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Abstract

HtaA is a heme-binding protein that is part of the heme uptake system in Corynebacterium
diphtheriae. HtaA contains two conserved regions (CR1 and CR2). It has been previously reported
that both domains can bind heme; the CR2 domain binds hemoglobin more strongly than the CR1
domain. In this study, we report the biophysical characteristics of HtaA-CR2. UV-visible
spectroscopy and resonance Raman experiments are consistent with this domain containing a
single heme that is bound to the protein through an axial tyrosine ligand. Mutants of conserved
tyrosine and histidine residues (Y361, H412, and Y490) have been studied. These mutants are
isolated with very little heme (< 5%) in comparison to the wild-type protein (~20%).
Reconstitution after removal of the heme with butanone gave an alternative form of the protein.
The HtaA-CR2 fold is very stable; it was necessary to perform thermal denaturation experiments
in the presence of guanidinium hydrochloride. HtaA-CR2 unfolds extremely slowly; even in 6.8 M
GdnHCI at 37 °C, the half-life was 5 h. In contrast, the apo forms of WT HtaA-CR2 and the
aforementioned mutants unfolded at much lower concentrations of GdnHCI, indicating the role of
heme in stabilizing the structure and implying that heme transfer is effected only to a partner
protein in vivo.

Graphical abstract

The C. diphtheriae heme uptake protein HtaA-CR2 has an axial tyrosine. Reconstitution with
hemin after unfolding gave a different form of the protein, as revealed by UV-visible and Raman
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spectroscopy. Thermal and chemical unfolding experiments showed that hemin plays a significant
role in the stability of the protein.
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1. Introduction

Corynebacterium djphtheriae is an important Gram-positive human pathogen, causing upper
respiratory tract infections in humans [1, 2]. Although vaccination is widely available in
many countries, diphtheria infections still occur in parts of the world with low vaccine
coverage [3]. Analysis of the full genome sequence [2] is consistent with a number of iron
uptake systems in this organism. The iron and heme transporter systems are predicted to be
coordinately expressed with the toxin [4-7]. This, along with the iron requirement for
virulence, suggests that iron acquisition is a key component for pathogenicity.
Approximately 80% of heme in vivo is found in hemoglobin (Hb) [8], leading to the role of
this prosthetic group as a significant source of iron.

Gram-positive pathogens in general use heme as a key source of the iron required for
survival and proliferation. Heme uptake pathways have been the subject of recent reviews
[8-14]. The majority of Gram-positive bacteria studied to date employ a series of NEAr-iron
Transporter (NEAT) domains in many of the proteins involved in heme transport [14-16].
These domains are generally located in cell membrane-anchored proteins and serve to
extract heme from Hb and haptoglobin-hemoglobin (Hp-Hb) and transfer it to additional
heme-binding proteins, with final import through an ABC transporter. Classical NEAT
domains comprise about 125 amino acids with a -strand secondary structure; the canonical
examples have a conserved YXXXY heme-binding motif, in which the N-terminal tyrosine
of the sequence serves as an axial ligand to the heme and the C-terminal tyrosine is a
hydrogen-bond partner to the first. On the opposite side of the heme ring, a loop starts with a
serine which hydrogen bonds to one of the heme propionates. The first system to be studied
in detail was the iron-regulated surface-determinant (isd) pathway in Staphylococcus aureus
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[17]. Of the proteins in this pathway, IsdA, 1sdB, 1sdC and IsdH bind heme in NEAT
domains; leading references can be found in recent work [18-22]. The heme uptake system
in Bacillus anthracis also uses a series of NEAT domains for heme uptake [23, 24]. In terms
of the reliance on the NEAT architecture, uptake pathways studied to date involving Isd
proteins in Streptococcus lugdunenesis [25] and Listeria monocytogenes [26, 27], Hal [28]
and BsIK [29] in B. anthracis, and IISA in Bacillus cereus [30, 31] all use a NEAT-domain
strategy [14]. Heme uptake in Streptococcus pyogenes has also been studied in some detail.
Here, the heme is abstracted from Hb via Shr (with two NEAT domains) [32-34] and then
passed to Shp, a bis-methionine heme binding protein whose structure resembles the NEAT
fold [35].

C. diphtheriae is distinct from the other Gram-positive bacteria cited above in that the major
heme acquisition pathway studied to date does not employ NEAT domains. The Amu gene
cluster comprises two heme-binding surface-anchored proteins, HtaA and HtaB, along with
a heme binding lipoprotein (HmuT) and an ABC-type heme transporter (HmuUV) [7, 36—
39] (Fig. 1). HtaA is a 61-kDa, membrane-anchored protein containing two conserved
regions, CR1 and CR2, with 50% sequence similarity [37]; enzyme-linked immunosorbent
assay (ELISA) experiments showed that HtaA binds Hb and is required for heme uptake
from Hp-Hb [7]. HtaB, a 36 kDa protein, has one CR domain that binds heme, but not Hb
[37]. HtaA can transfer hemin to HtaB in vitro [37, 38]. HmuT, a lipoprotein anchored to the
cytoplasmic membrane, is thought to receive its hemin from either HtaB or HtaA and
transfer it to the transmembrane permease HmuU, followed by translocation across the
membrane in a process driven energetically by ATP hydrolysis catalyzed by the ATPase,
HmuV [36]. Deletion of the /AfaA gene, the AimuTUV genes or the complete Amu gene
cluster resulted in significantly decreased growth in comparison to the wild-type (WT) strain
when the cells were grown in the presence of Hb as the sole iron source. Recent studies have
shown that heme uptake from Hp-Hb necessitates the presence of one or two additional
proteins, ChtA and ChtC, each of which has a single CR domain [7].

HtaA-CR1 and HtaA-CR?2 are of interest because they take a position in the overall heme
uptake strategy similar to that of the NEAT domains, yet have no significant sequence or
structural homology to these more well-studied structures. Both HtaA-CR1 and HtaA-CR2
bind hemin; they bind Hb with less affinity than the complete HtaA, with the CR2 domain
binding Hb more strongly than CR1 [37]. The domains bind hemin-albumin (HSA), Hp-Hb,
and myoglobin, with the binding to HtaA-CR2 being stronger than that to HtaA-CR1 in each
case [7].

Sequence alignment of selected Corynebacterium CR domains shows that one histidine and
two tyrosine residues are fully conserved (Y361, H412 and Y490 in HtaA-CR2) (Fig. S1)
[37]. Mutation of these conserved residues in HtaA-CR2 showed that all three are important
for heme binding and uptake. For heme binding, the order was WT > Y490A > H412A
Y361A. HtaA-CR2 Y361A was isolated with the lowest heme loading of the three mutants.
Y361A also bound less Hb than either H412A or Y490A, the single amino acid substitutions
Y361A and H412A in the full-length HtaA reduced Hb binding by almost 90%. In line with
the hypothesis that Y361 is an axial ligand, mutation of this residue to alanine completely
abolished the ability of the cells to use heme or Hb as iron sources. In addition, the GST-
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tagged CR2 Y361A mutant did not bind Hp-Hb, in contrast to the WT domain, which had an
ECgq of 200 nM, nor did it bind heme-HSA, while the WT domain had an ECsg of 350 nM

[71.

Given the crucial role of HtaA in heme acquisition by this important pathogen and,
specifically, the second conserved domain with its presumably novel structural features, we
have undertaken a study of the biophysical characteristics of HtaA-CR2. Resonance Raman
(rR) spectroscopy was used to probe structural and electronic features of the bound heme
along with binding aspects of the heme pocket. The stability of the protein fold was
investigated via chemical and thermal denaturation techniques.

2. Experimental

2.1. Site-directed mutagenesis

The HtaA-CR2 was previously constructed in pET24a(+) [36]. Recombinant HtaA-CR2
mutants were made by site-directed mutagenesis by using a QlAprep Spin Miniprep Kit
according to the manufacturer’s instructions. The primers were from Sigma Aldrich for
Y361A, H412A and Y490A substitutions (Table S1). Primers (500 ng) were mixed with 100
ng of pET24a(+) template plasmid in the reaction mixture. Dpnl restriction endonuclease
was used to remove the methylated template. The mutated plasmids were isolated from the
reaction mixture and transformed into the competent £. coli strain BL21(DE3). Sequence
analysis was used to confirm the mutations.

2.2. Expression and purification

Wild type and the mutant proteins were expressed and purified using the same protocol.
Terrific Broth (TB) with the inclusion of 50 pg/ml kanamycin was used as the media. A
small-scale culture was incubated at 37 °C/220 rpm for 16 h. This culture (10 ml) was
inoculated into a large-scale culture (500 ml) and incubated at 37 °C/220 rpm until the
ODgqp reached 0.8. The cultures were induced by adding 50 uM isopropyl-B-D-
thiogalactopyranoside (IPTG) and allowed to grow for 16 h. The cells were harvested by
centrifugation at 3100 rpm/4 °C for 30 min. The pellets were collected and stored in a
-80 °C freezer overnight.

The cell pellet was re-suspended in buffer A (100 mM Tris-HCI, 150 mM NacCl, pH 8.0).
The cells were lysed on ice for 30 min in a buffer A solution containing 10 mM MgCl,, 0.1
mM phenylmethanesulfonyl fluoride (PMSF), 0.2 mg/mL lysozyme, 5 pg/mL DNase | (from
bovine pancreas, Roche) and 5 pg/mL RNase A (from bovine pancreas, Roche). The cells
were treated with a cell disrupter, and cell debris was removed by centrifugation at 6500
rpm/4 °C for 30 min.

A GE Healthcare ATA fast protein liquid chromatography instrument (FPLC) was used for
purification at 4 C. The HtaA-CR2 solution was loaded onto a Strep-Tactin Superflow
column (5 mL, IBA BioTAGnology) which had been equilibrated with buffer A. Buffer A [5
column volumes (CV)] was used to wash the unbound material. The Strep-Tactin bound
HtaA-CR2 protein was eluted with a linear gradient of 10 CV of buffer B (100 mM Tris-
HCI, 150 mM NaCl, 2.5 mM d-desthiobiotin, pH 8.0). The purity of the fractions was tested
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by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Heme loading
was approximately WT (20%), Y361A (1%), H412A (2%), and Y490A (5%).

2.3. Addition of hemin to apoHtaA-CR2

Four methods were used to add hemin to apoHtaA-CR2 in an effort to increase the heme
loading. The first set of experiments involved preparation of fully apoHtaA-CR2 via the
butanone extraction method [40]. An HtaA-CR2 solution at a pH value of 2.0 was prepared
by adding 1 M HCI dropwise. Equal amounts of the acidic HtaA-CR2 solution and ice-cold
2-butanone were mixed. The mixture was vortexed for approximately 30 s and set on ice.
After a 30 min incubation, layers of aqueous apoprotein at the bottom and organic heme-
butanone at the top were formed. The bottom solution was removed by a pipette and
dialyzed against 20 mM Tris-HCI pH 7.0 at 4 °C overnight. A stock hemin solution was
prepared by dissolving hemin in DMSO using the literature extinction coefficient [41]. The
concentration of apoprotein was determined by using an ExXPASy extinction coefficient [42]
of 24,075 M~1cm™1 at 280 nm. The apoHtaA-CR2 solution was titrated with the hemin
solution by adding 1 ul aliquots; the solution was stirred for 30 min after each addition. At
the end of the titration, the stoichiometric ratio of hemin and apoprotein was 1:1.
Reconstituted HtaA-CR2 was dialyzed against 50 mM Tris-HCI pH 7.0 overnight.
Reconstitution of the WT protein by this method gave a hemin-bound form that was
spectrally distinct from the as-isolated protein.

The second set of experiments involved addition of hemin to the as-isolated protein
(approximately 20% heme loaded). The protein was prepared in 50 mM Tris-HCI pH 7.0. A
solution of hemin in DMSO was added in increments to a final ratio of hemin to apoHtaA-
CR2 of ~ 1.5. The protein solution was equilibrated 30 min after each addition of hemin.

The third set of experiments involved hemin transfer from metHb on a column. Strep-tag
purified HtaA-CR2 (a sample of 1 ml of about 70% apoprotein, 0.01 umol apoHtaA-CR2,
Asoret:Azgp ~ 0.6) in buffer A was loaded onto a 5 mL Strep-Tactin column. A metHb
solution (equine, Sigma-Aldrich, 200 uM hemin) was prepared in buffer A (2 ml,
approximately 0.4 pmol metHb subunits, 40-fold excess hemin) and loaded onto the column.
The column was allowed to stand for 19 h at 4 °C. Excess Hb was removed by washing the
column with 40 CV of buffer A. Fractions were checked by UV-visible spectroscopy to
make sure the eluent was free of hemin and protein. Bound HtaA-CR2 was eluted with
100% buffer B. Approximately 0.0082 umol holoHtaA-CR2 (Aggret:Azgg ~ 2.0) was
obtained.

The fourth set of experiments involved attempted transfer from Hb in solution. Partially
heme-loaded HtaA-CR2 (11.5 uM protein, 5.6 pM hemin) was titrated with human metHb.
Additions of metHb to the initial solution (5.6 uM hemin, 0 uM from Hb), brought the total
concentration of hemin to 9.6 uM (4 uM from Hb) and 12.1 uM (6.5 uM from Hb). Because
the major bands of the optical absorbance spectra overlap, Soret-excited (406.7 nm
excitation) rR spectra were also recorded in order to track whether rR features of metHb
disappeared in favor of those for holoHtaA-CR2.
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2.4. Purification of apo- and holoHtaA-CR2

In another approach to isolating the holoprotein, a solution of Strep-tag purified HtaA-CR2
(Asoret:Azgp ~ 0.7) was initially passed through a 5-mL HiTrap Butyl FF hydrophobic
interaction column (Fischer Scientific). The Butyl FF column was equilibrated with 5 CV of
20 mM NaH,PO4 at pH 7.0 followed by 5 CV of the binding buffer [20 mM NaH,PO,4 and
1.5 M (NH,),SO4 at pH 7.0]. The sample was loaded and the column was washed with 5
CV of binding buffer. The elution was carried out with a decreasing linear gradient of
ammonium phosphate (1.5 - 0 M). A single chromatographic peak was observed. Fractions
showing heme absorbance were pooled to give a sample with a Aggret:Aggg ~ 0.9
(holoprotein recovery of 85%). After concentration and buffer exchange using an Amicon
filter, the sample was passed through a Phenyl FF column using the same elution conditions.
The chromatogram showed two overlapping peaks. The majority of the holoprotein was
found at the start of the second peak (Aggret:Azgg ~ 2.0). The latter fractions from this peak
were mainly apoprotein. This elution order is consistent with the apoprotein being more
hydrophobic than the holoprotein. The fractions that contained significant holoprotein were
pooled and concentrated. After passing through both hydrophobic columns, the Aggret:A2go
ratio increased from the as-isolated value of ~ 0.7 to ~ 2.0. Approximately 40% of the
holoprotein was recovered from the initial sample after the two columns. Variations on this
separation showed that although the Butyl FF column did not give a significant separation,
protocols in which this step was omitted resulted in a lower final Aggret:Aogp ratio.

2.5. UV-visible and circular dichroism absorbance spectroscopy

UV-visible absorbance spectra were recorded either with a single beam (Varian Cary 50 Bio)
or a dual beam scanning spectrophotometer (OLIS-14). The measurements were made using
a quartz cuvette having a 1.0 cm path length. Circular dichroism (CD) spectra were recorded
using a Jasco J-810 spectropolarimeter using quartz Suprasil cuvettes with a 1 mm path
length. Protein samples were recorded in 10 mM KH,PO, buffer at pH 7.0; concentrations
were adjusted to 10 uM. The final spectra represent an average of 5 scans.

2.6. Time scale of unfolding

The UV-visible spectrum of HtaA-CR2 was monitored over time at 37 °C as a function of
the GdnHCI concentration from 6.6 to 7.4 M. The protein and the GdnHCI solutions were
prepared in 50 mM Tris-HCI, pH 7.0. The GdnHCI concentration was determined by the
refractive index method [43]. Absorbance measurements were recorded every 10 min for 24
h. The absorbance at 405 nm (A4g5) vs. time was fit to a single-term exponential function:
equation (1)

Ar=(Ao—Ax)ezp(—kyt)+Asx (1)

where A;is the absorbance at any time during the unfolding reaction, Ag is the initial
absorbance, A is the absorbance of the completely unfolded protein, (Ag Awo) is the total
A for complete unfolding, and A is the unfolding rate constant. These experiments were run
on as-isolated holo/apo mixtures. A sample with 7.0 M GdnHCI (35% holo/65% apo) was
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dialyzed after unfolding to evaluate the reversibility of the process. Approximately 40% of
the protein was recovered, perhaps because the apoprotein precipitated (apoprotein
precipitation was also observed in other experiments). The recovered protein was about 25%
heme loaded. The spectrum of this holoprotein was similar, but not identical, to that of the
original as-isolated holoprotein.

2.7. Thermal unfolding of HtaA-CR2 in presence of GdnHCI

Thermal unfolding of HtaA-CR2 was carried out with the UV-visible spectrophotometer
equipped with a TC125 Quantum Northwest temperature controller. A screw-top quartz
cuvette with 1-cm path length was used. Holo HtaA-CR2 in 50 mM Tris-HCI pH 7.0 was
prepared in GAnHCI concentrations of 1.5, 1.75, 2.0, 2.5 and 3.0 M. The thermal unfolding
was carried out from approximately 45 to 90 °C. The spectrum was recorded every 1 °C
after a 1 min incubation at each temperature.

Kaleidagraph (version 4.01, Synergy Software) was used to fit the data using a two-state
protein unfolding model equation (2) [44]:

(Ap+m, T)+(A,+m,T)exp {ﬁ]

A=

14exp {7“”"‘ }

—1__
R(Ty =T~ 1)

()

where A is the absorbance at any temperature along the unfolding curve, Ar is the
absorbance of the folded state, A is the absorbance of the unfolded state, /7 is the slope of
A vs. T for the folded state, /7, is the analogous slope for the unfolded state, Ty, is the
temperature at which the protein is half unfolded, AH}, is the enthalpy of unfolding, R is the
ideal gas constant, and T is the temperature (Kelvin).

2.8. Guanidinium-induced unfolding of HtaA-CR2 mutants

The guanidinium denaturation of HtaA-CR2 mutants (Y361A, H412A, and Y490A, all
almost entirely in their apo forms) were investigated by following emission spectra on a
Perkin Elmer LS fluorescence spectrophotometer. Apo WT protein was isolated by
chromatographic separation on a hydrophobic column. Its chemically-induced unfolding
was followed using the single-cuvette titration technique [45-48]. The protein in 50 mM
Tris-HCI pH 7.0 was excited at 285 nm and the emission spectrum was monitored between
300 and 500 nm. The emission intensity decreased as a function of GdnHCI concentration.

The unfolding curves were analyzed using equation (3) [43]:
m([D]-[D])
(Aptmy [D])+ (A, +my [D])ezp {T}

m([D]—[D@)}

A=

®)
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where A is the absorbance at any denaturant concentration along the fitted denaturation
curve, Ag is the absorbance of the folded state, A is the absorbance of the unfolded state, m
is the slope at the midpoint, m is the slope of the folded state, /m is the slope of the
unfolded state, [D] is the concentration of GdnHCI, [D]s, is the concentration of GdnHCI at
the midpoint of the unfolding curve, R is the ideal gas constant, and T is the temperature
(Kelvin).

2.9. Resonance Raman spectroscopy

Resonance Raman scattering was excited with either 406.7- or 413.1-nm emission from a
Kr* laser, or 441.6 nm from a HeCd laser. The laser beam was focused to a line parallel to
the spectrograph entrance slit. Scattered light collected in the 135° backscattering geometry
(f/1) was passed through a polarization filter, holographic notch filter, and polarization
scrambler. The laser image was then focused on the entrance slit of a 0.67-m, f/4.7 Czerny-
Turner spectrograph fitted with 1200 and 2400 g/mm gratings and a LN,-cooled CCD
detector (1340x400 array of 20x20 um pixels, 26.8x8.0 mm? image area). The spectrometer
was calibrated against the Raman shifts of toluene, dimethylformamide, acetone, and
methylene bromide. Spectra were recorded at ambient temperature from samples contained
in spinning 5-mm NMR tubes. UV-visible absorbance spectra were recorded from the rR
samples before and after spectral acquisition to assess whether sample integrity had been
compromised by exposure to the laser beam. Laser power at the samples ranged from 5 to 10
mw.

2.10 Electrospray ionization (ESI) mass spectrometry

3. Results

ESI spectra were obtained using a Waters Micromass Q-TOF spectrometer in the positive
mode. The fully holoprotein was prepared by adding of hemin to the as-isolated protein
(approximately 20% heme loaded) as previously described. The protein solution (10 uM)
was then dialyzed against 20 mM ammonium acetate, pH 6.8. Spectra were recorded (flow
rate 10 pl/min) at the following collision energy voltages: 5, 10, 15, 20, 25, 30, and 40 V. All
other parameters were held constant (capillary voltage 3000 V, cone voltage 18 V, extraction
voltage 1.5V, desolvation gas temperature 100 °C and source temperature 80 °C).
Deconvolution of the charged state was performed using the MaxEnt program with the
MassLynx software. Peaks were rounded to the nearest Dalton; peak heights were used to
calculate holoprotein percentages.

3.1. HtaA-CR2 spectroscopy

The UV-visible absorbance spectrum of as-isolated ferric HtaA-CR2 is shown in Fig. 2A.
The Soret maximum is at 405 nm, and bands are seen in the visible region at 502, 537, and
624 nm. The charge-transfer (CT) band at 624 nm is characteristic of high-spin heme,
common for axial tyrosine ligation [49, 50]. The ferric protein was reduced smoothly, albeit
slowly, with dithionite ion (S,0427) to give the ferrous species with a Soret at 424 nm and a/
B bands at 544 and 569 nm. The reduction took ca. 30 min at pH 7.0 and ambient
temperature without significant side products, as evinced by the isosbestic behavior of the
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visible absorbance spectra in Fig. S2. The addition of CO gave the ferrous carbonyl species
with a Soret band at 415 nm (Fig. 2A).

Soret-excited rR spectra were recorded from the ferric, ferrous and ferrous carbonyl heme
complexes of HtaA-CR2. Fig. 2B shows spectra in the frequency region of the porphine in-
plane skeletal modes. The largest band in this region arises from the totally symmetric core
breathing mode, v4, which occurs near 1370 cm™1 for the ferric oxidation state and ferrous
rt-acid complexes, such as heme carbonyls [51-53]. The v, band in ferrous hemes falls near
1360 cm™1 [54]. The v4 frequencies are consistent with ferric (a), ferrous (b) and ferrous
carbonyl (c) hemes, respectively. The vz bands fall in Raman shift regions characteristic of
both oxidation and spin states of the iron center, with those of ferric (1490 cm™1) and ferrous
(1473 cm™1) HtaA-CR2 falling at frequencies consistent with pentacoordinate, high-spin
(5¢cHS) iron centers [51-53]. The 1501-cm™1 v5 band in the HtaA-CR2-CO spectrum is
typical of the low-spin (LS) heme carbonyl complexes [54].

The spectral features of ferric HtaA-CR2 are essentially independent of pH between 5.8 and
9.5, as seen in the similarity among the rR spectra in Fig. S3. Furthermore, there were

no 180- or 2H-sensitive bands in the low-frequency spectrum at pH 9.8 (data not shown), as
would be expected if a hemin hydroxide were forming in alkaline solution [53]. The vre_co
and vc_g regions of the heme carbonyl spectrum are shown in Fig. 3. Isotope sensitivity of
the 535-, 572- and 1949-cm~1 Raman shifts in the 13CO isotopolog allow their assignments
to the vre_co, Sreco and vc_o modes, respectively. The backbonding correlation plot in
Fig. 3C shows that the as-isolated HtaA-CR2-CO is homogeneous and falls on the line
correlating heme carbonyls having a charge neutral #rans O-bound ligand [55].

3.2. Approaches to holoprotein

As-isolated, HtaA-CR2 was only ~20% heme loaded. As more fully heme-loaded protein
was desirable for the biophysical studies, various approaches were used to increase the
amount of holoprotein in the sample. Passing the protein through two hydrophobic columns
resulted in protein that was about 95% heme loaded. However, loss of protein in this lengthy
procedure led to additional efforts to prepare samples with high heme loading. Full-length
HtaA can take up hemin from Hb (metHbA) as previously demonstrated by UV-visible
spectroscopy [37]. Those experiments involved binding of 100 pl of 30 uM as-isolated
Strep-tag-labeled HtaA to a column, incubation with an equivalent volume of 30 uM Hb for
30 min, and isolation of the resulting HtaA. The heme loading had increased. An ELISA
assay showed that both HtaA and the CR2 domain were able to bind Hb.

Transfer of hemin from metHb to HtaA-CR2 on a preparative scale was examined in this
study as a means of generating more completely heme-loaded HtaA-CR2. As-isolated
protein was loaded on a Strep-Tactin column. A metHb solution containing 40x excess of
hemin was loaded into the column void volume and remained in contact with the HtaA-
CR2-loaded resin for 19 h. After isolation, the amount of holoHtaACR-2 had increased
approximately two-fold. It is clear from this significant increase in cofactor loading that
hemin is passed from metHb to HtaA-CR2 when the HtaA-CR2 is bound to the affinity
column.

J Inorg Biochem. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Uluisik et al.

Page 10

The hemin transfer reaction was also examined in solution with 5.9 uM apoHtaA-CR2 (in a
mixture with 5.6 UM holoprotein) and human metHbA (concentrations of 0, 4.0 and, 6.5 uM
heme). Fig. S4 shows the UV-visible absorbance (A) and Soret-excited rR spectra (B) of
those reaction mixtures. Examination of the starting HtaA-CR2 Raman spectrum reveals v3
at 1490 cm™1 and a relatively large v3:v, intensity ratio, consistent with the hemin being
5cHS with an O-bound axial ligand. If titration with metHbA were to transfer hemin
efficiently to HtaA-CR2, a simultaneous and proportionate increase in all its band intensities
would be expected. However, the v3:v, intensity ratio decreased with each addition of
metHbA while the porphine core marker bands reporting oxidation and spin states shifted
monotonically toward their metHbA frequencies. Additionally, the UV-visible absorbance
spectra contained bands attributable to a mixture of metHbA and hemin-loaded HtaA-CR2.
Thus, significant transfer of hemin from metHbA to HtaA-CR2 was not observed in solution
under dilute and near-stoichiometric conditions.

Finally, hemin loading could also be effected by titrating the as-isolated protein with hemin
itself in DMSO to give a sample that was ~50% heme loaded. The spectra of holoHtaA-CR2
obtained via all of these procedures are shown in Fig. S5. The spectra are similar, but not
identical. This observation may reflect mixtures of more than one conformation of the
protein. Some of the HtaA-CR2 may also contain protoporphyrin rather than hemin. This
has been observed in previous studies involving isolation of recombinant heme proteins [56,
57]. Consistent with this idea, an electrospray mass spectrum of HtaA-CR2 showed peaks
for both protoporphyrin and hemin in the low molecular weight region and an HtaA-CR2
solution extracted with butanone showed a fluorescence peak appropriate for protoporphyrin
[58] (data not shown).

3.3. Reconstitution after full unfolding: A second form of HtaA-CR2

The classic approach to reconstitution of a heme protein is to remove all tetrapyrroles using
the butanone extraction method [40] and then reconstitute the apoprotein with hemin
dissolved in DMSO. The UV-visible absorbance spectrum of HtaA-CR2 reconstituted in this
manner was distinct from that of the as-isolated protein, with its Soret band being shifted to
higher energy, the appearance of a shoulder at 370 nm, and broadening and shifting of the a/
B bands (Fig. S5). Additionally, whereas the as-isolated protein could be reduced with
dithionite at pH 7, the reconstituted protein could only be reduced under an atmosphere of
CO. This method has been used to prepare ferrous heme carbonyls of proteins having highly
negative reduction potentials; e.g., WT Serratia marcescens HasA-CO (heme reduction
potential of — 550 mV) and HasA mutants with reduction potentials of approximately — 350
mV and lower [54]. The fact that this technique was necessary to reduce reconstituted HtaA-
CR2 is consistent with it having a significantly negative reduction potential, which is in turn
consistent with an axial tyrosinate ligand in the ferric state. CD spectra of the apoHtaA
isolated via hydrophobic interaction chromatography and via butanone treatment were also
different (Fig. S6), in line with the observations on the holoprotein.

Although the UV-visible spectra of the as-isolated and protein reconstituted after full
unfolding were different, the Soret-excited rR spectrum of reconstituted ferric HtaA-CR2
(data not shown) was similar to that of the as-isolated protein, exhibiting features
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characteristic of a 5¢cHS form. Moreover, the large I(v3):1(v4) ratio of 0.70 [53] and its lack
of spectral sensitivity to changes in pH argue for the hemin being bound to the protein
through an O-bound axial ligand, such as the phenol side chain of Tyr [39]. By contrast, the
IR spectrum of the ferrous carbonyl form of reconstituted HtaA-CR2 was distinct from that
of its as-isolated counterpart. The correlation plot (Fig. 3C) reveals two forms of the
reconstituted HtaA-CR2-CO complex; one very close to the as-isolated point with vee_co
and v¢_o frequencies of 536 and 1947 cm™1, respectively, and the second with frequencies
of 497 and 1947 cm™1, putting it on the plot near the correlation line for a trans histidine
ligand. This indicates that there are two forms of ferrous-CO species, one with frans
histidine and the other with a #rans O-bound ligand such as tyrosine or water. These spectral
and chemical differences indicate that addition of hemin to apoHtaA-CR2 created via
butanone extraction yields a different form of the holoprotein than that isolated after
purification. For consistency, the biophysical studies reported herein were all performed on
samples of the as-isolated HtaA-CR2, without unfolding of the protein or addition of hemin
in the laboratory.

3.4. Time scale of protein unfolding in chemical denaturation

HtaA-CR2 is quite stable to treatment with denaturing agents and heat. GAnHCI-induced
unfolding of HtaA-CR2 was not observed at room temperature over many hours for
denaturant concentrations up to 4 M. Even at 7.0 M GdnHClI, the protein was not completely
unfolded after 24 h at ambient temperature. The unfolding was then evaluated as a function
of GdnHCI at 37 °C. At each concentration, the unfolding curve was well modeled by a
single-term exponential decay function, suggesting a single first-order unfolding process
(Fig. 4). At the indicated GdnHCI concentrations, the unfolding half-lives were: 6.6 M (330
min), 6.8 M (300 min), 7.0 M (260 min), 7.2 M (250 min), and 7.4 M (215 min) GdnHCI.
Fig. S7 shows the dependence of the unfolding rate constant, 4, on the concentration of
GdnHCI. A rate constant at 37 °C in the absence of denaturant of 1.3 + 0.1 x 1078571 (¢, =
144 h) was calculated by extrapolation to the y~intercept.

3.5. Thermal unfolding of HtaA-CR2 in the presence of GdnHCI

Thermal denaturation was monitored in the presence of increasing amounts of GdnHCI. As
the temperature was increased, the Soret absorbance gradually decreased and shifted about
12 nm to higher energy (data not shown). The protein solutions were cooled to room
temperature at the end of each experiment. Around 30% of the original Soret absorbance
was recovered in solutions of 1.5 and 1.75 M GdnHCI. No recovery was observed in
solutions in which the concentration of GdnHCI was greater than 1.75 M. Because the
protein was so stable (i.e., not fully reaching equilibrium at each temperature), only apparent
Tm values could be calculated. For example, at 1.5 M denaturant, the apparent T, was 77 °C
(Fig. 5). Extrapolation of a plot of T, vs. the concentration of GdnHCI to zero denaturant
concentration suggests an apparent intrinsic T, of 84 °C for HtaA-CR2 (Fig. S8).

3.6. Guanidinium-induced unfolding of apoHtaA-CR2 and its mutants

Fluorescence spectroscopy was used to gain insight into the stability of the apoprotein forms
of WT HtaA-CR2 and its mutants. Tryptophan emission was monitored as a function of the
concentration of GAnHCI. Fig. 6 shows a representative example of the unfolding curve of
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apo Y490A. The midpoint denaturation concentrations were 1.34 + 0.02 M for apo WT
HtaA-CR2 and 1.25 + 0.02, 1.28 £ 0.01, 1.41 + 0.01 M for Y361A, H412A and Y490A,
mutants, respectively.

3.7 ESI Mass spectrometry

The stability of the holoprotein was also evaluated using mass spectrometry. The mass
spectrum of a fully holo WT sample was recorded as a function of collision voltage from 5 -
40 V. The observed percentage of holoprotein decreased from approximately 70% to
approximately 20% (Fig. 7). The as-isolated mutants had less than 5% heme, and so were
not studied with this method.

4. Discussion

4.1. HtaA-CR2 axial ligands

Sequence alignment indicates three probable axial ligands that are completely conserved in
HtaA Corynebacterium sequences: Tyr361, His412, and Tyr490. Previous experimental data
indicate that Y361 is more likely than Y490 to be the axial ligand [37]. Sequence alignment
of a variety of homologous proteins is in line with this expectation, as the region around
Y361 shows greater conservation than the region around Y490. Optical spectroscopy of WT
HtaA-CR2 shows three bands in the a/p region. This three-banded pattern, with a band near
630 nm, is characteristic of a tyrosine axial ligand as found in various heme uptake proteins
in a variety of species (Table S2).

Consistent with the UV-visible spectral pattern, several aspects of the rR spectrum support a
5cHS hemin with an axial Tyr ligand. First, the vz and v, frequencies of 1490 and 1372
cm™1 are indicative of ferric 5cHS hemin [51-53]. Second, the high 1(v3):1(v4) ratio is
characteristic of an O-bound axial ligand. Although this spectral fingerprint is well
established in a number of 5cHS Tyr-bound hemins [39, 59, 60], the possibility of a 5¢cHS
aqua or hydroxo complex could not be excluded based solely on the spectrum of the WT
protein. Therefore, rR spectra of HtaA-CR2 were recorded at high pH and pD in 180H, and
OD, to determine whether there were any isotope-sensitive bands in the vge on region of the
spectrum. The lack of 180- or 2H-sensitive bands further supports the conclusion that the O-
bound axial ligand is endogenous. Third, the insensitivity of the HtaA-CR2 spectrum to pH
is consistent with an axial Tyr ligand [53]. Finally, ferric hemin protein complexes having
axial Tyr ligands are well known for their negative reduction potentials. Those complexes
are generally either slow to reduce in the presence of S,042~ or simply do not reduce unless
a strongly-coordinating ligand that favors Fe(Il) over Fe(lll), such as CO, is present to drive
the reduction [54]. HtaA-CR2 exhibits this behavior, being only slowly reduced in the
presence of excess S,042~ at pH 7 (Fig. S2).

The observation of Allen and Schmitt that mutation of H412 makes as much of a difference
in heme binding as mutation of Y361 [37] is consistent with H412 playing a role in the heme
pocket. In the current study, run on a larger scale with FPLC purification of the proteins, the
Y361A and H412A mutants bound only 1-2% heme; Y490A was somewhat more heme
loaded (consistent with this residue not being involved directly with heme binding). Many
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proteins in heme-uptake pathways with tyrosine as an axial ligand have a hydrogen-bonding
partner in the binding pocket [39]. In some instances mutation of the hydrogen-bonding
partner has been shown to have a very large effect on heme binding, e.g., removal of the H-
bonding partner H83 in the S. marcescens hemophore HasA resulted in a loss in heme
affinity of more than 2500-fold [61]. In other instances, the effect is small, e.g., mutation of
the H81 hydrogen-bonding partner in Pseudomonas aeruginosa HasA did not change the
heme association constant [62]. These data are consistent with many factors being important
in controlling heme binding, including van der Waals, salt bridging, rc-stacking and other
hydrogen-bonding interactions. Even though a given interaction may not play a decisive role
in controlling the heme affinity, it may be mechanistically important in the transfer of the
heme to the cognate acceptor.

4.2. Reconstituted HtaA-CR2

The significant 370-nm absorbance in the UV-visible spectrum of HtaA-CR2 reconstituted
with hemin itself is consistent with binding of a r-stacked heme dimer. Although we have
not pursued structural characterization of this complex, the suggestion of complex with
dimeric heme has considerable precedence. Hemin readily forms m-stacked as well as p-oxo
dimers in solution [63, 64]. X-ray data have shown that Yersinia pestis HmuT can bind heme
as a re-stacked dimer; this form of the holoprotein had an absorbance band at 373 nm in
solution [65]. X-ray data has also shown that Mycobacterium tuberculosis MhuD has the
ability to bind rc-stacked heme, although this complex is enzymatically inactive [66].
Finally, r-stacked dimers have been found at the interface between two heme trafficking
proteins in the crystal structures of ChaN from Campylobacter [67], 1sdH from S. aureus
[68], and Shp from S. pyogenes [35].

4.3 Heme transfer from Hb to HtaA-CR2

Hemoglobin serves as a source of heme for C. diphtheriae, mutations in the AfaA gene
reduce the ability of the organism to employ Hb as an iron source [36]. Hemin can be
transferred from Hb to HtaA as shown previously on a small scale [37] and in this work as a
possible preparative procedure for holoHtaA-CR2.

In contrast, significant hemin transfer from Hb to HtaA-CR2 was not observed at lower
concentrations of the proteins in solution. These experiments were run over ~ 2 h with an
initial ratio [metHb]/[apoHtaA-CR2] of 0.7 and a final ratio of 1.1 (6.5 uM hemin in Hb). In
comparison, the affinity column experiments were run for 19 h with a [metHb]/[apoHtaA-
CR2] ratio of approximately 40. As the value of Kj for tetrameric metHbA is 1.5x1076 M
[69, 70] both experimental conditions (6.5 UM and 200 uM hemin in metHb) give rise to
mixtures of dimer of ap (1.2 and 8.3 uM ap dimer, respectively) and (ap), tetramer [1.0
and 46 pM (ap), tetramer, respectively]. The role of the dimer is significant because the
hemin dissociation rate constants for the a. chain are 0.6 and 0.3 h™1 in the dimer and
tetramer, respectively; the corresponding rate constants for the g chain are 15 and 1.5 h™1
[70]. The tetramer to dimer conversion is rapid (1-10 sec™1) and autoxidation of Hb is facile
outside erythrocytes [70]. Although hemin transfer may occur within the complex (the Ky
value of HbA:HtaA-CR2 is approximately 300 nM [38]), these rate constants for loss of
hemin from Hb are fast enough to be consistent with passive loss of the prosthetic group
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from either the tetramer or the dimer followed by HtaA-CR2 uptake from solution on the
time scales of these experiments. It is possible that the heme transfer observed in the affinity
column experiments can be largely explained by longer contact times with the Hb and
differences in the [ap]/[apoHtaA] ratios. The microenvironment on the column may also be
conducive to heme transfer. By contrast, the spectroscopically (UV-vis and rR) tracked
reactions carried out at lower metHb concentration in solution were too slow to affect a
similar passive transfer during the window of observation.

4.4. Comparison of the holo and apo forms of HtaA-CR2

As noted above, holoHtaA-CR2 is exceptionally stable, with unfolding incomplete even
after 24 h in 7 M GdnHCI at 37 °C. In stark contrast, apoHtaA-CR2 unfolded readily, with a
midpoint for unfolding of 1.34 £ 0.02 M at room temperature. The mutants behaved
similarly, with D1/, values ranging only from 1.25 to 1.41 M for the Y361A, H412A and
Y490A mutants. Thus, heme plays a deterministic role in the stability of the protein fold.

The importance of the full HtaA-CR2 structure for binding the heme tightly is also seen in
the fact that all three mutants were isolated with at most 5% bound heme, in comparison
with the WT protein, which had about 20% heme loading. Mutation of axial ligands need
not lead to such a dramatic loss in heme binding for &-type heme uptake proteins. For
example, as-isolated holoprotein with mutated axial ligands can be purified for C.
diphtheriae HmuT [39], P aeruginosa HasA [60], S. pyogenes SiaA/HtsA [71] and S.
pyogenes Shp [72].

4.5. Thermal and chemical denaturation

HtaA-CR2 exhibits very high stability. Even in 6.8 M GdnHCI at 37 °C, the half-life for
protein denaturation was 5 h. The only other non-hyperthermophilic heme proteins of which
we are aware that are approximately as stable as HtaA-CR2 are the Class 11 plant
peroxidases [73, 74]. For example, soybean peroxidase has a half-life for denaturation of 3.3
h at 25 °C in 6.8 M GdnHCI [73]. Horseradish peroxidase unfolds approximately 300 times
more quickly under these conditions.

The origin of hyperstability is multifaceted and includes hydrogen bonding, internal packing
of hydrophobic residues, optimization of salt bridges, and factors that restrict flexibility
(including dimerization) [75-77]. Significant stability in heme transfer proteins presumably
protects the organism from the deleterious effects of reactive oxygen species produced in the
presence of free hemin and also allows the hemin to be transferred to a specific partner
protein. Proteins in heme uptake pathways may have evolved very stable heme-bound folds
so that heme cannot be released spontaneously or during non-specific encounters with other
bio-macromolecules. This stability may reflect a mechanistic requirement for heme transfer
to be “triggered” by the formation of a highly specific protein-protein complex with the
appropriate heme-accepting partner wherein the heme would be available for transfer. A
number of studies have led to the conclusion that transient protein-protein complexes are
involved in heme transfer including investigations of the pathways from Shp to HtsA in S.
pyogenes[78, 79]; in the Isd proteins of S. aureus [80-82]; from 1sdX1 to IsdC and IsdX2
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[83] and BsIKN to IsdC [29] in B. anthracis, and from Hbpl to Hbp2 in L. monocytogenes
[27].

4.6 Mass spectrometry

When the collision voltage was increased from 5 - 40 V, holo HtaA-CR2 lost about 70% of
its heme. By comparison, previous studies on HmuT, another protein in the pathway, showed
only 10% heme loss over this collision voltage range [39]. HmuT had a T,, of 67 °C in
buffer without denaturant while HtaA had essentially the same Ty, (specifically, 69 °C) only
in buffer with 3.0 M GdnHCI. The gas phase and solution phase data do not show a direct
correlation, but give complementary information on protein stability, as also observed in
previous studies on myoglobin and cytochrome &5 [84].

5. Conclusions

The UV-visible absorbance spectra of as-isolated ferric HtaA-CR2 as well as the Raman
spectra, including placement on the ferrous-CO back bonding plots, are consistent with a
tyrosine axial ligand. In that the H412A mutant also has very low heme loading, and shows
significant reduction of Hb binding compared to WT, this residue may play a role in the
heme pocket, perhaps as the hydrogen-bonding partner to Y361 or elsewhere near the heme.
Reconstitution of WT HtaA-CR2 with hemin gave a different form of the protein. Transfer
of hemin from Hb depended on the conditions of the experiment, being favored in on-
column protocols at hundreds of micromolar metHb subunit concentrations. HtaA-CR2 is
highly stable. In chemical denaturation experiments, no unfolding was observed even up to 4
M GdnHCI over 24 h at room temperature. At higher concentrations of GdnHCI (6.6-7.4
M), a single unfolding process was observed at 37 °C. The protein was also stable to heat; it
was necessary to perform thermal denaturation experiments in the presence of GdnHCI (1.5-
3.0 M). In contrast, the apo forms of the WT protein and the mutants unfolded readily,
suggesting that the bound heme is playing a significant role in the stability of the protein.
The very high stability of the holoprotein may protect the bacteria against adventitious loss
of heme during the uptake process. HtaA-CR2 joins other heme uptake proteins, such as
many of those with NEAT domains, in using a tyrosine as the axial ligand. Changes in the
hydrogen bonding of an axial tyrosine may be employed to promote heme transfer to the
next protein in the pathway.
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Highlights
. The heme in HtaA-CR2 is coordinated by an axial tyrosine
. Mutation of the axial ligand and a potential hydrogen-bonding partner
His reduced heme binding
. Reconstitution of the protein after full unfolding significantly altered
the heme binding pocket
. HtaA-CR2 is very stable towards heat and treatment with guanidinium
hydrochloride
. Bound heme plays an essential role in the stability of HtaA-CR2
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HmuUV HmuT HtaB HtaA

Fig. 1.
Schematic of heme uptake proteins in the Amu pathway of C. diphtheriae.
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Fig. 2.

A)g UV-visible spectra of ferric (black —), ferrous ( blue =), and ferrous carbonyl ( red =)
complexes of HtaA-CR2. The ferric and ferrous carbonyl samples were in 50 mM Tris-HCI
pH 7.0; the ferrous HtaA-CR2 was in 50 mM Tris-HCI pH 7.0. B) High-frequency rR
spectra of a) ferric HtaA-CR2, 406.7 nm excitation, b) ferrous HtaA-CR2, 413.1 nm
excitation, and c) ferrous-CO HtaA-CR2 complex, 413.1 nm excitation, under the same
buffer conditions listed in A. Laser powers incident on the sample for a and b were 5 - 8 mW
while ¢ was acquired with 2.5 mW.
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Fig. 3.

Rgsonance Raman characterization of the ferrous HtaA-CR2 carbonyl complex. A) Low
frequency region and B) C-O stretching region of the rR spectra of the isotopomers of HtaA-
CR2-CO recorded using 413.1 nm: HtaA-CR2-12CO (top), HtaA-CR2-13CO (middle) and
difference [HtaA-CR2-12CO - HtaA-CR2-13CO] (bottom) spectra. The ferrous carbonyl
complex was prepared in 50 mM Tris-HCI pH 7.8. C) The vge_co/vc—o correlation plot of
ferrous carbonyl proteins with the as-isolated HtaA-CR2-CO indicated by a solid red star.
Reconstituted HtaA-CR2-CO is a mixture of two heme carbony! species, indicated by open
red stars. One is near the point for the as-isolated protein, and the other is near the black line
for heme carbonyls having #rans imidazole ligands. The green line is the least squares line
for six-coordinate Fe—CO adducts in which the proximal ligand is thiolate or imidazolate
and the blue line represents a compilation of model complexes and heme proteins, wherein
the ligand fransto CO is likely to charge neutral and coordinated through an oxygen atom
[55].
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Time scale of WT HtaA-CR2 unfolding in the presence of 6.8 M GdnHCI. The unfolding
reaction was carried out in 50 mM Tris-HCI pH 7.0. The data were fit using the single-term

exponential decay fu

J Inorg Biochem. Auth

nction shown in Eq. 1.
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Soret absorbance of HtaA-CR2 at 405 nm in 1.5 M GdnHClI as a function of temperature.
Points are experimental values of A4qs; the solid line shows the nonlinear least squares fit of

the Soret absorbance to the function in Eq. 2. The fit yielded a value of 77 °C for Ty,.
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Tryptophan emission of Y490A apoHtaA-CR2 as a function of GdnHCI concentration. The

reaction was in 50 mM Tris-HCI pH 7.0. Data points were recorded after chemical

equilibration (5 - 20 min). Solid points are photon counts per second at 340 nm, and the

solid line is the fit using the function in Eq. 3.
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Fig. 7.

Electrospray ionization mass spectrometry detection of heme-bound holoHtaA-CR2 as a
function of collision energy voltage. The protein solution was prepared in 20 mM
ammonium acetate, pH 6.8.
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