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Staphylococcus aureus is a leading cause of life-threatening
infections in the United States. It actively acquires the essential
nutrient iron from human hemoglobin (Hb) using the iron-reg-
ulated surface-determinant (Isd) system. This process is initi-
ated when the closely related bacterial IsdB and IsdH receptors
bind to Hb and extract its hemin through a conserved tri-do-
main unit that contains two NEAr iron Transporter (NEAT)
domains that are connected by a helical linker domain. Previ-
ously, we demonstrated that the tri-domain unit within IsdH
(IsdHN?N3) triggers hemin release by distorting Hb’s F-helix.
Here, we report that IsdH >N promotes hemin release from
both the a- and f3-subunits. Using a receptor mutant that only
binds to the a-subunit of Hb and a stopped-flow transfer assay,
we determined the energetics and micro-rate constants of
hemin extraction from tetrameric Hb. We found that at 37 °C,
the receptor accelerates hemin release from Hb up to 13,400-
fold, with an activation enthalpy of 19.5 * 1.1 kcal/mol. We
propose that hemin removal requires the rate-limiting hydro-
lytic cleavage of the axial HisF8 Ne—Fe3* bond, which, based
on molecular dynamics simulations, may be facilitated by
receptor-induced bond hydration. Isothermal titration calo-
rimetry experiments revealed that two distinct IsdHY*N3-Hb
protein-protein interfaces promote hemin release. A high-af-
finity receptor-Hb(A-helix) interface contributed ~95% of
the total binding standard free energy, enabling much weaker
receptor interactions with Hb’s F-helix that distort its hemin
pocket and cause unfavorable changes in the binding enthalpy.
We present a model indicating that receptor-introduced struc-
tural distortions and increased solvation underlie the IsdH-me-
diated hemin extraction mechanism.
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Staphylococcus aureus is an opportunistic Gram-positive
pathogen that causes a wide range of illnesses such as pneumo-
nia, meningitis, endocarditis, toxic shock syndrome, bactere-
mia, and septicemia (1). Methicillin-resistant S. aureus and
other drug-resistant strains are a leading cause of life-threaten-
ing hospital- and community-acquired infections in the United
States (2, 3). S. aureus requires iron to proliferate, which it
actively procures from its human host during infections (4-7).
Heme (protoporphyrin IX + iron) present within hemoglobin
(Hb) accounts for ~75-80% of the total iron found in the
human body and is preferentially used by S. aureus as an iron
source (6, 7). Consequently, S. aureus and other microbial
pathogens have evolved elaborate heme-acquisition systems to
exploit this rich iron source. An understanding of the molecular
mechanism of heme scavenging will provide insight into how
this pathogen survives and persists within its human host, and it
could lead to new anti-infective agents that work by limiting
microbial access to iron.

S. aureus uses the iron-regulated surface determinant (Isd)®
system to extract the oxidized form of heme from Hb (hereafter
called hemin). The Isd system is composed of nine proteins that
form a hemin relay system that captures Hb and rapidly extracts
its hemin, transfers hemin across the cell wall, and then pumps
the hemin into the cytoplasm where it is degraded to release
free iron (8 —10). Four Isd proteins (IsdA, IsdB, IsdC, and IsdH/
HarA) are covalently linked to the bacterial cell wall via sortase
transpeptidases (11, 12). The two surface receptor proteins,
IsdH and IsdB, first bind Hb and extract its hemin (13-17).
Then the hemin is passed to IsdA, which is partially buried in
the cell wall (18). Holo-IsdA subsequently transfers hemin to
the fully buried IsdC protein via an ultra-weak handclasp com-
plex (19-22). Finally, holo-IsdC delivers the hemin to the bac-
terial ABC transporter complex, IsdDEF, which pumps hemin
into the cytoplasm where it is degraded to release free iron by
the hemin oxygenases, IsdG or Isdl (23, 24). The Isd system is
important for S. aureus virulence, as strains lacking genes that
encode for components of the system display attenuated infec-

® The abbreviations used are: Isd, iron-regulated surface determinant; NEAT,
NEAr iron Transporter; MD, molecular dynamics; ITC, isothermal titration
calorimetry; CV, column volume; AUC, analytical ultracentrifugation; RDF,
radial distribution function; IPTG, isopropyl-3-p-thiogalactoside; PDB, Pro-
tein Data Bank; Hb, human hemoglobin; Hp, human haptoglobin.
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tivity in mouse models and are impaired in their ability to utilize
hemin or Hb as the sole source of iron (7, 11, 25-27). Related
hemin acquisition systems are used by other Gram-positive
pathogens to obtain iron.

Hemin is extracted from the oxidized form of Hb (called
methemoglobin) using the S. aureus IsdB and IsdH receptors
(15,16,28-31). The receptors share similar primary sequences
and contain NEAr iron Transporter (NEAT) domains, binding
modules originally named because they were found in bacterial
genes that are proximal to putative Fe®>" siderophore trans-
porter genes (32). Our previously published studies of IsdH
have shown that it extracts hemin using a tridomain unit
formed by its second (N2) and third (N3) NEAT domains,
which are connected by a helical linker domain (IsdH™"3, res-
idues Ala-326 —Asp-660) (Fig. 1a). Studies using native MetHb
have shown that IsdH™*? rapidly extracts hemin from Hb,
~500-fold faster than the rate at which hemin spontaneously
dissociates from Hb. Recent NMR and crystallography studies
of the Hb-free and -bound forms of IsdH have provided insight
into how it promotes hemin release from Hb (29-31). Crystal
structures of the Hb-IsdH"*™? complex reveal that the receptor
adopts an extended dumbbell-shaped structure in which the
N2 domain engages the A- and E-helices of Hb, whereas the N3
domain is positioned within 12 A of the hemin molecule that is
located on the same globin chain (Fig. 15). Hemin release may
in part be triggered by the helical linker domain, which distorts
the F-helix in Hb that houses the iron-coordinating proximal
histidine residue (HE8) (Fig. 1c). NMR studies of the apo-recep-
tor uncovered the presence of inter-domain motions between
the N2 and linker domains, revealing that the receptor adap-
tively recognizes Hb. IsdB shares significant primary sequence
homology with IsdH and actively acquires hemin from Hb, sug-
gesting that it also employs a semi-flexible tridomain unit to
extract Hb’s hemin (16, 22, 28, 33).

Although the structural basis of IsdH binding to Hb is now
understood, we lack a quantitative understanding of the mech-
anism of hemin transfer. This is due to the heterogeneous
nature of the transfer reaction, which has thus far limited its
detailed biophysical characterization. For example, at the con-
centrations used to monitor hemin release, Hb adopts distinct
tetrameric and dimeric quaternary states that have different
propensities to release hemin (34, 35). Moreover, IsdH binds to
both the a- and B-globin chains within Hb, which also release
hemin at different rates (36, 37). Finally, hemin extraction
causes Hb to dissociate into its component globin chains, which
irreversibly aggregate and release hemin faster than intact Hb
(38, 39). Thus, previously measured rates of hemin transfer
using WT Hb and IsdH report on an amalgamation of distinct
extraction processes, hindering a quantitative understanding of
the energetics that underlie hemin extraction. To overcome
these limitations, we used a stabilized tetrameric form of Hb
and a bacterial receptor mutant that only binds to Hb’s a-sub-
unit. By using stopped-flow experiments, we show that the
tridomain unit accelerates hemin release from the a-subunit by
more than 10,000-fold, a rate that is significantly faster than
previously reported values that were measured using heteroge-
neous components. Transfer requires a Gibbs activation energy
of 18.1 = 1.1 kcal/mol to be surmounted, whose high enthalpic
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Figure 1. S. aureus uses conserved tridomain-containing receptors to
capture Hb. g, schematic showing the domain organization within the
S. aureus Hb receptors, IsdH and IsdB. NEAT domains (N) that bind Hb and
hemin (oxidized form of heme) are shown in gray and black, respectively. The
helical domain that connects them is labeled linker. Residue numbers that
define the boundaries of the functionally homologous NEAT domains are
indicated. b, crystal structure of the Hb-a-IsdHN3 complex (PDB code 4XS0)
with only contacts to the a-subunit shown. Proteins are shown in ribbon for-
mat, and the hemin group is represented by a space-filling model. Density for
residues in the segment connecting the N2 and linker domains are absent in
the electron density (dashed line). ¢, close-up view of the LN3-Hb interface that
is distorted. a-IsdH is shown in blue, and ribbon diagram of aHb is shown in
yellow (a-lsdH, residues Ala-326-Asp-660 from IsdH containing 3°°FYHYA3%° —
365YYHYF3%? mutations). The F-helix in the receptor-Hb complex that is dis-
torted (red) is overlaid with the native F-helix observed in the isolated Hb
protein (green) (PDB code 2DN2). The hemin group is represented by a space-
filling model (gray) with the iron atom in red.
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component suggests that in the transition state the proximal
histidine— hemin bond (Ne-Fe) bond is hydrolytically cleaved.
Molecular dynamics (MD) simulations suggest that the rece-
ptor’s ability to lower the activation energy by ~6 kcal/mol is
due to its ability to induce strain in the bond and to increase the
concentration of nearby water molecules that compete with
Hb’s HisF8 Ne atom for the iron atom within hemin. Quantita-
tive measurements of Hb-receptor—binding interactions using
isothermal titration calorimetry (ITC) indicate that two ener-
getically distinct receptor-Hb interfaces form the pretransfer
complex. An interface between the receptor’s N2 domain and
the A-helix of Hb is the primary contributor to overall binding
affinity, tethering IsdH to Hb to enable lower affinity interac-
tions that distort Hb’s hemin pocket. A model of the hemin
extraction process is presented that incorporates the existing
structural kinetics and thermodynamic binding data.

Results
Development of a quantitative assay to study hemin extraction

We developed an assay to quantitatively measure the kinetics
of IsdH-mediated hemin removal from the a-globin chain
within tetrameric Hb. In the assay, a mutant of IsdH™*™? that
only binds to the a-subunit of Hb is used (a-IsdH, residues
Ala-326 —Asp-660, with ***FYHYA3*® — 3°*YYHYF*% muta-
tions). a-IsdH contains F365Y and A369F mutations within the
a-helix of the Hb-binding N2 domain, which selectively weak-
ens its affinity for the B-subunit in Hb (31). The assay also
employs Hb0.1, a tetramer-stabilized recombinant form of Hb
in which the two a-subunits are present within a single poly-
peptide (the C terminus of one a-subunit is joined via a glycine
residue to the N terminus of the second a-subunit (40)). Hb0.1
also contains a V1M mutation that facilitates expression in
Escherichia coli but is otherwise structurally and functionally
identical to WT Hb. Because Hb0.1 has a significantly reduced
propensity to dissociate into af3 Hb dimers, hemin transfer
experiments employing it and a-IsdH enable hemin extraction
from the a-globin chain within tetrameric Hb to be selectively
monitored (35, 40).

As summarized in Table 1, analytical ultracentrifugation
(AUC) sedimentation equilibrium experiments confirm that
a-IsdH binds tetrameric Hb0.1 with the appropriate 2:1 stoi-
chiometry via interactions with its «-subunits. In the AUC
experiments, to prevent complications caused by hemin trans-
fer, Hb0.1 was maintained in its carbonmonoxy-ligated state,
and hemin-binding deficient IsdH proteins were used that con-
tain a Y642A mutation that removes the iron-coordinating
tyrosine residue (41). In all AUC experiments, the concentra-
tion of Hb0.1 was monitored by measuring its absorbance at
412 nm, the Soret band of the bound heme molecule. As
expected, isolated Hb0.1 forms a stable tetramer at concentra-
tions that are used in hemin transfer experiments; at 5 um
(heme units), Hb0.1 has a weighted average molecular mass of
64,212 = 829 Da at 13,000 X g. We next used AUC to determine
the Hb0.1-a-IsdHY**** binding stoichiometry when a-IsdH****
is present at a 15-fold molar excess. These data indicate that
~1.8 a-IsdHY**** proteins bind to each Hb0.1 tetramer, com-
patible with it only binding to the a-subunits. Increasing the

6944 | Biol. Chem. (2018) 293(18) 6942-6957

Table 1

Stoichiometry of Hb-receptor complexes determined by analytical
ultracentrifugation

Weighted average
molecular masses®”  Receptor/globin
Da
Hb0.1¢
13,000 X g 64,212 * 829
HbO.1 + a-IsdHY¢*2Ae4
6000 X g 140,070 = 2096 2.0
13,000 X g 131,570 = 894 1.7
Hb0.1 + a-IsdHY***Ae
6000 X g 134,660 = 1,872 1.8
13,000 X g 128,490 = 1115 1.7
HbO0.1 + IsdHY¢**Ao¢
6000 X g 188,110 = 1,518 3.2
13,000 X g 175,120 = 1045 2.9
B-Globin®
6000 X g 56,700 * 724
13,000 X g 56,300 = 508
B-Globin + a-IsdHY®*?Ac¢
6000 X g 54,500 * 97 0.0
13,000 X g 54,500 £ 65 0.0
B-Globin + IsdHY¢*2Ae¢
6000 X g 134,000 = 1321 2.0
13,000 X g 116,500 = 617 1.6

“ Samples were centrifuged at 25 °C in buffer containing 20 mm sodium phos-
phate, 150 mm NaCl, 450 mm sucrose, pH 7.5.

? Molecular masses were obtained by nonlinear least-squares exponential fitting of
data using Beckman Origin-based software (Version 3.01).

¢ Globin chains were held at a concentration of 5 um (hemin units).

@ Receptor concentrations were in a 15-fold molar excess (75 pum).

¢ Receptor concentrations were in a 30-fold molar excess (150 um).

ratio of a-IsdHY**** to Hb0.1 in the AUC experiments to 30:1
does not increase this stoichiometry, indicating that Hb0.1 is
saturated (Fig. 2a, red curve). In contrast, IsdH****#, which is
identical to a-IsdHY®*** except that it does not contain muta-
tions in the Hb-contacting a-helix, binds to Hb0.1 with a stoi-
chiometry of ~3.2 (Fig. 2a, blue curve). This is consistent with
previous studies that have shown that IsdHY***# binds to
both the a- and B-subunits of Hb (31, 42). To confirm that
a-IsdHY**** interacts with only the a-subunits within Hb0.1,
AUC experiments were performed using the 3-CO tetramer,
which only contains the isolated B-globin protein (Fig. 2b).
Consistent with previously reported studies, AUC analysis of
the B-CO form indicates that it adopts a tetrameric structure:
molecular mass of 56,700 = 724 Da at 6000 X g (56,300 = 508
Da at 13,000 X g) (35, 43). When the AUC studies are repeated
in the presence of excess IsdHY®**4, the receptor binds to the
B-CO tetramer with ~2:1 stoichiometry indicating that it can
bind to the PB-globin chain, but steric effects caused by
tetramerization may limit receptor occupancy (molecular mass
of 134,000 = 1321 Da at 6000 X g) (Fig. 2b, blue curve). Inter-
estingly, when similar experiments are performed using
a-IsdH"****, no detectable binding is observed (Fig. 2b, red
curve). Overall, the results of these studies indicate that the
a-IsdH"**** receptor only binds to the a-subunits within
Hb0.1 and that both of these subunits are nearly saturated
with the receptor at a ratio of 15:1, a-IsdHY**?4/Hb0.1
(Hb0.1 concentration 5 wM heme units). These conditions
and reagents were therefore used in subsequent stopped-
flow hemin transfer experiments to preferentially measure
the rate at which the receptor extracts hemin from the
a-subunit of tetrameric HbO.1.

SASBMB
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Figure 2. Stoichiometry of Hb-receptor complexes determined by analytical ultracentrifugation. g, representative absorbance scans at 412 nm at

equilibrium are plotted versus the distance from the axis of rotation for a mixture of Hb0.1 + IsdH"%*?” (blue circles) and Hb0.1 + a-Isd

HY642A (

red triangles).

Hb0.1 was maintained in the carbonmonoxy-ligated state, and both receptors contained the Y642A mutation to prevent heme transfer. Protein samples were
mixed at a ratio of 5 um Hb0.1 and 150 uM receptor and were centrifuged at 25 °C for at least 48 h at 13,000 rpm. The solid lines represent the global nonlinear
least-squares best fit of all the data to a single molecular species with a baseline fit. Residuals of the fit are shown above each panel. b, representative scans
identical to the conditions described in a with the exception that 5 um B-CO (isolated B-chains) was used, and samples were centrifuged at a speed of 9000 rpm.

Hb tetramerization slows hemin removal from the a-subunit

Stopped-flow UV-visible spectroscopy was used to measure
the rate at which a-IsdH extracts hemin from either the stabi-
lized HbO.1 tetramer or native Hb (results summarized in Table
2). In these experiments, the proteins were rapidly mixed, and
the amount of hemin transfer was determined by monitoring
UV absorbance changes at 405 nm (29, 35). A 30-fold molar
excess of receptor was employed (5 and 150 uM Hb and recep-
tor, respectively) to ensure that a-IsdH saturates the a-globin
subunit (Table 1). Upon mixing, a rapid shift in the UV spec-
trum occurs indicating hemin transfer from Hb0.1 to a-IsdH
(Fig. 3a). The time-dependent spectral changes exhibit biphasic
kinetics, with approximately half of the total magnitude of the
spectral change characterized by a rapid event defined by the
rate constant kg and the remaining much slower changes
described by k., (Fig. 3b). Importantly, hemin transfer is com-
pleted during the time course of the experiment, as minimal
additional spectral changes are observed when the proteins are
incubated overnight. As the receptor is in excess and has higher
affinity for hemin than hemoglobin (described below), we con-
clude that all of the hemin in HbO0.1 is captured by a-IsdH. The
observed pseudo-first—order rate constants, kg, and kg, are
0.34 = 0.01 and 0.026 = 0.001 s~ " at 25 °C, respectively. As
a-IsdH only binds to the a-subunits of the stabilized Hb0.1
tetramer, we conclude that the rapid changes characterized by
Ko describe hemin removal from the a-subunit within tetra-
meric Hb0.1, whereas the slower changes result from indirect
hemin capture from the B-subunit after it has first been
released into the solvent. Indirect hemin capture from the
B-subunit is consistent with the value of k,,,, as it is similar in
magnitude to the previously reported rate at which the -sub-
unit spontaneously releases hemin into solvent from the semi-
hemoglobin form of tetrameric Hb (0.007—0.013 s~ ') (35, 39).
Moreover, the value of k,, is independent of receptor concen-

slow
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Table 2
Apparent rate constants of hemin transfer
Hemin donor  Hemin acceptor Keast” Kgow”
5! s1
MetHb a-IsdH” 3.27 = 0.07 0.038 * 0.001
IsdH? 312*0.08  0.039 £0.001
Apo-Mbe? 0.004° (0.01)”  0.0002¢ (0.003)"
MetHb0.1 a-IsdH” 0.34 * 0.01 0.026 =+ 0.001
IsdH” 0.73 £ 0.03 0.041 + 0.001
Apo-Mbe? 0.0004¢ 0.00008¢
“ kgase and kg, values were obtained by fitting to a double-exponential

expression.

© Rates were determined at a 30-fold excess [receptor], pH 7.5, 25 °C.

¢ Rates were determined at pH 7.0, 37 °C.

? The data are from Ref. 35.

€ keose and kg, values are from the B- and a-globin chains in dimeric Hb,
respectively.

T kease and kg, values are from the - and a-globin chains in monomeric Hb,
respectively.

€ Koo and kg, values are from the B- and a-globin chains in tetrameric Hb,
respectively. These values are also the same for tetrameric wildtype Hb.

tration (Fig. 5b). The tetrameric a-subunit spontaneously
releases hemin into the solvent at a rate of ~0.000083 s ' at
37 °C. Thus, a-IsdH accelerates the rate of hemin release from
the a-subunit ~13,400-fold and scavenges hemin from the
B-subunit indirectly via the solvent.

To investigate the impact of the dimer-tetramer Hb equilib-
rium on hemin capture, we measured transfer rates to a-IsdH
from Hb, which exists as a mixture of dimeric («f) and tetra-
meric (a,f3,) species that have differing propensities to release
hemin (35). Stopped-flow experiments indicate that hemin is
rapidly removed from Hb, with &, and k., rate constants of
3.27 = 0.07 and 0.041 = 0.001 s~ '* at 25 °C, respectively. As for
HbO0.1, k;, accounts for approximately half of the overall spec-
tral change that occurs upon receptor mixing with Hb, consis-
tent with it reporting on the rate of hemin removal from the
a-subunit. Interestingly, as compared with Hb0.1, the kg, for
hemin removal from Hb is increased ~9-fold (Fig. 3¢). This is

J. Biol. Chem. (2018) 293(18) 6942-6957 6945
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Figure 3. Hemin transfer by various Hb and receptors species. g, spectral changes in the UV-visible spectrum of the reaction containing 5 um Hb0.1 with
buffer (solid black line), 150 um IsdHYN? (dotted blue line), and 150 um a-IsdH (solid red line). Spectral traces were recorded at 1000 s post-mixing. b, represen-
tative stopped-flow time courses showing absorbance changes at 405 nm (AA,5) after mixing 5 um Hb or Hb0.1 with 150 um apo-receptor. The data were fit
to a double-exponential equation to obtain kg, and k., hemin transfer rates. Spectral traces were normalized for comparison using the following
equation:y = (y, — ¥o)/(y, + ¥o). c and d show the measured ki, and k., rate constants, respectively. Values were derived from the time courses in b.
A two-way analysis of variance was used to access the significance in the difference of rates. NS means not significant (p values >0.05), and ***

corresponds to p values <0.001.

consistent with the presence of dimeric species in the reaction
containing Hb that are known to release hemin more rapidly
than the tetrameric Hb, and the fact that upon hemin removal
Hb can fully dissociate into monomeric a-globin chains that
have even weaker affinity for hemin (15, 35). More modest
2-fold increases in k., are also observed when Hb is used
instead of Hb0.1 (Fig. 3d). They are consistent with the pro-
duction of isolated B-subunits produced upon Hb dissocia-
tion that are known to more rapidly release hemin than
tetrameric Hb0.1 (35). However, as this process occurs
slowly, a-IsdH presumably extracts hemin from the B-sub-
units through an indirect process in which the hemin is first
released into the solvent.

Hemoglobin tetramer dissociation also accelerates the rate of
hemin capture by the native IsdH"*™? receptor that binds to
both the a- and -globin chains. This was demonstrated by
measuring the rate of hemin transfer to IsdH™*"? from either
Hb or the stabilized Hb0.1 tetramer (Fig. 3b). With IsdH *™?, as
with a-IsdH, hemin is removed from Hb0.1 more slowly than it
is from Hb, consistent with the reduced propensity of Hb0.1 to
dissociate into more labile dimeric and monomeric species
upon hemin removal (Fig. 3c¢).

Therefore, the IsdHN*? receptor’s faster kinetics of hemin
removal from Hb0.1 may be caused by its ability to also remove
hemin from hemoglobin’s B-subunit, which is known to release
hemin more readily than the a-subunit (35). Combined, these
data indicate that the propensity of Hb to dissociate during
the extraction process increases the overall observed rate of
transfer to the receptor by producing partially hemin-ligated
states (semi-forms) or dissociated forms of hemoglobin that
have a greater propensity to release their hemin molecules.

6946 J. Biol. Chem. (2018) 293(18) 6942-6957
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Figure 4. Hemin transfer from isolated B-globin chains. Representative
stopped-flow time courses show absorbance changes at 408 nm (AA,,s) after
mixing 5 uM isolated MetB-globin chains with 150 um apo-receptor or 50 um
apo-Mb. Relative spectral traces are shown for comparison in which all start-
ing absorbances were normalized to a value of 1. Only the first 10 s are shown
as absorbance artifacts were observed after this time as a result of the slow
process of apo-globin denaturation.

IsdH extracts hemin from both the a- and B-subunits in an
effectively irreversible process

The stopped-flow and AUC data indicate that IsdH actively
extracts hemin from the a-subunit (Figs. 2 and 3), but it is not
known whether the receptor also triggers hemin release from
the B-subunit. We therefore probed the ability of IsdH"*™? to
remove hemin from tetrameric Metf, which only contains
B-globin chains bound to hemin (Fig. 4). Active removal is
observed when IsdH"*™? is added to Metf3, with rapid changes
in the absorbance spectrum observed within 5 s of mixing. A
detailed interpretation of the kinetics data was not possible
because the 3-globin chains aggregate after hemin is removed.
However, extraction from Metf occurs at a rate of ~3 s,
which is similar to the rate at which IsdH"*"® removes hemin
from Hb and about 4 times faster than Hb0.1. This is compati-
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Figure 5. Hemin transfer to myoglobin and as function of receptor con-
centration. g, spontaneous hemin release from the receptor and Hb was
measured using H64Y/V68F apomyoglobin. Time courses of the absorbance
change at 600 nm (AAq,,) of a mixture of H64Y/V68F apomyoglobin (Mb) with
Hb (black line), HbO.1 (dark gray line), and IsdHN?N? (light gray line) at a final
concentration of 50 umapo-Mb to 5 uM holo-protein. The receptor has higher
affinity for hemin as compared with Hb or Hb0.1. b, plots of the observed rate
constants, ke, (dark gray circles) and k., (light gray circles), versus the ratio of
[a-IsdH] to [Hb0.1]. The concentration of Hb0.1 was held constantat 5 um. The
observed values were obtained in experiments similar to those described in
the legend in Fig. 3. For kg, fits to the data using Equation 1 are shown.

ble with previous studies that have shown that hemin loss from
Metf tetramers is comparable with that of B-subunits within
tetrameric Hb (35), and it suggests that IsdH"*™? may remove
hemin more rapidly from the 3-subunit within Hb than from its
a-subunit. In contrast to IsdH“?*3, only modest spectral
changes are observed when a-IsdH is added to Metf (Fig. 4).
This is compatible with a-IsdH’s inability to bind the B-CO
tetramer (Fig. 2b), such that it must indirectly scavenge hemin
after it has first been released into the solvent. This supported
by control transfer studies using recombinant H64Y/V68F apo-
myoglobin (apo-Mb containing H64Y and V68F mutations),
which does not physically interact with Metf and like a-IsdH
slowly scavenges its hemin (Fig. 4) (39). Combined, these results
indicate that native IsdHY*™? actively removes hemin from
both the a- and 3-globin chains within human hemoglobin.
To the best of our knowledge, the relative hemin-binding
affinities of IsdH"*™? and Hb have not been reported. We
therefore performed hemin-binding competition assays in
which each protein was separately mixed with the apo-Mb re-
agent, which has a known affinity for hemin and whose hemin
binding can readily be measured at 600 nm (39). Mixing either
5 uM Hb or Hb0.1 with a 10-fold molar excess of apo-Mb results
in a measurable increase in absorbance at 600 nm indicating
that hemin is transferred to apo-Mb (Fig. 5a). As expected, both
transfer processes occur slowly, compatible with hemin first
being released into the solvent by hemoglobin before it is sub-
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sequently bound by the apo-Mb reagent. These data indicate
that apo-Mb has significantly higher affinity for hemin than Hb
and Hb0.1. This is compatible with previously reported hemin
dissociation constants (K_;;) of Hb and apo-Mb; the K_;; of
apo-Mb is ~0.03 p™m, whereas K_; for dimeric Hb is 1.7 and 42
pM for its a and B chains, respectively, and the K_,; for tetra-
meric Hb is 0.8 and 4.2 p™ for its @ and S chains, respectively
(35). Notably, the transfer data reveal that Hb0.1 releases hemin
more slowly than Hb (Fig. 5a), consistent with previous studies
that have shown that the tetrameric form of Hb releases hemin
more slowly than the dimeric form (35). In contrast, when
hemin containing IsdH™*? is mixed with the apo-Mb reagent,
only small absorbance changes are observed at 600 nm, indicat-
ing that unlike Hb and HbO0.1, the receptor has higher affinity
for hemin than apo-Mb. Similar to IsdH™*™?, mixing a-IsdH
with apo-Mb results in minimal absorbance changes (data not
shown). This is expected as mutations in a-IsdH that confer
a-globin binding selectivity are located in the N2 domain and
are distal to the hemin-binding pocket located in the N3
domain. Taken together, we conclude that IsdH™*? and
a-IsdH bind hemin with K_,; values < ~0.03 pm, such that they
have substantially higher affinity for hemin than Hb or Hb0.1.
Therefore, during the time frame of the stopped-flow experi-
ments, transfer of hemin from hemoglobin to the receptor is
effectively unidirectional and irreversible.

Determination of the micro-rate constants describing hemin
removal from the a-subunit

To estimate the micro-rate constants that describe hemin
removal, the kinetics data were interpreted using Scheme 1. In
this reaction, hemin-bound Hb0.1 first forms a complex with
a-IsdH described by the association and dissociation rate con-
stants, k, and k_,, respectively. Within the Hb[hemin]-a-IsdH
pretransfer complex, hemin is transferred from the a-subunit
of tetrameric Hb0.1 to a-IsdH in a process described by k.-
This yields a semi-form of Hb0.1 in which one hemin molecule
has been removed, and the protein remains bound to a-IsdH.

k1 ktrans
Hb[hemin] + “lsdH == Hb[hemin]:*lsdH —— Hb:“IsdH[hemin]
k-
Scheme 1

Atthe conditionsused in our stopped-flow experiments, mea-
sured values of kg, describe the kinetics of this entire process
and account for the simultaneous removal of hemin from both
a-subunits. Contributions to kg, caused by hemin removal
from the B-subunit are also possible, but they are expected to be
minimal as a-IsdH does not bind to this subunit or actively
extract its hemin (Fig. 4 and Table 1). To estimate the micro-
rate constants, stopped-flow hemin transfer experiments were
performed using varying amounts of a-IsdH in its hemin-free
form. At all receptor-Hb0.1 stoichiometries, k,,, accounted for
~50% of the total spectral change consistent with it monitoring
hemin removal from only the a-subunit (Fig. 35), and the pseu-
do- first—order values for ki, increased hyperbolically with
increasing receptor concentrations (Fig. 5b, dark gray circles).
This is compatible with the rapid formation of a Hb-a-IsdH
complex, followed by rate-limiting transfer of hemin to the
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receptor. In the transfer experiments (heme-free a-IsdH) is
=10 (Hb0.1), such that the rate of hemin transfer is pseudo-
first—order, and the fraction of pre-transfer complex is small
and in steady state during the reaction. The dependence of kg,
on the micro-rate constants and receptor concentration can
therefore be described by Equation 1 (44),

k1ktran5[a - ISdH]
k1[a - |SdH] + k71 + ktrans

kfast = (Eq. 1)
where k;, k_;, and k., are the micro-rate constants of the
individual reaction steps. As shown in Fig. 5b, fitting of the
kinetics data using Equation 1 yields values of 2.8 X 107
M hsT1 24 X 10°s7 Y, and 0.57 = 0.02 s ! for k, k_,, and
Kerans Tespectively. The fitted value of k_; is much larger than
Kerans and as result, only the ratio k_;/k, and not the absolute
values of these constants are well-defined by the observed data.
The equilibrium dissociation constant (K,) for the Hb0.1-a-
IsdH pretransfer complex calculated from the micro-rate con-
stants is 85.7 = 3.8 um (k_,/k; = K},), a value that is consistent
with dissociation constants measured using ITC (described
below). The &, values do not depend on the concentration of
the receptor, consistent with it describing absorbance changes
caused by hemin release into the solvent from the (-globin
chain followed by uptake by a-IsdH (Fig. 5b, light gray circles).

Enthalpic barrier must be surmounted to capture hemin

Stopped-flow experiments were performed at temperatures
ranging from 15 to 37 °C using a molar ratio of 1:40 Hb0.1/a-
IsdH (Fig. 6a). At this Hb/receptor ratio the contribution of
k_1/k; to kg, becomes negligible, such that k¢, = k.0 (44). A
plot of In(k,, s/ T) versus 1/ T enables the activation parameters
to be determined using the linearized form of the Eyring Equa-
tion 2,

Sk (k) AS Ak
7=kt R T RT

where kg, h, and R are the Boltzmann, Planck, and ideal gas
constants, respectively. The activation enthalpy (AH") and
entropy (AS") are calculated from slope and intercept, respec-
tively (Fig. 6b). This analysis yielded AH" and AS* values of
19.45 = 1.1 kcal/mol and 4.45 * 0.31 cal/mol'K, respectively,
and a AG" value of 18.07 = 1.1 kcal/mol at 37 °C. Previous
studies have shown that hemin dissociates from the a-globin
chain of tetrameric Hb at a rate of 0.000083 s~ (35), which
based on the Arrhenius equation indicates that the AG" for
spontaneous hemin release is 23.96 kcal/mol at 37 °C. Thus, the
receptor lowers the activation energy needed to release hemin
from the a-subunit by ~5.9 kcal/mol, accelerating the rate
~10,000-fold (k... = 0.88 s ' versus 0.000083 s ' at 37 °C).

(Eq.2)

rans

Two energetically distinct receptor-Hb interfaces are used to
bind Hb and distort its hemin pocket

The crystal structure of the Hb-IsdHY*"? complex reveals
that the receptor alters the structure of the hemin-binding
pocket within Hb, presumably weakening its affinity for hemin
(31). Two receptor-Hb interfaces are present in the structure,
the N2 domain binds to Hb’s A-helix, and the linker and N3

6948 J. Biol. Chem. (2018) 293(18) 6942-6957

(a)

1.0
=15°C
; =20°C
—25°C
3 os Hb0.1 + a-IsdH —~30°C
N =37°C
©
£
o
=z
0 200 400 600 800 1000
time (s)

-5.0
-6.01
E
& 7.0
c
= R2=0.9921
-8.01
-9.0 . .
0.0032 0.0033 0.0034  0.0035
1T (K)

Figure 6. Temperature dependence of hemin transfer. g, representative
normalized stopped-flow time courses as function of AA,,s. They were
obtained by mixing 5 um Hb0.1 with 200 um a-IsdH. Spectral traces were
normalized using the following equation: y = (y, — yo)/( y, + ¥o). b, plot of
In(ke,e/T) versus 1/T is shown. The observed kg, values were obtained in
experiments similar to those described in the legend in Fig. 3. The correlation
factor, R?, is indicated on the plot.

domains contact the F-helix within the same globin (Fig. 1b).
These contact surfaces are extensive, burying 618 and 688 A of
surface area, respectively. Previously, we have shown that
polypeptides containing only the N2 (IsdH"?) and linker-N3
(IsdH"™?) domains of the receptor are autonomously folded
and that IsdH"™? forms a rigid structure (15, 29). Using these
protein constructs ITC experiments were performed to gain
insight into how each interface contributes to the energetics of
Hb binding (Table 3). Initially, binding of a-IsdHY**** to
the carbonmonoxy form of Hb (HbCO) was investigated. As
expected, no heme transfer occurs between these proteins
when monitored by UV-visible spectroscopy (data not shown)
enabling the protein-binding energetics to be quantified. In the
ITC experiments, a syringe filled with 200 um a-IsdHY**** was
injected incrementally into a cell containing 30 um HbCO, and
the ensuing heat changes were used to generate a binding iso-
therm (Fig. 7a). Consistent with the AUC data, a-IsdHY****
binds Hb at a ratio of ~2:1 (Tables 1 and 3). The measured K,
value for complex is 4.0 = 0.6 um and is of similar magnitude as
the value obtained from an analysis of the kinetics data. At
25 °C, the standard enthalpy (AH°) and entropy (AS°) of recep-
tor binding are —6.0 * 0.5 kcal/mol and 4.6 = 1.9 cal/
mol-degrees, respectively (AG® —7.4 *+ 0.1 kcal/mol). To selec-
tively probe binding by the N2 domain, a polypeptide
containing only the N2 domain of a-IsdH with the appropriate
amino acid mutations that confer binding selectivity for the
a-globin chain was studied (a-IsdH™?, residues Ala-326 —Pro-
466 of a-IsdH). ITC measurements indicate that o-IsdHY?
binds HbCO with a K, of 7.5 = 1.1 um and similar ~2:1 stoi-
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Table 3

Thermodynamic parameters and affinity data for Hb binding
Errors represent the standard deviation of four replicates.

5, AH° AS° AG™ e
M keal/mol cal/mol-K keal/mol

Hb + alsdHY**24 4.0 £0.6 —6.0 0.5 46*19 -74*+0.1 0.59 = 0.03
Hb + alsdH™? 75=*1.1 —10.3 = 0.5 —11.1*+2.0 —-7.0*0.1 0.62 = 0.04
Hb + alsdHM™N3(V6424) =mm Endothermic Positive ND* ND

“ Samples were in buffer containing 20 mm sodium phosphate, 150 mm NaCl, 450 mM sucrose, pH 7.5, 298 K.

® 1 refers to the molar ratio protein/Hb.

¢ND means not determined.
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Figure 7. IsdH used two distinct interfaces to promote hemin transfer. g, representative ITC data for the titration of 200 um a-IsdH"**** into 30 um HbCO
(heme/globin-chain basis). Injections were made at 180-s intervals at 25 °C. b, representative ITC data for the titration of 300 um a-IsdH™? into 30 um HbCO. ¢,
representative ITC data for the titration of 850 um a-IsdH"N>"Y6*2" into 30 um HbCO. The top panels show the time course of the titration (black) and baseline
(red). The bottom panels show the integrated isotherms. ORIGIN software was used to fit the data to a single-site binding model to derive thermodynamic
parameters. Receptors containing the N3 domain have a Y642A mutation that prevents hemin binding. d, NMR titration data showing the effects of Hb binding
on '*N-labeled polypeptides that contain only the N3 domain (IsdHY3>"Y54?2 Jeft) or the linker and N3 domains (IsdH-N3"Y%2A right). The receptors contain a
Y642A mutation that prevents hemin binding. "H-">N HSQC spectra of the proteins in the absence (top) or presence (bottom) of a 10-fold excess of HbCO
tetramer are shown. Significant peak broadening is only observed when Hb is added to IsdH"N3"Y64?A indicating that linker and N3 domains bind Hb, whereas

the N3 domain in isolation does not bind to Hb.

chiometry (Fig. 7b). Interestingly, the entropy change associ-
ated with HbCO binding is unfavorable for a-IsdH"? (AS® =
—11.1 * 2.0 kcal/mol-degrees) but favorable for intact
a-IsdHY®***, This difference likely arises from unfavorable
ordering of the a-helix within the N2 domain that accompanies
Hb binding (30, 45), which, in the context of the longer
a-IsdHY®*** protein, is masked by other entropic changes
caused by interactions originating from the linker and N3
domains (29, 45).

ITC binding studies were also performed using a polypeptide
that contains only the linker and N3 domains of IsdH (IsdH*"?,
residues Pro-466 —Asp-660, containing a Y642A mutation in
the N3 domain to prevent hemin binding). IsdH"™? binds to
HbCO, but these interactions are too weak to be accurately
quantified. Nevertheless, it is evident from the ITC data that
HbCO binding by IsdH"™ is endothermic (Fig. 7c), consistent
with the crystal structure of the complex that revealed that this
portion of the receptor partially unwinds Hb’s F-helix. NMR
spectroscopy experiments confirm that IsdH"™* and HbCO
interact weakly, as cross-peaks in the '"H-'>N HSQC spectrum
of "N-enriched IsdH"™? are attenuated and broadened only
when large amounts of unlabeled HbCO are added (Fig. 7d,
right). The binding affinity is very weak, with an estimated K, in
the millimolar range. Weak HbCO-IsdH'™ interactions
require both the linker and N3 domains in IsdH™™3, as no inter-
actions are observed when HbCO is added to a '*N-enriched
IsdH™? polypeptide that only contains the N3 domain (Fig. 7,
left). Thus, IsdH uses two energetically distinct interfaces to
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bind Hb. A high-affinity interface formed between the IsdH N2
domain and Hb’s A-helix tethers the receptor to Hb, enabling a
second, much weaker interface to form in which the F-helix is
distorted.

Molecular dynamics simulations reveal the receptor promotes
hemin solvation

Hemin release from Hb presumably involves the competitive
displacement of the axial histidine Ne atom with a water mol-
ecule, enabling formation of a new water—Fe®>" bond. The
observed rate enhancements may therefore in part be due to
distortion and increased solvation of the histidine—Fe** link-
age upon receptor binding. To investigate solvation effects of
IsdH binding, two explicit solvent 200-ns MD simulations were
performed on hemin-containing methemoglobin systems: one
with and one without IsdH™*™? bound to the a-subunit (Fig. 8).
Over the course of the simulations, the overall complex struc-
tures did not exhibit any large-scale structural rearrangements,
and the F-helix in the IsdHN*?-bound structure remained dis-
torted (data not shown). Two analyses were performed to assess
the effects of receptor binding on hemin solvation. First, the
radial distribution functions (RDFs) of the water hydrogen and
oxygen atoms were computed relative to the midpoints of the
histidine—iron bonds (Fig. 8B). The RDF plots were normalized
such that a value of 1.0 is equivalent to bulk solvent. It was
observed that in both systems water molecules were allowed to
approach this bond; however, in the IsdHY*"3-bound system,
the waters were more frequently observed at locations close to
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Figure 8. Results of molecular dynamics simulations. A, hemoglobin dimer (gold) was bound to hemin molecules (gray), and an IsdH"?N* molecule (green
and blue) was simulated, along with a system lacking IsdH"?"* (not shown). B, radial distribution functions of solvent hydrogen (solid lines) and oxygen (dotted
lines) atoms show that in the receptor-bound system, solvent molecules are more frequently found at closer locations to the Ne-Fe bond then in the

receptor-free system. Analysis of simulations by a grid inhomogeneous solvation theory analysis showed that in Isd

HN2N3free systems (C and D) the number

of hydration sites (cyan) surrounding the hemin group is limited; however, in the IsdH"?"3-bound systems (£ and F) significantly more hydration sites are

identified around the Ne-Fe bond.

the bond. For example, in the IsdHY*"?-bound system water
hydrogens were ~17 times more likely to be located within a
distance of 2.1 A, with the integral of the RDF from 0 to 2.1 A
being 0.016 and 0.001 for the bound and free system, respec-
tively, and hydrogens were ~2 times more likely to be located
within 2.5 A of the bond center.

To further investigate the location and stability of solvent
molecules surrounding the iron—nitrogen bond, we performed
a grid inhomogeneous solvation theory analysis of our simula-
tions in the region surrounding the receptor-bound hemin.
This analysis computes the density, energies, and entropies of
water molecules in a three-dimensional grid for the specified
region over the equilibrated portion of a simulation. We
defined a “hydration site” as a position in space in which the
occupancies of water oxygen molecules were at least three
times greater than water in bulk, and which the estimated
free energies of water molecules were less than zero relative to
bulk. This definition effectively chooses locations where it is
favorable for a water molecule to occupy relative to being in the
bulk, which is accounted for by both a thermodynamic analysis
as well as an observed high occupancy. Results of this analysis
show that in both the IsdH"*?-free and -bound forms of Hb,
hydration sites exist within the heme-binding pocket. However,
when IsdHY*™? binds to Hb, more of these hydration sites
occur near the axial His-87 residue in Hb (compare Fig. 8, Cand
E). Combined with the RDF analysis, these data indicate that
the hemin pocket in Hb is never completely devoid of water
molecules and show that when IsdH binds to Hb closer and
more stable hydration occurs near atoms that are proximal to
the iron—nitrogen covalent bond. We conclude that receptor-
introduced distortions in the axial bond that weaken its affinity,
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combined with increased solvation, favor water in the compet-
itive displacement equilibrium.

Discussion

S. aureus acquires iron from human hemoglobin using two
related surface receptors, IsdH and IsdB (46). The receptors
extract Hb’s hemin using a conserved tridomain unit that is
formed by two NEAT domains that are separated by a helix
linker domain (Fig. 14) (15). The mechanism of extraction is
best understood for IsdH. Previously, we have shown that the
NEAT domains within its tridomain unit (IsdH"*"?) synergis-
tically extract hemin from Hb at a rate that is significantly faster
than the rate at which Hb spontaneously releases hemin into
the solvent. A 4.2 A resolution crystal structure of the
Hb-IsdHY*™? complex revealed that each receptor engages a
single globin chain, with the N2 domain contacting the globin’s
A-helix and the N3 domain positioned near its hemin molecule
(30). The hemin needs to slide only ~12 A from the globin into
the receptor’s N3 domain where its iron atom is coordinated by
a tyrosine residue. A subsequently higher resolution 2.55 A
structure of the complex contained the receptor bound to the
a-globin and revealed it may trigger hemin release by distorting
the F-helix that contains the axial histidine residue (HisF8) (31).
Although atomic structures have provided great insight into
the process of hemin extraction, the energetics underling this
process are poorly understood. This is because the native
IsdH-Hb system is heterogeneous, as Hb exists in dimeric and
tetrameric forms that have different propensities to release
hemin, and once hemin is removed from Hb it dissociates
into its component globins that aggregate and more rapidly
release hemin. Furthermore, our stopped-flow results indicate
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IsdHN?M3 extracts hemin from both the a- and B-subunits
within Hb (Figs. 3 and 4) and that the native IsdH binds to
tetrameric Hb with sub-saturating stoichiometry (Table 1).
Thus, the heterogeneous properties of the native system limit
its detailed biophysical characterization.

To quantitatively analyze hemin extraction from Hb, we
developed an assay that preferentially monitors hemin transfer
from only its a-subunit. This was accomplished by using a sta-
bilized tetramer of Hb (Hb0.1) and a variant of IsdH“?N?
(a-IsdH) that we show only binds to the a-subunit (Table 1).
Stopped-flow UV-visible experiments reveal that a-IsdH cap-
tures hemin in a biphasic manner; a rapid phase characterized
by k¢, describes the active extraction of hemin from the a-glo-
bin subunit, whereas slower spectral changes defined by the
kyow report on the indirect capture of hemin from the 3-sub-
units after it has first been released into the solvent. The latter
conclusion is supported by our finding that the &, values are
independent of a-IsdH concentration (Fig. 5b).

Itis possible that some rapid, activated hemin transfer occurs
from B-subunits and contributes to the fast phase in the
IsdHN?N? experiments because our spectral and kinetic mea-
surements do not distinguish between these subunits. The
notion of accelerated heme dissociation from Hb -subunits is
suggested by the results of AUC and hemin transfer experi-
ments, both of which indicate that IsdH"*™? binds to isolated
Metf3 subunits and rapidly acquires its hemin. However, the
amplitude of the fast phase is 50% in the transfer experiments
with both a-IsdH, where only « chains interact with the recep-
tor and IsdH"*™?, where some binding to B-subunits does
occur. This result implies that the fast phase represents acti-
vated heme transfer from a-subunits in both cases. However, it
is conceivable that hemin release from the B-subunit also con-
tributes passively to kg, as our spectral and kinetic measure-
ments cannot distinguish easily between these subunits. Addi-
tional experiments using valence hybrid mutants of Hb are
required to fully resolve this issue (39).

Our results suggest that the receptor removes hemin at a
faster rate from dimeric MetHb («f) than it does from tetra-
meric MetHb (a,3,), as a-IsdH removes hemin 10-fold faster
from native Hb than it does from Hb0.1 (k. 0.34 and 3.27 s *,
respectively) (Table 2 and Fig. 3¢). This conclusion is supported
by our AUC data that indicate that Hb0.1 adopts a tetrameric
state at the concentrations used in our stopped-flow studies
(Table 1), whereas Hb is a mixture of dimeric and tetrameric
forms; at the 5 um hemoglobin concentrations used in this
study, ~65% of Hb is tetrameric and ~35% dimeric (K, , of 1.5
uMm) (35). The larger kg, for native Hb is presumably caused by
hemin removal from its dimeric form, which is known to
release hemin more rapidly than the tetramer (35). ESI-MS
studies have also shown that hemin removal by the receptor
causes native Hb to dissociate into its monomeric globin chains
(15). This latter process further explains why a-IsdH removes
hemin more rapidly from Hb than from HbO0.1, as the isolated
globins caused by native Hb dissolution release hemin at faster
rates than Hb dimers and tetramers (35). Similar effects are
observed for IsdHY?M3, which, like a-IsdH, removes hemin
more rapidly from native Hb than it does from the stabilized
HbO0.1 tetramer. Interestingly, when the &, values for hemin
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removal from Hb0.1 are compared, IsdH™*"? removes hemin

~2-fold faster than a-IsdH (Fig. 3c). We speculate that this
difference is caused by the IsdH">? receptor’s unique ability to
also extract hemin from the (-subunit of Hb0.1, which has
weaker affinity for hemin than the a-subunit. This notion is
substantiated by the results of AUC and hemin transfer exper-
iments that indicate that IsdHY*? binds to Met and rapidly
acquires its hemin. The measured kg, for hemin transfer from
HbO.1 to IsdHN>N? is therefore likely an amalgam of the rates of
hemin removal from both types of globin chains within hemo-
globin, whereas the kg, of transfer to a-IsdH only reflects
hemin removal from the a-globin that binds hemin more
tightly. No differences in kg, are observed between the recep-
tors when Hb is employed as the hemin donor, as tetramer
dissociation accelerates hemin release thereby masking subtle
globin-specific contributions to ki, (Fig. 3b). These complica-
tions highlight the benefits of using Hb0.1 and a-IsdH to
selectively monitor hemin removal, as the native receptor
captures hemin from both globins in a process that is facili-
tated by Hb dissociation into its component monomeric glo-
bins and dimeric Hb (Table 2).

The micro-rate constants and energetics of hemin extraction
were estimated using data from the a-specific transfer assay.
Extraction can be envisioned as occurring through Scheme 1,
with the ratio of k_,/k; describing the equilibrium dissociation
constant for formation of the Hb-arIsdH complex, and ki, ..
representing the process that moves hemin from Hb into the
receptor. Transfer is essentially unidirectional, as competition
studies with apoMb indicate that IsdH~*"? binds hemin with
significantly higher affinity than Hb (Fig. 5a). Fitting of these
data yielded values of 85.7 + 3.8 um and 0.57 = 0.02 s~ ! for
k_i/k; and ki, respectively (Fig. 5). The value of k,
~60% larger than the measured value of kg, presumably
because Hb is only partially saturated with the receptor at the
protein concentrations used in the transfer assay. An Eyring
plot of the temperature dependence of k., reveals that hemin
transfer is limited by an enthalpic barrier at 37 °C, with AG" =
18.1 = 1.1 kcal/mol, and AH" and AS" values of 19.5 = 1.1
kcal/mol. The activation energy required for spontaneous
hemin release from the a-subunit of tetrameric Hb is ~24 kcal/
mol (47). Thus, a-IsdH effectively lowers AG* by ~6 kcal/mol,
consistent with the ~10,000-fold rate enhancement observed
in our hemin transfer experiments as compared with the rate of
spontaneous hemin release from Hb.

We hypothesize that breakage of the HisF8-iron is rate-lim-
iting in the hemin transfer reaction and that it occurs through a
displacement mechanism in which a water molecule outcom-
petes HisF8 as a ligand for the Fe(IlI) atom within hemin (48).
The Hb-IsdH"*"" crystal structure may resemble the pretrans-
fer complex (Scheme 1), because the hemin in this structure
remains bound to Hb via a HisF8 —iron bond. After bond break-
age, the mostly nonpolar hemin would then travel ~12 A
through a predominantly hydrophobic pathway to the rece-
ptor’s N3 domain to form the post-transfer complex (Scheme 1)
(31). In the Hb-IsdHN?N? crystal structure, the receptor
unwinds the F-helix, which may lower the energy required to
break the axial bond breakage by inducing strain. Receptor-
induced pocket distortions could also lower the activation
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energy by increasing the concentration of water molecules near
the bond, increasing the probability that they can outcompete
HisF8’s Ne atom for hemin’s iron atom. Indeed, our MD simu-
lations reveal that receptor binding to Hb causes more stable
and closer hydration to occur near the axial bond, perhaps
favoring water in the competitive displacement equilibria (Fig.
8). Similar hydration of the space near the Fe—HisF8 bond was
clearly observed in the crystal structure of the L89(F8)G mutant
of Mb, which showed a similar 3000-fold increase in the rate of
hemin dissociation at pH 7 (48).

The MD simulations also suggest that the receptor alters the
positioning of the HisF8 —iron bond, but its quantitative impact
on axial bond strength will require the application of more
sophisticated computational methods. Interestingly, altering
the conformation of the F-helix may be a general strategy used
to modulate Hb’s hemin affinity, as helical fluctuations in glo-
bin chains have been shown to govern overall affinity (38,
49 -53). Moreover, this strategy is employed by the a-Hb-
stabilizing protein, which promotes autooxidation of a-globin
chains by binding to a distal site that causes localized distor-
tions in the F-helix (54 -56).

Receptor-hemoglobin binding measurements employing
ITC reveal that IsdHY*™? uses two energetically distinct bind-
ing interfaces with Hb to form the pretransfer complex (Table
3). The first interface is composed of the N2 domain that binds
to the A- and E-helices of Hb (N2-Hb interface), whereas the
second interface contains the linker and N3 domains that inter-
act with F-helix and EF- and FG-corners of Hb (LN3-Hb inter-
face) (Fig. 1b). Using receptor truncation mutants, we demon-
strated that the N2-Hb interface drives formation of the
pretransfer complex. This is evident from our finding that
the IsdH"? polypeptide binds to Hb with similar affinity as the
intact tridomain receptor IsdHY*N?, K, = 7.5 = 1.1 and 4.0 +
0.6 uMm, respectively (Table 3). Conversely, the LN3-Hb inter-
face that contains the distorted F-helix forms with very weak
affinity as judged by ITC and NMR (K, >1 mwm). ITC data
indicate that unwinding Hb’s F-helix is enthalpically unfavor-
able, as IsdH"™? binding to Hb causes heat to be absorbed (Fig.
7), a comparison of the binding data for a-IsdH and a-IsdH?
reveals less favorable AH® changes occur for the intact a-IsdH
receptor as compared with a-IsdHY* (AH® = —6.0 = 0.5 and
—10.3 = 0.5 kcal/mol for a-IsdH and a-IsdH"?, respectively)
(Table 3). In contrast, formation of the higher affinity N2-Hb
interface causes favorable enthalpic changes and unfavorable
changes in binding entropy (AS® = —11.0 = 2 cal/mol‘K). The
latter effect is likely caused by ordering of loop 2, which under-
goes a disordered-to-ordered transition upon binding Hb’s A
helix (30, 42, 45). Thus, despite burying similar solvent-exposed
surface areas, the N2-Hb interface is the primary determinant
for overall binding affinity, whereas the LN3-Hb interface forms
with very weak affinity because of the large enthalpic penalty
that must be paid to distort Hb’s F-helix. Recently, binding of
IsdH to the Hb-Hp complex was studied by surface plasmon
resonance, and it was reported that native IsdH"*™? binds
Hb-Hp with a Kj; ~ 120 nm (57), which is an order of magnitude
higher in affinity than our ITC measured affinity of the
HbIsdHN*? complex. This difference may result from the dis-
tinct methods that were employed. However, it is interesting to
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note that both the IsdH™! domain and IsdB have been reported
to bind the Hb-Hp complex with higher affinity than Hb alone
(58). As these receptors do not contact Hp directly, it is possible
that subtle Hp-induced changes in the structure of Hb may
increase its binding affinity for IsdH and IsdB. However,
remarkably Hp binding prevents hemin transfer from Hb to
IsdB in the ternary complex (57). Thus, the Hp-induced con-
formational changes prevent hemin dissociation with and with-
out bound receptor (59).

Our measured binding energetics for a-IsdH are generally
similar to those previously reported for IsdBN'™?, which is the
analogous tridomain unit within IsdB (33). Nevertheless, there
are clear differences. Most notably, IsdBN'"™* was reported to
bind HbCO with 10-fold higher affinity than IsdH"*"?, and
unlike IsdH™? that binds Hb with high affinity, the analogous
isolated domain from IsdB (IsdB™!) binds HbCO with weak
affinity. Thus, despite a high degree of sequence homology
shared by the two receptors, there may be significant biochem-
ical differences whose molecular basis needs to be deciphered.

Our studies enable a free energy reaction coordinate diagram
to be constructed that describes the process of receptor-medi-
ated hemin extraction from the a-subunit of Hb (Fig. 9). Prior
to engaging Hb, the IsdH"?"? receptor undergoes interdomain
motions in which the position of the N2 domain moves with
respect to the linker and N3 domains that form a rigid unit (29).
In step 1, the higher affinity N2-Hb interface forms (AG® =
—7.0 = 0.1 kcal/mol), contributing ~95% of the total binding
standard free energy for the receptor-Hb complex. In step 2, the
much weaker Hb-LN3 interface forms, unraveling the F-helix to
form the pretransfer complex in a process that is enthalpically
unfavorable. It is unclear whether Hb binding quenches
N2-LN3 inter-domain motions within the receptor. In princi-
ple, the two distinct receptor-Hb binding interfaces could form
in a concerted manner, with binding at the higher affinity
N2-Hb interface nucleating new receptor inter-domain and
Hb-receptor interactions that immobilize the receptor on Hb
and drive formation of the lower affinity Hb-LN3 interface.
However, in the crystal structure of the Hb-IsdH™*"3 complex,
no significant N2—-linker interdomain interactions are observed, and
electron density for residues Asn-465—-Glu-472 connecting
these domains is poorly resolved. Thus, it is possible that
inter-domain motions at the N2-Hb interface persist after
HbIsdH™*™? complex formation, with the N2-Hb interface
holding the mobile LN3 unit near Hb’s hemin to increase its
effective molarity and the likelihood of forming weak contacts
to Hb in which the F-helix is unwound (60). Persistent receptor
inter-domain motions within the Hb-IsdH™*? complex may
also facilitate downstream hemin transfer from IsdH to IsdA,
because, in principle, they would not be reliant upon the com-
plete dissociation of the complex. In step 3, Hb’s hemin mole-
cule is transferred to IsdH following a 12-A path that is exposed
to the solvent. Transfer requires a Gibbs activation energy of
18.1 = 1.1 kcal/mol to be surmounted. We hypothesize that
this energy is needed to hydrolytically cleave the proximal
histidine— hemin bond (Ne-Fe) bond, as AH"is 19.5 = 1.1 kcal/
mol. The structure of the complex and our MD simulations
suggest that the receptor lowers the activation energy by ~6
kcal/mol by inducing strain in the bond and by increasing the
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Figure 9. Model of the hemin extraction mechanism. Shown is a proposed hemin transfer reaction coordinate diagram. The IsdH2"® receptor recognizes
Hb via two energetically distinct interfaces (N2:Hb and LN3-Hb interfaces). Top, schematic showing the steps in hemin transfer. Bottom, relative free energies
of the intermediates. Free energies calculated from this study are labeled along reaction coordinate diagram. Breakage of the axial Fe-Ne bond is presumably
rate-limiting (step 3). The following color scheme was used: N2, green; linker-N3, blue; Hb a-subunit, gold.

concentration of nearby water molecules that compete with
HisF8’s Ne atom for the iron atom within hemin. Based on
studies of spontaneous hemin release from Mb and Hb, bond
breakage may be facilitated by formation of a hemichrome (61).
Indeed, a bis*His hemin complex has recently been observed in
the structure of the IsdB-Hb complex (62). The receptor likely
extracts hemin from the B-subunit using a similar mechanism,
but the energetics of this process remain ill-defined. Once
hemin is transferred, the hemin-bound receptor dissociates
from Hb, presumably through the two-step process in which
the weaker Hb-LN3 interface disengages first (step 4), followed
by dissociation of the stronger Hb-N2 interface (step 5). The
structure of the post-hemin transfer complex is not known, so it
is possible that hemin transfer to the N3 domain alters its struc-
ture further weakening the Hb-LN3 interface. Transfer is effec-
tively unidirectional as IsdH binds hemin with significantly
higher affinity than Hb based on competition studies with
apo-Mb.

Hemin removal by the native receptor from WT Hb is
expected to be significantly more complex and could involve
simultaneous removal from both the a- and B-subunits, as well
as receptor-induced dissociation of Hb into dimeric and mono-
meric species. Based on unfolding studies with purified Hbs,
receptor-mediated hemin removal from WT Hb could cause
the formation of a dimeric molten globular intermediate in
which the a1B1 interface remains intact, but the heme pocket
has partially melted, facilitating the hemin removal from both
subunits (63). However, in our structure of the complex, only
the aF-helix has unfolded. Although we now have an idea about
the mechanism and energies that underlie hemin transfer
from the a-subunit, it remains unknown how hemin moves
between the proteins, how interdomain motions affect this pro-
cess, and whether there are true mechanistic differences
between IsdH and IsdB. The new assay we describe in this paper
could be a valuable tool to help answer these questions.
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Experimental procedures
Cloning and protein preparation

IsdH proteins were expressed from pET-28b-based plas-
mids and initially contained a removable N-terminal hexahisti-
dine—small-ubiquitin-like modifier (SUMO) tag to facilitate
purification (pHis-SUMO) (64, 65). Protein-expressing plas-
mids include the following: pRM208 encoding Ala-326 —Asp-
660 in IsdH (IsdH“?*"?); pRM216 encoding Ala-326—Asp-
660 that contains a Y642A substitution (IsdHN?™3-Y642A);
pMMS322 encoding Ala-326 —Asp-660 with substitution of
36SFYHYA?® — 35YYHYF?* that confers selectivity for the
a-globin chain of Hb (a-IsdHY?*"?); and pMMS323 containing
the same substitution of ***FYHYA?® — *YYHYF?*? as well
as a Y642A substitution (a-IsdHN*N3-Y642A) (15, 31, 66). In
addition, the pET-28b—based plasmid pSUMO-Mb was con-
structed that expresses recombinant sperm whale myoglobin
H64Y/V68F with a removable SUMO tag (Mb'eY/Vesr)
The expression plasmids were constructed using standard
approaches and made use of the QuickChange site-directed
mutagenesis kit, (Stratagene, La Jolla, CA). The proteins were
expressed by transforming the aforementioned plasmids into
Escherichia coli BL21-DE3 cells (New England Biolabs, Beverly,
MA). Protein expression and purification procedures have been
described previously (15). Briefly, expression proceeded over-
night at 25 °C by adding 1 mMm isopropyl-B-D-thiogalactoside
(IPTG) to cell cultures. The bacterial cells were then harvested
by centrifugation and lysed by sonication, and the protein was
purified using a Co®" -chelating column (Thermo Fisher Scien-
tific, Waltham, MA). The N-terminal His,-SUMO tag was then
cleaved using the ULP1 protease, and mixture was reapplied to
the Co>" -chelating column to remove the protease and cleaved
SUMO tag. The hemin-free forms for the IsdH and Mb proteins
were generated by hemin extraction with methyl ethyl ketone
followed by buffer exchange into 20 mm NaH,PO,, 150 mm
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NaCl, pH 7.5 (67). Hemin-saturated proteins were produced by
adding a 1.5 M excess of hemin to purified protein solutions
followed by removal of excess hemin using a Sephadex G-25
column (GE Healthcare) equilibrated with 20 mm Tris-HCI, pH
8.0. Protein-hemin stoichiometries were determined using UV-
visible spectroscopy and calculating the Ag,,../Ag0-

Human hemoglobin was prepared as described previously
from the blood of a healthy donor provided by the CFAR Virol-
ogy Core Lab at the UCLA AIDS Institute (68). Briefly, red
blood cells were washed in 0.9% NaCl solution and then lysed
under hypotonic conditions. Hb was purified from the hemoly-
sate by two ion-exchange chromatography steps, cation-ex-
change (SP-Sepharose, GE Healthcare), followed by anion-
exchange chromatography (Q-Sepharose, GE Healthcare).
During the purification, the globin chains were maintained in
the carbon monoxide-liganded state to inhibit autooxidation
and subsequent denaturation. Recombinant genetically stabilized
human hemoglobin was expressed from plasmid pSGE1.1-E4 in
E. coli BL21-DE3 cells and contains V1M mutations in both a-
and B-globin chains and a glycine linker between the C termi-
nus of one a-subunit and the N terminus of another a-subunit
(called HbO.1) (40, 69). Cells were grown in M9 minimal media
containing 3 g/liter glucose and 1 g/liter NH,Cl as the sole
source of carbon and nitrogen, respectively. Prior to induction,
exogenous hemin was added to the cell cultures to a final con-
centration of 8 um. Expression was performed at 16 °C overnight
by adding IPTG to cell cultures to achieve a final concentration of
1 mm. Cells were then harvested by centrifugation, and washed
with lysis buffer (50 mm Tris-HCI, 17 mm NaCl, pH 8.5) twice to
remove excess hemin. The cell suspension was then purged with a
steady stream of CO for 15 min in an ice-water bath. All buffers
used during the purification were kept at pH 8.5 and were purged
with CO to prevent heme oxidation. The cells containing recom-
binant Hb0.1 were lysed by sonication and purified in a single step
using a Co®"-chelating column (Thermo Fisher Scientific) via
interactions with the naturally occurring His residues on the sur-
face of Hb0.1. The column was washed using three buffers prior to
elution with imidazole: 5 volumes (CV) of lysis buffer (see above), 5
CVs of wash buffer 1 (20 mm Tris-HCl, 500 mm NaCl, pH 8.5), and
5 CVs of wash buffer 2 (20 mm Tris-HCI, pH 8.5). Column-bound
Hb was then eluted with 5 CVs of elution buffer (20 mm Tris-HCI,
100 mMm imidazole, pH 8.5).

Hemin transfer experiments

Ferric Hb and Hb0.1 (methemoglobin) were used in the
hemin transfer experiments. They were produced by convert-
ing the carbonmonoxy form of each pure protein into the ferric
form using established methods and described for Hb. Briefly,
HbCO was converted into HbO,, by delivering a pure stream of
oxygen gas over HbCO solution kept cold in an ice-water bath
and simultaneously illuminated with a high-intensity (100
watts) light source. Removal of CO from HbCO and conversion
to HbO, was considered complete when the ratio of A.../A-,
was ~1.8 (70). Oxidation of HbO, to generate ferric Hb was
achieved by incubating HbO, with a 5-fold molar excess of
potassium ferricyanide followed by application of the sample to
a Sephadex G-25 column (GE Healthcare) to remove the excess
ferricyanide. Ferric Hb (or Hb0.1) was then buffer exchanged
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into 20 mm NaH,PO,, 150 mm NaCl, pH 7.5. The concentration
of hemin within each form of the protein was determined using
the extinction coefficient of 179 mm ™' cm ™' at a wavelength of
405 nm (71).

The kinetics of hemin transfer from ferric Hb (donor)
to apo-IsdH proteins (acceptor) were measured using an
Applied Photophysics SX18.MV stopped-flow spectrophotom-
eter (Applied Photophysics, Surrey, UK). Acceptor and donor
proteins were dissolved in 20 mm NaH,PO,, 150 mm NaCl, pH
7.5, supplemented with 0.45 M sucrose to prevent absorbance
changes caused by apoprotein aggregation (39). Ferric Hb was
mixed with apo-acceptor present at =10 M excess (in hemin
units) to maintain pseudo-first—order conditions. After rapid
mixing (dead-time 3 ms), absorbance changes at 405 nm were
monitored for 1000 s. Experiments were performed in tripli-
cate, and the data were analyzed by fitting the observed time
courses to a double-phase exponential expression using the
GraphPad Prism program (GraphPad Software, version 5.01).
As described here, micro-rate constants describing the hemin
transfer were obtained by fitting the dependence of the
observed fast-phase kinetic rate constant (k) on the concen-
tration of apo-receptor (Equation 1) using Mathematica soft-
ware (Wolfram Mathematica 9.0, Wolfram Research). For
slower transfer reactions involving apo-Mb"¢*Y/Ve8F (39) 4
10-fold molar excess of apo-Mb"'**¥/V68F yas used, and absor-
bance changes were measured using a conventional UV-visible
spectrophotometer. For these reactions, the entire UV-visible
spectrum was recorded over a 17-h period.

Analytical ultracentrifugation

Sedimentation equilibrium runs were performed at 25 °C in
a Beckman Optima XL-A analytical ultracentrifuge using
absorption optics at 412 nm so that only the heme molecule was
detected. The protein concentrations in samples analyzed by
AUC were the same as those used for the stopped-flow hemin
transfer experiments (20 mm sodium phosphate, 150 mm NaCl,
0.45 M sucrose, pH 7.5). To limit hemin transfer during the
AUC experiment, IsdH proteins contained the Y642A muta-
tion that limits heme binding, and the carbon monoxide-ligan-
ded form of Hb0.1 (or B-Hb) was used to limit heme release.
Three-mm pathlength double sector cells were used for all
samples, and were purged with CO before sealing the cells to
prevent oxidation. Sedimentation equilibrium profiles were
measured at speeds of 9000 (~6000 X g) and 13,000 rpm
(~13,000 X g). Samples contained Hb0.1 or B-Hb (isolated
B-globin chains) at a concentration of 5 um and 0, 75, and 150
uM a-IsdHY®*?4, Experiments using native IsdH”**** made use
of a 150 uMm sample. Weight-average molecular masses were
determined by fitting with a nonlinear least-squares exponen-
tial fit for a single ideal species using the Beckman Origin-based
software (version 3.01). Partial specific volumes were calculated
from the amino acid compositions and corrected to 25 °C (72,
73). They were 0.749 for the a8 Hb heterodimer and $-glo-
bin chains, 0.735 for apo-receptor, and 0.739 for the com-
plex. At higher concentrations of receptor, the fitted molec-
ular weights were slightly lower than those obtained when
lower receptor concentrations were used, which is compat-
ible with the increased nonideality of the solution.
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Isothermal titration calorimetry

ITC measurements were performed using a MicroCal
iTC200 calorimeter (GE Healthcare) at 25 °C. To prevent heat
changes due to hemin transfer, the Hb was maintained in
the carbonmonoxy-ligated state and hemin-binding deficient
receptor proteins containing an alanine substitution for Tyr-
642. The HbCO and the apo-receptor proteins were buffer-
matched in ITC buffer (20 mm NaH,PO,, 150 mm NaCl, 0.45 m
sucrose, pH 7.5). The cell was filled with 30 um HbCO, and the
syringe was filled with 200, 300, and 850 um a-IsdHY***4, a-
IsdHN?, IsdH'"N3(Y¢424) | respectively. Twenty injections were
performed using 2.0-ul injection volumes at 180-s intervals.
ORIGIN software was used to fit the data to a single-site bind-
ing model. The heat (Q) is related to the number of sites (#), the
binding constant (K), and the enthalpy (AH) via Equation 3,

nMAHV, X
) nM, " nkM,
- X, . 1\ 4ax
oM, " nkm,) " am) E9Y

where X,, M,, and V represent the bulk concentration of ligand,
the bulk concentration of macromolecule in V_, and the active cell
volume, respectively. A correction is made to account for the dis-
placed volume after the ith injection, as shown in Equation 4,

dV,—(Q(i) +Q(i—1)

sai = a0 + (2 3) - ai- 1

(Eq.4)

Calculated AQ(7) values for each injection are compared with the
corresponding experimental values. The fit is improved over suc-
cessive iterations by altering values for n, K, and AH (74).

Molecular dynamic simulations

The protein structure for the IsdH-bound system was taken
directly from a methemoglobin dimer-IsdH complex (PDB code
4XS0, resolution 2.55 A (31)), and the coordinates of native
methemoglobin were taken from a tetramer deoxy-hemoglobin
structure (PDB code 1A3N, resolution 1.8 A (75)). Missing res-
idues in each structure were added using ModLoop (76). Both
systems were neutralized with Na* ions and solvated with
TIP3P (77) waters and a 150 mm NaCl environment in a peri-
odic box, which had a minimum of 10 A from protein heavy
atoms to the box edge. Following minimization for 4500 steps,
both systems were heated to 300 K with restraints of 10 kcal/
mol/A? on the solute heavy atoms applied for 20 ps, and the
restraints were then gradually removed over 350 ps. Production
simulations of 200 ns were then performed in the NPT ensem-
ble with temperature maintained via a Langevin thermostat and
pressure-regulated with a Berendsen barostat (78). Nonbonded
interactions were truncated at 10 A, and long ranged electro-
statics were computed with the particle-mesh Ewald method
using a maximum spacing of 1.0 A. All simulations were per-
formed with the GPU accelerated version of PMEMD in the
Amber16 package (79). The AMBER(ff14SB force field was used
for the proteins, whereas parameters for hemin and the
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Ne—Fe®* bond were calculated following the protocol of Shah-
rokh et al. (80). In short, geometry optimization, frequency cal-
culations, and electrostatic potential calculations were done in
Gaussian09 (81), and a RESP fit was performed in antechamber
Gaussian, and tleap scripts were generated using MCBP.py
from AmberTools16. Bonded and van der Waals parameters
were derived from the General Amber Force Field (82). Analy-
sis of each system was performed on the final 150 ns of simula-
tions using visual molecular dynamics (83), MDAnalysis (84),
and CPPTRA]J (85). The grid inhomogeneous solvation theory
analysis was done with a grid spanning 33 X 41 X 61 A and a
grid spacing of 0.5 A.
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