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Background: In the bacterial heme carrier HasA, an open to closed transition occurs with heme binding.

Results: Axial heme ligand mutants H32A and Y75A are both in a closed conformation.

Conclusion: Simultaneous binding of both axial heme ligands is not required for the closure of loop L1 in HasA.
Significance: The H32A mutant of HasA mimics a proposed structure involved in heme transfer to its partner HasR.

The hemophore protein HasA from Serratia marcescens
cycles between two states as follows: the heme-bound holopro-
tein, which functions as a carrier of the metal cofactor toward
the membrane receptor HasR, and the heme-free apoprotein
fishing for new porphyrin to be taken up after the heme has been
delivered to HasR. Holo- and apo-forms differ for the conforma-
tion of the two loops L1 and L2, which provide the axial ligands
of the iron through His®*> and Tyr”?, respectively. In the apo-
form, loop L1 protrudes toward the solvent far away from loop
L2; in the holoprotein, closing of the loops on the heme occurs
upon establishment of the two axial coordination bonds. We
have established that the two variants obtained via single point
mutations of either axial ligand (namely H32A and Y75A) are
both in the closed conformation. The presence of the heme and
one out of two axial ligands is sufficient to establish a link
between L1 and L2, thanks to the presence of coordinating sol-
vent molecules. The latter are stabilized in the iron coordination
environment by H-bond interactions with surrounding protein
residues. The presence of such a water molecule in both variants
is revealed here through a set of different spectroscopic tech-
niques. Previous studies had shown that heme release and
uptake processes occur via intermediate states characterized by
a Tyr’®-iron-bound form with open conformation of loop L1.
Here, we demonstrate that these states do not naturally occur in
the free protein but can only be driven by the interaction with
the partner proteins.

Iron is an essential nutrient for commensal and pathogenic
bacteria. However, as the ferrous form is highly toxic for cells
and the ferric form is scarcely soluble, it is usually sequestered
in mammals by proteins such as ferritin, lactoferrin, and trans-
ferrin. Iron acquisition represents a challenge for bacteria
invading mammalian hosts. Therefore, bacteria have developed

different systems to acquire iron from all sources present in
their hosts, including heme, either free or bound to hemopro-
teins. Among them, the heme uptake system Has has been iden-
tified in numerous pathogenic Gram-negative bacteria such as
Serratia marcescens (1, 2), Pseudomonas aeruginosa (3), Pseu-
domonas fluorescens (4), Yersinia enterolitica and Yersinia pes-
tis (5), and Yersinia pseudotuberculosis and Erwinia carotorova.
Under iron deficiency conditions, these bacteria secrete small
soluble heme carrier proteins, the hemophores. In the extracel-
lular medium, hemophores either bind free heme or extract
heme from host hemoproteins. Heme is then transported to the
bacterial membrane for uptake through a specific receptor,
HasR, and subsequent internalization. The hemophore HasA
from S. marcescens (19 kDa) was the first to be discovered (1)
and characterized (6). Structures of the wild type heme-loaded
HasA (holo-HasA, 1) (Fig. 1) (7, 8) and heme-free HasA (apo-
HasA,1) (9) are available. The protein presents an original a/3
fold with a highly curved seven-stranded antiparallel 3-sheet on
one face and a bundle of four a-helices on the other face. The
heme binding pocket is mainly composed of two extended
loops, L1 (Gly*®*~Gly*®) and L2 (Tyr”*~Thr®*) that connect the
a and B faces of the molecule. In holo-HasA 1, the pocket
assumes a closed conformation, with the two loops holding the
heme through an uncommon pair of axial ligands as follows: a
histidine (His*?) on loop L1 and a tyrosine (Tyr””) on loop L2. In
apo-HasAr the loop L2 adopts a similar conformation as in
holo-HasA 1, whereas the loop L1 is displaced by about 30 A
and protrudes toward the exterior of the protein. The heme
binding pocket thus adopts an open conformation in the
apo-form.

The heme iron is in the ferric state and presents a thermal
high spin (HS)?-low spin (LS) equilibrium, with the two species
in fast exchange on the chemical shift NMR time scale (10). The
affinity of HasA - for heme is high (K, = 5.3 X 10'° M~ ), but
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FIGURE 1. Ribbon representation of the holo-HasA,,; structure (Protein
Data Bank code 1B2V). The heme is in green. The two axial ligands, His* and
Tyr’®, are in red, and residue His®?, which is H-bonded to Tyr’>, is in yellow.

the two axial ligands make uneven contributions to heme bind-
ing. Indeed, whereas the H32A mutation results in a 5-fold
decrease in affinity (K, = 1.0 X 10'° M~ '), the Y75A mutation
induces a 400-fold decrease (K, = 1.3 X 108 M~ *) (11). Coordi-
nation of the Tyr”® ligand is stabilized via a hydrogen bond
between its On and the N81 of the nearby histidine His®* (12,
13). Removal of His®*® causes detachment of the Tyr’* ligand,
thus giving rise to a series of pH-dependent equilibria among
species with different axial ligation (13); in H83A at physiolog-
ical pH, a five-coordinated HS species is observed. To decipher
the role of His** and Tyr’® in heme uptake and release pro-
cesses, we have characterized the electronic properties and the
iron coordination sphere of the holo-H32A and holo-Y75A
mutants by means of NMR, nuclear magnetic resonance disper-
sion (NMRD), EPR, resonance Raman (rR), and UV-visible
spectroscopies. The resulting picture is that the loss of Tyr”®
produces species where the His®> imidazole ring is invariably
bound to the heme iron whereas either His®** or H,O bind on
the side of the L.2 loop, depending on pH. The loss of His>* gives
rise, at physiological pH, to Tyr/H,O axial ligation with S = 3/2
spin state. Interestingly, the lack of an amino acid binding in
axial position on the L1 loop side does not induce the opening of
the loop. These data are discussed in terms of heme uptake and
release mechanisms.

EXPERIMENTAL PROCEDURES

Expression and Purification of the H32A and Y75A HasAg,,
Mutant Proteins—H32A and Y75A were constructed by in vitro
site-directed mutagenesis as described previously (13). Proteins
were obtained from the culture supernatants of Escherichia coli
strain Pop3 (pSYC34PAM) grown at 30°C in M9 minimal
medium and purified as reported previously (6). Uniformly
labeled '*N and '*N/*3C proteins were produced at 30 °C in M9
minimal medium containing **NH,Cl and ['*C]glycerol as sole
nitrogen and carbon sources. Purity of the proteins was
checked by SDS-PAGE. The protein concentrations were
determined using the €, = values of 21,700 M~ ' cm ™' for
H32A mutant and 18,500 M~ ' cm ™! for Y75A mutant (14).
When necessary, the last C-terminal residues of the HasA pro-
teins were cleaved by the S. marcescens protease Prtg,, (15).

NMR Sample Preparation—Bovine hemin or gallium(III)
protoporphyrin IX (GaPPIX) was dissolved in a minimal
amount of 0.1 N sodium hydroxide (NaOH), centrifuged, and
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diluted with 20 mMm sodium phosphate buffer, pH 7. Concentra-
tion of the hemin and GaPPIX solutions were measured in 0.1 M
NaOH and in DMSO, respectively, using the €,45 .., NaOH and
€413 nm DMSO values of 58,440 M~ ' cm ™! (16) and 249,000 M~
cm™'.? Freshly prepared hemin or GaPPIX solutions were
added to the proteins in an ~1.2:1 ratio. The excess of hemin or
GaPPIX was eliminated by gel filtration in 20 mm phosphate
buffer at pH 7.0 to obtain 100% loaded proteins. The cyano-
complexes were prepared by adding a 15 M excess of potassium
cyanide (KCN) to the proteins (0.100 M KCN stock solution in
20 mM phosphate adjusted to the requested pH).

UV-visible Absorbance Spectroscopy—Protein samples for
spectrophotometric pH titrations (pH 5.0 —10.4) were prepared
in a mixture of buffers (20 mm Mes, 20 mM Tris, and 20 mMm
Ches). The titrations were performed by adjusting pH with
dilute hydrogen chloride (HCI) or NaOH solutions and moni-
toring the UV-visible spectrum. Dilution of each sample over
the course of the titration was less than 2%. Twenty two spectra
were recorded over the pH range of interest.

Resonance Raman Spectroscopy—Room temperature rR
spectra were recorded from 25 to 80 uMm protein samples in
5-mm NMR tubes spinning at ~20 Hz. The spectra were
obtained with either 413.1 or 514.1 nm excitation from krypton
and argon lasers, respectively, using the 135° backscattering
geometry. Laser power at the samples ranged from 15 to 20
milliwatts. Sample integrity was checked by UV-visible absorb-
ance spectroscopy before and after the rR spectra were
recorded. The spectrometer was calibrated using the Raman
bands of toluene, methylene bromide, and N,N-Dimethyl-
formamide as external frequency standards.

The rR samples of H32A and Y75A examined for isotopic
sensitivity were prepared by 30-fold dilution of stock protein
solutions (2.0 mM Y75A and 1.3 mm H32A, respectively) into 50
mM N-cyclohexyl-3-aminopropanesulfonic acid buffer at pH
10.0, which had been prepared in H,'®0 (96 atom % '*O).

NMR Spectroscopy—NMR experiments were performed on
protein samples ranging from 0.6 to 2 mm concentration in 20
mM phosphate buffer adjusted to the desired pH by adding
dilute HCI or NaOH solutions. Unless otherwise specified,
NMR spectra were recorded at 303 K. One-dimensional "H
NMR spectra tailored to detect fast relaxing signals were
acquired at 500 MHz (11.7 T) with a spectral width of 200 ppm
and 8 K data points. Water suppression was achieved by fast
repetition rate and presaturation during a 30-ms recycle delay.
One-dimensional >N NMR spectra were acquired at 40 MHz
(9.4 T) using a 450-ppm spectral width, 2 K data points, and a
10-ms recycle delay. One-dimensional ">C NMR spectra were
acquired at 175 MHz (14.4 T) with a spectral width of 500 ppm
and 4 K data points. A triple resonance probe tailored for direct
detection of '3C signals was used throughout all >*C NMR
experiments. Experiments were performed with the '>C-carrier
frequency at —200, 150, 567, and 850 ppm to detect signals over
wide spectral regions, using 10 or 200 ms as recycle delays.
Several series of inversion recovery experiments were per-
formed with the '*C-carrier frequency at different positions to

3 V. Kumar and . Stojiljkovic, personnal communication.
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properly invert and excite all *>C resonances and determine
their 7, values. Recycle delays were 10 and 100 ms.

Chemical Shift Mapping—T o express chemical shift changes
of the individual amide groups, the chemical shift change (in
ppm) was defined as shown in Equation 1 (17, 18),

A8 = ((ASHN)? + (0.16A8N)?)"2 (Eq. 1)

where ASH /N are the chemical shift differences of the corre-
sponding amide "H/"*N nuclei between two protein forms, and
0.16 was the weighting factor for '°N.

EPR Spectroscopy—EPR spectra were recorded with a Bruker
ESP300E spectrometer fitted to an Oxford Instrument ESR900
helium flow cryostat. Experiments were carried out on protein
samples with concentrations ranging from 0.1 to 0.5 mM in 50
mM sodium acetate buffer, pH 5.5, 50 mm phosphate buffer, pH
7.0, and 50 mM Tricine, pH 9.0. For spin intensity measure-
ments of the low spin heme signal, EPR spectra were taken at 15
K in nonsaturating conditions, doubly integrated, and com-
pared with a copper(Il) sulfate standard of known concentra-
tion. Spin intensity measurements of the high spin heme signals
were performed by comparing the double integration of the low
field part of the signal to that given by a myoglobin sample of
known concentration (19). When necessary, the deviation of
the temperature dependence from the Curie’s law was taken
into account for high spin signals.

Magnetic Susceptibility Measurements—The magnetic sus-
ceptibility of WT and H32A HasA was measured by the modi-
fied Evans method (20 -21) as reported previously (22). Coaxial
NMR tubes were used with 1,4-dioxane as internal reference.
The two protein samples had exactly the same concentration,
i.e. 0.67 mM in 20 mMm phosphate buffer, pH 5.7. The inner cap-
illary contained the paramagnetic protein solution, and the
outer tube contained the buffer solution only. The shifts of the
proton signals of the reference molecule were measured on a
Bruker AVANCE 800 spectrometer, operating at 18.7 T, over
the 283-308 K temperature range. The inner-outer tube peak
separation (A8, expressed in ppm) for the standard molecule
was measured and was attributed to the bulk susceptibility shift.
The paramagnetic contribution to the molar susceptibility of
the solute (y,,"*%*) was related to the bulk susceptibility shift
A$ as indicated in Equation 2,

AS = Cyxi®/3 (Eq.2)

in which C,, is the millimolar concentration of the protein, and
Xt R4 is given in m® mol ™', The magnetic moment in solu-

tion (w.g) was then calculated according to Equation 3,

I-"iff = XKAARA 3KT/Napwo (Eq.3)

where k is the Boltzman constant; T is absolute temperature;
N, is Avogadro’s constant, and ., is the vacuum permeability.

NMRD Measurements—Longitudinal water proton relax-
ation rates were measured with a prototype of a Stelar fast field
cycling relaxometer (0.01-40 MHz proton Larmor frequency
range) (23). The instrument provides R; values with an error
smaller than 1%. 'H NMRD profiles were obtained by plotting
proton relaxation rates as a function of applied magnetic field.
Reported profiles were obtained for WT and H32A samples
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that had exactly the same concentration (0.67 mm) in 20 mm
phosphate buffer, pH 5.7.

RESULTS
Y75A Mutant

Global Fold—To probe the effect on the protein structure of
replacing Tyr”® with the noncoordinating amino acid alanine,
the "H-'°N heteronuclear single quantum coherence (HSQC)
spectrum of the diamagnetic GaPPIX adduct of Y75A was com-
pared with that of GaPPIX-HasA -, which is known to share
the same structural features and the same axial ligand pair with
the native paramagnetic iron(III) complex (24).

The "H-'""N HSQC spectra of GaPPIX-Y75A and GaPPIX-
HasA., 1 recorded at pH 5.6 are essentially superimposable as
shown in Fig. 2A. As expected, the signal of Tyr’> was missing in
GaPPX-Y75A. Also the signal of Leu”” disappeared from the
position observed in GaPPIX-HasA; indeed, the HN of this
residue in the wild type protein had a peculiar "H chemical shift
(3.3 ppm) due to ring current effects from the nearby Tyr”® ring,
and substitution of Tyr”® with an alanine removed the origin of
its upfield shift. Small but significant chemical shift variations
were observed for the remaining residues of loop L2, including
His®?, and for the amino acids belonging to the region facing
loop L2, such as 87, 128, 131, and 132. The chemical shift of
His®** and of its surrounding residues was only slightly affected
by the mutation, indicating that loop L1 did not change its
conformation. The spectrum of GaPPIX-Y75A did not vary
substantially at increasing pH values up to 8.2.

In summary, comparison of the GaPPIX-Y75A and GaPPIX-
HasA 1 spectra indicated that both proteins shared a very sim-
ilar backbone conformation, including the two axial ligand
bearing loops, independently of the pH. This result indicated
that the heme-binding pocket of GaPPIX-Y75A maintained the
same closed conformation as its WT counterpart. Accordingly,
much larger differences were observed between the 'H-'°N
HSQC spectra of GaPPIX-Y75A and apo-HasA,, the latter
providing the fingerprint for the open conformation of the
hemophore (Fig. 2B).

Chemical shift differences between the *H-"*N HSQC spec-
tra of the paramagnetic heme-loaded holo-Y75A and holo-
HasA (supplemental Fig. S1) reflect, in principle, both confor-
mational differences between the two proteins and variations in
the hyperfine shift contribution arising from the different coor-
dination state of the iron. However, given the results obtained
for the gallium derivatives, the former effect was expected to be
very minor. However, substitution of the axial Tyr”” ligand with
anonbonding alanine surely affected the electronic structure of
the iron(IIl) center. Significant chemical shift changes were
observed for the signals of Gly**, Asn®®, Asn’?, and Ala®?, which
were located in well resolved regions of the spectrum of holo-
HasA, 1. Furthermore, in holo-Y75A, splitting was observed
for most of the signals in the surrounding of the heme. This
indicated that two different protein forms, in slow exchange on
the chemical shift NMR time scale, exist for the mutant most
probably due to two different sets of heme axial ligands. Upon
increasing pH, the relative intensity of the two forms changes
(supplemental Fig. S1). A pH-dependent transition between
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FIGURE 2. Superimposition of ">N-'"H HSQC spectra. A, GaPPIX-Y75A (red) versus GaPPIX-HasA,y; (black). '°>N-"H correlations of residues of loop L2 and
residues 87, 128, 131, and 132 of GaPPIX-HasA,, are indicated. B, GaPPIX-Y75A (red) versus apo-HasAyr (black). C, GaPPIX-H32A (red) versus GaPPIX-HasA,+
(black). ">N-"H correlations of residues localized in the central part of the L1 loop, from Asp?® to Asp®?, of GaPPIX-HasA,,; are indicated. D, GaPPIX-H32A (red)
versus apo-HasA, (black). Spectra were recorded at 303 K, at pH 5.6 in 20 mm sodium phosphate buffer.

protein forms with different heme iron coordinations was also
observed by other spectroscopies, as detailed below.

Heme Iron Spin State and Coordination Sphere—The UV-
visible spectrum of holo-Y75A shows meaningful changes over
the 5.2-10.4 pH range (Fig. 34). At pH 5.2, the presence of two
Q bands at 533 and 564 nm, typical of LS ferric heme, together
with a Q band at 497 nm and a charge transfer band at 629 nm,
characteristics for HS ferric heme, was diagnostic for a mixture
of the two spin states. The B band was observed at 406 nm. The
HS species, predominant at acidic pH, was converted to an LS
species with increasing pH values as reported by the B band
shifting to 410 nm and the charge transfer (CT) band losing
intensity. Determination of pK, values using the absorbance
values at a single wavelength is shown in Fig. 34, inset. Wave-
length data for 406 and 629 nm yield a pK, value of 7.2 = 0.2 for
the HS — LS transition. Fitting the intensity of the band at 533
nm data gave a pK, value of <6, which suggested the presence
of a further low spin species, as detected by rR (see below).

The pH dependence of the spin states of holo-Y75A was also
observed by rR spectroscopy. The high frequency rR spectra at
pH 5.2 revealed bands at 1477 cm ™' (v5) and 1557 cm ™! (v,)
that are characteristic of a six-coordinate HS (6¢HS) state,
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together with three bands at 1502 (v;), 1576 (v,), and 1633
cm™! (vy,), typical of a six-coordinated LS (6¢cLS,) state (Fig.
3B). Upon raising the pH from 5.2 to 6, the intensity of the 6¢cHS
v; and v, bands decreases significantly while that of the 6¢LS v,
band increases. Moreover, the 6¢cLS, v, band at 1576 cm ™!
shifted to 1579 cm %, and a second 6cLS v,, band became
observable at 1640 cm ', consistent with the presence of a sec-
ond six coordinate LS (6¢cLS,) species. The LS, species became
predominant at high pH. The low frequency spectrum of holo-
Y75A also reflects this pH dependence (Fig. 3C). The most
notable changes occurred between pH 5.2 and 6.0 in the vinyl
and propionate group bending frequencies. One of the vinyl
bending bands 8(C,C,C,) shifted from 421 to 427 cm ™', and
the propionate bending band 8(CzC.C,) at 380 cm ™' shifted to
378 cm™ ', thus indicating changes in the environment of the
peripheral heme substituents. Comparison of the peripheral
group bending frequencies for alkaline Y75A with those of
HasWT (13) (supplemental Fig. S2) indicated that the vinyl and
propionates groups have different environments in these pro-
teins with the frequencies of the 8(C;C_.C,) band for Y75A sug-
gesting a weaker hydrogen bonding environment for at least
one propionate group relative to that in HasAWT. The possi-
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bility of a 6¢LS hydroxide complex at alkaline pH was consid-
ered by examining Y75A at pH 10.0 in H, 0. Heme hydroxides
typically exhibit Raman bands between 440 and 560 cm ™. As
these bands correspond to normal modes that are dominated
by Fe-OH stretching, their frequencies are sensitive to changes
in the reduced mass of the FeOH oscillator and shift ~20 cm ™'
to lower frequency in H,'®O (25 and references therein). No
isotope shift was observed suggesting that the 6¢LS, complex
was not a hydroxide complex.

The EPR spectrum of Y75A at pH 5.5 indicated the presence
ofan HS (g, = 5.76 and g; = 2.2) and an LS (g = 2.87,2.28, and
1.54) species. The signal of the HS form decreased with increas-
ing pH up to 9.5, whereas that of the LS species increased (data
not shown).

One-dimensional "H NMR spectra of holo-Y75A, recorded
from pH 4.6 to pH 9.9, show two sets of signals in a 80:20 ratio
corresponding to the two possible orientations of the heme
along the a-y meso axis, as already observed for holo-HasA ;1.
and holo-H83A mutant (10, 13). Hereafter, only the major set
will be considered; however, the observed behavior also holds
for the minor set of resonances. The spectrum at pH 5.6 (Fig.
4A) displays two groups of resonances, in agreement with the
HSQC results. The first one (form A) was characterized by
broad peaks, in the 80 to 40 ppm range. The second (form B) has
sharper peaks, in the range 40 to 15 ppm. Upon increasing pH,
form A decreases in intensity to the benefit of form B (Fig. 4B).
The chemical shift values of the B form showed a slight pH
dependence at pH < 6, consistent with the LS, -LS, equilibrium
detected by visible and rR spectroscopies (data not shown). The
four most intense signals of form A (57.5, 52.8, 50.1, and 44.6
ppm at pH 5.6 and 303 K) were attributable to the four heme
methyls. Their average chemical shift, 51.2 ppm, was interme-
diate between those expected for purely HS (S = 5/2) and
purely LS (S = 1/2) heme iron(III). Line widths of the order of
350 Hz and short T, values (4 —5 ms) of methyl resonances were
comparable with those of HasAy 1, which experienced a ther-
mal HS/LS equilibrium, fast on the NMR chemical shift time
scale. A broad signal, exchangeable in deuterium oxide (D,0),
occurred at 73.6 ppm with linewidth of about 1500 Hz and a T
value shorter than 1 ms. By analogy with the wild type case, it
can be attributed to the HN$§1 of the heme-bound His**. The
temperature dependence of His*> HN8&1 chemical shift and
heme methyl resonances showed a nonlinear behavior indicat-
ing a non-pure spin state (supplemental Fig. S3). This is, again,
in analogy with previous observations on holo-HasA. To
further characterize the A form, a one-dimensional *>C spec-
trum was recorded at pH 5.6, showing three major and three
minor hyperfine shifted signals, respectively labeled B, C, F and

FIGURE 3. Holo-Y75A UV-visible and resonance Raman spectra, at pH
ranging from 5.1 to 10. A, top panel, UV-visible spectra. Arrows indicate the
direction of the absorbance change as the pH is increased. The inset shows all
data points at the indicated wavelengths and titration curves calculated by
global nonlinear least squares analysis. Bottom panel, component spectra
obtained from a global fit of all 22 pH titration spectra of holo-Y75A. The black
line is the acidic component; the red line is the intermediate pH component;
the blue line is the alkaline species. Inset, species distribution as a function of
pH obtained from the global fit. B, the acidic component; @, the intermediate
pH component; A, the alkaline species. B, Soret-excited high frequency; C, low
frequency rR spectra at the indicated pH values.
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FIGURE 4. "H NMR spectra. A, holo-Y75A at pH 5.6; B, holo-Y75A at pH 8.2.
G, holo-Y75A cyanide adduct at pH 7.3; D, holo-H32A at pH 5.6; £, holo-H32A
at pH 9.1. Spectra were recorded at 303 K, in 20 mm phosphate buffer.

A, D, Einthe 210 - 670 ppm region (Fig. 54), with line widths in
the range 800-3000 Hz and T, values shorter than 1 ms (sup-
plemental Table S1). Analogous signals in the WT and H83A
proteins were previously attributed to His**> imidazole ring res-
onances (Fig. 5B) (13). Their shift increases at increasing tem-
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peratures. Insights on the axial ligation in Y75A could be gained
by comparing the coordination sphere of the previously char-
acterized protein forms and their observed chemical shifts.
Average chemical shift values for '>C resonances of His>* and
'H resonances of heme methyls and His*> H N§1 measured for
holo-HasA,r, holo-H83A, and for the A form of holo-Y75A
are reported in Table 1. The pure five-coordinate HS (5cHS)
species in holo-H83A, where His>” is the only axial ligand, had
the highest chemical shifts. Species with His** and a sixth ligand
(Tyr”® in holo-HasA ;- and H,O® in holo-H83A) have some-
what lower shifts, which, with temperature, deviate from a
purely Curie behavior. On these bases, and due to the lack of
hyperfine shifted signals attributable to a second protein axial
ligand, we propose that form A of holo-Y75A was an His*>-Fe-
H,O? moiety. The preserved conformation for loop L2 upon
removal of Tyr”® that emerges from the HSQC fingerprint was
consistent with a stabilization of the interaction between the
loop and the heme iron mediated by a water molecule that
forms an H-bond, probably with His®?,

The B form of holo-Y75A included sharp 'H signals for heme
methyls (line width ~150 Hz) with average chemical shift of
45.9 ppm and linear Curie temperature dependence (supple-
mental Fig. S3). All these NMR parameters suggest a pure LS
species. Insight on the nature of the axial ligands of Y75A was
further obtained from '°N heteronuclear multiple bond corre-
lation (HMBC) experiments tailored for the detection of imid-
azole resonances. >N HMBC spectra of GaPPIX-Y75A and
GaPPIX-HasA,+ (supplemental Fig. S4) were recorded from
pH 5.4 to 9.1. Both GaPPIX-Y75A and GaPPIX-HasA . spec-
tra gave the same pattern of cross-peaks for His'”, His*?, His'*%,
and His'??, leading to their assignment and to the identification
of His*? as an axial ligand in GaPPIX-Y75A (supplemental
Table S2). However, two very close sets of cross-peaks corre-
sponding to two different forms were observed for His*? reso-
nances (largest chemical shift differences of 0.05 ppm in proton
and 0.6 ppm in nitrogen). One set was predominantatacidic pH
and corresponds to form A and the other at basic pH corre-
sponds to form B. The Hel and H62 protons were highly upfield
shifted, and the cross-peak patterns indicate the formation of
the NS1H tautomer. These data show that His®** was a ligand in
both forms, coordinating the metal through its Ne2. Two sets of
connectivities, corresponding to A and B forms, were also pres-
ent for His® in GaPPIX-Y75A spectra. The set dominant at pH
5.4 had a cross-peak pattern resembling that of His®** in GaPPX-
HasA - and was consistent with a protonated imidazole ring.
The His®? signals of the B form indicate a neutral imidazole ring
and the formation of the Ne,H tautomer, with the N1 nitrogen
deprotonated and both Hel and Hé2 protons further upfield
shifted with respect to the A form. These data are consistent
with the previous observation that, in holo-Y75A, His®** was a
heme iron ligand and suggest an unusual coordination of His®?
via its N61 (12). Although bis-His coordination is commonly
encountered in heme proteins, binding of His through Né1 is
rare and occurs only in the presence of specific steric require-
ments (26). Here, we propose that His®** N§1 forms a hydrogen
bond with the coordinated water molecule in form A. The bind-
ing ofits N&1 to the heme iron in form B was easier than binding
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FIGURE 5. ">C NMR spectra at pH 5.6. A, 1.6 mm holo-HasA,; (taken from Ref. 10); B, 2.0 mm holo-Y75A; and C, 1.2 mm holo-H32A. Spectra were recorded at a

175 MHz "3C Larmor frequency at 303 K in 20 mm phosphate buffer.

TABLE 1

Chemical shift fingerprint of the nature of the sixth heme iron ligand in HasA,,; and its mutants
Diagnostic values are associated with the average heme-methyl 'H chemical shift, chemical shift of HN81 of His®*, and **C average chemical shift for the hyperfine shifted

resonances of His®2.

Protein HasA(10) H83A (13) Y75A (A form) (Ref. 10 and this work)
Axial ligation His®*-Fe-Tyr”® His®*-Fe His**-Fe-H,0°~ His**-Fe-OH ™~ His**-Fe-H,0°"
'H CH, 40.0 71.3 54.0 35.2 51.2° 45.9°
His®*? HN§' 66.3 103 ND¢ ND 73.6 61
13C H32 439.1 530.4 ND ND 475.1 ND
“ Data were at pH 5.6.
? Data were at pH 9.5.

¢ND means not determined.

of His® Ne2, which would necessitate a rotation of the imidaz-
ole ring.

Finally, addition of cyanide (CN™) induces formation of a
new protein form. The UV-visible spectrum of the cyanide
adduct was independent over the 7.3-9.5 pH range and showed
a B band at 416 nm and Q bands at 536 and 560 nm (data not
shown). The '"H NMR spectrum is shown in Fig. 4C. According
to their intensities, the two signals at 27.1 and 20.8 ppm were
attributable to heme methyl groups. It was clear that both the A
and B forms of holo-Y75A converted to the same LS cyanide
derivative, where His®> was one of the two axial ligands and
CN" the other. Cyanide binding in the sixth position did not
occur in the H83A variant, thus indicating that His®® triggered
the binding of cyanide in the distal cavity of the protein. Using
the heuristic equation proposed by Bertini et al. (27) to calcu-
late the hyperfine shifts of the heme methyls in the cyanide
adduct of hemoproteins, the observed heme pattern fits with
His®> maintaining the same orientation with respect to the
heme plane as in the wild type protein.

H32A Mutant

Global Fold—As for Y75A, the gallium complex of H32A was
used to study the effect of the substitution of the His** axial
ligand by a noncoordinating residue on the protein fold. The
'H-""N HSQC spectra of GaPPIX-H32A and GaPPIX-
HasA 1, recorded at pH 5.6 (Fig. 2C), are very similar (average
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chemical shift difference 0.06). The signals of the L2 loop resi-
dues, including Tyr’®, were essentially superimposable in the
two spectra. As expected, chemical shift changes concern resi-
dues localized in the central part of the L1 loop, from Asp*® to
Asp®® (average chemical shift difference of 0.16 ppm; supple-
mental Table S3), i.e. the L1 portion surrounding His®*?. Smaller
but meaningful shift changes were also observed for residues
56 —65 on 33, B4, and the connecting loop, which face the
portion of loop L1 containing His*?. Chemical shift differ-
ences observed between HSQC spectra of GaPPIX-H32A
and apo-HasA 1 were larger; chemical shift differences of
>0.50 ppm were observed for the entire L1 loop and for the
B3, B4, and connecting loop fragment. Differences up to 2.3
ppm were observed for residues 77, 78, and 83— 85; these are
residues on loop L2 in closest contact with the heme (Fig. 2D
and supplemental Table S3). In summary, mutation of His*>
did not alter the structure of the protein and did not trigger
the opening of the L1 loop even though minor conforma-
tional changes likely occur in the central part of this loop.
GaPPIX-H32A and consequently heme loaded H32A
adopted a closed conformation. The HSQC spectrum of
GaPPIX-H32A recorded at pH 9 was similar to the one
recorded at pH 5.6 with only a small shift of some resonances
(data not shown), thus indicating that the protein structure
was not affected by pH.
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Functional Implications of the HasA Iron Ligands

The comparison of the chemical shift patterns in the "H-'°N
HSQC spectra of the paramagnetic heme-loaded H32A and
HasA, 1 (supplemental Fig. S1) at acidic pH highlight some
shift differences for residues in both L1 and L2 loops. Obvi-
ously, signals of Asp®’, Gly®°, Asn®®, Ala*®, Asn”®, and Ala®*
changed their shift in holo-H32A, consistent with the slight
conformational changes observed for the gallium adduct and
with differences in the coordination state of the heme iron and
therefore in its magnetic properties. As observed for the
GaPPIX-H32A derivative, spectral differences in holo-H32A
HSQC spectra between pH 5.6 and 9.1 were minor, indicating
the same overall backbone conformation for the protein over
the investigated pH range.

Heme Iron Spin State and Coordination Sphere—UV-visible
spectra of H32A are shown in Fig. 6A as a function of pH. The B
band at 404 nm, the Q bands at 498 and 540 nm, and a charge
transfer band at 626 nm were observed at pH 5.2. The CT band
at 626 nm persisted throughout the pH titration, suggesting
that the heme was always HS. The inset in Fig. 6A shows the plot
of404 nm absorbance versus pH, which yields a pK, of 8.3 = 0.2.
The component spectra obtained from the global fit were con-
sistent with the interconversion of two HS species.

The rR spectra of ferric holo-H32A recorded over the pH
range 5.2 to 10.0 were consistent with the pH-dependent inter-
conversion of two HS species. In the high frequency spectra
(Fig. 6B) at pH 5.2, the major component contains 6¢HS heme
with a v, band at 1478 cm ™', a v, band at 1560 cm ™', and a v,
band at 1611 cm™'. As the pH was raised, this v5 band loses
intensity with the appearance of a new band at 1487 cm ™. This
frequency falls at the low end of the frequency range expected
for 5¢HS proteins (28). A similar frequency has been observed
for the 5cHS form of holo-H83A mutant (13). The two HS spe-
cies in equilibrium in holo-H32A were therefore six- and five-
coordinated. In the spectra at pH 10, the intensities of the v,
and v, bands were almost equal. This rR signature is character-
istic of 5cHS hemes having an axial anionic ligand bound
through an oxygen atom such as catalase, ShuT, and CcmE
(29-31). These proteins, like some mutant hemoproteins with
a tyrosinate as single axial ligand, have I(v,)/I(v;) intensity
ratios in the 1-1.5 range. Such intensity ratios have also been
reported for 5cHS hemoproteins with a coordinated hydroxide
ion (32, 33). No isotope shift was observed for H32A in H,'#0 at
pH 10.0 indicating that a hydroxide complex was not formed
and that Tyr”® was the most likely anionic oxygen heme ligand.

Conversion from an acidic form to a basic form of holo-
H32A was also observed in the low frequency rR spectra (Fig.
6C). Although the frequencies of the bands associated with the
peripheral substituents (380 and 421 cm™ ') do not change,

FIGURE 6. Holo-H32A UV-visible and resonance Raman spectra, at pH
ranging from ~5.3 to 10.5. A, top panel, UV-visible spectra (the arrow indi-
cates the direction of the absorbance change as the pH is increased). Inset,
Soret absorbance (A,q4 nm) Versus pH; points are experimental absorbances,
and the solid line is the titration curve calculated by global nonlinear least
squares analysis. Bottom panel, component spectra obtained from a global fit
of all 21 pH titration spectra of holo-H32A. The black line is the acidic compo-
nent; the dotted red line is the alkaline species. Inset, species distribution as a
function of pH obtained from the global fit. B, the acidic component; @, the
alkaline species. B, high frequency; C, low frequency rR spectra (413.1 nm
excited) at the indicated pH values.
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TABLE 2

Bulk susceptibility shifts (A8, ppm) for H32A and WT HasA measured against 1,4-dioxane by the Evans method in the temperature range

283-308 K at pH 5.7 and 800 MHz

The resulting paramagnetic contribution to the molar susceptibility (x,,"***, m®> mol ' X 10°) and the effective magnetic moment (¢ p;) of the paramagnetic center are

also reported.

H32A wWT

r Ad X M Beit Ad X A Pese

K ppm (m® mol™ X 10°%) Up ppm (m® mol™ X 10°) Mg
283 19.9 891 3.86 11.7 523 3.02
288 19.3 8.64 3.88 12.4 5.56 3.11
293 19.0 8.51 3.88 12.9 5.78 3.20
298 18.6 8.33 3.87 13.6 6.09 3.31
303 18.2 8.15 3.86
308 17.8 7.97 3.85 13.9 6.22 3.40

shoulders appear on both of these bands as the pH was
increased suggesting that possibly the environment of at least
one vinyl and one propionate group was altered. The most dra-
matic change was the appearance of a band at 327 cm . This
band is tentatively assigned to an out-of-plane mode vy, (pyrrole
tilt) based on the frequency similarities with metMb (34), CCP
(35), and TcAPII (36). Resonance enhancement of this mode
was activated by doming of pentacoordinated hemes.

The EPR spectrum of holo-H32A recorded at 15 K in the pH
range 5.5-9.5 was dominated by an HS species with g, = 5.75
and gj = 2.00 (supplemental Fig. S5). The g, value of 5.75 was
too low for a pure high spin state. Based on the pH-independent
g, value of 5.75, the spin state is best described as a quantum
spin admixture having 12% of an S = 3/2 iron spin state with
unresolved g; and g, (37, 38).

'"H NMR one-dimensional spectra of holo-H32A were
recorded from pH 4.5 to pH 10.3. As for holo-Y75A, two sets of
signals due to different heme orientations were observed (70:30
ratio), and only the major one was considered hereafter. The
spectrum at pH 5.6 and 303 K shows signals in the 35— 60 ppm
range, with line widths of about 900 Hz and T values around
1-2 ms (Fig. 4D). Peaks at 59.4, 53.5, 52.8, and 48.3 ppm were
attributable to the four heme methyls. Their observed chemical
shifts and relaxation rates were smaller than those observed for
other HS heme iron(III) hemoproteins. A signal, not exchange-
ablein D,O even after a few months at 280 K or after heating the
sample at 318K, accounted for a single proton, with a linewidth
of about 1400 Hz and T values smaller than 0.5 ms occurred at
77.8 ppm. An additional unexchangeable signal, detectable only
upon increasing the temperature to 318 I, was observed at 84.1
ppm. Attribution of these two resonances to meta protons of
the tyrosine ligand is consistent with previous literature data on
catalase (39) and on the H93Y mutant of myoglobin (40).
Increasing the pH results in a small shift of all resonances (Fig.
4E), less than 6 ppm over the studied pH range (except for the
signal resonating at 77.8 ppm at pH 5.6, which presents a shift of
19 ppm). This behavior was consistent with a rapid equilibrium
on the NMR time scale between the two species that rR spec-
troscopy showed to be 6¢cHS and 5cHS. The low value of the
heme methyl chemical shifts points, however, to a spin state
that was lower than S = 5/2 heme.

To further investigate this aspect, Evans measurements were
performed in the temperature range 283-308 K and pH 5.7.
Table 2 reports the shifts together with the resulting average
paramagnetic molar susceptibility and effective magnetic
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moment; those of the WT protein have been also measured for
comparison purposes. The effective magnetic moment for
H32A was of the order of ~3.87 u;. It was essentially invariant
over the investigated temperature range and coincided with
what was expected for an iron(III) S = 3/2 species (theoretical
spin only value of 3.87 ug). At variance, the WT protein has a
slightly lower and temperature-dependent g, with smaller
values at low temperature (Table 2). The magnetic properties of
holo-HasAy, were consistent with our previous proposal,
based on the temperature dependence of NMR chemical shifts
and the rR spectra, that the proteins undergo a spin-dependent
equilibrium between a low spin S = 1/2 form (dominant at
lower temperature and that would be characterized by . val-
ues in the 1.9-2.3 u, range due to the large orbital contribution
characteristic of this spin state) and a high spin form (dominant
at higher temperature and that would be characterized by a ¢
of 5.9 wup). At room temperature, the measured g of 3.31 g
would account for relative populations of low spin and high
spin states of ~70 and ~30%, respectively. Effective magnetic
moments lower for WT than for H32A were consistent with "H
average chemical shift for heme methyls, which was smaller for
WT than for H32A (~40 ppm versus ~50 ppm). Structural
determinants for the presence of S = 3/2 heme iron(III) have been
discussed for other proteins (41). A decreased axial ligand field
strength was typically accompanied by a strengthening of the
equatorial field and destabilization of the d,, , orbital, which facil-
itates attainment of the S = 3/2 electron configuration. This could
be the case in H32A, where the axial bond with the strong His
ligand was removed and possibly replaced by a water molecule (as
it results from NMRD measurements, see below).

The bond with Tyr”® appears, instead, unaffected. *°N
HMBC experiments of GaPPIX-H32A recorded at pH ranging
from 5.6 to 9 confirm the H-bonding of His®** with Tyr”.
GaPPIX-H32A spectra give the same pattern of cross-peaks as
GaPPIX-HasAy, thus allowing the assignment of the histi-
dines (supplemental Fig. S4). The pattern of His®** was consist-
ent with a protonated imidazole ring over the pH range studied.
The Hel and Hé2 protons resonances are upfield shifted and
similar to those of GaPPIX-HasA,,; and of the A form of
GaPPIX-Y75A (supplemental Table S2). The one-dimensional
13C NMR spectrum of holo-H32A at pH 5.6 and 303 K (Fig. 5C)
shows two broad and fast relaxing hyperfine-shifted signals in
the downfield region at 444.2 ppm (A) and 263.2 ppm (B) and
three in the upfield region at —34.2 ppm (F), —80.4 ppm (G),
and —98.0 ppm (H). An inversion recovery sequence allowed us
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to identify three additional signals with short T’ and large line
widths that were buried in the diamagnetic envelope at 167.4
ppm (C), 150.2 ppm (D), and 137.4 ppm (E), respectively. Sig-
nals A—H can be assigned to the axial ligand Tyr””, in both A
and B forms. All our data point to the fact that Tyr”® was bound
to the metal ion as follows: () the number and the relaxation
rates of hyperfine shifted signals observed in '*C direct detec-
tion; (b) the occurrence of a tyrosinate as a fifth ligand of the
heme suggested by rR; (c) the presence of a downfield shifted
signal in '"H NMR spectra analogous to that attributed to meta
tyrosine protons in catalase and H93Y Mbl, and (d) the fact that
His®® was hydrogen bonded to Tyr’® as shown by HMBC spec-
tra. Lack of further hyperfine shifted signals in NMR spectra
strongly support the idea that the second axial ligation position
in H32A was either empty or occupied by a solvent molecule.
This ambiguity has been removed thanks to the use of NMRD
measurements. The WT protein has a coordination sphere
containing only protein amino acids. Consistently, it has low
water proton relaxation rates (supplemental Fig. S6) that cor-
respond to the values expected for systems where only an outer
sphere mechanism is operating (42). On the contrary, in H32A
solution much faster water relaxation rates are measured (sup-
plemental Fig. S6), which was consistent with the presence of a
water molecule coordinated to the heme iron and in fast
exchange with bulk solvent.

No spectral changes were observed upon addition of a
15-fold excess of buffered KCN to holo-H32A at pH 7.3 or pH
9.4 (data not shown). Thus, neither the 6¢ form dominant at
neutral pH or the high pH 5¢ form bind cyanide. Reduced affin-
ity of cyanide for 5c or 6¢ with a weak axial ligand iron(III)
hemes has already been observed in systems in which cyanide
binding was not stabilized by H-bonding interactions (43). In
addition, the L1 loop site results were largely negative due to
amino acid side chains and to the proximity of carboxylate
groups from heme propionates, thus creating an electrostatic
repulsion between this region of the protein and anionic
ligands. Coordinating water in fast exchange with bulk solvent
and the inability to bind cyanide are two features both pointing
to unrestricted or only slightly restricted mobility of small mol-
ecules on the L1 site.

DISCUSSION

The structures of holo- and apo-HasA are largely different
due to the conformation of the two loops L1 and L2 that in the
holo-form provide the heme-iron(III) axial ligands. The apo-
form has an “open” conformation where the two loops are com-
pletely disconnected one another. Upon heme uptake, estab-
lishment of coordination bonds between iron(IIl) and His*?
Ne2 on loop L1 and Tyr”®> On on loop L2 induces a large con-
formational rearrangement wherein the loops close onto the
heme. Based on the overall shape of HasA in its apo- and holo-
forms, the heme binding process has been described as resem-
bling a “fish biting the heme” (7).

In the WT protein, the heme is linked to the L2 loop on one
side via Tyr’®. The strength of this bond is modulated by the
presence of an H-bond between His®*® Ne2 and the Tyr”® On,
which impart a certain degree of tyrosinate character to Tyr”>,
thus increasing its coordinating ability. Still, the protein under-
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A His WT His
s=5/2 | S=1/2 |
— Fle — )  ——— 'Te —
Tyr Tyr
B His Y75A
s=5/2 |
— Fe —
leo
C His H83A
s=5/2 |
— Fe ——
D H,0 H32A
$=3/2 |
— Fle —
Tyr

SCHEME 1. Species present at physiological pH for HasA,,; and mutants.

goes a thermal spin equilibrium between an S = 1/2 state cor-
responding to His/Tyr®  axial ligation and an S = 5/2 state
where Tyr’® coordination is weakened (Scheme 14 ). At room
temperature, about 70% of the protein population is in the low
spin configuration, as determined here by magnetic suscepti-
bility measurements.

The heme is interacting with loop L1 on the other side via the
coordination bond between iron and His*> Ne2 and through an
H-bond network that involves the solvent-exposed propionates
and residues His®?, Asn*, and Gly°. The presence of the heme
provides a link between L1 and L2. We have demonstrated here
that such a link, responsible for the closed conformation of
HasA 1, is maintained in the protein variants where either
axial ligand is replaced by an alanine.

Tyr is a relatively weak ligand for iron(III) (40, 44), and its
presence is not vital for the protein fold. In the Y75A mutant
loop L2 remains connected to L1 through the heme thanks to
the presence of a water molecule (or of His®*® at high pH) in
place of Tyr”®, as depicted in Scheme 1B. The heme position is
probably slightly different from that in the WT protein, as
revealed by rR frequencies that are consistent with differences
in the H-bonding environment of the propionates. However,
similarity among the other rR features and the HSQC finger-
print for the protein backbone are consistent with the closed
protein conformation. We have described a similar situation for
the H83A variant in which removal of His®? decreases the bind-
ing ability of the Tyr and a high spin species is obtained
(Scheme 1C) (13).

Mutation of His** to Ala creates on the L1 heme side a situ-
ation similar to that described above for the L2 side; the long L1
loops assumes its closed conformation (as indicated by HSQC
data) thanks to the coordination bond between a water mole-
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cule and the iron (Scheme 1D). This coordinating H,O mole-
cule, although in relatively fast exchange with bulk solvent,
resides in its coordinating position long enough to give rise to
measurable paramagnetic effects on water relaxivity, and there-
fore, it should give rise to non-negligible, albeit weak, H-bond
interactions with L1 residues. Other H-bond interactions
involving heme propionates are reasonably still operative. All
these factors contribute to shift the equilibrium from the
extended conformation of L1 in the apoprotein toward its
closed conformation. Some functional considerations can be
inferred from the above structural data, as described below.

Functional Implications—The whole body of spectroscopic
data offers a unique view of the electronic structure and coor-
dination properties of heme in the two mutants, although the
comparison with WT gives insights on the role that the two
heme-binding residues, as well as the L1 and L2 loops, play
during heme uptake and release processes. When discussed
together with x-ray data, available for the HasA complex with
its membrane receptor HasR, and molecular dynamics studies
of holo- and apo-WT protein, our data offer an innovative pic-
ture of conformational equilibria of HasA during heme uptake
and release.

Heme Uptake—To date, the mechanism of heme binding to
HasA has not been delineated. It has been proposed (9) that
formation of the holoprotein occurs via a two-step mechanism
where the heme first binds to the pre-formed loop L2, and then
the presence of the metal cofactor drives the binding of His*?
and closure of loop L1. Heme iron binding to His** and forma-
tion of the hydrogen bond network on His>? side stabilize the L1
loop in its final conformation. The H32A variant characterized
here represents a possible intermediate in this mechanism,
where the H,0O-bound form may favor the closed conformation
ofloop L1 according to the following scheme that adds a further
step to the previous mechanism

apoHasAyr + heme — (Tyr>-heme:HasAy)open
— (Tyr”*>-heme:HasA ) dosed

— (Tyr">-heme-His* HasAy1) dosed
SCHEME 2

As in holo-H32A, a water molecule likely occupies the sixth
position in the two intermediate His>*-off state species and is
displaced by His*? during the closure of the L1 loop.

Heme Transfer to HasR Receptor—HasA hemophore and
HasR form a tight complex, dissociable only after heme has
been transferred (45). The x-ray structures of holo-HasA -
HasR and holo-HasA,-HasRI671G, which display a model of
the heme-loaded complex before heme transfer, were recently
solved (46). However, loop L1 could not be modeled because of
missing electron density. On the basis of x-ray data, the follow-
ing heme transfer mechanism has been proposed. First, two
loops of HasR clash with the L1 loop, causing rupture of the
axial coordination between His>> and heme while coordination
between Tyr’® and heme persists. Second, displacement of
His®® induces the breaking of the Tyr”*~His®** hydrogen bond
causing rupture of the Tyr”>-heme coordination. Finally, resi-
due I1e®”" of HasR sterically displaces heme from HasA. This is
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consistent with the order of axial ligand release predicted from
solution rR spectroscopy of WT and mutant HasA-CO com-
plexes (47).

Thus, we propose that the first phase of the holo-HasA 1 to
HasR docking process is the formation of a closed His**-off
state species, similar to H32A. When mapping by NMR the
interaction between holo-HasA, and its receptor (48), we
showed that in the holo-HasA -HasR complex wherein heme
had been transferred to HasR, loop L1 has a conformation
resembling that of apo-HasA 1. Thus, the opening of loop L1
must occur before heme transfer to HasR.

In summary, the already available information for the inter-
action between HasA and HasR suggests that the heme uptake
and release processes may occur via a common intermediate
state characterized by a Tyr”°-iron bound form with open con-
formation of loop L1. This state is not accessible to the free
protein, even upon substitution of the axial His** ligand with a
noncoordinating Ala; we have indeed observed that a water-
mediated interaction between iron and L1-loop residues is suf-
ficient to maintain the closed conformation. This finding
implies that formation of such an intermediate can only be
obtained by the interaction with the partner proteins, which
drives the opening of the L1 loop.
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