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Abstract

The heme-binding protein Shp of Group A Streptococcus rapidly transfers its heme to HtsA, the
lipoprotein component of the HtsABC transporter, in a concerted two-step process with one
kinetic phase. Heme axial residue-to-alanine replacement mutant proteins of Shp and HtsA
(ShpME6A  ShpMIS3A HisAM79A and HtsAH2294) were used to probe the axial displacement
mechanism of this heme transfer reaction. Ferric ShpM6A at high pH and ShpM153A have a
pentacoordinate heme iron complex with a methionine axial ligand. ApoHtsAM79A efficiently
acquires heme from ferric Shp but alters the reaction mechanism to two kinetic phases from a
single phase in the wild-type protein reactions. In contrast, apoHtsAH229A cannot assimilate heme
from ferric Shp. The conversion of pentacoordinate holoShpM86A into pentacoordinate
holoHtsAH229A jnyolves an intermediate, whereas holoHtsAH229 is directly formed from
pentacoordinate holoShpM153A Conversely, apoHtsAM79A reacts with holoShpM86A and
holoShpM153A in the mechanisms with one and two kinetic phases, respectively. These results
imply that the Met79 and His229 residues of HtsA displace the Met66 and Met153 residues of
Shp, respectively. Structural docking analysis supports this mechanism of the specific axial
residue displacement. Furthermore, the rates of the cleavage of the axial bond in Shp in the
presence of a replacing HtsA axial residue are greater than that in the absence of a replacing HtsA
axial residue. These findings reveal a novel heme transfer mechanism of the specific displacement
of the Shp axial residues with the HtsA axial residues and the involvement of the HtsA axial
residues in the displacement.

In order to obtain the essential nutrient iron during infections, many bacterial pathogens
acquire heme from their hosts using a combination of cell wall associated hemoreceptors
and secreted hemphores (1-5). In many species of Gram positive bacteria captured heme is
thought to be transferred across the cell wall via peptidoglycan hemorecptors, which deliver
the heme to specific membrane associated ABC transporters (6, 7), that pump the heme into
the cytoplasm (8). Significant advances have been made in understanding the heme
acquisition pathways in a number of clinically important Gram positive bacteria (5, 9-11).
Works have established the structural basis of heme binding for many hemoreceptors (12—
18) and established that heme transfer occurs rapidly via protein-protein heme transfer
complexes (19-21). However, how heme is transferred from one protein to another in these
processes is not well understood.
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Our laboratory has been studying heme transfer from the surface heme-binding protein Shp
to HtsA, the lipoprotein component of the ABC transporter HtsSABC in Group A
Streptococcus (GAS), as a model system to understand the mechanism of heme transfer
among proteins (22). Shp and HtsABC are part of the heme acquisition machinery in GAS,
which also includes the cell surface heme-binding protein Shr (23-26). Shr directly acquires
heme from human methemoglobin and donates it to Shp (5). Heme can be directly
transferred from Shp to HtsA (19), but Shr does not efficiently donate its heme to HtsA (26).
These findings support a heme acquisition pathway by the Shr/Shp/HtsABC system in
which Shr directly extracts heme from metHb and Shp relays it from Shr to HtsA (Fig. 1).
Although the specific proteins vary, similar heme transfer processes occur in other important
pathogens including S. aureusand B. anthracis (6, 9, 10, 27).

Because the Shp to HtsA heme transfer reaction has been well defined, it is an ideal model
system to understand the process of heme transfer in Gram positive bacteria. Previously we
have shown that Shp and HtsA use the Met66/Met153 and Met79/His229 residues as axial
ligands to coordinate the central iron atom within bound heme, respectively (13, 20, 28).
The heme complexes of each protein exhibit significantly different UV-Vis absorption
spectra, which makes it convenient to spectrally monitor the heme transfer reaction. In our
previous work, we demonstrated that Met66Ala and Met153Ala mutations in Shp alter the
kinetic mechanism through which heme is transferred to HtsA (20). We also created HtsA
axial ligand mutants and characterized how they coordinate heme iron (28). Our previous
kinetic analysis led us to hypothesize that heme-bound Shp (HoloShp) first forms a complex
with heme-free HtsA (apoHtsA) and subsequently transfers its heme to HtsA with one
kinetic phase (19). Based on this kinetic mechanism we proposed that the axial residues of
the Shp heme iron are directly displaced by the axial residues of apoHtsA during the heme
transfer reaction. Here we present data that support this proposed heme transfer mechanism.

MATERIALS AND METHODS

Proteins

Recombinant wild-type, Met66Ala (ShpM66A) and Met153Ala (ShpM193A) mutant Shp
proteins and wild-type, Met79Ala (HtsAM794) and His229Ala (HtsAH2294) mutant HtsA
proteins were prepared as previously described (20, 28). Purified wild-type and M79A HtsA
proteins were a mixture of holo- and apo-forms. Homogeneous apoHtsA proteins were
obtained by loading the mixtures on a DEAE column (2.5 x 6 cm) and eluting the column
with a 100-ml linear gradient of 0.05-0.15 M NaCl in Tris-HCI, pH 8.0.

Heme Transfer

Heme transfer from ferric holoShp to apoHtsA was monitored by spectral changes
associated with heme transfer. Ferric holoShp, holoShpM&6A or holoShpM153A was mixed
with wild-type, HtsAH229A  or HtisAM79A gpoproteins at indicated concentrations in 20 mM
Tris-HCI, pH 8, in a stopped-flow spectrophotometer equipped with a photodiode array
detector (SX20; Applied Photophysics). Absorption spectra of each reaction mixture were
recorded at different times after mixing.

Kinetic Analysis of Heme Transfer

Spectra of the heme transfer reactions were recorded with time using the stopped-flow
spectrophotometer after mixing wild-type or mutant Shp with apoHtsA mutant protein at = 5
X [holoShp protein] in 20 mM Tris-HCI, pH 8.0. Spectral changes at the Soret peak and the
charge transfer bands were fit to a single exponential or double exponential equation using
the GraphPad Prism Software, yielding observed pseudo-first order rate constants.
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Magnetic Circular Dichroism (MCD) Measurements

MCD spectra of oxidized and reduced holoShp proteins in 50 mM phosphate buffer at the
indicated pH were recorded using JASCO J-710 spectropolarimeter equipped with an Alpha
Scientific 3002-1 electromagnet under the following conditions: bandwidth, 1 nm;
accumulation, 3 scans; scan rate, 100 nm/min; resolution, 0.5 nm; magnetic field, 12.9 kG
(1.29 tesla); and temperature at 25°C. The spectra of the reduced proteins were taken in the
presence of excess dithionite. Buffer blank-corrected CD spectra obtained without magnetic
field were subtracted from corresponding buffer-corrected MCD spectra using the Jasco
software. These processed MCD data were then used to calculate the final MCD data in
units of Agy; (M'cm'tesla)™1 based on protein concentration, light path, magnetic field, and
molar ellipticity @ (deg'cm? dmol 1" tesla™l) = 3300 Agy.

Binding of Imidazole to Shp Mutant Proteins

One ml of 7 uM ShpM86A or ShpM153A \yas mixed with imidazole at 5 to 500 yM and
incubated at 20°C for at least 10 min, and the absorption and MCD spectra were recorded.
The spectral change in the binding of imidazole to ShpM86A versus imidazole concentration
was analyzed using the model of specific one-site binding.

Other Assays and Measurements

Protein concentrations were measured using a modified Lowry protein assay kit (Pierce)
with bovine serum albumin as a standard according to the manufacturer’s instructions. Heme
content of Shp and HtsA was determined using the pyridine hemochrome assay (29). A
SPECTRA™M?aX 384 Plus spectrophotometer was used for absorption measurements, unless
otherwise specified.

Structure Modeling and Docking

RESULTS

Modeller version 9.9 (30, 31) was used to generate a three-dimensional (3-D) homology
model of apo-HtsA. Initially, Modeller was used to search a library containing the primary
sequences of proteins of known structure. The top six related sequences that aligned to HtsA
with 24% or greater sequence identity were used as templates to build a model of the three
dimensional structure of HtsA. The model of HtsA was then docked to holo-Shp (PDB ID:
2Q7A) using the online RosettaDock server (32). RosettaDock identifies low-energy
conformations for the protein-protein complex by simultaneously optimizing side-chain
conformations (packing algorithm) and through rigid body docking using a Monte Carlo
minimization strategy.

Coordination of the Heme Iron in ShpM86A and ShpM153A

We hypothesize that transfer occurs when one of the axial ligands in Shp is displaced by a
ligand from HtsA. We used HtsAM79A HtsAH229A ghpM153A and ShpME6A mytants to test
the hypothesis as described later. Information on the coordination and axial ligand(s) of the
heme iron in these axial HtsA and Shp mutants are critical for the interpretation of spectral
and kinetic data of the heme transfer reactions. UV-vis, MCD, RR, and EPR analyses have
revealed that ferric HtsAH229A has a high-spin, pentacoordinate heme iron with a
methionine axial ligand and that ferrous HtsAH229A and HtsAM79A heme irons are
pentacoordinate, whereas ferric HtsAM79A has a high-spin, hexacoordinate heme iron with
axial histidine and water ligands (28). This left unresolved how potential heme coordinating
ligand in axial Shp mutants interacted with iron. Thus, we examined the heme coordination
in ShpM66A and ShpM153A Resonance Raman analysis uses intense laser light for repeated
excitation under which the wt Shp and axial mutant proteins form precipitates. Thus, we
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used MCD analysis to examine the heme coordination in the Shp mutant proteins. Ferrous
wild-type Shp displays a typical low spin hexacoordinate heme iron in the Q band region
(Fig. 2A); however, its Soret band has higher ellipticities and a red shift compared with the
previously reported Soret band of HtsA with Met and His axial ligation (28). The distinct
MCD spectrum of ferrous Shp in the Soret band region is apparently due to the axial ligation
of the iron to two Met residues, which has been elucidated by a mutagenesis study (20) and
confirmed by the X-ray structure of the heme-binding domain of Shp (13). Ferrous
ShpM153A has an MCD profile (Fig. 2A) that is very similar to that of ferrous HtsAH229A,
which has a pentacoordinate iron with an axial bond with Met79 (28). This result indicates
that ferrous ShpM153A has a pentacoordinate iron that bonds with the axial Met66 residue.
Ferric wild-type Shp shows a typical hexacoordinate low-spin MCD spectrum (Fig. 2B).
The MCD spectrum of ferric ShpM153A js again very similar to that of ferric HtsAH229A
(Fig. 2B). The published UV-Vis spectrum of ferrous and ferric ShpM193A (20) is similar to
that of ferrous and ferric HtsAH229A (Table 1) (28). Thus, like HtsAH229A ShpMI153A hag g
pentacoordinate heme iron with a Met axial ligand (Met66).

Ferrous ShpM66A and ShpM153A ghare similar MCD profiles in the region of 350-450 nm,
but ShpMB6A has a small derivative signal in the Q band that is similar to that of the wild-
type Shp (Fig. 2A), suggesting that a small portion of ferrous ShpM&6A might be in a
hexacoordinate complex. The MCD profile of ferric ShpM66A s very similar with that of
HtsAH229A and ShpM153A: however, the ellipticity of ferric ShpM66A at the Soret band at pH
8.0 is about three times as those of HtsAH229A and ShpM153A  According to the results of a
pH titration described later, the higher ellipticities of ShpM86A at pH 8.0 appears to be partly
due to the presence of a small portion of ShpM66A that has a hexacoordinate heme iron with
a water molecule at the vacated coordination site.

Effects of pH on the Coordination of the Heme Iron in ShpM66A

The UV-Vis spectrum of ferric ShpM66A varied from pH >8.6 to pH 6.0. At pH > 8.6 ferric
ShpM66A displayed the absorption peaks at 404, 489, and 600 nm (Fig. 3A). This spectrum
is similar to that of ShpM153A and HtsAH229A and, thus, represents a pentacoordinate heme
iron complex with one axial bond with Met153. As the pH decreases from pH 8.6 to < 6, the
Soret absorption peak increases in intensity and is red shifted. The charge transfer bands in
the visible region undergo dramatic changes as well, resulting in an absorption spectrum
with peaks at 408, 502, 534, and 624 nm at pH 6 (Fig. 3A). This spectrum resembles that of
a hexacoordinate, high spin heme iron with its sixth bond to an axial water molecule,
suggesting that ShpM86A had a switch in the heme iron coordination from pentacoordination
to hexacoordination due to the binding of a water molecule as the sixth coordination. MCD
measurements support this interpretation. The MCD spectra of ferric ShpM86A at basic and
acidic pH are similar to that of pentacoordinate HtsAH229A complex and hexacoordinate
heme complex, respectively (Fig. 3B). The spectral changes of ferric ShpM86A with pH fit
an equation describing the absorbance change with the titration of a single ionizable group
with a pK; of 7.6 + 0.1 (Fig. 3C), indicating that the conversion of the heme iron
coordination in ShpM86A s associated with the protonation of a basic group. The UV-Vis
spectrum of ferric ShpM153A did not change as dramatically as that of ferric ShpM86A (Fig.
3D). Consistent with this observation, the MCD spectrum of ShpM153A at pH 6.0 was still
very similar to that of the protein at pH 8.0, indicating that the majority of the heme iron
does not change the coordination when pH decreases from 8.0 to 6.0 (Fig. 3E).

Binding of Imidazole to the Heme Iron in Axial Mutants of Shp

The pH titration results suggest that the empty coordination site in ShpM66A and ShpM153A
have different accessibility to external ligands. The understanding of the accessibility would
provide clues about the axial displacement process. To investigate this issue we tested the
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ability of ShpM66A and ShpM153A tg interact with free imidazole, which was meant to act as
a surrogate for HtsA. Addition of imidazole causes a dose-dependent shift of the ShpM66A
absorption spectrum to one that is typical of a hexacoordinate low spin heme iron (Fig. 4A),
and the MCD spectrum of ShpM66A in the presence of 0.5 mM imidazole is consistent with
the imidazole binding (Fig. 4B). The spectral change as a function of imidazole
concentration fit a model of specific one-site binding with a Kq of 210 + 11 uM (Fig. 4B).
These results indicate that imidazole ligates to the ShpM86A heme iron. In contrast,
imidazole at 0.5 mM did not alter the absorption and MCD spectra of ShpM193A (Fig. 4C
and 4D), indicating that imidazole cannot bind to ShpM153A ynder these conditions. These
results suggest that imidazole can access the alanine 66 position of ShpM&A but not the
alanine 153 position of ShpM153A,

Effects of Mutation of the HtsA Heme Axial Ligand Residues on Heme Transfer from Shp
to HtsA and its Kinetic Mechanism

The purpose of this study is to probe the mechanism of heme transfer from Shp to HtsA by
using Shp and HtsA heme axial residue mutants. With the information on the spectral
features and coordination of the heme iron in the axial Shp and HtsA mutants, we could
interpret the heme transfer according to spectral changes during the heme transfer reaction
and determine the mechanism of heme transfer by monitoring the kinetics of the spectral
changes associated with heme transfer. We first examined effects of the Ala replacements of
the HtsA heme axial ligands on the efficiency and kinetic feature of the Shp-to-HtsA heme
transfer. In the reaction of ferric Shp and apoHtsAM79A the Soret peak shifts rapidly from
420 nm to 402 nm with a concurrent decrease of the charge transfer bands at 530 nm and
560 nm, and an additional peak at 630 nm showed up (Fig. 5A). The resulting spectrum has
peaks at 402, 498, 536, and 630 nm. This spectrum is same as the reported spectrum of
holoHtsAM79A (28). Thus, ferric Shp efficiently transfers its heme to HtsAM79A, However,
there was no significant spectral shift after ferric Shp was mixed with excess apoHtsAH229A,
and the final spectrum of the mixture was primarily that of holoShp but not holoHtsAH229A
(Fig. 5B), indicating that most of the heme was still on Shp. Thus, elimination of the His229
ligand but not the Met79 residue considerably decreases the efficiency of heme transfer from
ferric holoShp to apoHtsA.

Next, we determined whether the HtsAM79A mutation changes the kinetic mechanism of the
Shp/apoHtsA reaction. We monitored spectral changes of the Soret peak at A4y and Asos
and the charge transfer band at Agzg. AA402 and AAys increased and decreased with time,
respectively, representing the formation of holoHtsAM79A and disappearance of holoShp,
respectively. The time courses of both AA4g, and AA4s fit to a two exponential equation
(Fig. 5C), resulting in observed rate constants of 7.4 + 0.10 s1 and 0.65 + 0.02 s~ from the
AA4go time course and 7.6 + 0.12 and 0.70 + 0.03 s™1 for the AA 45 time course with 32 M
of apoHtsAM79A (Table 2). There was not much change in AAgsg in the fast phase, and the
AAg3g time course in the time points for the slower phase fits a single exponential equation,
yielding an observed rate constant of 0.63 + 0.03 s™1. This observed rate was similar to the
one for the second kinetic phase in the AA4g, and AA4o5 time courses. The Agszg peak is the
absorption of holoHtsAM79A Thus, the final product was completely formed during the
second kinetic phase. Thus, like the M66A and M153A mutations of Shp, the M79A
mutation of HtsA results in a change in the kinetic mechanism from one to two Kinetic
phases. It should be noted that the biphasic kinetics of the holoShp/apoHtsAM79A is more
related to the cleavage of the axial bonds in the heme donor whereas the biphasic features of
the Shp axial mutant/apoHtsA is more related to the formation of the axial bonds in the
holoHtsA product.
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A Model for Axial Ligand Replacement Mechanism in the Shp-to-HtsA Heme Transfer

Reaction

The heme transfer reaction involves the cleavage of the two axial bonds of the Shp heme
and the formation of the two new axial bonds of the heme in the holoHtsA product. The
single kinetic phase of this transfer reaction indicates that the cleavage of the Shp heme axial
bonds and the formation of the HtsA heme axial bonds occur at about the same time. We
propose that the axial residues of apoHtsA approach the axial bonds along the two sides of
the heme in Shp to facilitate the cleavage of the axial bonds and eventually displace the Shp
axial residues at about same time (Fig. 6A). The evidence for the specific displacements of
the Shp M66 and M153 axial ligands with HtsA M79 and His229, respectively, in this
model is presented below. The kinetic mechanism of the Shp/apoHtsAM79A reaction is
consistent with and, thus, supports the reaction model in Fig. 6A. The fast phase in the Shp/
apoHtsAM79A reaction represents the displacement of the Shp M153-heme iron bond with
the HtsA H229 residue, and the slower phase is the cleavage of the Shp M66-heme iron
bond because of the lack of the HtsA M79 residue (Fig. 6B).

Test on the Axial Ligand Displacement Model for the Heme transfer from Shp to HtsA

The axial displacement model in Fig. 6A can be tested by examining heme transfer from
ShpM66A and ShpM153A tg apoHtsAM79A and apoHtsAH229A |f the remaining axial residue
in the HtsA mutants displaces the remaining axial residue in the Shp mutants, the transfer
process should have one kinetic phase (Fig. 6C). Otherwise, the reaction should be
kinetically biphasic (Fig. 6D). In particular, there should be a hexacoordinate intermediate in
the transfer reaction in Fig. 6D.

In the reactions of apoHtsAH229A with holoShpM&64 and holoShpM153A, the donors and
product all have a pentacoordinate heme iron with a Met axial ligand and have a charge
transfer absorption peak at about 600 nm. During the reaction of holoShpM86A with
apoHtsAH229A the Soret peak first has a red shift and then a blue shift (Fig. 7A), and the
Agoo peak first decreases (the black curves) and then increases (the colored curves) (Fig.
TA). AA4q that represents the spectral shift in the Soret peak first increases and then
decreases whereas AAgqg that shows the spectral shift in the charge transfer band first
decreases and then increases (Fig. 7B). The time course of both AA2g and AAggg at 13 pM
of apoHtsAH229A it to a two exponential equation, yielding two observed rate constants of
7.0+1.0s1and 1.4 + 0.5 s72. Clearly, the holoShpM66A/apoHtsAH229A reaction has an
intermediate. The Soret peak of this intermediate is at a longer wavelength than
holoShpM66A and holoHtsAH229A and the intermediate lacks the Aggg peak. These features
suggest that the intermediate in the holoShpM66A/apoHtsAH229A reaction is a
hexacoordinate heme iron complex. These results suggest that the holoShpM6&64;
apoHtsAH229A reaction follows the reaction scheme shown in Fig. 5D, in which the Met79
residue of apoHtsAH229A first forms an axial bond with the heme iron prior to the cleavage
of the Met153-Fe bond during the reaction.

In contrast, there is no significant change in Aggg during the reaction of holoShpM153A with
apoHtsAH229A (Fig, 7C & 7D), and the Soret peak increased with time (Fig. 7C). The time
course of AAy fits to a single exponential equation (Fig. 4D), yielding an observed rate
constant of 14.7 + 0.3 s™1 at 13 pM apoHtsAH229A Thus, the holoShpM153A/apoHts AH229A
reaction has one kinetic phase, indicating that there is no spectrally detectable intermediate
in this reaction. This spectral and kinetic data can be interpreted by the scheme shown in
Fig. 6C, in which the HtsA M79 residue displaces the Shp M66 residue. The results in the
reactions of apoHtsAH229A ith ShpM66A and ShpM153A support a mechanism of the
specific axial residue displacement shown in Fig. 6A in which the Met66 and Met153
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residues of Shp are specifically displaced by the Met79 and His229 residues of apoHtsA,
respectively, during the reaction.

This axial displacement model was further tested in the reactions of apoHtsAM79A with
holo-ShpM66A and holo-ShpM153A |f this model is correct, the holoShpM86A/apoHtsAM79A
reaction should follow the scheme shown in Fig. 6C and have one kinetic phase whereas the
ShpM153A/apoHtsAM79A reactions should have follow the scheme shown in Fig. 6D and
have two kinetic phases. In both reactions, the spectra shifted to that of holoHtsAM79A (Fig.
8A & 8C). The spectral change in the holoShpM&6A/apoHtsAM79A reaction indeed fits to a
single exponential equation with an observed rate constant of 8.6 + 0.6 s with 10 yM
apoHtsAM79A (Fig. 8B), indicating one kinetic phase of the reaction, whereas the spectral
change in the holoShpM153A/apoHtsAM79A reaction fits to a two exponential equation with
observed rate constants of 8.1 = 0.4 s™1 and 0.48 + 0.06 s™1 with 10 uM of apoHtsAM79A,
These results further support the specific displacement of the axial ligands of the heme iron
during the Shp-to-HtsA heme transfer reaction as proposed in Fig. 5A.

Juxtaposition of the Shp and HtsA Heme-Binding Sites in Structural Modeling and Docking

To further examine the mechanism of the specific axial displacement in the Shp/HtsA
reaction shown in Fig. 6A, we used structural modeling and docking to examine whether the
heme-binding pocket in Shp and HtsA can be juxtaposed in a way that is consistent with the
model in Fig. 6A. The X-ray crystal structure of the heme-binding domain of Shp is
available (13) but the structure of HtsA is not. We first generated a 3-D homology model of
apo-HtsA using the Modeller program (30, 31), which is very similar to the structure of IsdE
(33), a homologue of HtsA. The apoHtsA model was then docked to the structure of the
heme-binding domain of Shp (PDBID: 2Q7A) using the online RosettaDock server (32).
Although many possible protein orientations were obtained from the docking exercise, in
many of the low-energy complexes the proteins were orientated as shown in Fig. 9. Thus,
the docking analysis results are compatible with axial displacement heme transfer
mechanism we have formulated in which HtsA His229-for-Shp M153 and HtsA M79-for-
Shp M66 displacements occur.

DISCUSSION

This study presents evidence for a novel mechanism of heme transfer from one protein to
another. We first characterized the coordination and external ligand accessibility of the heme
iron in the axial mutants of Shp for the interpretation of the spectral change and kinetics of
heme transfer from the Shp axial ligand mutants to HtsA axial ligand mutants. We then
revealed the roles of the axial residues of the HtsA heme iron in the efficiency and kinetic
mechanism of the Shp-to-HtsA heme transfer. The H229 and M79 residues of HtsA are
essential for the efficiency and single kinetic phase mechanism of the heme transfer from
ferric Shp to HtsA, respectively. Finally, this study elucidated the mechanism of the specific
displacement of the axial residues in the Shp/HtsA heme transfer reaction. The axial
residues M66 and M153 of Shp are displaced by the axial residues M79 and H229 of HtsA,
respectively, during the holoShp/apoHtsA reaction. These findings provide novel insight
into the mechanism of direct heme transfer from one protein to another.

A novel advancement of this study is the elucidation of the specific displacement of the axial
residues of Shp and HtsA during their reaction, that is, the Met66 and Met153 residues of
Shp are specifically displaced by the Met79 and His229 residues of apoHtsA, respectively,
during the heme transfer reaction. The spectral characterization on the coordination of the
ShpM66A and ShpM153A heme iron together with that of HtsAM79A and HtsAH229A provide
critical information for the interpretation of the heme transfer data using the Shp and HtsA
mutants. The pentacoordinate heme iron of HtsAH229A has an absorption peak at ~ 600 nm
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(28), which is also observed in a H102M mutant of cytochrome b562 with an axial Met
ligand (34). ShpM66A at basic pH and ShpM193 shows similar optical and MCD spectra with
HtsAH229A ‘indicating the pentacoordination of the heme iron with the axial Met ligation in
these mutants. Bonding to a water molecule at the empty sixth coordination site of ShpM66A
abolishes the Agog peak. The Agog peak-related spectral changes in the holoShpM664/
apoHtsAH229A and holoShpM153A/apoHtsAH229A reactions are consistent with the
interpretation that the Met79 residue of apoHtsAH229A forms the axial bond on the axial
bond-lacking side of the pentacoordinate ShpM86A heme, resulting in a hexacoordinate
complex in the holoShpM&6A/apoHtsAH229A reaction and that the Met79 residue of
apoHtsAH229A directly replaces the Met66 residue in the holoShpM153A/apoHtsAH229A
reaction, lacking a hexacoordinate heme transfer intermediate. Thus, the HtsA Met79
residue replaces the Shp Met66 residue. The kinetic analysis of the heme transfer in the
holoShpM66A/apoHtsAH229A and holoShpM153A/apoHtsAH229A reactions confirms this
conclusion. Furthermore, the kinetic mechanisms of the reactions of apoHtsAM79A with
holoShpM86A and holoShpM153A indicate that the His229 residue of HtsA forms the axial
bond on the Met153 side of the Shp heme. The docking analysis supports the specific axial
ligand displacement mechanism. These new data add more details to the “plug-in” model of
the Shp/HtsA reaction, which was proposed to interpret the single kinetic phase of the Shp-
to-HtsA heme transfer reaction (19). The updated model can be described in Fig. 6A in
which the empty heme pocket of apoHtsA slides in along the two sides of the bound heme in
Shp in the way so that the Met79 and His229 residues in apoHtsA are in close proximity of
the Met66- and Met153-iron bonds in Shp, respectively, to displace the axial residues of Shp
at about same time and pull it into the heme binding pocket of HtsA.

According to this specific displacement of the axial ligands of the Shp heme iron by the
axial ligands of heme in HtsA, the rate constants for the cleavage rates of the Shp Met66-Fe
bond in the reactions of apoHtsAM79A with holoShp and holoShpM153A were only about 5%
of the cleavage of the Met66-Fe bond in the presence of the Met79 residue in the
holoShpM153A/apoHtsAH229A reaction. The rate constant of the cleavage of the Met153-Fe
bond in the presence of the His229 residue in the ShpM86A/apoHtsAM79A reaction was four
times as that of the Met153-Fe bond cleavage in the absence of the His229 residue in the
holoShpM66A/apoHtsAH229A reaction. Thus, the axial ligand residues of the heme acceptor
apoHtsA facilitate the cleavage of the axial bonds in holoShp. The two kinetic phases of the
holoShp/apoHtsAM79A further support the role of the axial residues of the HtsA heme iron
in the cleavage of the axial bonds of heme in Shp. In this reaction, the cleavage of the
Met153-Fe bond in Shp is facilitated by the HtsA His229 residue, whereas the cleavage of
the other axial bond in Shp is slower because Met79 is absent. Thus, the axial residues of
HtsA are actively involved in the specific displacement of the axial residues of the Shp heme
iron. This work may help explain how the other NEAT-containing protein-to-lipoprotein
transfer reactions occur as well.

How heme is transferred from one protein to another is not fully understood. Structural
studies reveal a transient IsdA/IsdC (35), IsdC/IsdE (36), and stable HasA/HasR (37)
complex, and the heme pockets of the donor and acceptor in both the reactions are
juxtaposed. A docking analysis of the HasA/HasR interaction suggests that the interaction
causes one of the 2 axial heme coordinations of HasA to break, and a subsequent steric
displacement of heme by a receptor residue ruptures the other axial coordination (37).
Kinetic analyses of the Shp/HtsA and IsdA/IsdC reactions indicate the existence of an
activated donor-acceptor complex (19, 21). These studies support a direct heme transfer
mechanism. Pilpa et al. proposed a release and capture mechanism for heme transfer from
metHb to IsdH or IsdB in which donor/acceptor interaction enhances heme release from the
donor and released heme is then scavenged by the acceptor (17). This release/capture
mechanism may be true for the metHb/IsdH reaction (38). Our work provides further insight
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into the heme transfer mechanisms. First, the two axial ligands in the heme acceptor
specifically displace the axial ligands in the donor. Second, the accepting axial ligands play
arole in facilitating the cleavage of the axial bond in the donor. This specific displacement
of axial ligands may occur in other heme acquisition systems. The heme iron in both IsdA
and IsdC has a pentacoordination with a Tyr ligation, and the IsdA-to-1sdC heme transfer
displays a single kinetic phase (21), suggesting that the axial Tyr residue in IsdC displaces
the axial Tyr residue in IsdA.

It is known that the axial ligands of the heme iron in HasA, HasR, ShuA, and
Porphyromonas gingivalis heme receptor HmuR are critical for heme transfer and
acquisition (1, 2, 39-42). However, it is unclear why these axial ligands are required for
heme acquisition. The earlier discussion suggests an active role of the axial residues in heme
acceptor in reaction of the heme transfer. The inability of HtsAH229A to acquire heme from
ferric Shp indicates another role of the axial ligands of heme recipient in driving the reaction
equilibrium to the formation of the transfer product. The H229A replacement of HtsA
reduced the affinity of HtsA for heme (28). The reduction in the heme affinity of HtsAH229A
mutant could be a primary reason why HtsAH229A cannot efficiently acquire heme from
ferric Shp. This interpretation is supported by the observations that the M79A replacement
did not dramatically affect the heme affinity of HtsA (28) and that HtsAM79A can efficiently
take up heme from ferric Shp. Thus, the axial ligand of heme acceptor can drive the
equilibrium of the transfer reaction by enhancing the heme affinity of acceptor.

It is interesting that only one axial ligand is critical for the affinity of HtsA for heme. This
phenomenon is not limited to HtsA. The axial ligand residue of Shp, Met153, is critical for
the high affinity of Shp for heme, whereas the other axial ligand residue, Met66, destabilizes
heme binding (20). These observations are consistent with the fact that S. aureus IsdA, IsdC,
and IsdH and B. anthracis 1sdX2 contain a pentacoordinate heme with tyrosine as the only
axial ligand (12, 14, 15, 16, 43). Therefore, it appears that only one axial ligand of the heme
iron is critical for high affinity of hemoproteins for heme.
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Figure 1.

A scheme for the proposed model of heme acquisition from metHb by the Group A
Streptococcus heme acquisition system consisting of the surface proteins Shr and Shp,
lipoprotein HtsA, permease HtsB, and ATPase HtsC. The model is based on the findings in
Refs. 5, 7, 19, and 23-26. The model was modified from that in Ref. 9.
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Figure 2.

MCD Spectra of ferrous (A) and ferric (B) wild-type (wt), M66A, and M153A Shp in 20
mM Tris-HCI, pH 8.0. The reduced spectra were recorded in the presence of excess
dithionite.
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FIGURE 3.

Effect of pH on optical and MCD spectra of ShpM66A and ShpM153A. A, the spectral shift
of ShpMG66A as a function of pH. pH values: 9.0, 8.1, 7.7, 7.3, 6.7, 5.9. B, MCD spectra of
ShpMB66A at the indicated pH. C, pH titration curve of A600 of ShpM66A. D and E, Optical
and MCD spectra of ShpM153A at different pH the indicated pH. The arrows indicate the
direction of the shift as pH decreased.
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Effects of imidazole on optical (A and D) and MCD (B and E) spectra of ShpM66A and
ShpM153. The optical and MCD spectra of each Shp protein in 20 mM Tris-HCI (for optical
spectra) or 50 mM potassium phosphate (for MCD), pH 8.0, at the indicated imidazole
concentrations. The arrows in panel A indicate the directions of the spectral shifts as
imidazole concentrations are shown. C, imidazole titration of AAqg of ShpM86A,

Biochemistry. Author manuscript; available in PMC 2014 September 17.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Ranetal.

Absorbance

FIGURE 5.

Absorbance

A
0.6- Shp+apoHtsAM79A Time (s):
0.00512
§ 0.05632
0.2099
(0] -
£ 04 1.0090
& 4.0090
Q
<C 0.21
0.0
300 400 500 600 700
Wavelength (nm)
B
0.5

H229A

Shp + apoHtsA Time (s):
A 0.00512

1.0090

4.0090

400 500 600 700

Wavelength (nm)

0.08

Shp + apoHtsA'V|79A

0.003

-0.001

-0.001

--0.003

203uBqIoSqQy

Page 17

Spectral and kinetic analyses of heme transfer from ferric holoShp to apoHtsAM79A and

apoHtsAH229A ' A shifts of the absorption spectrum in the reaction of 3.5 pM ferric

holoShp with 30 uM apoHtsAM79A in 20 mM Tris-HCI, pH 8.0, at room temperature after

mixing in a stopped-flow spectrophotometer. The arrows indicate the directions of the

spectral shifts with time. B, absorption spectra of the reaction mixture of 3.5 uM ferric
holoShp with 30 uM apoHtsAH229A at the indicated time points after mixing. The spectrum
of 3.5 uM holoHtsAH229A (gray line) is included for comparison. C, time course of AA4qgy

and AAys5 at the Soret peak and AAgag at the charge transfer bands in the holoShp/
apoHtsAM79A reaction as in panel A. The black traces and gray curves represent the

observed data and double (for AA4go and AAys) or single (for AAg3p) exponential fitting

curves, respectively.
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A: The model for the direct, specific displacement of the heme axial residues in Shp-to-HtsA heme transfer
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FIGURE 6.

Proposed schemes for the reactions among the wild-type and axial mutant proteins of
holoShp and apoHtsA. M66/M153 and M79/H229 are the axial ligand residues in Shp and
HtsA, respectively, and are also represented by X and Y when their identity and relative
locations cannot be specified. The short lines to heme represent the axial bonds to the heme
iron. A, the model for the Shp-to-HtsA heme transfer in which the Met66 and M153 axial
residues of holoShp are specifically displaced by the Met79 and His229 residues of
apoHtsA, respectively. B, reaction scheme for the kinetically biphasic ferric holoShp/
apoHtsAM79A reaction. C & D, kinetically single-phase (c) and biphasic (D) reactions of
ferric holoShp axial mutants with apoHtsA axial mutants.
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Figure 7.

Transfer intermediate in ferric holoShpM&6A/apoHtsAH229A reaction but not in
holoShpM153A/apoHtsAH229A reaction. HoloShp mutant was mixed with apoHtsA mutant in
20 mM Tris-HCI in a stopped-flow spectrophotometer. The arrows indicate the direction of
the spectral shift with time. A, spectral shift in the reaction of 1.2 uM holoShpM&6A with 13
UM apoHtsAH2299A The plack and colored curves are in the initial fast and subsequent slow
phases, respectively. B, time course of AA4»q and AAggg for the reaction in panel A. The
black traces and gray curves represent the observed data and double exponential fitting
curves, respectively. C, spectral shift in the reaction of 0.9 uM holoShpM153A with 13 uM
apoHtsAH229A D time course of AA41 and AAggg for the reaction in panel C. The black
traces represent the observed data, and the gray curve of AAy;q is the single exponential
fitting curve.
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Different kinetic phases of the heme transfer reactions of apoHtsAM79A with ferric
holoShpM66A and holoShpM153A, HoloShp mutant (0.9 pM) was mixed with 10 uM
apoHtsA mutant in 20 mM Tris-HCI in a stopped-flow spectrophotometer. The arrows
indicate the orientation of the spectral shift with time. A, spectral shift in the reaction of
holoShpM66A with apoHtsAM79A, B, single-phase time course of AA;g and AAgg for the
reaction in panel A. The black traces and gray curves represent the observed data and single
exponential fitting curves, respectively. C, spectral shift in the reaction of holoShpM153A
with apoHtsAM79A_ D kinetically biphasic time course of AA4og and AAgg; for the reaction
in panel C. The black traces and gray curves represent the observed data and double
exponential fitting curves, respectively.
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FIGURE 9.

A docking complex with the juxtaposed heme pockets of Shp and lowest energy. Structure
elements: Blue, Shp protein; orange, HtsA protein; light pink, heme; red, the M66 and M153
axial residues in Shp; and green, the M79 and H229 axial residues.
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