Biochemistry2008,47, 20872098 2087

Novel Heme Ligand Displacement by CO in the Soluble Hemophore HasA and Its
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ABSTRACT. HasAsw, @ hemophore secreted by the Gram-negative bacerieatia marcescengxtracts

heme from host hemoproteins and shuttles it to HasBR specific hemophore outer membrane receptor.
Heme iron in HasAw is in a six-coordinate ferric state. It is linked to the protein by the heretofore
uncommon axial ligand set, His32 and Tyr75. A third residue of the heme pocket, His83, plays a crucial
role in heme ligation through hydrogen bonding to Tyr75. The vibrational frequencies of coordinated
carbon monoxide constitute a sensitive probe of trans ligand field, FeCO structure, and electrostatic
landscape of the distal heme pockets of heme proteins. In this study, carbonyl complexes of wild-type
(WT) HasAsm and its heme pocket mutants His32Ala, Tyr75Ala, and His83Ala were characterized by
resonance Raman spectroscopy. The CO complexes of WT ddastasAsu(His32Ala), and HasAw-
(His83Ala) exhibit similar spectral features and fall above the line that correlateso and vc—o for
proteins having a proximal imidazole ligand. This suggests that the proximal ligand field in these CO
adducts is weaker than that for heme-CO proteins bearing a histidine axial ligand. In contrast, the CO
complex of HasAu(Tyr75Ala) has resonance Raman signatures consistent with ImH-Fe-CO ligation.
These results reveal that in WT HagA the axial ImH side chain of His32 is displaced by CO. This is

in contrast to other heme proteins known to have the His/Tyr axial ligand set, wherein the phenolic side
chain of the Tyr ligand dissociates upon CO addition. The displacement of His32 and its stabilization in
an unbound state is postulated to be relevant to heme uptake and/or release.

Despite its abundance in the Earth’s crust, iron is not Pseudonomas fluoresce8), Yersinia enterolitica(Wan-
readily bioavailable under most physiological conditions. It dersman, C., personal communicatio¥igrsinia pseudotu-
is nonetheless essential for most organisms, including berculosigWandersman, C., personal communication), and
bacteria. Accordingly, bacteria have developed several iron- Erwinia carotoraa (9). They form an independent family
scavenging mechanisms to assimilate sufficient amounts ofof heme binding proteins having no sequence homology to
iron to survive. One system developed by some Gram- other proteins. The HasA fro@erratia marcescer{$asAsu)*
negative pathogens to acquire iron from their hosts involves is a monomeric, 19 kDa protein that binds dré/pe heme
secretion of a small protein hemophore known as HasA. The with a very high affinity Kq = 1.9 x 101 (10). It is also
has (heme acquisition system) operon encodes for the isolated as a heme cross-linked domain-swapped dimer in
hemophore HasA1), the outer membrane receptor HasR, which the heme/HasA ratio is maintained at 1:1 and the heme
the inner membrane ABC protein HasD, a membrane fusion cross-links the N- and C-terminal domains of separate protein
protein HasE, and a TonB homologue, HadB2). Together molecules {1). It is able to extract heme from various heme
with an outer membrane protein HasF, HasD and HasE binding proteins having lower heme affinities, such as
constitute the specific ABC exporter necessary for the hemoglobin and heme-loaded albumih 8). The crystal
secretion of HasAY, 3, 4). The function of the hemophores  structure of holo-Haséy reveals ano fold that harbors
is to capture heme, either from solution or from heme- heme in a loop-rich region at the interface betweeand/
containing proteins, and to deliver it to the hemophore- motifs and axial imidazole and phenolate heme ligands
specific receptor, HasR. Heme transport through the receptorprovided by His32 and Tyr75. The ImH side chain of the
is HasB dependent and energetically driven by a proton nearby His83 serves as a hydrogen bond acceptor to stabilize

gradient across the inner membrane. the phenolate ligand of Tyr78.0). Although coordination
HasA hemophores have been foun®erratia marcescens ~ Of Tyr to hemes is becoming more widely recognized, His/
(1, 5), Pseudomonas aerugino$s, 6), Yersinia pestig7), Tyr coordination is rare. This pair is only found in a few
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Ficure 1: Heme environment as observed in the crystal structure of klasdhey residues to note are Tyr75, His32, His83, Tyrl37,
Gly35, Asn4l, and Asn34. Thick dashed lines indicate hydrogen bonds, as identified by heavy atom distances from the crystal structure
(pdb code: 1DKO).

proteins, in some specific states, including reduced cyto- ¢ donor strength of the trans ligan@3-25). Here, we
chrome ¢ maturation protein CcmE1Q), oxidized cyto- examine the CO adducts of WT holoHagAand three of
chromecd; nitrite reductasel3d), hemoglobin M Saskatoon its heme pocket mutants to assess their axial ligation states.
(14), some invertebrate hemoglobin$5¢-17), and some  We determine which heme ligand is most readily replaced
ferric myoglobin mutants at neutral and alkaline i8,(19). by the exogenous CO ligand and discuss the implications of
The axial tyrosinate ligand and the solvent-exposed naturethese results for partially liganded intermediate states that
of the bound heme are two contributing factors to the must occur along the heme binding and release coordinates.
exceedingly low reduction potential 6550 mV versus SHE
for WT HasAsy. This is the most negative potential reported MATERIALS AND METHODS
to date for any Fe(llfFe(ll) couple in a heme proteirl(, . . o )
20). The heme environment of ferric Hasé as determined Protein Expresspn and Purificatiofhe singly mutated
by X-ray crystallography, is illustrated in Figure 1. hasAgenes used in this study, HasfH32A), HasAsu-

A single axial ligand, including the normal H-bond partner (Y75A)’ and HasA,M(H83_’A), were constructed by in vitro
of Tyr75, His83, appears to be sufficient for heme binding, SIt€ directed mutagenesiz). The WT and mutant Hasgy

as the double mutants HasiY75A/H83A), HasAw(Y75A/ proteins were obtained from the supernatantssdherichia

H32A), and HasAv(H32A/H83A) bind heme with respect- 0!l strain Pop3(pSYC34PAM) grown in M9 minimal
able affinities K4 values range from 1.% 1075 to 6.3 x medium at 30°C. The proteins were isolated and purified

1077). Only the triple heme pocket mutant HasAY 75A/ as described previousii, 21).

H32A/H83A) shows no detectable uptake of hef@g 22). Preparation of the holoHasfs. The HasAw proteins
While any one of the heme pocket ligands will facilitate heme Wwere isolated as apoproteins. They had a negligible heme
binding, the extraordinarily high affinity of Has#y for ferric content, as judged by the absorbance of their wavelengths

heme requires the axially coordinated Tyr75 and its hydrogen for maximum B-band absorbance. HoloHagAroteins were
bond partner His83 acting in concert to stabilize the heme/ generated by titration of the apoproteins with a freshly
HasAsy complex @1). Indeed, as shown by ITC, the affinity ~ prepared solution of hemir2q) to a heme/Haséy ratio of
of HasAsw(H32A) for heme is very similar to that of the ~1.2:1. Excess heme was separated by gel filtration chro-
WT protein Kq = 1.0 x 10719, as the synergistic Tyr75  matography (20 mM phosphate buffer, pH 7) to obtain pure
and His83 residues are present in both constructs. On theheme-loaded Has#y (hereinafter written as Hasfy).
other hand, the Has#(Y75A) and HasAw(H83A) mutants Ferrous CO Complexe®rotein solutions of WT Haséy,
have slightly diminishedy values of 7.7x 10-° and 5.0x HasAem(H32A), and HasAu(H83A) were flushed with
10°°, respectively, due ostensibly to breaking of the Tyr75- carbon monoxide for 20 min immediately prior to the
His83 synergy. addition of sodium dithionite. A 3050-fold excess of
Exogenous ligand complexes have long been used toreducing equivalents was added to the samples by anaerobic
analyze the heme binding sites in hemoproteins. The COtransfer of a stock sodium dithionite solution, which was
complex of heme has proven to be a particularly sensitive buffered at the appropriate pH. Samples of the corresponding
means of probing the coordination and electrostatic character'3CO complexes were prepared by placing areiuilibrated
of its protein environment. The C-O and Fe-C stretching HasAgy solution under 1 atm offCO (99 atom %°C and
frequencies reflect the extent of FeCO backbonding, which 10 atom %:!0), followed by reduction, as described for the
is sensitive to FeCO geometry and electrostatic landscapenatural abundance samples. The HagX75A) mutant was
of the distal heme pocket. The position of a heme carbonyl readily reduced by a 2-fold excess of sodium dithionite.
complex on the’ge_co Versusvc—o correlation plot provides  Addition of CO or*3CO to ferrous HasAu(Y75A) yielded
useful insight into the distal electrostatic landscape and thethe respective CO adducts.



Novel Heme Ligand Displacement by CO in

0.6

0.54

0.44

Absorbance

Absorbance

0.24

500 550 600
Wavelength (nm)

650

0.14

0.04

450 500 550 600

Wavelength (nm)
Ficure 2: Visible spectra of WT Hasd-CO (blue), HasAw-
(H32A)-CO (green), and Hasm(Y75A)-CO (red). Reaction of
HasAsu(H83A) with sodium dithionite and CO was monitored by
visible spectroscopy and is shown in the inset. Red arrows below
the spectra mark isosbestic points. The black arrows indicate the
directions of absorbance changes as the CO complex forms.

400

Resonance Raman Spectroscdpgsonance Raman (rR)
spectra were recorded from 40 to 10 HasAsy solutions,
which were contained in 5 mm NMR tubes spinning~&0
Hz. The Raman excitation was accomplished with either
413.1 nm emission from a Krlaser (3-8 mW) or 441.6
nm emission from a HeCd laser (@5 mW). UV—vis

Hemophore HasA
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hemes have either Tyr or Tyr/His axial ligands. It should be
noted that upon reduction, the Tyligand is replaced by
axial histidine coordination in the mutant Hb&7}. Subse-
guent formation of the respective HbM-CO complexes and
the CO complexes of the analogous Mb mutants maintain
His residues as their proximal heme ligand§, (19, 27). In
these cases, as for other CO adducts having axial histidine
ligands, the B-band is observed near 420 nm with Q-bands
at 538 and 568 nm2@). The higher-energy B-band of
WT HasAgu-CO (413 nm) thus suggests a proximal environ-
ment distinct from those having an axial histidine ligand (420
nm).

The vee-co and ve—o Raman bands have been assigned
by 3CO substitution as shown in Figure 3. When WT
HasAsu-CO is labeled witH3CO, thevee-co frequency shifts
from 532 to 523 cm?, and thevc_o frequency shifts from
1953 to 1905 cm'. These two bond stretching frequencies
place WT HasAwm considerably above the ImH-Fe-CO line
on the veeco/vc-o correlation plot for proteins having
proximal His ligands (Figure 4) and very close to human
HO-1(H25Y). This position is consistent with the proximal
Fe-L bond in WT HasAw-CO being weaker than the
proximal Fe-His counterpart, suggesting that WT HagsA
CO contains either a weak proximal Fe(ll)-O bond (i.e., Fe-
(IN-Tyr, Fe(I)-OH,, or Fe(ll)-OH) or no proximal ligand at
all.

The breadth, intensity, and isotope sensitivity of the Fe-
CO stretching band in Figure 3A warrant some comment.
As is apparent from inspection of the natural abundance

absorbance spectra were recorded before and after the rRspectrum (labele#?CO), thevre-co band lies among multiple
experiments to ensure that the samples had not beerpverlapping bands. Furthermore, as seen in the low-frequency
irreversibly altered by exposure to the laser beam. No spectraldifference spectrum, there-co band itself is somewhat
artifacts attributable to laser-induced sample damage werebroad. This breadth is attributed to flexibility in the heme
observed. Spectra were recorded at ambient temperaturgpocket, which makes multiple states of the bound CO

using a 135 back-scattering geometry with the laser beam
focused to a line on the spinning NMR tube. Scattered light
was collected with afil lens and filtered with a holographic
notch filter to attenuate Rayleigh scattered light. The
polarization of the scattered light was then scrambled, and
the spot image walsmatched to a 0.63 m spectrograph fitted
with a 2400 groove/mm grating and a liquid bboled CCD

accessible under the ambient conditions of the experiment.
The spectrum of th&CO isotopologue is broader still. The
13CO used in this study was not normalized with respect to
80, Thus, the increased breadth in the.co band is
attributable to the~10% 3C*®0O present in the*CO.
Asymmetry in theveeco and vc—o difference features
throughout this study are also a consequence of the isotopic

camera. The spectrometer was calibrated using the Ramar¢omposition of the*CO.

bands of toluene, DMF, acetone, atiedDMSO as external
frequency standards.

Reduction Potentialyclic voltammetry was performed
as previously described, using a pyrolytic graphite permse-
lective membrane electrode modified with polylysine to
increase the electron transfer rate),(26). Potentials are
reported versus the standard hydrogen electrode (SHE).

RESULTS

WT HasAwmCO. In the absence of CO, WT Has#could

not be completely reduced, consistent with its very low
reduction potential of-550 mV versus SHELQ). Thus, the
ferrous HasAw-CO adduct was generated by equilibration
of the ferric protein with CO followed by anaerobic transfer
of buffered sodium dithionite solution. The UWis absor-
bance spectrum of WT Hasf-CO shows its B-band
maximum at 413 nm and its Q-bands at 535 and 568 nm

The vee-co band in the Soret excited rR spectrum of
catalase-CO has been reported to be more intense than the
totally symmetricv; band @9). This signature was correlated
with the anionic character of the proximal Tyr, whose
coordination to heme iron is stabilized by H-bonding to a
His residue. It is noteworthy that none of the—co bands
in this study are more intense thay suggesting that none
of the HasAw-CO complexes have proximal tyrosinate
ligands. The isotope sensitivity of the.co frequency is
2—3 times that of typical heme carbonyl complexes. As-
signments of the frequencies for WT HagACO in Figure
3A must be considered approximate due to the overlapping
bands in this region of the spectrum and the breadth of the
vee-co band. However, frequency assignments in the (H32A),
(H83A), and (Y75A) mutants are all clear, and th&€O
isotope shifts are all 67 cm?, which is approximately
double the typical shift and nearly exactly the shift calculated
for a two-body, Fe-COy = 19.1) oscillator. Thus, the

(Figure 2). Table 1 compares these values to those of hemédncreased isotope sensitivities in these complexes are at-

carbonyls in the Hasdy mutants and in proteins whose ferric

tributed to their having relatively weak proximal Fe-L bonds.
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Table 1: UV-vis Absorbance Maxima for Comparison of Ferrous Heme Carbonyl Complexes Having Proximal Tyrosine Ligands with Those
Having Proximal Histidine Ligands

Raman shift (cm™)

“co-"co

1750 1800 1850 1900 1950 2000 2050
. -1
Raman shift (cm™)

FIGURE 3: Isotope resonance Raman data for WT Has&0. (A)
Low-frequency region and (B) high-frequency region of the 413.1
nm excited resonance Raman spectrum of the isotopomers of
HasAgu-CO. The 8QuM WT protein in 100 mM Tris/HCI, pH 8.0
was reduced with sodium dithionite under an atmosphere of CO. via photolysis of the Fe-CO bond at high laser powers were

CO adducts
proteins F& axial ligation B-band Q-bands axial ligatidn ref
HasAgsw pH 9.2 Tyr-Fe-His 413 534 568 O-Fe-CO this work
HasAsm pH 7.5 Tyr-Fe-His 413 535 568 O-Fe-CO this work
HasAsu(H83A) H,O-Fe-His 413 534 565 O-Fe-CO 30, this work
Fe-His
HasAsu(H32A) nyr 413 534 567 O-Fe-CO this work
hHO-1(H25Y) Tyr-Fe 412 536 566 1D-Fe-CO 53
p22HBP nf 416 537 567 ?-Fe-CO 51
BSA nie 419 538 567 ?-Fe-CO 51
HasPsm(Y75A) nyr 417 538 569 His-Fe-CO this work
SW Mb(HisF8Tyr) Tyr-Fe 418 536 568 His-Fe-CO 19
human Mb(H93Y) Tyr-Fe 420 539 567 His-Fe-CO 18
Hb M lwata Tyr-Fe 420.2 539 569 His-Fe-CO 28
Hb M Boston Tyr-Fe 420.8 539 569 His-Fe-CO 28
Hb M Hyde Park Tyr-Fe 419.6 539 569 His-Fe-CO 28
Hb M Saskatoon Tyr-Fe-His 418.8 539 569 His-Fe-CO 28
SW Mb(HiSE7Tyr) Tyr-Fe-His 424 542 574 His-Fe-CO 19
catalase Tyr-Fe 427 545 580 Tyr-Fe-CO 29
20 indicates either Ofdor Tyr ligand.? nyr: Not yet reportedS nr: Not reported.
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Ficure 4: Correlation plots for Fe-CO and C-O stretching
frequencies for heme proteins and model compoundseo versus
ve—o for HasAsu(Y75A), red %; WT HasAgy, HasAsm(H32A),
HasAsm(H83A), redO; globins, ®; cytochromec peroxidase[d;
cytochrome P450s, green; horseradish peroxidasea,; cyto-
chrome oxidasew; 5-coordinate model compoundg; p22HBP,

blue m; FePPIX, bluea; C,Cap(NMelm), ®; catalase anthHO-
1(H25Y), blueO. The green line correlatege-co with vc_o for

6¢ Fe-CO adducts in which the sixth ligand is a thiolate or an
imidazolate; the black line represents Fe-CO adducts with histidine
(neutral imidazole) as the sixth ligand; and the blue line represents
a compilation of “5-coordinate” model complexes and heme

proteins.

The spin state marker banes, occurs at 1499 cni in
rR spectra of WT Has4,-CO from pH 7.5 to 9.2 (Figure
5). The band at 1475 crh is attributed to six-coordinate
(6¢), high-spin (HS) ferric heme() that was not converted
to the ferrous CO adduct. This frequency lies at the low end
of thevz range for 6¢ HS ferric hemes and is consistent with
a similarly low v; frequency for the 5¢ HS heme catalases
(31). On the basis of this small sampling, lowfrequencies

appear to be characteristic of HS hemes having proximal
Tyr ligands. Attempts to observe ferrous WT Hagsy rR
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Ficure 5: High-frequency resonance Raman spectra of (A) WT
HasAsu-CO, 100 mM Tris/HCI, pH 8.0; (B) Has&u(H83A)-CO;

(C) HasAsm(H32A)-CO; and (D) HasAu(Y75A)-CO. Spectra were
obtained with 413.1 nm excitation and 3 mW laser power.

unsuccessful. The oxidation state markar for ferrous
HasAsw would be expected near 1355 cThe v4 band

for WT HasAsy-CO occurs at 1372 cmd. When HasAw-

CO was subjected to 30 mW of laser illumination at 413.1
nm, nov, intensity in the frequency range characteristic of
ferrous HasAw was detected. The inability to photodissociate
WT HasAsu-CO is consistent with the behavior recently
predicted for 5¢c heme-COs or CO ligated to heme with a
weak trans ligand32).

HasAs(H32A)-CQ Although the reduction potential of
—350 mV for HasAm(H32A) is much less negative than
the =550 mV value for WT HasAy, the mutant protein is
not readily reduced by sodium dithionite. The CO complex
of ferrous HasAw(H32A) could only be formed upon
treating a CO-saturated solution of the ferric protein with
excess dithionite. Its UV vis spectrum is comparable to that
of WT HasAsu-CO, supporting the hypothesis that the axial
histidine (His32) is not a heme ligand in WT HasACO
(Figure 2 and Table 1). Resonance Raman spectra of dgasA
(H32A)-CO are also very similar to those observed for WT
HasAsu-CO. The natural abundance CO ali€0 isotope
data for HasAw(H32A)-CO are shown in Figure 6. The
Vre—co band shifts from 532 to 526 ¢ the dge—co band is

Biochemistry, Vol. 47, No. 7, 20082091
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FIGURE 6: Resonance Raman spectra of Hagl83A)-CO (red)

and HasAw(H32A)-CO (green). (A) Low-frequency region and
(B) high-frequency regions of the 413.1 nm excited resonance
Raman spectra. Hagf(H83A) and HasAw(H32A) concentrations
were 45 and 54M, respectively. Both proteins were in 100 mM

1850

also observed in this spectrum and shifts from 569 to 547 sodium phosphate buffer, pH 7.2 and were reduced with sodium

cmtin the'3CO complex. Therc—o band shifts from 1955
to 1912 cm. These frequencies place HagdH32A)-CO
very close to the WT Has&y-CO complex on there-co/
vc—o correlation plot in Figure 4. This similarity is further
evidence that His32 is not the proximal ligand in WT
HasAsu-CO.

The HasAu(H32A)-CO complex was examined at pH 7.2
and 10.0. Both the U¥vis and the high-frequency rR
spectra indicate that the CO complex is insensitive to pH

dithionite under an atmosphere of CO.

bination is ultrafast or photodissoication of the heme-CO is
not readily achieved.

HasAsm(H83A)-CQ The reduction potential of Hasfy-
(H83A) is also very low at-400 mV. Consequently, the
protein is not readily reduced by sodium dithionite, and
ferrous HasAu(H83A)-CO could only be obtained by
saturating the protein solution with CO prior to reduction.
UV —vis spectra showing the formation of Hag{H83A)-

over this range. Even with high laser powers, neither 5¢ HS CO after the addition of excess dithionite are shown in the

ferrous HasAw(H32A) nor ferric HasAw(H32A) accumu-

inset of Figure 2. The isosbestic behavior during this reaction

lated to detectable levels, suggesting that either CO recom-(i.e., isosbestic points at 515 and 595 nm) indicate that
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ferrous HasAu(H83A) does not build up to detectable levels T T e T
during the reaction, consistent with the 5c, ferrous heme A ¢ 3?;

being trapped by CO as it forms. Thge-co and vc—o -?;;1.5. ¥
frequencies for Hasdy(H83A)-CO are similar to those E- |

observed for WT Has&-CO and HasAw(H32A)-CO L0}

(Figure 6). We recently showed that ferric Hag@H83A)

has His32 as an axial ligand and that the sixth heme
coordination site is vacant or occupied by a water ligand at
neutral pH 80). Hence, if CO binds to the Tyr75 side of the
heme in ferrous Haséw(H83A), a vre-co/vc—o correlation
consistent with imidazole or imidazolate ligation would be
expected. This is not the case, as shown in Figure 4. The
positions of CO complexes of WT and His mutants on the
Vee-co/Vc—o Correlation line pose two possibilities. As these
three complexes fall near the line that has been associated
with 5¢ heme carbonyls, the coordination site trans to CO
may be vacant. Alternatively, this position could be consistent
with a weak axial ligand bond, such as that between iron

and the phenolic oxygen atom of tyrosine or a water 1300 1330 1200 1330 1500 1530 1600 1650
molecule. Raman shift (cm™)

Ferrous HasAwW(Y75A. Mutation of the axial Tyr75
greatly facilitates reduction of the heme. The reduction .
potential of HasAw(Y75A) is the highest among this series B
of HasAgm proteins at-320 mV. Accordingly, reduction of
the protein was achieved with a 10-fold excess of reducing
equivalents from sodium dithionite. The B-band maximum
shifts from 410 to 426 nm upon reduction (black and red
spectra, respectively, in the inset of Figure 7A). After 30
min of laser irradiation during the course of acquiring a 441.6
nm excited rR spectrum, the B-band broadens, exhibiting a
new feature atv434 nm with nearly the same absorbance
as that at 426 nm (green spectrum, inset of Figure 7A). Both
rR (vide infra) and U\*vis absorbance features show that
this spectral signature does not evolve further with additional
equilibration or laser irradiation time. Therefore, the change
is unlikely to be the result of light-induced or thermal protein
degradation, consistent with ferrous HaglY75A) having
reached equilibrium. The aforementioned absorbance features
can be interpreted in two ways. First, the positions of the
Soret features are consistent with a mixture of 6¢ (His-Fe- el

058"

s
=

a0 500 600
wavelength (nm)

1466 v, ScHS Fe(Il)

1491 v, 6¢LS Fe(ll)

1354 v, Fe(Il)

673 v, ]

His, Amax= 426 nm) and 5¢ (Fe-Hidmax = 434 nm) ferrous 200 300 ) B
hemes, respectively. The rR spectrum exhibitg, dand, Raman shift (cm”)
the oxidation state (or porphyrim*) marker, at 1354 cmt, Ficure 7: (A) High-frequency region of the Soret (413.1 nm)

400

500 600 700

a frequency typical of ferrous, pentacoordinate hemes. Two xcited rR spectrum of ferrous HasA(Y75A). Inset: UV-vis

; ; : absorbance spectra of ferric (black), ferrous (green), and CO
frequencies, 1466 and 1491 chare observed in the region complex (red) of Hasau(Y75A). (B) Low-frequency IR spectrum

charf_icteristi_c of the coordination state marker,They are of HasAsu(Y75A) with (a) 413.1 nm excitation and (b) 441.6 nm
consistent with the presence of both 5¢ HS and 6¢ LS ferrousexcitation. HasAu(Y75A) was 100uM in 100 mM Tris/HCI, pH

hemes, respectively (Figure 7A). Although, without rR cross- 8.0. Laser power was 10 mW at the sample with both excitation
sections, relative rR intensities are generally unreliable frequencies.

indicators of corresponding populations, the large disparity . .
between the intensities of they bands in Figure 7A is  OCcur. Additionally, the low-frequency rR spectra exhibit a

inconsistent with the aforementioned similar B-band intensi- Prominent band at 227 crh(Figure 7B). In conjunction with
ties. This inconsistency suggests an alternative interpretationthis Raman shift, the increased relative intensity of this band
of these data. There are examples of 5¢ HS ferrous hemedn the spectrum excited at 441.6 nm (Figure 7B, spectrum
that exhibit split Soret bands. Although these argpe  b) over that of the 413.1 nm spectrum (Figure 7B, spectrum
cytochromes33, 34), their absorbance spectra are strikingly @) constitutes compelling evidence for assignment of the 227
similar to the equilibrium spectrum in the inset of Figure c¢m ' band to a mode having significant Fe-His stretching
7A. Thus, it is possible that the split Soret band is a signature character in a 5¢c HS heme. Correlations have been estab-
of the 5¢ HS ferrous Hasf(Y75A). This interpretation finds  lished betweene.is frequency andp, the dihedral angle
further support in the lack of high-frequency shoulders on between the proximal ImH plane and the closest tragg-N
the 5¢c HSv, andv, bands, where the corresponding LS bands Fe-N,y,r axis/plane, for both neutral imidazole and imida-
of ferrous hemes having the bis-His axial ligand set tend to zolate 85) While the 227 cm* frequency ofvee—nis is slightly
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higher than those observed for ferrous Hb and Mb (218 o T

224 cnth) (36, 37), it is considerably lower than those A . :'3
observed for peroxidases (i.@re-im— Occurs at 244 cmt R I
for HRP 38)) and falls on the neutral ImH correlation line. ® g
These data constitute compelling evidence that the 5c ferrous “co-"co *\f‘v\s—
HasAsm(Y75A) retains axial histidine ligation. As His32 g

provides the axial ImH ligand in the crystal structure of ferric
WT HasAsm (20), this residue is a reasonable candidate for
the axial His in the 5¢ HS ferrous form of Hag&Y75A).

A second axial ligand must be available to coordinate in the
initial 6¢ LS HasAw(Y75A) that forms upon reduction of
the heme. In the ferric WT Hasfy structure, His83 is
hydrogen bonded to the phenolate oxygen atom of Tyr75
(20). The distance between thesN\of His83 and the iron
atom is only 4.09 A. The Y75A mutation reduces the steric
bulk of the amino acid side chain between the heme iron
and the His83, allowing His83 to adopt a non-native
conformation and to become an axial ligand. Notably, the 200 300 400 500 600 700 800
double mutant Has@u(H32A/Y75A) is still able to bind . -

heme with a significant affinityZ2), and it has been shown Raman shift (cm”)

that in the gallium protoporphyrinlX/Has(Y75A) com- T
plex, His83 N)1 coordination to the heme iron is possible
(39). Thus, we propose that the heme ligands in 6¢ LS ferrous
HasAsu(Y75A) are His32 and His83.

HasAsM(Y75A)-CO Ferrous HasAw(Y75A)-CO was gen-
erated by equilibrating the reduced protein solution under 1
atm of CO. The Fe-CO stretching band at 518 gnthe
Fe-C-O bend at 586 cm, and the C-O stretch at 1919 cin
were identified by**CO substitution and are shown in Figure
8. The frequencies differ significantly from those of WT
HasAsu-CO, HasAu(H32A)-CO, and HasAu(H83A)-CO
adducts. It is unigue among these proteins in falling on the
imidazolevee—co/vc—o correlation line (Figure 4). Since both
5c and 6c¢ ferrous forms of Has@(Y75A) retain His32 as
an axial ligand, it is likely that His32 is the proximal ligand

2048 v, +v,

A

1950 2000 2050 2100

in HasAsw(Y75A)-CO. The position of a point on a given 1800 1850 1900 1

correlation line reflects the degreemback-bonding in the Raman shift (cm )

Fe-CO moiety, which is governed by both Fe-C-O geometry rqre 8: Soret excited (413.1 nm) resonance Raman spectra of
and the distal electrostatic landscags, (40). Off-axis Fe- HasAsu(Y75A)-CO isotopologues. (A) Low-frequency and (B)

C-O distortion and a negative charge weaken back-bondinghigh-frequency regions of the spectra. The 400reduced protein
that, without other factors such as hydrogen bonding, is samples f'rom Figure 7 were plac.ed. under an atmosphere of CO.
characterized by positions to the right (low) on the correlation ' "€ asterisk marks a plasma emission line from the léser.

line. Interactions of the CO ligand with positively charged

or H-bond donating residues on the distal side of the heme _
are known to enhance back-bonding, thereby positioning  ©f ¥4 andvs differ between Has&u(Y75A)-CO ((v4)/I(vs)

points high on the imidazole line (i.ezre-co = 520 cnr?t = 23:1) and the other Hasf proteins (WT HasAw-CO,
andvc_o < 1935 cm) (41). HasAsw(Y75A)-CO data fall  |(va)/l(va) = 11:1; HasAu(H83A)-CO,1(v)/I(vs) = 8:1; and
in the range consistent with a distal interaction between a Ha2sAsm(H32A)-CO, I(vy)/I(vs) = 7:1). In the case of
H-bond donor and the terminal O atom of CO. As His83, HasAsm(Y75A)-CO, which contains a proximal His ligand
which normally hydrogen bonds with Tyr75 in WT HasA (wde supra), the(vs)/I(vs) ratio is 2-3 times greater than
(20), is present in Hasd(Y75A), it is a likely candidate in Fhe othgr three constructs. Larg@.,)/I(vs) ratios are
for the H-bond donor in Haséu(Y75A)-CO. Participation  typical of His-Fe-CO protein complexes such as Hb-@@),(
of water in a H-bonding network cannot be discounted. = Mb-CO @3), HO-CO @3), sGC-CO 44), and HemAT-B-
I(v)/I(v3) as an Indicator of the Trans Ligand Fieldhe ~ CO (49). Proteins with the His/Tyr axial ligand set in the
high-frequency rR spectrum of Hag#(Y75A)-CO is similar ferric form and His-Fe-CO ligation in their ferrous CO
to that of other His-Fe-CO hemeg8§), consistent with its ~ complexes, such as Saskatoon Hbd8)(and CcmE {-16:
proximal ligand being different from that of the WT protein 1) (12), also have largg(v4)/1(vs) ratios. Thel (v4)/I(vs) ratio
and of the two His mutants. High-frequency rR spectra of for the heme catalase-CO complex, which contains a Tyr-
WT HasAsu-CO, HasAu(H32A)-CO, HasAw(H83A)-CO, Fe-CO moiety, is only~4.4:1 @9). Thus, the small(v,)/
and HasAw(Y75A)-CO are compared in Figure 5. While I(v3) ratios that characterize the rR spectra of the WT,
the v, band for all four proteins occurs near 1373 ém (H32A), and (H83A) HasAw-CO complexes are character-
consistent with the formation of ferrous heme carbonyl istic of either a weak or absent proximal borf).

complexes, it is interesting to note that the relative intensities
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Roles of Hydrogen Bonding in the Stability of HagA frequencies of the peripheral propionate modes in the heme-
Along with the two Fe-lyia bonds, HasAw is stabilized by CO complexes that contain Tyr75 report that the H-bonding
hydrogen bonding within the heme pocket, including interac- interaction with the propionate groups is weakened, sug-
tions between the heme periphery and the protein. In additiongesting that Tyr75 continues to interact with the heme iron
to the aforementioned hydrogen bond between the side chainsn the CO complexes.
of Tyr75 and His83, Figure 1 reveals that the phenol side
chain of Tyr137 serves as a H-bond donor to the backboneDISCUSSION
carbonyl of heme ligand, His32, whose coordinated ImH is ) ) _

a H-bond donor to the backbone carbonyl of Asn4l. The _ Displacement of His32 by CO in Ferrous WT HagA
backbone amide groups of Gly35 and Asn34 serve as H-bond'he hemes in the mutated subunits of ferric HbM Iwate,
donors to the carboxylate groups of the heme propionates.1PM Hyde Park, HbM Saskatoon, and HbM Boston have
It has been reported that decreased H-bond donation to the?Xial phenolate ligands from Tyt position F8 or E714).
propionate groups of Mb elicits diminution of the propionate UPOn reduction, however, these phenolate ligands are
bending frequency4@). Accordingly, changes in the H- replaced by the imidazole side chain of_ hlst|(_JI|ne, as
bonding environments of the heme propionate groups aredémonstrated bygeis bands near 215 cm in their R
expected to affect the frequencies of the propionate bendingSPectra £8). Characterization of these HbM-CO complexes
modes §(CsC<Cy)) in HasAsy and its mutants. In the spectral revealed that they are §c complexes that fall on the h|§t|d|ne
region where the propionate bending modes are expected”F‘*CO/_VC*_o Co”elat'.on line. _Smce W.T.Ha%“ h_as the H'S(
WT HasAs-CO has bands at 378 and 385 ¢mThe Tyr axial ligand set in its ferric form, it is tempting to predict
frequencies of these two bands indicate that there are twothat Tyr75 would be preferentially lost in the reduced form.

H-bonding environments available to the propionate groups, IN contrast to this prediction, WT Hagf-CO, HasAw-
one with a weaker H-bonding interaction (378 dnand  (H32A)-CO, and Has&,(H83A)-CO are all located above

one with a stronger H-bonding network (385t When the hi_stidine Ii_ne on thepekco_/vc,o c_:orrelation plot in Figure
the coordinating Tyr75 is removed, the stronger H-bonding 4. This constitutes compelllng_ ewde_nce tha_t these th_ree _CO
environment is favored, as a promineX(C;C.Cq) band at complexes have weak proximal ligand fields, which is

385 cnml is observed for Hasdy(Y75A)-CO (Figure 8A). inconsistent with a proximal His ligand. A number of
Because CO binds on the Tyr75 side of the heme in this situations have been shown to resultin CO complexes located

mutant (vide supra), the heme is not displaced away from above the histidine correlation line, and they suggest several

the Asn34 and Gly35 residues but probably pulled toward INterpretations of the Hasf-CO position.
these H-bonding residues by the Fe-His32 bond. Conse- 6c Complex in Which the Fe-C Bond Is Compressed as a
quently, H-bonding interactions between Asn34 and Gly35 Result of a Steric Interaction on the His32 Side of the Heme
and the heme propionates are strengthened as reflected bfgompression of the Fe-CO bond can result from a variety
the increase in intensity of the higher freque¢Z;C.Cq) of steric interactions between the CO ligand and its immedi-
band. ate protein environment. Such Fe-CO bond compression has
The opposite occurs when His32 is removed from the been reported for cytochromees-type terminal oxidases
heme binding site. For Hagfy(H32A)-CO, the band at 376  having dinuclear heme-copper catalytic sitdg<50). In
cm™! becomes the domina{C;C.Cy) band, and the 385 these oxidases, the distal steric constraint of the CO ligand
cm ! band decreases in intensity, becoming a shoulder onis attributed to a strong interaction between the copper atom
the 376 cm? band (Figure 6A). The intensity increase at and the heme-bound CO. The oxidases and a model complex
376 cm! and the concomitant decrease at 385 tmre  Of their active site (@gCap(NMelm) @5)) lie well above the
consistent with an overall loss in H-bond strength involving histidine line of thevee-co/ve-o correlation plot and in the
the heme propionate groups. As both Asn34 and Gly35 areregion of what has been called the 5c line (Figurer4ad
on the His32 side of the heme, this weaker H-bonding ®) and Table 2). However, despite their positions on the
environment is consistent with the heme being pulled toward correlation plot, there is compelling evidence that the CO
Tyr75 when position 32 is occupied by a non-coordinating adducts of @Cap(NMelm) and these terminal oxidases have
amino acid. An alternate explanation is that the loop imidazole ligands from proximal His residues. As shown in
containing Asn34 and Gly35 has greater conformational the crystal structure of ferric Hasf, there are two tyrosines,
freedom in the H32A mutant than in WT. This loop mobility ~ Tyr55 and Tyr137, on the His32 side of the heme. However,
alone or in concert with an Fe-Tyr75 interaction that is either the edge of the phenolate ring closest to the iron atom lies
direct or modulated by water could be responsible for a atleas 6 A from it (Tyr137, 6.1 A and Tyr55, 7.9 A)20).
weaker H-bonding environment in Hagi{H32A)-CO. An interaction between one of these Tyr side chains and
Disruption of the axial ligands in the heme binding pocket bound CO, analogous to that observed in thedp(NMelm)
appears to have a greater effect on the H-bonding environ-model complex, would require that one of the tyrosines move
ment than alteration of the His83-Tyr75 H-bonding interac- Significantly to position its phenolate ring above the Fe-CO
tion. Two propionate bending bands of roughly equal Moiety. As these residues reside on a helix artisheet,

intensity are observed at 376 and 385 énfor HasAsu- this would require substantial conformational reorganization.
(H83A)-CO, indicating that its H-bonding environment is Moreover, it is likely that the conformational flexibility of
similar to that in WT HasAu-CO. the heme binding loops would serve to relax any steric

The results presented herein show that the His32 side chairinteraction strong enough to compress the Fe-CO bond.
is uniquely and preferentially displaced upon binding of CO  5¢ CO Complexes with No Axial Heme Ligands from the
to the ferrous heme. A trans His ligand is only seen when Protein Carbonyl complexes of numerous model compounds
Tyr75 is missing from the heme pocket. Furthermore, have been reported to be 5c with theite—co and vc_o
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Table 2: Raman Frequencies for Comparison of HasB0 Adducts with Heme-CO Complexes Having Weak, Compressed, or Missing
Proximal Bond3

CO complexes VEe-CO Vc-o 2 V3 V4 ref
WT HasAsm 532 (523) 1954 (1905) 1580 1499 1372 this work
HasAsu(H32A) 532 (526) 1955 (1912) 1583 1499 1373 this work
HasAsm(H83A) 533 (526) 1955 (1905) 1583 1499 1373 this work
HasAsu(Y75A) 518 (512) 1919 (1877) 1582 1499 1373 this work

6¢ CO adducts with weak proximal bonds
human Mb(H93Y) 497,528 hr 1586 1502 1373 18
catalase(C-100) 542 (539) 1908 (1863) 1588 1501 1376 29
human HO-1(H25Y) 529 (524) 1962 (1917) nr nr nr 53
p22HBP 523 1959 1583 1499 1372 51
[Fe(PPIX)] (80% glycerol) 530 (525) 1955 nr nr nr 54
6¢c CO adducts with steric factors that cause distal compression of Fe-CO

R. sphaeroides. aa-type cytoxidase 519 (50%) 1966 (18769 nr nr nr 47,48
bovinea cyt aa 520 1964 nr nr nr 49
E. colicyt bos 524 1960 nr nr nr 50
C.,Cap (NMelm) 497 (493) 2002 (1958) nr nr nr 25

a All frequencies in cm'. Values in parentheses are frequencies of'#3© isotopologues? nr: not reported¢ Data for the'3C'¢0 adduct.

frequencies, placing them on a 5c correlation line above the atoms moving to within coordination distance of the iron in
histidine line @4) (see Table 2 and Figure 4). The CO adduct HasAsw(H32A)-CO cannot be discounted, this seems an
of the heme/BSA complex, which is stabilized by hydro- unlikely price to pay for the formation of a weak'F&(H)-
phobic interactions without specific heme ligands, also falls Ph bond. Thus, CO is concluded to bind to Hgg@32A)
on this 5c correlation line51). Interestingly, the crystal  in the coordination site that is vacated by the H32A mutation.
structure of the analogous heme/human serum albuminHis83 is known to stabilize the ferric holoHagfAcomplex
complex reveals a Tyr ligand coordinated to the ferric heme by accepting a hydrogen bond from the heme-bound phenol
(52). Although the result has not been reported to date, basedOH group of Tyr75 20, 21). Since the mutation of His83
on the evidence presented herein, one would predict that thedecreases the protein affinity for henl), it is reasonable
CO complex of heme/human serum albumin would fall on to predict that this mutation destabilizes the Fe-Tyr75 bond.
the 5c¢ correlation line of the back-bonding correlation plot. In fact, in ferric HasAum(H83A), the Fe-His32 bond is
The CO complexes of WT Hasfy, HasAsu(H32A), and maintained, while the Fe-Tyr75 bond is brokeBO
HasAsm(H83A) fall near one another and in the vicinity of However, if CO bound to the ferrous form of Hagf&H83A)
the 5c correlation line. Accordingly, it is reasonable to on the Tyr75 side of the heme, His32 would be its trans
hypothesize that all three of these HasA proteins form ligand, and HasAu(H83A)-CO should fall on the imidazole
pentacoordinate CO adducts in which axial ligation between correlation line. It does not. As such, CO binding appears
the heme and the protein has been lost. However, it is notto occur with the displacement of the His32 ligand in WT
clear as to whether that position on the correlation plot can HasAsy and in HasAu(H83A), placing it on the His32 side
differentiate between 5¢ CO complexes and 6¢ CO com- of the heme. The Feakabond in WT HasAy-CO, HasAw-
plexes having a weak proximal Fe-L bond3|. As an (H83A)-CO, and HasAw(H32A)-CO is weak based on the
example of this ambiguity, Tyr ligation of the hemehHO- similarity of theirveeco/veo positions on the correlation plot
1(H25Y) is lost upon reduction with sodium dithionite. The to those of [Fe(PPIX)CO]54) and hHO-1(H25Y) (3
FeCO vibrational frequencies for its CO complex place it (Figure 4: bluea, Fe(PPIX) and blu®, hHO-1(H25Y)). It
well above the line correlatingre_co andvc-o for trans His has been proposed that these two CO complexes have weak
ligation and among the 5c¢ heme carbonyls. Thold0O- Fe-O bonds due to a coordinated water molecule trans to
1(H25Y)-CO has been proposed to be either a 5¢c complexCO (53, 54). Recent computational results corroborate this
or 6¢c complex with a weak sixth ligand, such as a water hypothesis and suggest that the correlation line commonly
molecule b3). referred to as the 5c line characterizes 6¢ carbonyl complexes
6¢c CO Complexes with a Weak Fgqly Bond Trans to with oxygen donor ligands trans to CO (Linder, D. P., and
the CO Ligand.Given that (a) the Fe-CO vibrational Rodgers, K. R., unpublished results).
signatures are nearly identical for WT HasA HasAsw- In the case of Haséy-CO, except for the Tyr75 ligand
(H32A), and HasAw(H83A) and (b) their fre-co/vc-o) and its H-bond partner His83, that side of the heme pocket
points fall above the imidazole and imidazolate correlation is rather hydrophobic. Therefore, in the three HagA
lines, it seems reasonable to suggest that CO binds on sameonstructs containing Tyr75, the Tyr75 side chain is a likely
side of the heme in these cases and that it displaces the His32rans ligand, analogous to that in catalase-CO. At this time,
heme ligand. In the Hasf(H32A) case, the axial histidine  however, the possibility of a trans water molecule in one or
has already been removed by mutation. On the basis of themore of these Haséy-COs cannot be discounted. The FeCO
crystal structure of ferric WT Has# (20), the closest Raman frequencies of the HagACOs differ from those of
potential ligands on the His32 side of the heme are Tyr55 catalase-CO. If one generatesm-co/vc—o line using only
and Tyr137. However, their phenol oxygen atoms are more data points thought to be O-Fe-CO complexes (catalase-CO,
than 7 A from the iron atom (the phenol oxygen-iron [Fe(PPIX)CO], HO-1(H25Y)-CO, Has&-CO, HasAw-
distances are 7.1 and 7.2 A, respectively, in the 1B2V (H32A)-CO, and HasAu(H83A)-CO), catalase is the left-
structure). While the possibility of one of these Tyr oxygen most point on the line. Positions to the left indicate Fe-C
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and C-O bonds that are stronger and weaker, respectively,Scheme 1

and correspond to stronger FeGOback-bonding. If the ~~ st o Ty
position along this O-Fe-CO line is governed by the same LE_‘&‘ sk
distal factors as the position on the imidazole line, then points = N A==t g
toward the left would be characteristic of electrostatic Ei— O/é@“ S0 —— 2
interaction with positive charge or H-bond donation to the :/%" T “j‘*_ﬁ—:’hﬂ o mo
bound CO. Both of these interactions are known to enhance®® ;. gj}:%"

¢ Hisiz '0=={ Asn41 His32

7 back-bonding. It is, therefore, proposed that the distal
pocket of human erythrocyte catalase harbors a H-bond
donor, possibly His75, as seen in the ferric cyanide complex
(55, 56). The FeCO Raman frequencies indicate that distal
H-bonding is weak or absent in the HagACO proteins
reported here. Thus, the native His32 ligand is probably not
involved in hydrogen bonding to the CO ligand of WT
HasAsv, as WT HasAw and HasAw(H32A) CO adducts
fall at very similar positions on the correlation line.

Why Does CO Displace His32 in Preference to Tyr75?
Absent other factors, one would expect the relatively soft
Fe(ll) center to prefer coordination by proximajNover a
harder O-bound ligand such as water or the phenol side chai
of Tyr. The fact that the carbonyl complex is not coordinated
by His32 suggests that other mitigating factors determine
the first coordination sphere of the HasACO complex.
The aforementioned lack of H-bonding between the displaced
ImH side chain of His32 and the CO ligand may hold the
key to understanding this situation. Upon scission of the Fe-
His32 bond, a modest conformational rearrangement would
put the Tyr55 and Tyrl37 side chains within reach of the
imidazole side chain of His32. Intriguingly, Met140 is located
between the side chains of Tyr55 and Tyr137, apparently
keeping them available for H-bonding interactions by
preventing H-bonding between them. The structural proxim- CONCLUSION
ity of these residues is revealed in the crystal structure of ) o . ) )
the ferric state, which shows that the backbone carbonyl _ Proteins containing hemes that exhibit axial Tyr or His/
oxygen atom of His32 and the phenolic oxygen atom of Tyr Tyr poordmatmn in tht_a f.er_rlc s_tate_ usually lose thg tyrosine
137 are within H-bonding distance2@. Hence, upon ligation in favor of a histidine Ilgatlon upon reductlon. As a
displacement of His32 by CO, the H-bonding interactions 'esult, their CO complexes typically have His-Fe-CO axial
necessary to stabilize a His32-off state are readily available, ligation. It has been suggested that a tyrosine is the distal
leaving the bound CO ligand flanked by the hydrophobic !igand in the alkaline ferrous form dflamidomonasehlo-
side chains of Val37 and Met140. Analogously, non-bonded "opPlast hemoglobin, giving it Tyr-Fe-His axial heme coor-
stabilization of a His-off state has been reported for the dination 61). Ferrous cytochrome maturation protein,
proximal imidazole in the pentacoordinate, proximal €yt CcmE (12), was shown to have a histidine and most likely
NO complex 67). Stabilization of a proximal His-off state & tyrosine as axial ligands. However, in both cases, the CO
in cyt ¢ has been shown to facilitate intramolecular and Complexes exhibit His-Fe-CO ligation. With the exception
perhaps physiologically relevant ligand exchange dynamics ©f catalase-CO29), no hemoprotein CO complexes have
(58). This is possible because thaype heme is covalently begn reported to have a proximal Tyr-derived phenol I|gand.
bound to the protein and cannot be released from it, even I'his work presents new examples of heme carbonyls possibly
when the heme has no endogenous axial ligand(s). mh_av_m_g Ty_r-Fe-CO Ilgatlon._Ad_d|t|0_naIIy, loss of_the aX|_aI
contrast, théx-type heme of Has4y is not covalently bound ~ histidine ligand upon CO binding in hemoproteins having
to the protein. Therefore, loss of an axial ligand is necessarily the His/Tyr axial ligand set is described here for the first
among the mechanistic steps that culminate in the releasdime. Mostimportantly, regardiess of whether these HasA
of heme from the protein. As the affinity of HasA(H32A) CO complexes are 5c or 6¢, a lack of H-bonding between
for ferric heme is close to that of the WT protein, mere the displaced His32 and the CO ligands suggests that the
dissociation of His32 is unlikely to drive release of heme MH side chain of His32 is stabilized by other non-bonding
from holoHasAw. However, non-bonded interaction(s) of mteraqtlons ywthm the heme pocket. In accord with t_h|s
the dissociated His32 may stabilize an intermediate con- P€havior, it is herein proposed that an analogous His32
former having a diminished affinity for heme. It was dlss_ouated state occurs during the uptake and/or release of
previously shown that the strength of the Fe-Tyr75 bond is ferric heme.
modulated by the His83-Tyr75 H-bon89). It has further
been suggested that weakening of this H-band is a preludeACKNOWLEDGMENT
to Fe-Tyr75 bond scission upon binding of HagAto The authors are grateful to Dr. P. Bianco for carrying out
HasRyw (30, 60) (Wolff, N., Wandersman, C., and Lecroisey, the voltammetry experiments and to Prof. C. Wandersman,

o

A., unpublished results). To date, however, there is no
definitive mechanistic evidence as to which bond, Fe-Tyr75
or Fe-His32, forms first in heme binding or breaks first in
the heme release. Nevertheless, the results presented herein
support the hypothesis that a His32-off state, such as that
described above, is accessible. Thus, the stabilization of such
a state by intramolecular H-bonding with Tyr135 and/or
Tyrl37 could be relevant to the uptake of ferric heme by
apo-HasAn and/or its release from holo-Has# In the
complex reported here, formation of the His32-off state is
n(:Iearly driven by the formation of the ferrous heme-CO
complex. Its formation during uptake and/or release of ferric
heme would have to be driven by other factors. As previously
suggested 59), the formation of such states having an
intermediate stability could be driven by HagAHasRwv
interactions §0). Of potential importance, a pentacoordinate
Tyr-liganded heme intermediate would maintain a relatively
negative reduction potential, thereby precluding Fenton-type
chemistry that might occur due to the reaction of ferrous
heme with Q. The proposed His32-off state of HagACO

is shown in Scheme 1.
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