the heme concentration by one
molecule per turnover.10- 11 |n a sense, this means that MhuD can buffer the labile heme
concentration at a nanomolar level within M. tuberculosis. Two recent studies have
established that the concentration of the cytosolic labile heme pool in Homo sapiens and
Saccharomyces cerevisiae is 20-40 nM,21: 22 and notably in human IMR90 lung fibroblasts
and HEK293 cells the labile heme pool is 400-600 nM,23 so a nanomolar concentration of
labile heme within M. tuberculosis is conceivable implying that MhuD-heme is a competent
heme oxygenase /n vivo. Despite the buffering capability of MhuD, it is conceivable that the
labile heme concentration within M. tuberculosis could increase to micromolar levels if an
inadequate amount of MhuD is present to buffer heme and/or if there is a high flux of heme
into the organism via the heme acquisition system resulting in formation of a stable MhuD-
diheme complex.

Metallomics. Author manuscript; available in PMC 2019 November 14.
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The biological function of MhuD-diheme is currently unknown, but here we speculate that
MhuD may have a secondary function in its diheme form as a heme storage or heme sensor/
regulatory protein. The diheme form of MhuD is unique among heme oxygenases and is one
feature that distinguishes the MhuD enzyme found throughout mycobacteria from the IsdG
enzymes found in Gram-positive bacteria and eukaryotic green algae.10 19, 24-28
Mycobacteria are a diverse genus that encounter a wide range of heme replete and deplete
conditions, and any one of these conditions may be the origin of the MhuD-diheme
function. For example, Mycobacterium haemophilum can only utilize heme as its sole
exogenous iron source and has no siderophore-dependent iron uptake mechanism;22: 30 this
is also the case for M. leprae3! It is compelling to speculate that these two mycobacterial
strains utilize MhuD to harbor a second heme molecule as a storage mechanism when faced
with an abundance of host heme. Over the 100 nM to 100 uM labile heme concentration
range a significant mixture of MhuD-heme and MhuD-diheme would be present, and the
storage function may act to slow the rate of heme degradation in order to accommodate the
rate of MhuD product utilization by downstream enzymes. Alternatively, the MhuD-diheme
form may act as a sensor/regulator, as many bacterial heme uptake systems have been shown
to be regulated. In fact, both the Pseudomonas aeruginosaand S. aureus heme uptake
systems are regulated by their heme degrading proteins albeit through different mechanisms.
32,33 Thus, these observations suggest that MhuD may have a dual function throughout
mycobacteria, heme degradation and, possibly, heme storage or regulation.

In conclusion, a comprehensive study of heme binding by M. tuberculosis MhuD has been
completed. Following removal of the Hisg-tag, it was determined that the K for heme
dissociation from MhuD-heme is 7.6 + 0.8 nM using a previously described fluorescence-
based assay.1® An Abs assay was developed here to measure K for heme dissociation from
MhuD-diheme, which was revealed to be 3.3 £ 1.1 uM. The low nanomolar K value for
MhuD-heme, coupled with the 77 vitro function of MhuD,11 13 establishes this protein as a
competent heme oxygenase /n vivo. Based upon the micromolar K, value for MhuD—-
diheme, we speculate that MhuD may have a secondary function as a heme storage or
regulatory protein, but the biological function of MhuD-diheme remains an open question
that merits further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Flgorescence-detected titration of heme into 200 nM MhuDcy in 50 mM Tris pH 7.4, 150
mM NacCl. The error bars represent the standard deviation of three independent trials. The
emission intensity was fit to equation (1) yielding a K of 7.6 + 0.8 nM. Inset: Emission
spectra with 0 (solid red), 4 (solid blue), and intermediate (dashed gray) equivalents of
heme.
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red) or smaller (dashed green) than the best fit are inconsistent with experiment.
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Abs-detected titration of heme into 5 UM MhuD¢y in 50 mM Tris pH 7.4, 150 mM NacCl.
The spectra represent MhuD¢ with 0 (solid blue), 3 (solid red), and intermediate (dashed
gray) equivalents of heme. Inset: The error bars represent the standard deviation of three
independent trials. The Abs-detected heme titration was fit to equation (2) yielding a K of

3.3+ 1.1pM.
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Best fit of the Abs-detected heme titrations for MhuDcy using equation (2) (solid blue). The
error bars represent the standard deviation of three independent trials. Titration curves
simulated using equation (2) and K, values one order of magnitude larger (dashed red) or
smaller (dashed green) than the best fit are inconsistent with experiment.
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