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Abstract

Determinants of the Fe-CO and C-O stretching frequencies in (imidazole) heme-CO adducts have
been investigated via Density Functional Theory (DFT) analysis, in connection with puzzling
characteristics of the heme sensor protein CooA, and of the H-NOX (Heme-Nitric Oxide and/or
OXygen binding) family of proteins, including soluble guanylate cyclase (sGC). The computations
show that two mechanisms of Fe-histidine bond weakening have opposite effects on the viFeC/vCO
pattern. Mechanical tension is expected to raise vFeC with little change in vCO, while weakening of
H-bond donation from the imidazole ligand has the opposite effect. Data on CooA indicate imidazole
H-bond weakening associated with heme displacement, as part of the activation mechanism. The
computations also reveal that protein-induced distortion of the porphyrin ring, a prominent structural
feature of the H-NOX protein TtTar4H (Thermoanaerobacter tengcongensis Tar4 protein), has
surprisingly little effect on viFeC or vCO. However, another structural feature, strong H-bonding to
the propionates, is suggested to account for the weakened backbonding that is evident in sGC.
TtTar4H-CO itself has an elevated vFeC, which is successfully modeled as a compression effect,
resulting from steric crowding in the distal pocket. viFeC/vCO data, in conjunction with modeling,
can provide valuable insight into mechanisms for heme-protein modulation.

Introduction

The stretching frequencies of Fe-CO and CO bonds in heme proteins, observable via resonance
Raman spectroscopy, have emerged as useful probes of electrostatic and mechanical influences
in the heme binding pocket (1). When vFeC is plotted against vCO, many heme proteins and
model adducts fall on a single line, of negative slope, reflective of backbonding. Donation of
Fe(ll) d,; electrons into the empty CO =* orbitals strengthens the Fe-C bond while weakening
the C-O bonds. The variable position of the heme-CO adducts along this line reflects variations
in the extent of backbonding. In heme proteins these variations are largely controlled by
electrostatic effects in the vicinity of the bound CO (2-4). Distal sidechains that are H-bond
donors enhance backbonding, while those that are electron pair donors diminish backbonding.
In model compounds, variations along the backbonding line can be induced with peripheral
substituents of differing electron donating propensity (5,6). The effect has been modeled via
Density Functional Theory (DFT)! computation of the frequencies (5), and improvements in
the wavefunctions utilized have yielded good agreement between calculated and observed
slopes of the backbonding line (6).
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In addition, variations in the donor strength of the ligand trans to the CO have differing effects
on the FeC and CO bonds, and shift the backbonding line. Stronger donors weaken the Fe-CO
bond via o competition, and shift the line to lower vFeC values, while weaker donors have the
opposite effect (1,3). Thus the vFeC/vCO plot can be a valuable aid in assessing various protein
interactions with the heme group.

However, there are puzzling aspects to the data, which suggest that additional factors can come
into play. A case in point is the heme sensor protein CooA, which responds to CO by activating
aset of genes in CO-metabolizing bacteria (7). Although the proximal ligand is histidine, vFeC/
vCO is displaced above the standard backbonding line defined by myoglobin variants,
suggesting a weakened Fe-His bond in CooA-CO (8,9). This weakening was attributed to
displacement of the heme further into the interior of the protein, as part of the activation
mechanism. The question arises whether this weakening results from mechanical tension on
the Fe-His bond, or from weakening of an H-bond from the His ligand to a nearby asparagine
side-chain.

Another puzzle involves the H-NOX (Heme-Nitric Oxide and/or OXygen binding) class of
heme sensor proteins (10). The best known of these is soluble guanylate cyclase (sGC), the
mammalian transducer of NO signaling. sGC catalyzes GTP conversion to cGMP when NO
binds to its heme (11). vFeC/vCO data indicate weakened backbonding in sGC (12), but the
reason for this effect has not been clear. On the other hand, the first structurally characterized
member of the class, the bacterial protein TtTar4H (Thermoanaerobacter tengcongensis Tar4
protein) (13), gives a vFeC/vCO point that falls significantly above the standard backbonding
line (14). Yet there is no evidence for a weakened Fe-His bond in this case.

In the present study we investigate these issues by DFT modeling of a series of potential
influences, both axial and equatorial to the heme, other than the well-studied effects of distal
polarity in the heme pocket (15). These influences include proximal histidine H-bonding and
tension, heme distortion and H-bonding to the propionate substituents, and steric compression
of the FeCO unit (Figure 1). The modeling results yield significant insight into the structure
and mechanisms of heme proteins.

Computations were performed with the Gaussian 03 program (16), using the B3LYP functional
and standard 6-31G* basis set for all the atoms except Fe, for which Ahlrichs’ valence triple-
C (VTZ) (17) basis set was employed. The CO-heme model was (ImH)FeP(CO) (ImH =
imidazole, P = porphine), except in the study of H-bonding effects on propionates where
protoporphyrin IX instead of simple porphine was used. The structures were optimized with
minimal or no constraints when various effects were examined, as described in each section
below.

We also performed Quantum Mechanical/Molecular Mechanical (QM/MM) calculations on
the O,- bound crystal structure TtTar4H (PDB ID: 1U55) (13). The full protein was solvated
in a SPC water box, defining a 15A solvation layer around the protein. The waters were
equilibrated by molecular dynamics simulation (18). The system was then reduced to protein
and waters within 10A distance of any protein atoms. The heme ring, O,, and the proximal

1 Abbreviations: BAY 41-2272, 5-Cyclopropyl-2-[1-(2-fluoro-benzyl)-1H-pyrazolo[3,4-b]pyridin-3-yl]-pyrimidin-4-ylamine; C2Cap,
5,10,15,20-[pyromellitoyl(tetrakis-o-oxyethoxy-phenyl)]porphyrin; CCP, cytochrome c peroxidase; cyt ox, cytochrome oxidase; DFT,
Density Functional Theory; H-NOX, Heme-Nitric Oxide and/or OXygen binding; ImH, imidazole; Mb, myoglobin; P, porphine; PP,
protoporphyrin; PPDME, protoporphyrin dimethyl ester; QM/MM, Quantum Mechanical/Molecular Mechanical; RR, resonance Raman;
sGC, soluble guanylate cyclase; TPP, tetraphenylporphyrin; TtTar4H, Thermoanaerobacter tengcongensis Tar4 protein; VCA0720, an
H-NOX protein from Vibrio cholerae; YC-1, 3-(5'-hydroxymethyl-2'-furyl)-1-benzylindazole.
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ligand (His102) were defined as the QM region with the rest of the protein and waters defined
as the MM region. The QM calculation used the B3LYP functional and LACVP*/6-31G* basis
functions. The classical (MM) region employed parameters from the OPLS 2001 force field
(19). The simulations were performed using QSite from the Schrodinger suite of programs
(20). After the O,-bound structure was optimized, O, was replaced by CO and the CO-bound
form was re-optimized using the same QM/MM protocol.

Results and Discussion

CooA: proximal histidine tension vs H-bonding

CooA is a dimeric transcription factor that binds to its target DNA sequence, once CO binds
to its heme (7). The mechanism of activation has been proposed to involve displacement of the
heme and of the adjacent C-helix (8), which connects the heme and DNA-binding domains
(21). These displacements are propelled by hydrophobic forces once CO replaces the
endogenous ligand, which is the N-terminus of the opposite subunit in the homodimer (21).

Evidence for heme displacement in CooA-CO came from resonance Raman (RR) measurement
of vFeC and vCO positions, identifying, via residue replacements, which side-chains help form
the CO binding pocket (8). The data also indicated weakening of the proximal ligand donor
strength, since the vFeC/vCO points fell above the standard backbonding line (Figure 2 — see
Table 1 for list of frequencies), although, like Myoglobin (Mb), CO-free CooA has a histidine
proximal ligand, with a H-bond of moderate strength (21). H-bond donation from the ImH
ligand (Figure 1) increases imidazolate character, and is a well-recognized mechanism for
modulating the Fe-ImH bond (1). The strength of this H-bond correlates well with the Fe-ImH
stretching frequency in 5-coordinate Fe(Il) hemes, for which this vibrational mode is detectable
via RR spectroscopy (22). The frequency is 220 cm™~1 for Mb, but ~240 cm™1 for peroxidases,
in which the ImH ligand is strongly H-bonded to a negatively charged aspartate side-chain,
and only 205 cm™1 for a peroxidase variant in which this H-bond is abolished (23).

The H-bond in CooA is to the amide side-chain of Asn42 (Fig 2), a residue upstream from the
His77 ligand (21). Heme displacement was suggested to weaken the Fe-His77 bond either via
mechanical tension, or by weakening the His77* Asn42 H-bond as a result of His77 movement
(8,9). Support for Fe-His77 bond weakening came from picosecond RR spectroscopy on the
prompt CooA-CO photolysis product, which revealed Fe-ImH stretching frequency, 216
cm~1, appreciably below the Mb value (24). (We note, however, that the H-bond status can
change upon CO binding via structural rearrangement in the heme pocket — see below.)

The H-bond explanation was clouded because replacement of Asn42 with Ala, which cannot
form a H-bond, had no effect, either on the vFeC and vCO positions (8) or on the 5-coordinate
Fe-His stretching frequency in a variant engineered to have a significant 5-coordinate heme
population (9). However, it was recognized that this negative result might be explained if a
water molecule substituted for the Asn amide group as a H-bond acceptor. Nevertheless,
mechanical tension resulting from the heme displacement seemed a viable alternative
explanation (9).

Imidazole H-bonding—To address the mechanism of Fe-His weakening computationally,
we modeled His H-bonding by placing the H-bond acceptors H,O, NH3 and HCOO™ (formate)
near the NH group of (ImH)FeP(CO) (P = porphine), a well-studied heme analog (5,6). The
limiting case of imidazolate ligation was also investigated. Structural parameters from the
optimized geometries are listed in Table 2, as are the computed vFeC and vCO values. It can
be seen that while vCO steadily decreases with increasing imidazolate character, vFeC changes
very little. A similar result was reported by Franzen (25), who examined the effect of H-bond
donation to H,O and acetate from (ImH)FeP(CO). The CO bond strength decreases because

Biochemistry. Author manuscript; available in PMC 2009 September 29.
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backbonding increases as a result of increased electron donation from imidazolate to the Fe,
but the backbonding-induced increase in the Fe-C bond strength is counterbalanced by
diminished ¢ bonding due to increased o competition from imidazolate.

When the vFeC and vCO positions are plotted, they describe an essentially horizontal line
(Figure 3), because of the vFeC invariance. In contrast, as described previously (6), a standard
backbonding line is obtained when electron donating and withdrawing substituents, X, are
added in silico to the porphine ring (P-X line in Figure 3), with a negative slope close to that
found experimentally for Mb variants.

A horizontal displacement below the Mb line has been observed experimentally (Figure 2)
when the model complex (ImH)FePPDME(CO) (PPDME = protoporphyrin dimethyl ester) is
deprotonated (26). vCO was markedly lowered, while vFeC showed little change. In the case
of cytochrome ¢ peroxidase (CCPMI — a genetic variant), the effect of the strong His-Asp H-
bond is evident in a large negative displacement from the Mb line (27) (Figure 2). If one draws
a horizontal line through this point, it intercepts the Mb line slightly lower than the position of
wild-type Mb, in which the distal histidine (H64) provides positive polarity to the bound CO.
The CCP-CO crystal structure shows a water molecule H-bonded to a distal Arg residue, and
in turn polarizing the bound CO (28), an interaction somewhat weaker than that of H64 in Mb.
Abolition of the proximal H-bond via Asp replacement in CCPMI (CCPMI(D235N)) (27)
produces a positive displacement from the Mb line, consistent with moderate proximal His H-
bonding (to a Ser hydroxyl group and to a backbone carbonyl) in Mb (diagram in Figure 2). A
horizontal line through this point intersects the Mb line well above the WT protein, suggesting
that the bound CO interacts directly with the distal Arg in CCPMI(D235N), producing a
stronger distal interaction (27). This change might result from loss of the constraining proximal
H-bond.

Thus the positions of CCPMI and CCPMI(D235N) on the vFeC and vCO plot are consistent
with horizontal deviations below and above the Mb line, the directions expected from the
proximal H-bond strengths, at vCO positions reflecting the character of likely distal interactions
in the CO binding pocket. (We note, however, that there are CCP variants whose CO adducts
fall on the Mb line) (29), indicating structural rearrangements in the heme pocket that attenuate
the proximal His H-bonding to the level of Mb).

CooA variants show displacements above the Mb line (Figure 2), as expected if a moderate
proximal H-bond is weakened. They describe a horizontal line, reflecting variable extents of
heme displacement. Thus the L120F variant obstructs heme displacement sterically, due to the
bulky Phe side-chain located near the heme (9). On the other hand, heme displacement is
augmented by DNA binding which pulls CooA-CO into the fully active state (9). The horizontal
line for CooA intersects the Mb line close to the position of Mb variants in which the distal
His is replaced by hydrophobic residues e.g. H64L. This behavior is consistent with evidence
that the CO binding pocket is indeed hydrophobic in CooA (8).

Mechanical tension—We asked the question whether the same effect could be produced
by mechanical tension imposed by the protein on the proximal His residue. This would also
weaken the Fe-His bond, but would it have the same effect as charge variation due to H-bonding
changes? To model the effect of tension, we stretched the Fe-His bond by constraining the Fe-
N distance to increasing values, while re-optimizing the remaining atomic coordinates. The
results are listed in Table 3, and plotted in Figure 3. In contrast to diminished H-bonding,
stretching the Fe-His bond steadily increases vFeC, until the 5-coordinate FeP(CO) position is
reached. vCO decreases slightly as Fe-His is stretched, but the main effect is the increase in
vFeC. This increase reflects diminished o competition from the more distant His ligand.

Biochemistry. Author manuscript; available in PMC 2009 September 29.
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However, there is no compensating decrease in back-donation, as happens when the negative
charge on the imidazole is diminished via weakened H-bonding.

Thus tension on the proximal His is expected to produce a nearly vertical displacement of
vFeC/vCO from the backbonding line, while weakening the His H-bond is expected to produce
a horizontal displacement. Since CooA displays the latter pattern, it is clear that diminished
H-bonding, and not mechanical tension is the mechanism of Fe-His bond weakening when the
heme moves upon CO binding.

We also carried out a calculation to gauge the effect of tilting the imidazole ring relative to the
Fe-ImH bond. The effect was very small, a 20° tilt producing vFeC and vCO shifts of 2 and
0.3cm™L,

H-NOX: propionate H-bonding, porphyrin distortion and steric crowding

The mammalian heme sensor protein, SGC, generates the second messenger, CGMP, in
response to NO binding, thereby using the NO signal to regulate a host of critical physiological
responses (11). It belongs to a recently discovered class of H-NOX proteins, that have similar
heme-binding matifs, and exhibit preference for NO or for O, binding to the heme (10). The
mechanism of sGC activation remains uncertain, despite extensive studies.

One of the unexplained features of sGC is the unusually high vCO, 1987 cm™, of the CO
adduct. Unlike CooA-CO, which also has a high vCO, vFeC is unusually low, 472 cm™1, and
the vFeC/vCO point falls squarely on the Mb back-bonding line (Figure 4), indicating a
similarly moderate proximal His H-bond.

This inference implies a significant conformation change upon CO binding to sGC, since the
vFe-His frequency of 5-coordinate, unligated sGC, 204 cm™1 (30,31), is much lower than that
of Mb, 220 cm™L. Thus the Fe-His bond is weakened substantially when CO dissociates.
Evidence for a conformation change can also be seen in the elevation of vFe-His, to 213
cm™1, after CO photodissociation from the truncated heme domain; the mode relaxes to the
204 cm~ equilibrium value in 50 nanoseconds (32). In the native protein, however, relaxation
to 204 cm~1 occurs within the 10 ns time resolution of the experiment. While CO binding
strengthens the Fe-His bond, NO bonding induces Fe-His dissociation (33,34).

A low position on the vFeC/vCO backbonding line implies weakened backbonding. The sGC
position is lower than that of Mb variants with hydrophobic replacements of the distal histidine
(Figure 4), and is near that of the H64V/V68T (35,36) variant. In this double mutant, the
introduced threonine sidechain is oriented (via H-bonding to a backbone carbonyl) so that the
O atom lone pair points at the bound CO, thereby weakening backbonding via negative polarity.
It had been thought that a similarly positioned lone pair or negative charge would account for
the vFeC/vCO position of sGC (12). However, homology modeling with TtTar4H, a bacterial
H-NOX heme domain of known structure, renders this explanation unlikely (37). The only
candidate residue is Cys78, which replaces Phe78 in TtTar4H. The O, affinity of TtTar4H is
abolished when the distal H-bond donor, Tyr140, is replaced by Leu, but the affinity is restored
in the double mutant Y140L/F78Y (38), implying that Tyr78 is close enough to H-bond with
bound O,. Conceivably, the homologous residue in sGC, Cys78, might interact with bound
CO via the —SH lone pair, but this would require a unique lone-pair orientation, as is found for
Thr68 in the H64V/V68T variant of Mb. This ad hoc explanation seems unlikely, and it cannot
be generalized to other members of the H-NOX family, all of whom display high values of
vCO (14)

Porphyrin distortion—A striking feature of the TtTar4H crystal structure (13) is that the
porphyrin ring is highly distorted (Figure 5). The ring atoms are displaced from the mean heme
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plane, and describe a combination of saddling and ruffling distortions (39). Could these
distortions, which might be expected to misalign the Fe and porphyrin orbitals, account for the
diminished back-bonding in the H-NOX proteins?

To examine this question, we constrained the geometry of (ImH)FeP(CO) in silico via unit
displacement (1 A) of the porphine atoms along the normal coordinates for saddling and for
ruffling (39), the dominant distortion coordinates found in TtTar4H (Figure 5). This extent of
distortion is close to that seen in the TtTar4H crystal structure (in molecule A, the more distorted
of the two molecules found in the unit cell) (13). The results (Table 4) show surprisingly little
change in the FeCO geometry or vibrational frequencies. Expected shifts are no more than ~
2cm™ L. Clearly, the extent of backbonding is essentially unchanged by the porphyrin distortion.

Propionate H-bonding—An alternative explanation for diminished backbonding, which
appears not to have been considered previously, is neutralization of the negative charge on the
two propionate substituents on the protoporphyrin ring (Figure 1). The TtTar4H crystal
structure (13) shows the propionate groups to be buried, and tightly bound by positively charged
and H-bond donor side-chains. In contrast the propionates are exposed to solvent in Mb and
in many other heme proteins. We note that Harada et al (40) found insignificant shifts in vFeC
and vCO when Mb was reconstituted with heme in which one or the other propionate was
replaced by a methyl group. In TtTar4H, Arg135 forms H-bonds to both propionates, while
Tyr131 and Ser133 donate H-bonds to one of the propionates. These three residues form a
“YxSxR” motif that is common to all H-NOX proteins, including sGC (10). Since electron
donating and withdrawing substituents are known to influence FeCO backbonding in model
porphyrins (6), we reasoned that charge neutralization at the periphery of protoporphryin might
similarly modulate backbonding.

To model propionate neutralization, we carried out DFT calculations on (ImH)FePP(CO) (PP
= protoporphyrin) and protonated one or both propionates. Computed bond distances and
vibrational frequencies are listed in Table 5, while the vFeC/vCO values are plotted in Figure
6. Also shown is the back-bonding line computed for (ImH)FeP-X(CO) species. The three
(ImH)FePP(CO) points fall very close to this line, indicating that neutralization of the
propionates does indeed modulate back-bonding in the same way as electron withdrawing
substituents on porphine do.

Protonation of both propionates shifts vCO up ~20 cm™2. This is the same elevation seen for
sGC, relative to Mb variants with hydrophobic binding pockets (e.g. H64L) (Figure 4). Since
even strong H-bonds are not as neutralizing as protons, and since the Mb reference state
involves water-exposed propionates, we surmise that the effect of propionate neutralization is
underestimated in the calculations. Nevertheless these results make it plausible that strong H-
bonds to propionate can reduce FeCO backbonding substantially, and can account for the high
vCO seen for H-NOX proteins.

Interestingly, the low vFeC/vCO position of SGC-CO on the backbonding line can be altered
by various modifications. One of these is reconstituted sGC (labeled sGC; in Figure 4), in
which heme is added back to protein that has lost heme during isolation (41). The vFeC/vCO
point for sGCy is close to that of Mb(H64L), suggesting that the reconstitution did not establish
the strong propionate H-bonds of the native protein (although it did support activation by NO
(41)). Another modification is replacement of the proximal His residue with Gly, and ligation
instead by exogenous ImH, (H105G(ImH)), in an expressed sGC fragment containing the heme
domain, B1(1-385) (42,43). The vFeC/vCO point for HL05G(ImH)-CO is likewise close to that
of Mb(H64L), although the point for 1(1-385)-CO is close to that of sGC itself (Figure 4)
(44). Schelvis et al conjectured that loosening of the proximal connection in HLO5G(ImH)-CO
allows formation of a distal H-bond to the bound CO (44). Another possibility is that in this
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construct, as in SGCy, strong propionate H-bonds are absent. Since heme is not incorporated
when H105G itself is expressed (42), but is recruited to the protein by addition of ImH to the
expression medium, it is possible that the re-incorporated heme does not form native contacts.

The most significant instance of a vFeC/vCO shift, again to the Mb(H64L) region (Figure 4),
is when “YC-1" (3-(5'-hydroxymethyl-2'-furyl)-1-benzylindazole) (12), or BAY 41-2272 (5-
Cyclopropyl-2-[1-(2-fluoro-benzyl)-1H-pyrazolo[3,4-b]pyridin-3-yl]-pyrimidin-4-ylamine)
(45), complex heterocyclic activators, are added to sGC-CO. Although CO promotes sGC
enzyme activity only slightly, adding YC-1 to sGC-CO brings activity to the same level as
adding NO. This was a surprising finding, since dissociation of the proximal ligand is thought
to be critical to the mechanism of activation by NO (46). In the presence of these activators
sGC-CO RR spectra indicate a small population of 5-coordinate CO-heme (small vFeC peak
at 530 cm™1), but the main population remains 6-coordinate.

The YC-1- or BAY- induced vFeC/vCO shift (Figure 4) suggests that, as in sGC; and H105G
(ImH)-CO, the native propionate H-bonds are abolished. How this happens is unclear, because
the activator binding site is unknown. YC-1 or BAY might bind in the heme pocket
(replacement of the proximal His has even been suggested (47)), or they might bind elsewhere,
and lock the protein in its active formation, influencing the heme indirectly. In either case it is
possible that strong propionate H-bonding restrains the protein in an inactive conformation
until activation, by NO or by CO + YC-1 or BAY, tilts the energetics to the active conformation.
Relevant to this proposal is the finding that the two molecules in the TtTar4H unit cell have
distinctly different conformations (13). Comparison of the two molecules revealed a ~11°
rotation of the entire distal half, relative to the proximal half; in addition the extent of heme
distortion differed, as did the propionate conformations and the H-bond contacts with the
YxSxR residues. Although these differences were attributed to crystal contacts, they serve to
suggest how the propionate H-bonds might be coupled to protein conformation change in the
H-NOX proteins.

Crowding and compression—Like sGC, TtTar4H-CO displays a highvCO, 1989 vs 1987
cm™1, presumably reflecting the same propionate neutralization mechanism (14). However,
vFeC is much higher, 490 cm2 for TtTar4H vs 472 cm~ for sGC (Table 1 and Figure 4). Thus,
unlike sGC-CO, TtTar4H-CO falls well above the Mb back-bonding line. So does the CO
adduct of another H-NOX protein VCAQ0720 (from Vibrio cholerae) (14) (Figure 4). Could
these H-NOX representatives have weakened Fe-His bonding, as in CooA-CO? This possibility
can be discounted on the basis of the TtTar4H-O, crystal structure, which reveals a Mb-like
H-bond from the proximal ImH ligand to a backbone carbonyl (N""O = 2.80 A). Also the
unligated proteins have Mb-like vFe-His values, 218 and 224 cm~1 for VCA0720 and TtTar4H
(whereas, as mentioned above, it is SGC that has a low value, 204 cm™1) (14).

The TtTar4H crystal structure suggests another possibility, namely steric crowding, leading to
Fe-C bond compression. There is precedent for such an effect in the model compound C,Cap
(5,10,15,20- [pyromellitoyl(tetrakis-o-oxyethoxy-phenyl)]porphyrin), in which a benzene ring
is strapped across a porphyrin by short covalent tethers (48). With N-methylimidazole as
trans ligand, the Fe(11)CO adduct of C,Cap gave high vCO and vFeC values, 2002 and 497
cm™1 (Figure 4) (3), while the crystal structure revealed a close contact between the CO and
the benzene ring (49). The parent complex, (NMelm)FeTPP(CO) (TPP =
tetraphenylporphyrin), which lacks the distal strap, has vCO and vFeC values, 1972 and 486
cm1 (50,51), which place it on the Mb backbonding line (Figure 4).

Bond compression was also proposed to account for the high viFeC/vCO position for the

dominant form, o, of cytochrome oxidase (cyt ox) (Figure 4) (52,53). The heme binding site
in this case is part of a binuclear site, involving Cu®. The positively charged Cu*, which is
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close enough to interact directly with the Fe-bound CO, increases the Fe-CO backdonation,
consistent with the lowered vCO (1966 cm™1) relative to C,Cap, but the high vFeC, 497
cm~1, implies Fe-C compression. A minor form of cyt ox, B, becomes prevalent at low or high
pH, and has vFeC/vCO frequencies falling close to the Mb line (Figure 4), suggesting
movement of the Cu* away from contact with the CO. Consistent with this interpretation is
the observation that mutations of the Cu ligands shift vFeC/vCO toward the Mb line (52,53).

The TtTar4H crystal structure reveals a markedly crowded distal heme pocket (13). To gauge
the effect on FeCO structure, we modeled CO into the O, site (of molecule A, which has the
more distorted heme), using a QM/MM algorithm to minimize the energy of the protein. The
same procedure was then used on the heme group and its ligands after extracting them from
the protein. Table 6 shows that the computed Fe-C and C-O bond lengths, especially the former,
are shortened in the protein. Thus an increase in vFeC is expected. We note that sGC, in contrast
to TtTar4H, appears to have a large hydrophobic binding pocket (54), consistent with vFeC/
vCO not being displaced from the backbonding line.

To model the effect of compression on the vibrations, we constrained the distance between the
Fe and O atoms of FeCO to values shorter than the equilibrium distance in (ImH)FeP(CO),
while optimizing all other structure parameters. The results (Table 7) show that the main effect
of compression is to shorten the Fe-C bond, with a smaller contraction of the CO bond; as
expected, vFeC increases rapidly, accompanied by a small increase in vCO. The trend is shown
Figure 6, where it can be seen that the equilibrium structure of (ImH)FeP(CO) places viFeC/
vCO close to the value for (ImH)FePP(CO) with two protons on the propionate groups, as
expected for a neutral complex. (The effect of angular displacement of the bound CO was
previously modeled (55) and found to be quite small up to 0.6 A displacement of the O atom
from the heme normal).

When |Fe 0| is compressed, the computed values of vFeC/vCO describe a line with a positive
slope of 1.5. If this slope is applied to the displaced experimental points of Figure 4, vFeC/
vCO for CoCap(NMelm) is seen to connect with the backbonding line at the sGC position.
Since C,Cap(NMelm) is a neutral pophyrin, this connection supports the suggestion that the
propionate groups are effectively neutralized in sGC. (As noted above the Co,Cap(NMelm)
parent, (NMelm)FeTPP(CO), falls on the backbonding line, but its position along it is variable,
and depends on solvent interactions of the exposed CO; quite different positions are seen for
benzene and methylene chloride solutions — Figure 4).

The TtTar4H displacement connects to a somewhat higher position on the Mb line. TtTar4H
has a distal Tyr residue that H-bonds to bound O, stabilizing the O, complex (13). It would
provide positive polarity for bound CO as well, moving vFeC/vCO up from the sGC position.
However the interaction is not as effective as that of His64 in Mb, which is located at the side
of the bound CO, a position shown to be optimal for H-bonding (15), whereas the Tyr OH in
TtTard4H-O, is directly above the distal O atom. Meanwhile TtTar4H does have strong
propionate H-bonds, which shift the extrapolated vFeC/vCO point down from that of Mb
(H64L). The extrapolated point for VCAQ720 is slightly higher than for TtTar4H, although its
sequence does not indicate a distal tyrosine; no crystal structure is available.

Conclusions

The vFeC and vCO frequencies of heme-CO adducts, which are readily monitored via RR
spectroscopy, are sensitive to a variety of interactions with the surrounding protein
environment. Distal interactions with polar residues, which directly modulate back-bonding,
and give rise to well-recognized back-bonding anti-correlations, have previously been
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recognized. Another important influence is the donor strength of the proximal ligand, which
shifts the back-bonding anti-correlations to lower or higher vFeC.

The most common proximal ligand is from a His residue, and the strength of the Fe-His bond
depends on the H-bond status of the imidazole side-chain. Weakening this H-bond weakens
the Fe-His bond, but it has not been clear how to disentangle this effect from Fe-His weakening
due to tension generated by the protein. DFT modeling now shows that the expected vibrational
effects are quite different. H-bond weakening increases vCO with little change in vFeC, while
the opposite pattern is predicted for tension. The data for CooA variants conform to the first
pattern, confirming the previous conjecture that the vFeC/vCO values monitor heme
displacement because of H-bond weakening in the heme sensor protein.

DFT modeling also establishes a back-bonding influence other than distal polarity, namely
neutralization of the equatorial negative charge by H-bond donation to the heme propionate
substituents. This is the likely explanation for the weak backbonding in sGC, judging from the
crystal structure of another member of the H-NOX family, TtTar4H. However, the vFeC/vCO
point for TtTar4H-CO itself is displaced above the back-bonding line, although there is no
evidence of a weak Fe-His bond. In this case, DFT modeling suggests that the displacement
arises from compression of the FeCO unit, due to steric crowding in the distal pocket.

Out-of-plane distortion of the heme group, which is a striking feature of the TtTar4H structure,
has negligible effects on the FeCO vibrations.

Since vFeC and vCO are only two parameters, they are manifestly unable to specify all the
possible influences on the heme group. However, if structural features are known, or can be
inferred, then comparison with the wealth of data on well-characterized adducts, together with
DFT modeling, can discriminate among the possible effects and lead to fresh insights into heme
protein mechanisms.
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Figure 1.

Schematic representation of influences investigated via DFT modeling, a. H-bonding from the
proximal imidazole, b. tension on the Fe-ImH bond, c. porphyrin distortion, d. propionate H-
bonding, e. steric compression
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Figure 2.

vFeC/vCO backbonding line for variants of Mb. Mb points (square) show positions with (H64)
and without (H64L) distal H-bond donors. Horizontal displacements are shown for proximal
imidazole deprotonation (PPDMelm™) and for stronger (CCPMI) or weaker (CCPMI(D235N))
H-bonding of the proximal imidazole. CooA deviations are attributed to imidazole H-bond
weakening.
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Figure 3.

DFT modeling of vibrational shifts due to proximal ImH H-bonding (see structures) and of Fe-
ImH bond tension (X) for (ImH)FeP(CO). The computed backbonding lines are for 6- and 5-
coordinate CO adducts of Fe-P-Xs, where X are electron donating and withdrawing
substituents.
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Variable backbonding in sGC constructs, and direction of displacements from the Mb line
expected from proposed compression effects in a benzene-capped model compound C,Cap
(NMelm), the H-NOX proteins TtTar4H and VCAO0720, and the o form of cytochrome ¢
oxidase. The C,Cap parent compound, TPP, falls on the backbonding line, but at positions
which are solvent dependent (MC = methylene chloride, Bz = benzene).
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TtTar4H heme

Saddling Ruffling

Figure 5.
Side-on view of the distorted heme in TtTar4H (13), and top view of the porphine ring, showing
up (o) and down (e) atomic displacements along saddling and ruffling coordinates.
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DFT modeling of Fe-C-O compression (X, Fe---O distances) in (ImH)FeP(CO), and propionate
protonation in (ImH)FePP(CO). The PX backbonding line is computed for various electron

accepting and donating substituents, X, on porphine.
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Table 1

vFeC and vCO data for Fe(ll) heme proteins and models

Sample vFeC (cm™) | vcO (cm™) | Ref

WT Mb 508 1941 (56-58)
H64L Mb 490 1965 (56-60)
HE4V/V68T 479 1984 (35), (36)
WT CooA 487 1982 ©)

WT CooA + DNA 487 1985 ©)
L120F CooA 486 1975 9)
CCPMI 503 1922 @n
CCPMI(D253N) 531 1933 @n
PPDMelmH 495 1960 (26)
PPDMe(Im") 490 1942 (26)

Cyt ox (0) 519 1966 (52), (53)
Cyt ox () 493 1955 (52), (53)
C,Cap(NMelm) 497 2002 (3)
TPP(NMelm) (MC) 495 1962 ®)
TPP(NMelm) (Bz) 486 1972 (50,51)
SGC 472 1987 (12), (30), (61)
$GC, 497 1964 (1)
SGC+YC-1 488 1972 (62)
sGC+BAY 489 1972 (45)
$GC, B1(1-385) H105G(ImH) | 495 1964 (12), (44)
SGC, p1(1-385) 478 1985 (12), (44)
VCAO0720 491 1985 (14)
TtTar4H 490 1989 (14)
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Computed effect of Fe-ImH length on selected parameters for (ImH)FeP(CO)

Distances Frequencies
Fe-ImH(A) | Fe-C(A) | C-O(A) | vFeC (cm™) | vCO (cm™)
2.082 1.796 1.150 474 2111
2.132 1.789 1.150 480 2109
2.182 1.783 1.150 485 2108
2.232 1.778 1.151 490 2107
2.332 1.769 1.151 500 2106
2.432 1.762 1.151 509 2105
2.532 1.756 1.151 518 2104
2.632 1.751 1.152 525 2103
2.732 1.747 1.152 531 2102
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Table 6

QM/MM computation of FeCO geometry in TtTar4H

Fe-C (A) | C-O (A) | 2FeCO ()
TtTardH (QM/MM) | 1.743 1.154 175.4
Extracted heme (QM) | 1.785 1.153 179.3
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Computed effect of Fe-C-O compression in (ImH)FeP(CO)

Distances Frequencies
IFe"0| (A) | Fe-C (A) | c-0 (A) | vFeC (cm™) | vCO (cm™)
2.946 1.796 1.150 474 2111
2.943 1.794 1.150 477 2113
2.940 1.791 1.149 481 2115
2.937 1.788 1.149 485 2118
2.934 1.785 1.149 489 2120
2.930 1.782 1.148 494 2124
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