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Abstract

The gaseous XO molecules (X = C, N or O) bind to the heme prosthetic group of heme proteins,
and thereby activate or inhibit key biological processes. These events depend on interactions of the
surrounding protein with the FeXO adduct, interactions that can be monitored via the frequencies
of the Fe-X and X-O bond stretching modes, vFeX and vXO. The frequencies can be determined
by vibrational spectroscopy, especially resonance Raman spectroscopy. Backbonding, the
donation of Fe d,; electrons to the XO rc* orbitals, is a major bonding feature in all the FeXO
adducts. Variations in backbonding produce negative vFeX/vXO correlations, which can be used
to gauge electrostatic and H-bonding effects in the protein binding pocket. Backbonding
correlations have been established for all the FeXO adducts, using porphyrins with electron
donating and withdrawing substituents. However the adducts differ in their response to variations
in the nature of the axial ligand, and to specific distal interactions. These variations provide
differing vantages for evaluating the nature of protein-heme interactions. We review experimental
studies that explore these variations, and DFT computational studies that illuminate the underlying
physical mechanisms.
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1. Introduction

Heme proteins are nature's receptors for the gaseous XO molecules (X = C, N, O), which
play vital roles in many biological processes. By binding to the heme, the XO molecules can
serve as signals, triggering a protein conformation change that initiates DNA binding or an
enzymatic reaction. Also the bound XO can be activated for redox reactions through
electron transfer to or from the heme. Interactions with the surrounding protein are critical
for binding discrimination among the XO molecules, and for guiding the subsequent protein
conformation change or the XO reactivity. These interactions involve the protein sidechains
that line the heme pocket. Steric contacts can directly impede ligand binding, and can also
distort the porphyrin ring, influencing the Fe-XO electronic properties. In addition, electric
fields and H-bonds associated with sidechains distal to the bound XO can polarize the Fe-
XO bond. Also critical is the nature of the proximal sidechain, generally histidine or
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cysteine, that serves as a frans axial ligand to the heme. The donor strength of the axial
ligand also influences the Fe-XO bond.

Characterizing these interactions is fundamental to understanding how heme proteins
operate, and vibrational spectroscopy offers a powerful tool for characterization. The Fe-X
and X-O stretching force constants are proportional to the bond strengths, and are connected
(albeit somewhat indirectly, as discussed in Section 2.1) to the frequencies of the associated
vibrational modes. These modes can be detected by IR or Raman spectroscopy. The latter is
particularly useful because tuning the Raman laser into resonance with the heme electronic
transitions enhances heme vibrational modes [1], providing sensitivity and selectivity with
respect to the background spectra of the protein and of the water solvent. Most FeXO
vibrational data have been obtained from resonance Raman spectra [2-6]. However, IR
spectroscopy can also be useful, particularly for CO adducts, since the CO stretching
vibration occurs in an uncrowded spectral region, and binding to the heme induces a large
transition dipole for the CO stretch [7-13].

The structures of the heme-XO adducts, as well as the vibrational frequencies can be
modeled via DFT computations [14-29]. The structures agree well with available structural
data, while the frequencies are somewhat overestimated, as is usual with ab initio methods.
However, computed trends in the frequencies agree with observations, giving confidence in
the analysis of protein interactions with heme-XO adducts via DFT modeling. In the ensuing
sections we describe the patterns that have been revealed in the correlations of Fe-X and X-
O stretching frequencies, vFeX and vXO, from experiment and computer modeling.

2. The Backbonding Pattern

The heme group is electronically tuned to bind CO, NO and O, because the XO molecules
have vacant rt* orbitals that are well matched to the filled d, orbitals of the Fe(ll) ion in the
middle of the porphyrin ring (Fig. 1). This arrangement is optimal for Fe-XO m
backbonding. Electrons shift from Fe to XO in the d-r* system, and are donated back to
Fe in the o system (synergic bonding). Backbonding strengthens the Fe-X bond while
weakening the X-O bond. Consequently, the dominant motif in FeXO is a negative
correlation of vFeX and vXO. As backbonding increases, vFeX increases while vXO
decreases [16, 18].

In CO, both =* orbitals are empty, and FeCO is a linear adduct, with d-n* overlaps in both
perpendicular directions (x and y, with z as the FeCO axis, Fig. 1). However, NO and O,
have one and two rt* electrons, and their adducts are forced to bend (~140° for FeNO,
~120° for FeOy) in order to accomodate a 1t antibonding interaction. The bonding can be
thought of in terms of sp? hybridization at the X atom, with one or two electrons in the lobe
pointing away from the direction of bending (Fig. 1). Meanwhile, the rty* orbital remains
available for backbonding with the Fe dy, orbital.

For bent FeXO adducts there is an issue in determining the Fe-X stretching frequency,
because the Fe-X stretching and Fe-X-O bending motions have comparable frequencies and
the coordinates are allowed to mix. (This mixing is symmetry-forbidden in the linear FeCO).
The mixing produces vibrational modes with variable contributions from stretching and
bending. However, only one of the modes is significantly enhanced in RR spectra, and it has
the larger frequency shift upon isotopic substitution at X [30]. For convenience, this mode
has been labeled “vFeX’, and, as we shall see, it correlates with vXO in the same way that
vFeC correlates with vCO for FeCO adducts.

Coord Chem Rev. Author manuscript; available in PMC 2014 January 15.
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2.1 Five-coordinate MXO adducts

The backbonding correlation is clearly seen in vFeX/vXO plots for 5-coordinate M(I11)XO
porphyrin adducts (Fig. 2); Co(I1)NO adducts, isoelectronic with Fe(11)O, adducts, are
included for comparison. Backbonding in these adducts was modulated by electron-donating
or withdrawing substituents on a tetraphenylporphine ring (TPP-Y, Fig. 3), which vary the
electron density on the Fe, and therefore the extent of backbonding, via their inductive
effect. This standard porphyrin set has been used [15] in all cases, except for FeO, adducts,
which are unstable with respect to oxidation, and require the use of sterically protected
porphyrins [31, 32], or matrix isolation techniques at low-temperature [33-35]. The available
data from such studies [15, 16, 33-35] have been used in Fig. 2.

Negative correlations are seen in all cases, which can be described in the standard form [16]

yMX="MX - s [vXO - 0Xo]

where vOXO is the frequency of the unbound (gas phase) XO, and the intercept, vOMX, is
the hypothetical FeX frequency in the absence of backbonding (single bond). The least
squares slopes (s) and intercepts are listed in Table 1.

Structures and frequencies have been computed via DFT for 5-coordinate MXO adducts of
porphine, using substituents on the pyrrole Cg atoms to tune the extent of backbonding [16]
(Fe(P-X), Fig.3). (Substitution on the meso C,, atoms was avoided, to exclude alterations of
the porphyrin ay, orbital energy, because of specific effects associated with the ay,-d,?
interaction in the non-centrosymmetric MXO adducts [29]; the ay, porphyrin orbital has a
large coefficient at C,,. The TPP-Y experimental set do, of course, have a meso substitution
pattern, but the -Y substituents are far enough from C, that their influence is limited to their
inductive effect.)

The computed frequency plots (Fig. 4, top) have similar slopes to the experimental ones
(Table 1). In these computations, the local functional BP86 was used, because of its superior
performance in the case of Fe(11)O5, Co(II)NO and Fe(I1)NO adducts, which have low-lying
open-shell states [30, 36-41]. Such states are known to be overemphasized by the popular
non-local functional, B3LYP [30, 42, 43] While Co(I1)NO and Fe(I1)O, are isoelectronic,
the former has a closed-shell ground state, while the latter has an open-shell singlet ground
state, although both states are close in energy for both adducts [37, 38]. Evidence that BP86
gives the correct ground state can be seen in comparison of computed and experimental
structures[44-48] for Co(I1)NO; (5-coordinate Fe(I1)O, experimental structures are
unavailable) and frequencies (see below).[49] For Fe(l1)O,, when the closed-shell singlet
state is used in the frequency calculation, the vFeO/vOO correlation is in poor agreement
with experiment.

The open-shell singlet ground state of Fe(I1)O, adducts is in agreement with several recent
computational studies [36, 38, 50-52]. This state corresponds to a Fe(I11)(O5") electronic
structure, in which the unpaired spins on Fe(lll) and O,™ are antiferromagnetically coupled.
Even in this unique electronic state, backbonding is still available, through the dy,-m,*
overlap, but this overlap is weaker than in other adducts, as discussed below.

Negative linear correlations are also obtained in plots of computed M-X vs X-O bond
distances (Fig. 4, bottom). These distance correlations provide a direct connection to the
effect of backbonding on the M(11)XO bonds. Again, the correlations can be cast in a
standard form
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dMX=d"MX — t [dxo - dOXO]

where d°XO is the bond distance in the free XO molecule, and dMX is the hypothetical M-
X distance in the absence of backbonding. Computed slopes (t) and intercepts are listed in
Table 2.

While frequency data are more readily available than bond distances, their connection to
bond strengths is less direct. Frequency is proportional to the square root of the force
constant for a single oscillator, and force constant changes are approximately proportional to
bond distance changes [53]. However, the modes have multiple coordinate contributions,
particularly for the “vMX” mode of bent MXO adducts, as discussed in Section 1. This
complexity may be responsible for the lack of congruence in the backbonding slopes (Fig.
4). Computed slopes are higher for the distance than the frequency plots, and the order
changes for the different adducts. Another discrepancy is the deviation from the
backbonding line seen in the frequency but not the distance plots for Fe(11)O, adducts with
short O-O bonds (Fig. 4, top).

The computed correlations for Fe(11)O, adducts reveal a breakdown in the backbonding
pattern. Both frequency and distance correlations exhibit a reversal of slope, which becomes
positive for substituents more strongly donating than —CHs. In this region the Fe-O and O-O
bonds become weaker together, contrary to backbonding expectations. This effect is not
seen in the experimental frequency correlation, because data are unavailable for adducts
with strongly donating porphyrin substituents.

The positive slope is attributed to the dominance of Fe-O o bonding for strongly donating
substituents. Since the Fe-O o bond involves superoxide donating an electron pair to Fe(ll1),
it is weakened by electron donating substituents, which increase the electron density on the
Fe(l11). The negative charge on the superoxide also increases, weakening the O-O bond, in
concert with the Fe-O bond. In addition, electron donating substituents raise the Fe orbital
energies, thereby diminishing the dy,-rt,* overlap. Backbonding becomes inconsequential,
relative to o forward bonding. However, as the substituents become more electron
withdrawing, backbonding increases in relative importance, making the correlation negative.
Because of the essentially complete electron transfer from Fe(ll) to O,, FeO, adducts at are
at the edge of the backbonding pattern, and can be pushed out of the pattern entirely by
electron donating substituents on the porphyrin.

While the backbonding pattern is shared by all the 5-coordinate FeXO adducts, their
responses to proximal ligands and to distal steric and H-bonding effects differ markedly, as
described in subsequent sections. Comparison of different XO ligands bound to the same
heme protein can discriminate among these effects.

3. Fe(INCO adducts

CO adducts have been particularly useful in evaluating heme protein mechanisms. Spectral
interpretation is relatively straightforward, and data on FeCO adducts are abundant because
of their chemical stability, and also because their spectral responses are readily accessible.
Both vFeC and vCO RR bands are enhanced in resonance with the heme Soret absorption
band, and vCO is in a convenient region of the IR spectrum.

Coord Chem Rev. Author manuscript; available in PMC 2014 January 15.
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3.1 Backbonding variation

The most common proximal ligand in heme proteins is the imidazole sidechain of histidine
residues. When this ligand is modeled with 4-methylimidazole (4-MelmH) in a series of 6-
coordinate Fe(I1)CO adducts of TPP-Y (Fig. 3), the same set of porphyrins used to establish
the 5-coordinate backbonding line (Fig. 2), the result is again a negative linear vFeC/vCO
correlation (Fig. 5) [6], but with increased slope and a shift to lower vCO values, relative to
the 5-coordinate line. The lower vCO values reflect enhanced backbonding due to the
increased electron density on Fe induced by the axial ligand, but the accompanying Fe-C
bond strengthening is counterbalanced by o competition between CO and the axial ligand
for the Fe d,2 acceptor orbital. The net result is little change in vFeC, so that the
backbonding correlation is shifted. This effect can be reproduced in DFT computations,
using the Fe(I1)CO P-X set, with pyridine (py) as trans axial ligand?6 (Table 1). A negative
linear bond distance correlation is also obtained, and the intercept Fe-C distance is longer
than for 5-coordinate adducts, demonstrating the o competition with the #ransligand (Table
2).

When the FeCO adducts of histidine-ligated heme proteins are examined, they lie on the
same line as the model 4-MelmH adducts [30], with points spread out along the line as a
result of polar influences of the distal sidechains (Fig. 5). A series of myoglobin (Mb)
variants (Fig. 6) with distal residue substitutions has been particularly informative regarding
these effects [54, 55]. Phillips et al. showed that for the CO adducts of these variants, the
computed electrostatic potential at the bound CO correlated directly with vFeC and
inversely with vCO [55]; a positive potential polarizes the FeCO bond, and increases
backdonation. Thus backbonding modulation, either by electrostatic polarization or by
porphyrin substituent variation, produces the same negative frequency correlation, when the
trans ligand is imidazole.

Wild-type Mb has a distal histidine residue (H64), which forms a weak H-bond interaction
with bound CO (evidenced by a 2 cm? shift of vCO in D,0 [56]). The result is a point mid-
way up the backbonding line (vCO = 1945 cm1). Other variants that retain H64 cluster
around this position. However, when H64 is replaced by a hydrophobic residue, the point
slides down the backbonding line (vCO ~1960 cm™1), reflecting the diminished polarization.
Distal residues that produce stronger H-bond interactions lie higher on the line. Elephant Mb
(WTe, vCO = 1938 cm™1) [57] has a glutamine in place of H64, while vCO = 1922 cm™ina
V68N variant; VVal68 is directly adjacent to the bound CO, and the Asn replacement interacts
strongly. At the top of the line (vCO = 1909 cm™1) is a hemoglobin from the Ascaris
nematode, which has distal GIn and Tyr residues, both positioned to H-bond with the bound
CO [58]. Meanwhile, the low end of the line (vCO = 1984 cm1) is occupied by the double
mutant H64V/V68T. In this variant the introduced Thr residue is oriented (via H-bonding to
a backbone carbonyl) so that its O atom lone pairs point at the bound CO [55, 59-61],
providing negative polarity, and inhibiting backbonding. Thus distal polar effects can
modulate backbonding over a wide range in these wild-type and mutant heme proteins.

3.2 Thiolate axial ligation

Replacing imidazole with a stronger donor can be expected to decrease vFeC further via o
competition. Indeed, the CO adducts of cytochrome P450 [62-68], which has a thiolate
proximal ligand from a cysteine sidechain, occupy a backbonding line below the Mb line, in
the vFeC/vCO map (Fig. 5). The P450 points spread along the backbonding line because
they include complexes with a series of substrates and inhibitors that induce interaction of
the bound CO with distal Thr and Asp residues. These H-bond donors are believed to act as
a proton relay in the O, cleavage reaction catalyzed by the P450 class of enzymes [69, 70].

Coord Chem Rev. Author manuscript; available in PMC 2014 January 15.
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DFT modeling with CH3S™ as axial ligand for FeCO with substituted porphines produces a
backbonding line with a lower intercept than for pyridine as axial ligand, as expected?®
(Table 2).

The nitric oxide synthase (NOS) enzymes are heme proteins that also have proximal
cysteine residues. Their CO adducts form a separate backbonding line [71-74], in between
the P450 and Mb lines (Fig. 5). Again the points are spread out along the line because
various substrates and inhibitors induce variable interaction of the bound CO with polar
groups in the heme pocket. The likely reason that the NOS line lies higher than the P450 line
is stronger hydrogen bonding to the thiolate sulfur atom, which lowers the thiolate donor
strength. In P450 there are three H-bonds from backbone NH groups [75], while in NOS
there are two such H-bonds and an additional, stronger H-bond from a nearby Trp sidechain
[76-78].

3.3 Proximal imidazole H-bond modulation

The donor strength of the histidine ligand can also be modulated by H-bonding. In this case
H-bond donation from the NH group (opposite to the Fe-bound N atom of the imidazole
ring) strengthens the Fe-imidazole bond, by giving the ligand imidazolate character. The
proximal imidazole in Mb engages in moderate H-bond donation, to a backbone carbonyl
and to the OH group of a nearby serine residue, whereas in peroxidases, there is a strong H-
bond to the anionic carboxylate group of an aspartate residue [79]. Reflecting the
imidazolate character of the proximal ligand, the vFeC/vCO points of horseradish
peroxidase (HRP) [80] and cytochrome ¢ peroxidase (CCP) [81] fall well below the Mb line,
and close to the P450 line (Fig. 7). (Depending on solution conditions there are several
forms of the peroxidase CO adducts, reflecting a dynamic interplay of proximal and distal
interactions[82]). Likewise falling below the line is the model complex in which the trans
imidazole is deprotonated, (FeCO)(PPDME)(Im") (PPDME = protoporphyrin dimethylester)
[80].

While vCO is strongly shifted down in (FeCO)(PPDME)(Im-), relative to the neutral
imidazole adduct (FeCO)(PPDME)(ImH), there is little change in vFeC. This behavior is
consistent with DFT computations showing that ImH deprotonation, or H-bonding [22, 83]
shifts vCO but not vFeC (see Fig. 7, top). The stronger trans ligand donation weakens the
FeC bond via o competition, but this is offset by the increased charge on the Fe, which
increases backdonation. The two effects on vFeC cancel, and the increased backdonation
selectively shifts vCO.

The opposite vCO shift is expected when proximal imidazole H-bonding is diminished. This
effect has been observed for the CO sensor heme protein CooA [84], in which H-bond
donation from the proximal imidazole is to the amide sidechain of a nearby asparagine,
Asn42 [85]. Spectroscopic evidence indicates that CO binding induces a sliding motion of
the heme group, as part of the sensor activation mechanism, which involves DNA binding
and gene regulation [84, 85]. The vFeC/vCO point lies to the right of Mb line (Fig. 7,
bottom), consistent with a weakened Fe-C bond resulting from the heme motion.
Displacement from the Mb line is diminished (along with sensor activity) in a Leu29Phe
mutant, consistent with the bulky Phe sidechain hindering the heme motion. However the
displacement is increased when CooA is bound to its target DNA, indicating increased heme
motion in the active complex [85]. All three points lie on a horizontal line, which
extrapolates to the Mb line at a position close to that of Mb variants with hydrophobic
replacements of the distal histidine (Fig. 7, bottom), consistent with the known hydrophobic
structure of the heme pocket in CooA [84]. This behavior indicates that the Fe-C weakening
in the CO adduct is due to disruption of the proximal H-bond to Asn42 as a result of the
heme sliding.

Coord Chem Rev. Author manuscript; available in PMC 2014 January 15.
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An alternative mechanism was considered, in which heme sliding might induce mechanical
strain on the Fe-His bond, forcing it to weaken. This mechanism could be ruled out by DFT
computations, in which mechanical strain was modeled in (ImH)Fe(11)NO porphine by
constraining the Fe-His bond to increasing lengths, in silico, reoptimizing the structure and
recalculating frequencies [22]. The result was a monotonic increase in vFeC, eventually
reaching the 5-coordinate value when the bond was broken, but with little change in vCO
(Fig. 7, top). Thus Fe-His weakening from mechanical strain can be readily distinguished
from proximal H-bond weakening by a nearly orthogonal expected shift on the vFeC/vCO
diagram. No examples of mechanical strain have so far been found among heme protein CO
adducts.

3.4 Steric effects: FeCO bending vs compression

Early studies on heme protein FeCO adducts attempted to interpret the data in terms of
FeCO bending, since the prevailing view was that the distal histidine of Mb reduced the CO/
O, affinity ratio by sterically imposing a significant degree of bending [2, 13, 17, 86-88].
This view has been overthrown by subsequent experimental and computational
developments [88, 89]. The main cause of the reduction in the CO/O, affinity ratio is the
distal imidazole H-bond to the bound ligand, which is much stronger for O, (effectively
superoxide anion in the FeO, adduct) than for CO [90-93].

If steric forces did bend the FeCO, the result should be a reduction in both vFeC and vCO
because both bond orders would diminish. This effect has been evaluated computationally
by constraining the FeCO O atom to positions increasingly far from the heme normal [17,

22]. The result is a steady progression of the vFeC/vCO pairs below the backbonding line
(Fig. 8, top). Modest displacements, up to 0.4 A were judged to be within the experimental
scatter, and would not be energetically significant.

Large downward deviations have not been observed in heme protein CO adducts, and it
seems unlikely that steric contacts can significantly bend the FeCO unit. The contacting
residues are likely to move away instead, via torsional motions. Even in highly constrained
model porphyrins with covalent superstructures, crystal structures show only small FeCO
angular distortions, but large displacement of the superstructure, as well as distortions of the
porphyrin ring [94].

However, steric crowding can be sufficient to compress the Fe-CO bond somewhat. A
documented case is the constrained porphyrin C,Cap, in which a benzene ring is strapped
laterally to a porphyrin via short covalent tethers. The crystal structure of the CO adduct,
with N-methylimidazole as axial ligand, shows a nearly linear FeCO, but a short distance,
2.80 A between the O atom and the center of the benzene ring [94]. The vFeC/vCO
frequencies, 497/2002 cm-1 [86], place this adduct far above the backbonding line (Fig. 8,
bottom). The effect of compression was modeled via DFT, by constraining the distance
between the O atom and the Fe atom [22]. Decreasing this distance shortened the Fe-C bond
with a smaller shortening of the CO bond. Accordingly, the vFeC/~vCO points moved
steadily towards higher vFeC frequencies, and slightly higher vCO frequencies (Fig. 8, top).

Among proteins, a compression effect has been suggested for the CO adduct of cytochrome
coxidase (CCO), whose vFeC/vCO point [95, 96] is also far above the backbonding line
(Fig. 8, bottom). The CCO heme is part of a binuclear site, which also contains a Cu* that is
close enough to compress the FeCO [97-99]. The Cu* also provides positive polarity,
thereby increasing backbonding. If the compression effect is modeled by drawing a line
from the cyt ox vFeC/vCO point, parallel to the computed bond compression line in Fig.
8(top), it intersects the backbonding line at a point between wild-type Mb, with its distal
histidine, and mutants with hydrophobic pockets. This point of intersection suggests that the

Coord Chem Rev. Author manuscript; available in PMC 2014 January 15.
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polarizing effect of the Cu* is somewhat weaker than a H-bond. (This modeling is only
suggestive, since the computed compression slope may differ somewnhat from the
hypothetical experimental slope.) Another possible example of compression is TfTarH, the
first member of the extensive H-NOX sensor family [100] for which a crystal structure was
available [101]. It has a crowded distal heme pocket, and QM/MM modeling has indicated a
significantly shortened Fe-C bond [22]. Its vFeC/~vCO point lies well above the
backbonding line (Fig. 8 bottom) as does that of VCAQ720, another H-NOX protein [102].

3.5sGC : propionate H-bonding and porphyrin buckling

However, still another member of the H-NOX family, soluble guanylate cyclase (sGC) does
lie on the backbonding line. No atomic structure is available for this key mammalian
transducer of NO signaling [103]. But homology modeling based on the T fTarH structure
suggests that SGC has a large hydrophobic binding pocket, that would be sterically
uncrowded [104].

sGC lies at the low end of the backbonding line, even below the H64V/V68T mutant of Mb.
However, homology modeling indicates the absence of a negatively polar residue, like the
Thr lone pair in Mb(H64V/V68T). A possible source of diminished backbonding is the
strong H-bonding to the propionate sidechains of the porphyrin, seen in the T fTarH structure
[101]. These H-bonds are donated by a triad of residues in the YXSXR sequence, which is a
hallmark of all H-NOX proteins [100]. When the activator molecule YC-1 is added to the
sGC-CO adduct, vFeC/vCO moves up the backbonding line [105], suggesting disruption of
these H-bonds. Supporting this suggestion is the observation of other changes in the RR
spectrum, which indicate an altered conformation of the porphyrin ring [106].

The propionate neutralization hypothesis was tested via DFT modeling [22], which predicts
a substantial shift of vFeC/vCO down the backbonding line when the propionates are
protonated (Fig. 8, top). This shift is consistent with the inductive effects seen for electron-
withdrawing substituents in the TPP-Y porphyrins. The propionic acid substituents are more
electron withdrawing than propionate, and diminish the backbonding. Experimental tests of
the hypothesis via mutations in the YXSxR sequence [107] were somewhat obscured by the
finding of multiple conformations in the resulting variants; however significant vCO
lowerings were observed for some of the conformers.

Another suspected source of spectral perturbation was the highly distorted porphyrin ring
revealed in the structure of T/TarH [101]. However DFT modeling indicated surprisingly
little influence of this distortion on the vFeC and vCO frequencies [22], and this prediction
has been borne out by mutational studies in which the steric constraints inducing the
porphyrin distortion were relaxed [105, 106]. vFeC and vCO were essentially unaffected.

4. Fe(llI)NO adducts

4.1 Lone pair donor interactions

Unlike CO and O, NO is capable of binding Fe(l1l) as well as Fe(Il) porphyrins. However,
Fe(I11)NO adducts are prone to reduction, owing to the great stability of Fe(11)NO adducts.
Consequently gathering systematic spectroscopic data has been difficult. Use of the graded
series of TPP-Y adducts was unsuccessful, because Fe(l11)NO reduction was too fast [29].
However, with rapid RR spectral collection, it was possible to collect spectra of the Mb
distal variants [29], that had provided useful systematics for Fe(11)CO and Fe(IT)NO (see
Section 5) adducts. When the results were plotted on a vFeN/vNO map (Fig. 9, bottom), the
points appeared as a scatter plot, until it was noticed that the plot followed fwo parallel
negative correlations, depending on whether the variant contained an intact distal histidine
residue.

Coord Chem Rev. Author manuscript; available in PMC 2014 January 15.
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Fe(I11)NO and Fe(I1)CO adducts are isoelectronic, and might be expected to show similar
backbonding behavior. Indeed electronic structure calculations indicate that the Fe(I11)NO
ground state is best described as Fe(I11)(NO*) [28]. Although the backbonding orbitals are
the same for Fe(11)CO and Fe(I1)(NO™), the positive charge on the latter changes the
character of distal interactions. DFT modeling revealed that when an imidazole molecule
was placed near the bound NO, a stable structure could only be obtained if the lone pair of
the unprotonated imidazole N: atom, and not the NH proton, was directed toward the NO
[29]. The energy of the lone pair interaction was computed to be ~-1.2 kcal/mol [29],
consistent with the observed 7-10-fold increase in the Fe(II1)NO dissociation rate when the
distal histidine in Mb is replaced by apolar residues [90].

When Fe(l11)NO spectra were computed for the P-X series of substituted porphines, with
imidazole axial ligands, the result was a negative vFeN/vNO backbonding correlation [29]
(Fig. 9, top). When a distal imidazole lone pair interaction was then included, the result was
a nearly parallel line, with higher vNO values. The slopes of the computed lines are
remarkably close to the experimental Mb slopes, and the vNO upshift is comparable. The
origin of this curious shift was traced to a unique orbital interaction: in addition to the nearly
degenerate pair of backbonding Fe-dr and NO m* orbitals that accounts for the negative
slope of the veen/vno COrrelation, there is an orbital (Fig. 10), involving a distal imidazole
lone pair interaction with the NO r* orbital, as well as the porphine r orbitals, but not the
Fe d,, orbitals. The lone pair pushes electron density out of the NO =* orbital and onto the
porphine, thereby strengthening the NO bond, with little effect on the Fe-NO bond, and
causing the shift of the veen/vno Correlation to higher vyo.

Essentially the same shift was obtained when a lone pair interaction with a distal H,O was
modeled (Fig. 9, top) [92]. This result can explain why the vFeN/vNO points for the NO-
binding heme protein nitrophorin 4 (NP4) [108], falls on the Mb Fe(I11)NO lines with and
without a distal histidine, at pH 7.5 and 5.5, respectively (Fig. 9, bottom) [109, 110]. NP4
lacks a distal histidine, or any other polar residue. However, the hydrophobic binding
pocket, which is closed at pH 5.5, opens up at pH 7,5 and admits water molecules. Indeed a
structured water is found in the crystal structure of the analogous cyanide adduct, next to the
bound cyanide [108, 111, 112]. A lone pair interaction with this H,O can explain the NP4
shift at pH 7.5.

The literature contains a number of heme protein Fe(II1)NO adducts, and Fig. 11 plots the
available experimental data [6, 29, 82, 113-117]. All the histidine-ligated heme proteins
(green triangles) fall between the hydrophobic and distal histidine lines of Mb, but a number
of them appear at intermediate values. A likely reason is the presence of attenuated lone-pair
interactions. For example, a different nitrophorin, NP1 [118, 119], falls on the hydrophobic
line at pH 5.5, at the NP4 value, but has an intermediate position at pH 7.5. Like NP4 the
NP1 pocket opens at pH 7.5, but the cyanide adduct crystal structure shows fewer water
molecules, and none that are localized near the bound ligand. Proximal effects may also play
a role. The intermediate position of HRP [120, 121] likely reflects the donor effect of the
strongly H-bonded proximal histidine ligand.

mechanisms

4.2.1 Thiolate ligation—Fe(I11)NO adducts are relatively stable in thiolate-ligated
porphyrin complexes, because the anionic thiolate stabilizes the Fe(l1l), relative to the Fe(ll)
oxidation state. A number of vFeN/vNO data have been reported for such complexes [122]
and for heme proteins with cysteinate proximal ligands [68, 123-125]. When these data are
plotted on the vFeN/vNO map, a positive, rather than a negative correlation is obtained
(Fig. 11).
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The positive correlation can be linked to bending of the Fe(111)NO unit, as a result of mixing
between the d,2 and dy; orbitals (x being the direction of bending). The bent structure is
accommodated by a pair of molecular orbitals d,2-oy and dy,-mt*No [126-129]. Although
the Fe(111)NO ground state is Fe(11)(NO*), and is nominally isoelectronic with Fe(11)CO, the
NO* r* orbital energies are lowered sufficiently to allow mixing with the d,? orbital when
the axial ligand is a strong donor. The strongly donating RS- ligand drives up the d,2-oy
orbital energy, increasing its mixing with dy,-0*No. The Fe-N-O angle is 160° in the crystal
structure of a thiolate-ligated Fe(I11)NO porphyrin adduct [130], consistent with reported
structures of cysteinyl heme proteins [123, 124, 131].

The d,2-oy orbital energy is lowered, and the degree of bending is diminished, if the donor
strength of RS~ is decreased by H-bonding or protonation. DFT computations yield a Fe-N-
O angle of 159° for methylthiolate-ligated Fe(I11)NO porphine, but the angle increases to
180° when a proton is added to the thiolate [24]. Other computations indicate that vFeN and
vNO increase together as H-bond donors are successively added [27]. This effect underlies
the positive vFeN/vNO correlation seen for cysteinyl heme protein Fe(I11)NO adducts (Fig.
11). The vFeN/vNO frequencies increase in the order cytochrome P450.,,, < cytochrome
P450,r < chloroperoxidase (CPO), which is the order of increased H-bonding to the
cysteinyl sulfur atom, as judged by analyses of the crystal structures [132], and also by
vibrational data on the corresponding Fe(11)CO adducts [82]. The greater the donor strength,
the greater the bending angle, and the lower the vFeN/vNO frequencies.

4.2.2 Electron-donating meso substituents—DFT modeling by Linder and Rogers
[133] established another mechanism for producing a positive vFeN/vNO correlation,
namely attaching electron donating substituents to the porphine ring at the meso carbon
positions, Cp,. The porphine HOMO, ay,, has large coefficients at the Cy, and at the pyrrole
N atoms. It also has a substantial overlap with the d,2 metal orbital in non-centrosymmetric
metallo-porphyrins, such as the MXO adducts under consideration. Consequently electron
donating Cy, substituents raise the d,2 energy, increasing the d,2-on/dy,-mt*no Mixing, and
therefore increasing the Fe-N-O bending. Increasingly strong electron donors at C,,, produce
a positive vFeN/vNO correlation [133]. This effect has not been observed in heme proteins,
all of which have H atoms at C,,, and substituents at the pyrrole Cp atoms. The ay, orbital
has nodes at the Cp atoms, and Cp substituents have a purely inductive effect. This is why
DFT modeling of the backbonding correlations has generally involved substituents at the Cp
positions.

4.2.3 Lone-pair interactions with Nyo—Fe-N-O bending can also be induced by
interaction of lone pair donors with the N atom of the bound NO, Njo. Both the O and N
atoms are available for such an interaction, but when the O atom is the acceptor, the effect is
to maintain the negative vFeN/vNO backbonding correlation, but with upshifted vNO
values, as discussed in Section 4.1. The upshifted line in the DFT plot (Fig. 9) was obtained
by holding the orientation of the distal ImH in a plane parallel to the proximal ImH,
maintaining overall C5 symmetry of the complex [29] (Fig. 12). When the distal ImH was
instead allowed to rotate out of this plane, it moved significantly closer to the N atom of the
bound NO, due to relief of a steric contact with the porphyrin. At the same time, the FeNO
was found to bend, reflecting the lone-pair to Ny interaction. The degree of bending
increased as the substituents became increasingly electron withdrawing, and the distal
imidazole moved closer to the N atom [29].

When the vFeN/vNO values were plotted, a bifurcated correlation was found (Fig 13),
having a negative slope for electron donating substituents, but a positive slope for electron
withdrawing substituents. The break occurred on the electron withdrawing side of the H
substituent. (The effect is not seen experimentally in heme proteins, since the Cp
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substituents are electron-donating hydrocarbons.) Beyond this point, backbonding is
overridden by the bending induced by the lone pair interaction with Nyo. The association of
bending with a positive vFeN/vNO correlation was confirmed in DFT computations on
(ImH)Fe(1IT)NO porphine, with the Fe-N-O angle constrained [92]. As the angle was
lowered from 180°, the vFeN/vNO points steadily fell away from the backbonding line
(Fig. 13), just as they did for Fe(I1)CO (Fig. 8, top). Indeed the slope of this line for
constrained bending is essentially the same as that produced by bending from the lone-
pair:Nyo interaction induced by electron withdrawing porphine substituents.

Fig. 14 shows the physical mechanism underlying the effect of bending, which induces an
antibonding combination of the dy, and t*yg orbitals. As a result the HOMO-1 is
antibonding with respect to both the Fe-N and the N-O bond. As bending increases both
bonds weaken in concert, producing a positive vFeN/vNO correlation.

4.3 Stronger nucleophiles; reductive nitrosylation

Because the heme group lacks electron withdrawing substituents, the lone pair of a distal
histidine, or of a water molecule, is attracted to the Ong atom of heme protein Fe(I111)NO
adducts (see in Section 4.1), as is that of a modeled peptide carbonyl group [24]. However,
stronger nucleophiles would likely shift toward the Nyg atom, bending the Fe-N-O unit and
interacting with the sp? orbital. This is the probable pathway of ‘reductive nitrosylation’
[134, 135], in which hydroxide ion attacks the bound NO, forming nitrous acid, HONO, and
Fe(Il) heme (Fig. 15). The Fe(ll) heme is trapped as the stable Fe(I1)NO adduct by excess
NO in solution. Because of the requirement for hydroxide, the rate of Fe(IlII)NO
autoreduction increases with increasing pH.

This process was modeled via DFT, by placing a hydroxide in proximity to the bound NO in
(ImH)Fe(1IT)NO porphine [29]. Optimization led the hydroxide to attack the Nyo, and
produce a stable HONO adduct. This adduct had elongated Fe-Npono and Fe-Njny bonds,
and a lowered Mulliken charge on the Fe (1.071e vs 1.106e for the starting (ImH)Fe(I11)NO
porphine), demonstrating Fe reduction. A Fe-bound HONO intermediate is consistent with
kinetic studies of reductive nitrosylation in heme proteins [135]. In principle, a similar
mechanism of reductive nitrosylation would be available to nucleophiles other than
hydroxide, including nitrite, thiols and amines, and possibly to NO™ in a suggested
mechanism for the NO reductase enzyme [29].

5. Fe(I)NO adducts

5.1 Axial ligation preserves backbonding but shifts vFeN up

Six-coordinate Fe(I)NO adducts have posed special problems for analysis of the vibrational
pattern, because the vFeN/vNO points for heme proteins initially appeared as a scatterplot
[54, 136], and because gathering RR data on protein-free porphyrin adducts is
experimentally difficult. The difficulty arises because NO exerts a strong frans effect on
Fe(ll), resulting in an extraordinarily long and weak bond to an axial ligand [137].
Irradiation by the Raman laser is sufficient to dissociate the axial ligand, so that solution
spectra contain signal only from the 5-coordinate Fe(11)NO adduct [54]. This problem was
eventually overcome by freezing solutions containing sufficient ligand concentration to form
the 6-coordinate adduct, as judged by the absorption spectrum [30].

Frozen solution RR spectra for a series of (4-MelmH)Fe(I1)NO adducts of the same TPP-Y
porphyrins as used for the analysis of 5-coordinate adducts (Fig. 2) again yielded a negative
vFeN/vNO correlation [35] (Fig. 16 — red circles). However, instead of lower vFeX values,
as observed for Fe(I1)CO adducts (Fig. 5), the 6-coordinate Fe(I1)NO adducts have higher
vFeX values than the 5-coordinate adducts. This result is counter-intuitive, since the NO
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trans effect should result in a weakening of the Fe-NO bond when an axial ligand is bound.
Indeed, the DFT-computed Fe-NO distance does increase when an axial ImH is bound [30].

The apparent discrepancy between bond weakening and frequency up-shift is attributable to
altered vibrational mixing between Fe-N stretching and Fe-N-O bending coordinates in the
bent Fe(I1)NO adducts (see discussion in Section 2.). Because of this mixing, the connection
between mode frequency and bond strength is vitiated. DFT calculations indicated a lower
Fe-NO force constant for six-coordinate (ImH)FeNO adduct than for the 5-coordinate
adduct, as expected from the bond weakening, but a lower effective mass for the ‘vFeN’
mode, as a result of altered coordinate mixing, resulting in a higher frequency [30]. The
computed up-shift was less than observed, reflecting the imperfect calculation of mode
frequency and composition by DFT. However, the results establish a mechanism for the
paradoxical vFeN upshift in the 6-coordinate adducts.

5.2 Distal effects; ambidentate H-bonding

In contrast to the well-behaved (ImH)Fe(I)NO model porphyrins, the data for Fe(II)NO
heme proteins had seemed to describe a scatter plot [54, 136], until it was realized, with the
help of DFT modeling that the bound NO can be ambidentate with respect to H-bonding
[23].

When a H-bond donor was placed computationally in the vicinity of the NO in
(ImH)Fe(I1)NO porphine, optimization led to either of two stable structures, with H-bonding
to either O or N (Fig. 17) [23]. This result contrasts with the computational modeling of H-
bonding to the Fe(11)CO adduct, for which a single structure with an optimum C-O--H
angle or ~100° was obtained [138]. In the case of CO, a i* orbital, partially filled by back-
bonding serves as a delocalized acceptor. For NO, however, the intrinsic bending produces
two potential acceptors, the O atom, which accumulates charge via backbonding, and the
incipient sp? orbital, on the back side of the N atom, which can be polarized by H-bonding.
In the initial Fe(11)NO structure, the computed Mulliken charge on the O atom is substantial,
-0.2, and increases upon H-bonding to O (up to -0.3). The initial charge on N is small,
-0.005, but increases substantially upon H-bonding to N (up to -0.12) [23].

H-bonding to Fe(l11)CO adducts moves the vFeX/vXO point up the backbonding line (Fig.
5), but for Fe(I1)NO this is only the case when the Oy is the H-bond acceptor. DFT
modeling shows that when H-bond donors of varying strength interact with Oyo or Nyo, the
vFeN/vNO correlation is bifurcated (Fig. 18, bottom) [23]. H-bonding to Opno produces a
backbonding line, while H-bonding to Nyo produces a line with positive slope. Similar
results are obtained for the correlation of Fe-N and N-O distances (Fig. 18, top), confirming
that both bonds weaken in concert when the H-bond acceptor is Nygo, while Fe-N weakens
and N-O strengthens when the acceptor is Onp, as expected for backbonding. The reason for
the positive Ny correlation is the same as the bending-induced positive correlation for
Fe(I11)NO adducts (Section 4.2.3.), namely mixing of the d,2-oy and dy,-o*No orbitals,
which induces an antibonding effect for both the Fe-X and X-O bonds (Fig. 14). The
stronger the H-bond to Nyo the greater the mixing, as electron density is drawn into the sp?
orbital on Nyo. As might be expected, H-bonding also decreases the Fe-N-O angle;
however, the computed angle changes are small, <4°[30], in contrast to the large angle
changes induced by lone-pair interactions at Nyo for Fe(I111)NO adducts (Section 4.2.3.).

Coming back to Fe(1I)NO heme proteins, a similar bifurcation is observed when the
experimental data are plotted (Fig. 16) [54, 139-141]. Some proteins (red dots) fall on the
same backbonding line as the (4-MelmH)Fe(I1)NO TPP-Y adducts (red circles), presumably
because distal H-bonds, if any, are directed at the Ong atom. Indeed the structure of one of
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these proteins, nitrite reductase (NIR) [142], reveals a strong H-bond from a distal histidine
to Ono-

Other heme protein Fe(I1)NO adducts fall below the line, and a group of Mb variants (black
dots) describe a positive correlation with a slope close to that of the computed correlation for
H-bonding to Nno (Fig. 18). In Mb, unlike NIR, the NgH of the distal histidine is closer to
Nno than to Ong [143-145]. The vFeN/vNO point for wild-type Mb falls far from the
backbonding line, but when the distal histidine is replaced by a weaker H-bonding residue,
glutamine (H64Q), the point moves toward the line, along the positive correlation, and when
it is replaced by hydrophobic residues (H64V,I,A) the point falls close to the backbonding
line. When a valine residue that contacts NO from the side is replaced by asparagine
(V68N), the point moves farther away, still on the positive correlation, implicating a strong
H-bond to Ny from the asparagine. Thus the positive correlation defines the Nyo H-
bonding line, in conformity with the DFT modeling. (Reasons for differing positions of
other Mb variants are discussed in ref.[30])

Some heme proteins fall between the backbonding and Nyo H-bonding line (blue triangles).
Likely this dispersion reflects backbonding variations in proteins with Nyo H-bonds of
varying strength.

We note also that heme protein Fe(I1)NO adducts in which the Fe-histidine bond is broken
(NP7[146], AXP[147], CLOCK PAS-A[148], CooA[147], and myoglobin at pH 4 [149] -
green dots) fall close to the line for 5-coordinate adducts, with small variations in the extent
of backbonding. Evidently distal interactions have similar effects on the Fe(II)NO electronic
structure in these adducts.

6. Fe(Il)O, adducts

6.1 Experimental Data

Vibrational data on Fe(I1)O, adducts are sparse because of several experimental difficulties.
As mentioned in Section 2.1, these adducts are subject to rapid autooxidation. Porphyrin
Fe(I1)O, adducts react rapidly with additional Fe(Il) porphyrin to form Fe(11)OOFe(11)
dimers, which promptly break down, eventually forming Fe(I11)OH species. This process
can be inhibited sterically, by employing superstructured porphyrins [31, 32, 150-153], or by
encapsulating the heme in a heme protein. Even so, the Fe(11)O, adducts are subject to
autooxidation by other mechanisms at rates that depend on solution conditions [32].

Another serious difficulty is that the O-O stretching mode, vOO, is normally (i.e. in adducts
with imidazole axial ligands) not detectable in RR spectra, due to weak enhancement.
Apparently the O-O displacement is small in the resonant v-v* states, probably because of
the essentially complete electron transfer in the Fe(l11)(O,") ground state, which effectively
decouples the O, from the electronic excitation. While the vOO mode is active in IR
spectra, its frequency, ~1160 cm™L, places it in a spectral region that is crowded with
porphyrin and protein vibrations, making detection and assignment difficult [153].

However, there are circumstances under which vOO does become detectable in RR spectra,
presumably reflecting altered electronic coupling, although the mechanisms are currently
obscure [154]. RR enhancement of vOO is found when the axial ligand is thiolate; data are
available for a number of cysteinyl heme proteins and model complexes [6, 82]. RR
enhancement of the vOO band is also observed for imidazole-ligated heme proteins with
strong distal H-bonds to the bound O [3, 154, 155].

The available vFeO/vOO data are plotted Fig. 19. The 5-coordinate adducts (green circles)
have been discussed in Section 2.1, and data for the 6-coordinate adducts with nitrogenous
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bases are limited to three complexes of the sterically hindered “picket fence” porphyrin
[156-160]. The line through these three points is only suggestive. It is evident, however, that
binding a nitrogenous axial ligand pushes vFeO up, although the Fe-O bond should (and
does, see Section 6.2.) weaken. This behavior is similar to that of Fe(I1)NO adducts, and the
source of the anomalous upshift is likewise a change in the ‘“vFeX’ mode composition [38].

Because of the special requirements for RR enhancement of vOO, data are available from
only two sets of heme proteins, those having cysteinate proximal ligands (red dots) [154,
161-163], and those having strong H-bonding to the bound O, (black dots) [6, 164-166].
The former display a positive correlation, albeit with substantial scatter. As in the case of
Fe(I11)NO adducts ( Section 4.2.1.) the positive correlation for cysteinate-ligated Fe(11)O,
adducts likely reflects different extents of H-bonding to the cysteinate S atom, producing
variable d,2-on/dy,-Tt* oo mixing due to the changing axial donor strength. This
interpretation is supported by a pair of Fe(11)O, model compounds, TpivPP(CgHF4S™) and
TpivPP(CgF5S™) (red circles) [167, 168] that have thiolate axial ligands, with and without an
internal H-bond to the S atom. Their vFeO/vOO points fall on the positive correlation, with
the H-bonded model falling higher.

The heme proteins with strong H-bonding to the bound O, describe a fan, bracketed by lines
of positive and negative slope. This behavior is similar to that of Fe(II)NO heme proteins
(Fig. 16), and may have a similar explanation, namely H-bonding to either the inner or outer
O atom (O' or Q). In one microbial hemoglobin, the H-bond hypothesis is supported by the
observation that vFeO and vOO move together to steadily higher values (blue dots in Fig.
19) as two strong distal H-bond donors are consecutively mutated [155].

6.2 DFT Modeling

DFT modeling of 6-coordinate Fe(11)O, adducts with imidazole as axial ligand shows the
same pattern as the 5-coordinate adducts [49] (Fig. 20). In both cases, varying the
substituents on the porphine produces well-behaved negative backbonding correlations in
the distance plots for electron-withdrawing substituents. In both cases there is a break to a
positive correlation for electron-donating substituents, reflecting the dominance of o over 1t
bonding, as discussed in Section 2.1. The frequency plots show a similar pattern, but the
points deviate from the backbonding line for the most electron-withdrawing substituents, for
the 6- as well as the 5-coordinate adducts.

Although the 6-coordinate pattern is the same as for 5-coordinate adducts, the points are
systematically shifted to longer Fe-O distances, as expected from o-donor competition
between the O, and ImH ligands for the Fe(I11) d,2 acceptor orbital. Despite the longer Fe-
O bonds, the vFeO frequencies shift to higher values, reflecting a shift in mode composition
induced by the axial ligation [38, 49], as also seen for Fe(I1)NO adducts ( Section 5.1).

Fig. 20 also shows the effects of replacing ImH with thiol or thiolate ligands in Fe(11)O2
adducts with unsubstituted porphine[49]. The neutral thiol points are not far from the ImH
points, but deprotonation shifts the points to longer Fe-O distances, reflecting the strong
donor character of thiolate anions. The shift is greater for methyl- than for phenyl-thiolate,
the expected order of donor strengths. In this case, the vFeO frequency is well behaved,
shifting to lower values, in the same order. The positive correlation defined by these points
has a slope quite similar to the experimental correlation of the cysteinyl heme proteins (Fig.
19). This agreement supports the view that the variation among these proteins reflects
changes in thiolate donor strength from H-bonding differences.

With regard to the effects of H-bonding to bound O,, DFT modeling [49] reveals that H-
bond donors can stably bond to either the inner or the outer atom (O' or O9), as is the case
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for bound NO (Fig. 17). As in the case of Fe(l1)NO, effects on bonding depend on whether
the H-bond acceptor is O' or O°. When H-bond donors of varying strength are positioned
near one atom or the other, and the geometry is optimized, the Fe-O and O-O bond distances
correlate negatively if the acceptor is O°, but positively if the acceptor is O' (Fig. 21). This
result is the same as for Fe(I1)NO adducts except that the positive slope is larger (2.0 v. 1.5),
and the negative slope is smaller (-0.31 v -1.0), for Fe(l1)O,. As discussed in Section 5.2, the
positive correlation is attributable to increased antibonding for both Fe-O and O-O bonds
due to increased d,2-o¢ and dy,-t*oo mixing, as the sp? orbital on O is increasingly
polarized by the H-bonding. The negative correlation is the expected backbonding effect, as
H-bonding to O° polarizes the entire Fe(11)O, unit, drawing Fe electrons into the m orbitals
and weakening the O-O bond and strengthening the Fe-O bond. However, as noted in
Section 2.1, backbonding is less effective for Fe(11)O, than for Fe(11)CO or Fe(II)NO,
because of the Fe(l11)(O2") electronic structure. The lesser importance of backbonding is
reflected in the shallow negative correlation with H-bonding when Q' is the acceptor.

Vibrational mode computations for the Fe(l11)O, adducts are currently in progress [49].
However, the well behaved distance correlations reinforce the interpretation offered in
Section 6.1 for the heme protein frequency data (Fig. 19), namely that H-bonding to O°
increases backbonding, while H-bonding to O' increases the orbital mixing that weakens the
Fe-O and O-O bonds simultaneously.

7. Conclusions

The backbonding motif is clearly evident in negative vFeX/vXO correlations for 5-
coordinate Fe(l11)XO porphyrin adducts of all three gaseous molecules, CO, NO and Os.
DFT successfully models the backbonding correlations. However, the computations show
that Fe(I1)O, is at the edge of the backbonding pattern, and moves to a regime where o
bonding is dominant, when the modeled porphyrin substituents are electron donating. The
diminished importance of backbonding variation for Fe(11)O5 is attributable to essentially
complete electron transfer from Fe(Il) to Oy, resulting in a Fe(l11)(O,7) ground state.

The backbonding correlations hold, despite the mixing of Fe-X stretching and Fe-X-O
bending in the observed “vFeX’ mode, when the adducts are bent (NO and O,). However,
the effects of changes in mode composition can be seen in altered backbonding slopes when
computed bond distances, instead of frequencies, are correlated. More dramatically, altered
mode mixing is responsible for the rise in vFeX when an axial ligand is bound to Fe(I1)NO
or Fe(11)O, adducts, although the bond distance increases, as expected from the o
competition between the axial ligand and XO. Fe(l1)O, adducts are particularly prone to
mode mixing alterations; systematic deviations from the computed backbonding correlation
are seen in the frequency, but not the bond distance plots, even for the 5-coordinate Fe(l11)O,
adducts.

For Fe(I1)CO adducts, the effect of axial ligation is to shift the backbonding correlation,
reflecting the o bonding competition. This competition weakens the Fe-X bond, but the
weakening is countered by increased backbonding due to the electron donation from the
axial ligand. The increased backbonding lowers vXO, but there is little change in vFeX.
Consequently, changes in axial ligand donor strength produce horizontal shifts of the vFeX/
vXO points from the backbonding line.

However, for Fe(I)NO and Fe(I1)O, adducts, changes in axial donor strength produce
positive vFeX/vXO correlations, because of changes in the d,2-ox and dy,-mt*xo mixing in
these bent structures. Increased mixing weakens botfthe Fe-X and X-O bonds. The same
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effect is seen for Fe(111)NO adducts, for which increasing the axial donor strength raises the
d,? sufficiently to induce d,2-o and dy,-1t*no mixing, and bend the Fe-N-O unit.

For Fe(11)CO adducts, changes in distal electrostatic or H-bonding interactions alter the
polarization of the FeCO unit, and shift the vFeC/vCO point up (positive or H-bonding
interactions) or down (negative or electron pair donor interactions) the backbonding lines.
For Fe(I1)NO and Fe(I1)O, adducts, however, H-bonding produces a straightforward
polarization effect on the entire FeXO unit, only if it is directed at the outer atom. H-
bonding to the inner atom is also a stable interaction, and produces a positive vFeX/vXO
correlation, again because of enhanced d,2-ox/dy,-mt*xo mixing. Finally, Fe(111)NO adducts
do not support distal H-bond interactions, but do support lone-pair donor interactions. When
the interaction is with the O atom, the effect is to raise vNO, as electron density is driven
out of the NO m* orbital, with little effect on vFeN. Computation indicates that interaction
with the Nyo atom would bend the Fe-N-O unit and produce a positive vFeN/vNO
correlation. This mechanism has yet to be observed experimentally, but likely facilitates
nucleophillic attack on N, €.9. by OH™ during reductive nitrosylation of Fe(I11)NO

adducts.

vFeX/vXO maps are a powerful tool for monitoring heme protein interactions with the
bound ligand, interactions that direct the protein activity. The data are most readily
interpreted for Fe(11)CO adducts, which respond to proximal and distal interactions in a
straightforward manner. However, the added complexities revealed by the other adducts can
provide more detailed information about the structural dynamics of the protein.
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CH,ClI» dichloromethane

DMF dimethylformamide

Bz benzene
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Research Highlights

The extent of backbonding in XO adducts (X = C, N, O) of heme proteins can
be monitored via their Fe-X and X-O stretching frequencies, vFeX and vXO,
for which negative correlations have been established through substituent effects
on model heme adducts, and supported by DFT computations.

For Fe(11)CO adducts, increasing the donor strength of the frans axial ligand
decreases vCO, with little change in vFeC, and shifts the backbonding
correlation. For Fe(II1)NO, Fe(II)NO and Fe(I1)O,, increasing the frans donor
strength produces positive vFeX/vXO correlations, reflecting enhanced d,2-dy;,
orbital mixing.

H-bonding to Fe(11)XO from heme pocket residues increases backbonding, but
for NO and O,, H-bonding to the /nneratom of the Fe(l11)XO adduct produces a
positive vFeX/vXO correlation, again due to enhanced orbital mixing.

Fe(I11)NO adducts do not support distal H-bonds, but do support interaction
with lone pair donors. For weak donors, e.g. imidazole or water, the effect is to
increase vXO, with little change in vFeX, producing a shifted backbonding
correlation. Stronger donors, e.g. hydroxide, are drawn toward the N atom, and
can form a new adduct, e.g. HONO.
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Figure 1.
Backbonding schematic for FeXO adducts (X = C, N or O), showing the orbitals available
for = backdonation from Fe to XO.
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Figure 2.

Experimental backbonding correlation of vMX and vXO for 5-coordinate Fe(11)CO,
Fe(I1)NO, Co(I1)NO and Fe(I1)O, porphyrin adducts. For FeO,, literature values were

gathered[33-35] for matrix-isolated species (TMP, OEP, TPP,

Pc, TPP-Fs5) and for TMP in

toluene solution. For FeCO [16], FeNO [15], CoNO [36], data were recorded in organic

solvents (CH,Cl,, DMF, Bz) solution for a set of TPP-Y speci

es (Fig. 3), where - Y are

variably electron donating or withdrawing substituents. The indicated slopes are from least-

squares fits to the data.
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Figure 3.

Structural diagrams for (a) FeTPP-Y, and (b) FeP-X porphyrins used, respectively, in
experimental determination and computational modeling of backbonding trends. Y and X
are the indicated substituents, listed in order of electron-donating to -withdrawing propensity
(=X4 indicates that —X and —H substituents alternated around the ring). For 6-coordinate
adducts, the experiments included 4-methyl imidazole (a histidine mimic), and the
computations included imidazole as axial ligands.
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Figure 4.

DFT-computed correlations of frequencies and distances for 5-coordinate MXO adducts of
porphine bearing a series of electron-donating and — withdrawing substituents at the pyrrole
Cp atoms (P-X). Top: vMX/vXO frequency pairs. vMX is the frequency of the mode
whose eigenvector contains the largest M-X displacement. The indicated slopes are from
least-squares fits to the data. For FeO, adducts, the fit was limited to points in the middle of
the correlation (red). At low vOO values, the points (red circles) show a direct correlation,
indicating dominance of o over = bonding (see text). At high vOO values, the points deviate
from the backbonding line, because of mode composition changes. Bottom: M-X and X-O
bond distances, with least-squares slopes indicated. The positive correlation of bond
strengths for FeO, adducts with weak O-O bonds (red circles) is confirmed.
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Experimental backbonding correlations of vMX and vXO for FeCO adducts comparing
different axial ligands: blue line — none (as Fig. 2), black line — N- methyl imidazole with

TPP-Y porphines in CH,Cl, (red circles) [30] or myoglobin variants (see Fig. 6) with

differing distal residues[53-57, 59-61], and ascaris hemoglobin (black dots) [57]; green line
— thiolate, with Trp and backbone H-bonds in nitric oxide synthase (NOS) variants [70-73];

red line — thiolate with backbone-only H-bonds (P450) variants[62-67].
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His64 Arg45

Figure 6.
Structure of the myoglobin heme pocket [pdb ID: 1A6G]. Variants at the indicated distal
sidechains were used in constructing the experimental backbonding correlation.

Coord Chem Rev. Author manuscript; available in PMC 2014 January 15.



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

1duosnuey JoyIny vd-HIN

Spiro etal.

490 4

480 4

470

v(C-0) (cm™)
20170 20180 20190 21.00 21]10 21120

Page 32

DFT (B3LYP)

o}
|
c
|

Expt

nolmH

5-cFe(CO)P-X
%2.73A

N\
g_% §  ImH- formate
= c o

I
Im" CreD
N
e
\H"‘%)_H

o CCP. PPDMelmH
Cc
A HRPA L120F W Co0A o
WT+DNA ¢
N\7 Fl I
e
Y o Cre)
W

Figure 7.

1910 1920 1930 1940 1950 1960 1970 1980 1990
v(C-0) (em™)

| 560
[ 550

540

[ 530

[ 520 T
L 510 O
500
[ 490
480
470

q4)A

(1-wo) (

460

Effects of Fe-imidazole bond strength changes on vFeC and vCO of FeCO porphyrin

adducts. Top: DFT computed values[22]. The solid line is the backbonding correlation for
substituted porphine models, ligated by neutral imidazole. Placing H-bond acceptors (NH3,

HCO,") at the imidazole NH, or deprotonating the imidazole (squares) decreases vCO, with
little change in vFeC. Constraining the Fe-imidazole bond to increasing distances (x's)

raises vFeC, with only a slight lowering of vCO. Bottom: Experimental data. The solid line
is the backbonding correlation for myoglobin variants. Deprotonating the axial imidazole in

the PPDME (protoporphyrin dimethyl ester) adduct decreases vCO, with little change in

vFeC (red circles)[79]. Similar shifts from the Mb line are seen for HRP (horseradish

peroxidase[79]) and CCP (cytochrome c peroxidase [80]) (blue triangles), reflecting a strong
H-bond from the proximal imidazole to an aspartate sidechain. A shift to higher vCO is seen
for the CO sensor CooA [83], attributed to loss of an asparagine H-bond via heme
displacement upon CO binding; the shift is abolished in the L120F mutant, which inhibits
the heme displacement (see text).
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Figure 8.

Effects of steric crowding and of strong H-bonding to the heme propionates in Fe(11)CO
adducts. Top: DFT modeling. The solid line is the backbonding correlation for imidazole-
ligated Fe(11)CO adducts of substituted porphines. Adducts of protoporphyrin IX (heme)
with 0, 1 or 2 protons on the propionate substituents fall on the same line, the degree of
backbonding increasing with substituent charge[22]. The effect of bending the FeCO unit is
downward displacement of the vFeC/vCO from the line, while the effect of Fe-CO bond
compression is upward displacement from the line. Bottom: Experimental data. A
compression effect is evident in the upward displacement for the imidazole-ligated Fe(I1)CO
adduct of C,Cap[85], whose structure reveals a close contact of the CO with the capping
benzene ring. Compression effects may also explain the upward displacements for
cytochrome ¢ oxidase (CCO)[94,95], which holds a Cu* ion close to the CO, and the H-
NOX proteins 7/Tar4H and VCA0720[101]. Soluble guanylate cyclase (sGC), another
member of the H-NOX family, falls on the line, but at an anomalously low position,
possibly due to strong H-bonding to the propionates. The upward shift of sGC upon binding
the activator YC-1, may signal disruption of these H-bonds[104].
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Effect of distal lone pairs on the vFeN/vNO correlations for imidazole-ligated Fe(111)NO
porphyrin adducts. Top: DFT-computed data for complexes of substituted porphines, with
and without a lone pair interaction from a distal imidazole; the point for a modeled water
lone pair interaction (blue triangle) falls on the same line[29]. Bottom: experimental data for
myoglobin variants with and without a distal histidine residue [29]. Shown in blue triangles
are points for nitrophorin 4 at pH 5.5, where the NO adduct is enclosed in a hydrophobic
pocket, and at pH 7.5, where the pocket is open and contains distal water

molecules[108,109].
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HOMO-6 can account for the selective shift to higher vCO when a lone pair donor interacts
with Opng of Fe(II1)NO heme adducts. The interaction pushes electron density out of the NO
rt* orbital and onto the porphyrin, strengthening the NO bond, with little effect on the Fe-

NO bond.
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Figure 11.

v(N-0) (cm™")

Experimental vFeN/vNO pattern for Fe(111)NO porphyrin adducts having thiolate (bottom
left region) or imidazole (upper right region) proximal residue. Thiolate adducts describe a
positive correlation for cysteinate heme proteins [67,122-124] (red dots and dashed red line)
and model compounds (red circles), with (SR-HB) and without (SR) an internal H-bond to
the thiolate ligand[121]. Histidine-ligated heme proteins fall between the two negative
backbonding correlations describing Mb variants with (black line) and without (blue line) a
distal histidine (Fig. 9). A number of representatives fall between the lines (green triangles),
due to variable lone pair interactions, or to variations in proximal ligand donor strength [ref.

29 and references therein].
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Figure 12.

DFT-optimized structures for a distal imidazole interacting with (ImH)Fe(111)NO porphine,
(a) restricted to the plane of the proximal ImH (Cs symmetry); (b) allowed to rotate out of
the plane (C; symmetry), thereby relieving a non-bonded contact with the porphine, and
allowing the distal ImH to move closer to Nyo.
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DFT-computed vFeN/vNO correlations for (ImH)Fe(111)NO-P-X, without (blue points and

line, as in Fig. 9), and with a distal ImH that is rotated to allowed to interact with Nyo

(black points and lines). In the latter case, the correlation is negative for electron-donating
substituents, but positive for electron-withdrawing substituents, as the ImH approaches Ny,

and Fe-N-O angle is lowered. A parallel positive correlation is obtained if bending is

induced by constraining the Fe-N-O angle (green triangles and line).
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2 Fe-N-O = 140°
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Figure 14.

The HOMO-1 a,-type orbital for bent (ImH)Fe(111)(NO) porphine (electron density has
been removed from the front and back sides of the molecule, to show the Fe—-N-O
contribution). The HOMO-1 is antibonding with respect to both the NO and Fe-NO bonds,
explaining the positive vFeN/vNO correlation as the Fe-N-O angle decreases.
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Figure 15.

Mechanism of Fe(111)NO reductive nitrosylation in heme proteins. The strong nucleophile,
OH-, attacks No, producing the indicated intermediate, which releases nitrous acid. The
resulting Fe(ll) heme is trapped by excess NO as the Fe(I1)NO adduct.
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Experimental vFeN/vNO correlations for Fe(11)NO porphyrin adducts. Green line — 5-
coordinate adducts of substituted TPP's (circles) and of several heme proteins (points). Red

line — 6-coordinate adducts of substituted TPP's (circles) and of several heme proteins
(points) likely having H-bonds directed at the O atom of the FeNO. Black line — 6-

coordinate adducts of myoglobin variants having H-bonds of different strengths directed at

the N atom of the FeNO. Blue triangles — other heme proteins, likely having additional

backbonding mechanisms [References to original data can be found in ref.6].
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Figure 17.
DFT-computed structures of (ImH)Fe(11)NO porphine, with a H-bond donor placed near
either Nno or Ono, and optimized. Either structure is stable.
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Correlations of DFT(BLYP)-computed bond distances (top) and frequencies (bottom) for
imidazole-ligated Fe(I1)NO porphine adducts with H-bond donors of differing strengths,
directed at either the O (black points and line) or the N (blue points and line) atom of the
bound NO. Green triangles represent structures without distal interaction.
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Figure 19.

Experimental data for Fe(11)O, adducts. Green circles — 5-coordinate adducts (as in Fig. 2);
black circles — imidazole-ligated adducts; black dots — histidine-ligated heme proteins, with
various distal H-bond interactions; red dots — cysteine-ligated heme proteins; red circles —
thiolate-ligated porphyrin adducts. The blue line connects variants of a single protein, Cib,
in which distal H-bond donors are successively replaced. [References to original data can be
found in ref.6]
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Figure 20.

Correlations of DFT(UBP86)-computed bond distances (top) and frequencies (bottom), for
5-coordinate (blue) and imidazole-ligated (black) Fe(11)O, P-X adducts. Both show positive
correlations for electron-donating, and negative correlations for electron-withdrawing
substituents. Also plotted (red) are thiol- and thiolate-ligated adducts, showing positive

correlations for variable donor strengths.
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Correlations of DFT(UBP86)-computed bond distances for imidazole-ligated Fe(11)O,

| DFT (UBP8E) " NH: o
. P re
0 e
Fle" "/"/'
H---O' . /,,»‘
slope = 2.0 o
HC|°°HF/.-" ;
" Tyr  Tyr--O'+ImH--0°
Hz%.» o A
Wha 9mH /
no distal 9o H
H-bond .~ H.O O"
2 /'L"" - 2 //
P NS I:H‘ T e ?
H---0O° i Fe
| slope = -0.31 ImH

T T T T T T T T T T T
1.285 1.290 1.295 1.300 1.305 1.310

d(0-0)/ A

Page 46

porphine adducts with H-bond donors of differing strengths, directed at either the outer

(black points and line) or inner O (blue points and line) atom of the bound O,. Green

triangle represents the structure without distal interaction.
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Backbonding correlations” of Fe-XO (X=C, N, O) adducts obtained from DFT derived d(Fe-X) and d(XO)

bond lengths.

Fe(I)P-X
Six-coordinate
Fe(I)P-X[trans-1mH]

Compound d°(Fe-X),(A) | Slope(t)
Fe-CO adducts 1.80 -2.1
Five —coordinate 1.89 -2.8
Fe(I1)P-X 1.94 -35
Six-coordinate

Fe(I1)P-X(¢trans-py)

Fe(I)P-X(trans-SCH73)

Fe-NO adducts 1.74 -1.0
Five —coordinate 1.80 -1.0
Fe(I1)P-X

Six-coordinate

Fe(Il)P-X[trans-ImH]+Oyp...H bond

Fe-OO0 adducts 1.83 -0.9
Five —coordinate 1.85 -0.61

240%0 = dOMX — t{dXO — d OXO]; d °X-O values in the gaseous states of CO = 1.128 A; 00 = 1.210 A: NO = 1.150 A.

bVaIues from ref.[16].
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