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ABSTRACT. Determinants of the FeCO and C-O stretching frequencies in (imidazole)her@O adducts

have been investigated via density functional theory (DFT) analysis, in connection with puzzling
characteristics of the heme sensor protein CooA and of the®X (Heme—Nitric Oxide and/orOXygen
binding) family of proteins, including soluble guanylate cyclase (sGC). The computations show that two
mechanisms of Fehistidine bond weakening have opposite effects on#eCHCO pattern. Mechanical
tension is expected to rais€eC with little change in"CO whereas the 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 ofthNCEX protein
TtTardH (Thermoanaerobacter tengcongensiar4 protein heme domain), has surprisingly little effect
onvFeC orvCO. However, another structural feature, strong H-bonding to the propionates, is suggested
to account for the weakened back bonding that is evident in S&&ar4H-CO itself has an elevated
vFeC, which is successfully modeled as a compression effect, resulting from steric crowding in the distal
pocket.vFeCHCO data, in conjunction with modeling, can provide valuable insight into mechanisms for
heme-protein modulation.

The stretching frequencies of FE€O and CO bonds in  weaken the FeCO bond viac competition and shift the
heme proteins, observable via resonance Raman spectrodine to lower vFeC values, and weaker donors have the
copy, have emerged as useful probes of electrostatic andopposite effectl, 3). Thus thevFeChCO plot can be a
mechanical influences in the heme binding pockgt\When valuable aid in assessing various protein interactions with
vFeC is plotted againstCO, many heme proteins and model the heme group.

adducts fall on a single line of negative slope, reflective of  However, there are puzzling aspects to the data, which
back bonding. The donation of Fe(ll), @lectrons into the  suggest that additional factors can come into play. A case
empty COx* orbitals strengthens the F& bond while  in point is the heme sensor protein CooA, which responds
weakening the €0 bonds. The variable position of the to CO by activating a set of genes in CO-metabolizing
heme-CO adducts along this line reflects variations in the pacteria 7). Although the proximal ligand is histidineFeC/
extent of back bonding. In heme proteins, these variations ,CO is displaced above the standard back-bonding line
are largely controlled by electrostatic effects in the vicinity defined by myoglobin variants, suggesting a weakened Fe
of the bound COZ—4). Distal side chains that are H-bond  His bond in CooA-CO (8, 9). This weakening was attributed
donors enhance back bonding whereas those that are electrof the displacement of the heme further into the interior of
pair donors diminish back bonding. In model compounds, the protein, as part of the activation mechanism. The question
variations along the back-bonding line can be induced with arises as to whether this weakening results from mechanical
peripheral substituents of differing electron-donating pro- tension on the FeHis bond or from weakening of an H-bond
pensity 6, 6). The effect has been modeled via density from the His ligand to a nearby asparagine side chain.
functional theory (DFT) computation of the frequencies)( Another puzzle involves the HNOX (Heme-Nitric

and improvements in the wavefunctions utilized have yielded y;qe and/oOXygen binding) class of heme sensor proteins
good agreement between calculated and observed slopes of

the back-bonding lineg). ADD | o (121 b
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Ficure 1: Schematic representation of influences investigated via ~
DFT modeling: (a) H-bonding from the proximal imidazole, (b) 490_'
tension on the FelmH bond, (c) porphyrin distortion, (d) propi- PPDMe(Im)
onate H-bonding, and (e) steric compression.

480
(10). The best known of these is soluble guanylate cyclase 470
(sGC), the mammalian transducer of NO signaling. sGC — T ———
catalyzes GTP conversion to cGMP when NO binds to its 1910 1920 1930 1940 1950 1960 1970 1980

heme (1). vFeC#CO data indicate weakened back bonding Voo (6M7)

in sGC (12), but the reason for this effect has not been clear. Ficure 2: vFeC#CO back-bonding line for variants of Mb. Mb
However, the first structurally characterized member of the Points () show positions with (H64) and without (H64L) distal

: H-bond donors. Horizontal displacements are shown for proximal
class, the bacterial proteifitTar4H (Thermoanaerobacter imidazole deprotonation (PPDMelthand for stronger (CCPMI)

tengcongensigar4 protein heme domain}g), gives avFeC/ o1 weaker (CCPMI(D235N)) H-bonding of the proximal imidazole.
vCO point that falls significantly above the standard back- CooA deviations are attributed to imidazole H-bond weakening.

bonding line (4), yet there is no evidence for a weakened
Fe—His bond in this case. RESULTS AND DISCUSSION

In the present study, we investigate these issues by DFT ) o _ _
modeling of a series of potential influences, both axial and CO0A: Proximal Histidine Tensionersus H-Bonding
equatorial to the heme, other than the well-studied effects cgoa is a dimeric transcription factor that binds to its

pf distal pola_rity in t.hr-.j heme pockeﬂ). These influences target DNA sequence, once CO binds to its heif)e The
include proximal histidine H-bonding and tension, heme echanism of activation has been proposed to involve
dlstprtlon and H_—bondlng to the prc.)plo'nate substituents, gnd displacement of the heme and of the adjacent C-h@&ix (
steric compression of tht_a F_eCO_umt (Figure 1). The modeling \\hich connects the heme and DNA-binding domai2#) (
res_ults yield S|gn|f|cant_ insight into the structure and mech- These displacements are propelled by hydrophobic forces
anisms of heme proteins. once CO replaces the endogenous ligand, which is the N
METHODS terminus of the opposite subunit in the homodim2t)(
Evidence for heme displacement in Coo80 came from
Computations were performed with the Gaussian 03 resonance Raman (RR) measurementskd#C andvCO
program (6) using the B3LYP functional and standard positions, identifying, via residue replacements, which side
6-31G* basis set for all the atoms except Fe, for which chains help form the CO binding pockeé¥)( The data also
Ahlrichs’ valence triple¢ (VTZ) (17) basis set was em- indicated a weakening of the proximal ligand donor strength
ployed. The CG-heme model was (ImH)FeP(CO) (I because theFeC#CO points fellabove the standard back-
imidazole, P= porphine), except in the study of H-bonding bonding line (Figure 2, see Table 1 for list of frequencies),
effects on propionates where protoporphyrin IX instead of although, like myoglobin (Mb), CO-free CooA has a histidine
simple porphine was used. The structures were optimizedproximal ligand with a H-bond of moderate strengfi)(
with minimal or no constraints when various effects were H-bond donation from the ImH ligand (Figure 1) increases
examined, as described in each section below. the imidazolate character and is a well-recognized mechanism
We also performed quantum mechanical/molecular me- for modulating the FelmH bond (). The strength of this
chanical (QM/MM) calculations on the £bound crystal H-bond correlates well with the FeémH stretching fre-
structure ofTtTar4H (PDB ID 1U55) {3). The full protein guency in 5-coordinate Fe(ll) hemes, for which this vibra-
was solvated in an SPC water box, defining a 15 A solvation tional mode is detectable via RR spectroscopg).( The
layer around the protein. The waters were equilibrated by frequency is 220 crt for Mb but ~240 cn? for peroxi-
molecular dynamics simulatiori§). The system was then dases, in which the ImH ligand is strongly H-bonded to a
reduced to protein and waters within a 10 A distance of any negatively charged aspartate side chain, and only 205 cm
protein atoms. The heme ring,Gand the proximal ligand  for a peroxidase variant in which this H-bond is abolished
(His102) were defined as the QM region, with the rest of (23).
the protein and waters defined as the MM region. The QM The H-bond in CooA is to the amide side chain of Asn42
calculation used the B3LYP functional and LACVP*/6-31G* (Figure 2) a residue upstream from the His77 ligad).(
basis functions. The classical (MM) region employed pa- Heme displacement was suggested to weaken thélisy 7
rameters from the OPLS 2001 force fielthj. The simula- bond either via mechanical tension or by weakening the
tions were performed using QSite from the Sdhinger suite His77---Asn42 H-bond as a result of His77 moveme8t (
of programs 20). After the Q-bound structure was opti- 9). Support for Fe-His77 bond weakening came from
mized, Q was replaced by CO, and the CO-bound form was picosecond RR spectroscopy of the prompt Ce®@O
reoptimized using the same QM/MM protocol. photolysis product, which revealed an-HenH stretching
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Table 1: vFeC andvCO Data for Fe(ll)>CO Heme Proteins and Models

vFeC vCO vFeC vCO
sample (cm™) (cm™) ref sample (cm™) (cm™) ref
WT Mb 508 1941 56-58 G.Cap(NMelm) 497 2002 3
H64L Mb 490 1965 5660 TPP(NMelm) (MC) 495 1962 6
H64V/V68T 479 1984 35, 36 TPP(NMelm) (Bz) 486 1972 50, 51
WT CooA 487 1982 9 sGC 472 1987 12, 30, 61
WT CooA+ DNA 487 1985 9 sGe 497 1964 41
L120F CooA 486 1975 9 sGEYC-1 488 1972 62
CCPMI 503 1922 27 SGEBAY 489 1972 45
CCPMI(D253N) 531 1933 27 sG@E1(1—385) H105G(ImH) 495 1964 12, 44
PPDMelmH 495 1960 26 sG@1(1-385) 478 1985 12,44
PPDMe(InT) 490 1942 26 VCAO0720 491 1985 14
Cyt ox (@) 519 1966 52,53 TtTardH 490 1989 14
Cyt ox () 493 1955 52,53
Table 2: Effect of H-Bond Donation or Deprotonation on Table 3: Computed Effect of the FémH Length on Selected
Computed Parameters for (ImH)FeP(CO) Parameters for (ImH)FeP(CO)
distances frequencies distances frequencies
H-bond Fe-N(ImH) ImH---X Fe-C C-O vFeC vCO Fe—ImH Fe-C C-0 vFeC vCO
acceptor (X)  (A) A) A A (m?) (em?) A) ) A) (cm™) (cm™)
none 2.082 1.796 1.150 474 2111 2.082 1.796 1.150 474 2111
H>O 2.076 1.871 1.797 1.150 474 2108 2.132 1.789 1.150 480 2109
NH3 2.075 1.904 1.797 1.150 475 2107 2.182 1.783 1.150 485 2108
HCOO~ 2.055 1.554 1.798 1.153 478 2086 2.232 1.778 1.151 490 2107
(—H") 2.028 1.805 1.155 475 2070 2.332 1.769 1.151 500 2106
2.432 1.762 1.151 509 2105
. . 2.532 1.756 1.151 518 2104
frequency of 216 cmt that is appreciably below the Mb 2.632 1.751 1.152 525 2103
value @4). (We note, however, that the H-bond status can 2.732 1.747 1.152 531 2102
change upon CO binding via structural rearrangement in the
heme pocket; see below.) to the porphine ring (PX line in Figure 3), with a negative

The H-bond explanation was clouded because replacingslope close to that found experimentally for Mb variants.
Asn42 with Ala, which cannot form a H-bond, had no effect A horizontal displacement below the Mb line has been
on thevFeC andvCO positions §) or on the 5-coordinate  ppserved experimentally (Figure 2) when the model complex
Fe—His stretching frequency in a variant engineered to have (jmH)FePPDME(CO) (PPDME= protoporphyrin dimethyl
a significant 5-coordinate heme populati®). (However, it ester) is deprotonate@). vCO was markedly lowered, but
was recognized that this negative result might be explained,FeC showed little change. In the case of cytochrame
if a water molecule substituted for the Asn amide group as peroxidase (CCPMI, a genetic variant), the effect of the
a H-bond acceptor. Nevertheless, mechanical tension resultstrong His-Asp H-bond is evident in a large negative
ing from the heme displacement seemed to be a viable displacement from the Mb lin€) (Figure 2). If one draws
alternative explanatiorsy. a horizontal line through this point, it intercepts the Mb line

Imidazole H-BondingTo address the mechanism offFe  slightly lower than the position of wild-type Mb in which
His weakening computationally, we modeled His H-bonding the distal histidine (H64) provides positive polarity to the
by placing H-bond acceptors .8, NH;, and HCOO bound CO. The CCPCO crystal structure shows a water
(formate) near the NH group of (ImH)FeP(CO) @ molecule H-bonded to a distal Arg residue, in turn polarizing
porphine), a well-studied heme analdg 6). The limiting the bound CO Z8), an interaction somewhat weaker than
case of imidazolate ligation was also investigated. Structural that of H64 in Mb. Abolishing the proximal H-bond via Asp
parameters from the optimized geometries are listed in Tablereplacement in CCPMI (CCPMI(D235N)27) produces a
2, as are the computedreC and’CO values. It can be seen  positive displacement from the Mb line, consistent with
that whereasCO steadily decreases with increasing imida- moderate proximal His H-bonding (to a Ser hydroxyl group
zolate charactenFeC changes very little. A similar result and to a backbone carbonyl) in Mb (diagram in Figure 2).
was reported by Franze2%), who examined the effect of A horizontal line through this point intersects the Mb line
H-bond donation to KD and acetate from (ImH)FeP(CO). well above the WT protein, suggesting that the bound CO
The CO bond strength decreases because back bondingnteracts directly with the distal Arg in CCPMI(D235N),
increases as a result of increased electron donation fromproducing a stronger distal interactio@7f. This change
imidazolate to Fe, but the back-bonding-induced increase inmight result from the loss of the constraining proximal
the Fe-C bond strength is counterbalanced by diminished H-bond.

o bonding due to increasedcompetition from imidazolate. Thus, the positions of CCPMI and CCPMI(D235N) on
When thevFeC andvCO positions are plotted, they the vFeC andvCO plot are consistent with horizontal
describe an essentially horizontal line (Figure 3) because ofdeviations below and above the Mb line, the directions

thevFeC invariance. In contrast, as described previo®ly (  expected from the proximal H-bond strengths, 1820
a standard back-bonding line is obtained when electron- positions reflecting the character of likely distal interactions
donating and -withdrawing substituents, X, are added in silico in the CO binding pocket. (We note, however, that there are
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1940

indicating structural rearrangements in the heme pocket thatdependent (MG= methylene chloride, Bz benzene).

attenuate the proximal His H-bonding to the level of Mb.)
Co0A 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 because of the bulky

Phe side chain located near the herle However, heme
displacement is augmented by DNA binding that pulls
Co0A—CO into the fully active statedj. 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

effect was very small, a 2Qilt producingvFeC andvCO
shifts of 2 and 0.3 crt, respectively.

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 responsesll). It belongs to a recently
discovered class of HNOX proteins that have similar heme-
binding motifs and exhibit a preference for NO or fop O

evidence that the CO binding pocket is indeed hydrophobic binding to the hemel(0). The mechanism of sGC activation

in CooA (8).
Mechanical TensionNe asked the question as to whether

remains uncertain, despite extensive studies.
One of the unexplained features of sGC is the unusually

the same effect could be produced by mechanical tensionhigh vCO, 1987 cm?, of the CO adduct. Unlike CooA

imposed by the protein on the proximal His residue. This
would also weaken the FeHis bond, but would it have the

CO, which also has a highCO, vFeC is unusually low,
472 cm?, and thevFeC#HCO point falls squarely on the Mb

same effect as charge variation due to H-bonding changesack-bonding line (Figure 4), indicating a similarly moderate

To model the effect of tension, we stretched the-Rés bond
by constraining the FeN distance to increasing values while

proximal His H-bond.
This inference implies a significant conformation change

reoptimizing the remaining atomic coordinates. The results upon CO binding to sGC because thiee—His frequency

are listed in Table 3 and plotted in Figure 3. In contrast to
diminished H-bonding, stretching the +Elis bond steadily
increasesg’FeC until the 5-coordinate FeP(CO) position is
reachedyCO decreases slightly as Elis is stretched, but
the main effect is the increaseifreC. This increase reflects
diminishedo competition from the more distant His ligand.

of five-coordinate, unligated sGC, 204 ch{30, 31), is much
lower than that of Mb, 220 cni. 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? after CO photodissociation from the
truncated heme domain; the mode relaxes to the 204 cm

However, there is no compensating decrease in back dona-equilibrium value in 50 ns 32). In the native protein,
tion, as happens when the negative charge on the imidazolehowever, relaxation to 204 crh occurs within the 10 ns

is diminished via weakened H-bonding.

time resolution of the experiment. Whereas CO binding

Thus, tension on the proximal His is expected to produce strengthens the FeHis bond, NO bonding induces Félis

a nearly vertical displacement eFeCHCO from the back-

dissociation 83, 34).

bonding line, whereas weakening the His H-bond is expected A low position on thevFeChCO back-bonding line
to produce a horizontal displacement. Because CooA displaysimplies weakened back bonding. The sGC position is lower

the latter pattern, it is clear that diminished H-bonding and
not mechanical tension is the mechanism of-Fés bond
weakening when the heme moves upon CO binding.

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

We also carried out a calculation to gauge the effect of threonine side chain is oriented (via H-bonding to a backbone

tilting the imidazole ring relative to the FémH bond. The

carbonyl) so that the O atom lone pair points at the bound
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Table 4: Computed Effects of Porphyrin Distortian
(ImH)FeP(CO)

distances frequencies

Fe-N(ImH) Fe-N(p) Fe-C C-O «vFeC vCO
Q) *) A A m? (em?

TtTar4H heme

unconstrained 2.082 2.025 1.796 1.1497 474 2111
saddled 2.083 2.025 1.796 1.1497 475 2111
ruffled 2.076 2.025 1.795 1.1500 477 2108
sad+ ruf 2.076 2.025 1.796 1.1498 475 2110

aConstrained by applyin 1 A displacement along saddling or
ruffling eigenvectors or both.

Table 5: Computed Effects of Protonating One or Both Propionate
Groups on Protoporphyrin

distances frequencies

Saddling Ruffling FeC C-O wFeC vCO

FiGURE 5: Side-on view of the distorted heme TitTardH (13) Fe-ImH (A)  (A) A  my (cm?
and top view of the porphine ring, showing up)(and down @) FePP 2081 1785 1.153 486 2087
atomic displacements along saddling and ruffling coordinates. FePP-H+ 2.082 1.790 1.152 481 2098
FePP-2HT 2.080 1.796  1.150 475 2109

CO, thereby weakening back bonding via negative polarity.
It had been thought that a similarly positioned lone pair or phyrin ring (Figure 1). TheéltTar4H crystal structurel@)
negative charge would account for thEeC/CO position  shows the propionate groups to be buried and tightly bound
of sGC (2). However, homology modeling witftTar4H, by positively charged and H-bond donor side chains. In
a bacterial H-NOX heme domain of known structure, contrast the propionates are exposed to solvent in Mb and
renders this explanation unlikel37). The only candidate  in many other heme proteins. We note that Harada et al.
residue is Cys78, which replaces Phe78thar4H. The Q (40) found insignificant shifts inFeC andvCO when Mb
affinity of TtTar4H is abolished when the distal H-bond \was reconstituted with heme in which one or the other
donor, Tyr140, is replaced by Leu, but the affinity is restored propionate was replaced by a methyl group.TiiTar4H,
in the double mutant Y140L/F78\3), implying that Tyr78  Arg135 forms H-bonds to both propionates, and Tyr131 and
is close enough to H-bond with bound.@onceivably, the  Ser133 donate H-bonds to one of the propionates. These three
homologous residue in sGC, Cys78, might interact with residues form a YxSxR motif that is common to al-NOX
bound CO via the-SH lone pair, but this would require a proteins, including sGC1(). Because electron-donating and
unique lone-pair orientation, as is found for Thr68 in the -withdrawing substituents are known to influence FeCO back
H64V/V68T variant of Mb. This ad hoc explanation seems honding in model porphyrinsg}, we reasoned that charge
unlikely, and it cannot be generalized to other members of neutralization at the periphery of protoporphryin might
the H-NOX family, all of whom display high values afCO similarly modulate back bonding.
(14). To model propionate neutralization, we carried out DFT
Porphyrin Distortion.A striking feature of theTtTar4H calculations on (ImH)FePP(CO) (RPprotoporphyrin) and
crystal structure X3) is that the porphyrin ring is very  protonated one or both propionates. Computed bond distances
distorted (Figure 5). The ring atoms are displaced from the and vibrational frequencies are listed in Table 5, and the
mean heme plane and describe a combination of saddlingyFeC#CO values are plotted in Figure 6. Also shown is the
and ruffling distortions §9). Could these distortions, which  back-bonding line computed for the (ImH)FeR(CO)
might be expected to misalign the Fe and porphyrin orbitals, species. The three (ImH)FePP(CO) points fall very close to
account for the diminished back bonding in the-NOX this line, indicating that the neutralization of the propionates
proteins? does indeed modulate back bonding in the same way as
To examine this question, we constrained the geometry electron-withdrawing substituents on porphine do.
of (ImH)FeP(CO) in silico via unit displacement (1 A) of The protonation of both propionates shift€O up ~20
the porphine atoms along the normal coordinates for saddlingcm™. This is the same elevation seen for sGC, relative to
and for ruffling 39), the dominant distortion coordinates Mb variants with hydrophobic binding pockets (e.g., H64L)
found inTtTar4H (Figure 5). This extent of distortion is close (Figure 4). Because even strong H-bonds are not as neutral-
to that seen in th@tTar4H crystal structure (in molecule A, izing as protons and the Mb reference state involves water-
the more distorted of the two molecules found in the unit exposed propionates, we surmise that the effect of propionate
cell) (13). The results (Table 4) show surprisingly little neutralization is underestimated in the calculations. Never-
change in the FeCO geometry and vibrational frequencies.theless, these results make it plausible that strong H-bonds
Expected shifts are no more thas2 cnt ™. Clearly, the extent  to propionate can reduce FeCO back bonding substantially
of back bonding is essentially unchanged by the porphyrin and can account for the higi€O seen for H-NOX proteins.
distortion. Interestingly, the lowFeC#CO position of SGECO on
Propionate H-BondingAn alternative explanation for the back-bonding line can be altered by various modifica-
diminished back bonding, which appears not to have beentions. One of these is reconstituted sGC (labeled sBC
considered previously, is the neutralization of the negative Figure 4) in which heme is added back to protein that has
charge on the two propionate substituents on the protopor-lost heme during isolatiord(). The vFeChCO point for
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Relevant to this proposal is the finding that the two molecules
in the TtTar4H unit cell have distinctly different conforma-
tions (13). A comparison of the two molecules revealed an
~117° 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 conforma-
tion change in the HNOX proteins.

Crowding and CompressiorLike sGC, TtTar4H-CO
displays a highvCO, 1989 versus 1987 crh presumably
reflecting the same propionate neutralization mechanisin (
However,vFeC is much higher, 490 crhfor TtTar4H versus
472 cmt for sGC (Table 1 and Figure 4). Thus, unlike
sGC-CO, TtTar4dH-CO falls well above the Mb back-
bonding line, as does the CO adduct of anotherNDX
protein VCA0720 (fromVibrio cholerag (14) (Figure 4).
Could these HNOX representatives have weakened-Fe
His bonding, as in CooACO? This possibility can be

reconstitution did not establish the strong propionate H-bondsdiscounted on the basis of tié&Tar4H-G; crystal structure,

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 frag-

ment containing the heme domaii(1-385) 42, 43). The
vFeChCO point for HLO5G(ImH)-CO is likewise close to
that of Mb(H64L), although the point fg#1(1-385)-CO is
close to that of sGC itself (Figure 4%4). Schelvis et al.
conjectured that loosening of the proximal connection in
H105G(ImH)-CO allows the formation of a distal H-bond
to the bound CO44). Another possibility is that in this
construct, as in sG{strong propionate H-bonds are absent.

which reveals a Mb-like H-bond from the proximal ImH
ligand to a backbone carbonyl {(NO = 2.80 A). Also, the
unligated proteins have Mb-likeFe—His values, 218 and
224 cnt for VCAQ720 andTtTar4H (whereas, as mentioned
above, it is sGC that has a low value, 204 ¢&m(14).
TheTtTar4H crystal structure suggests another possibility,
namely, steric crowding, leading to +€ bond compression.
There is a precedent for such an effect in the model
compound @Cap (5,10,15,20-[pyromellitoyl(tetrakis-oxy-
ethoxy-phenyl)]porphyrin), in which a benzene ring is
strapped across a porphyrin by short covalent teth&8s (
With N-methylimidazole as the trans ligand, the Fe(I)CO

Because heme is not incorporated when H105G itself is adduct of GCap gave highhCO andvFeC values, 2002 and

expressed4?) but is recruited to the protein by addition of
ImH to the expression medium, it is possible that the
reincorporated heme does not form native contacts.

The most significant instance ofidceCACO shift, again
to the Mb(H64L) region (Figure 4), is when YC-1 (345
hydroxymethyl-2-furyl)-1-benzylindazole)12) or BAY 41-
2272 (5-cyclopropyl-2-[1-(2-fluoro-benzyl)Htpyrazolo[3,4-
b]pyridin-3-yl]-pyrimidin-4-ylamine) 45), complex heterocyclic
activators, are added to sGCO. Although CO promotes
sGC enzyme activity only slightly, adding YC-1 to sGC

497 cmt (Figure 4) @), whereas 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 andvFeC values, 1972 and 486 ci(50, 51), that
place it on the Mb back-bonding line (Figure 4).

Bond compression was also proposed to account for the
high vFeCHCO position for the dominant forme, of
cytochrome oxidase (cyt ox) (Figure 2 53). The heme
binding site in this case is part of a binuclear site involving

CO brings the activity to the same level as adding NO. This Cu'. The positively charged Cuwhich is close enough to
was a surprising finding because dissociation of the proximal interact directly with the Fe-bound CO, increases the Fe

ligand is thought to be critical to the mechanism of activation
by NO (46). In the presence of these activators, s&ID
RR spectra indicate a small population of five-coordinate
CO—heme (a smalbFeC peak at 530 cm), but the main
population remains six-coordinate.

The YC-1- or BAY-inducedvFeChHCO shift (Figure 4)
suggests that, as in s@@nd H105G(ImH)-CO, the native

CO back donation, consistent with the lowenedO (1966
cm) relative to that of @Cap, but the highvFeC, 497 cm?,
implies Fe-C compression. A minor form of cyt 0x3,
becomes prevalent at low or high pH and h&eC#CO
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

propionate H-bonds are abolished. How this happens ismutations of the Cu ligands shiffeC#CO toward the Mb
unclear because the activator binding site is unknown. YC-1 line (52, 53) .

or BAY might bind in the heme pocket (replacement of the
proximal His has even been suggestéd)), or they might
bind elsewhere and lock the protein in its active formation,

TheTtTar4H crystal structure reveals a markedly crowded
distal heme pocket1@). To gauge the effect on FeCO
structure, we modeled CO into the 6ite (of molecule A,

influencing the heme indirectly. In either case, it is possible which has the more distorted heme) using a QM/MM
that strong propionate H-bonding restrains the protein in an algorithm to minimize the energy of the protein. The same
inactive conformation until activation by NO or by C® procedure was then used on the heme group and its ligands
YC-1 or BAY tilts the energetics to the active conformation. after extracting them from the protein. Table 6 shows that
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Table 6: QM/MM Computation of FeCO Geometry TiiTar4H

Fe-C Cc-0 OFeCO
A A) (deg)
TtTardH (QM/MM) 1.743 1.154 175.4
extracted heme (QM) 1.785 1.153 179.3

Table 7: Computed Effect of FeEC—O Compression in
(ImH)FeP(CO)

distances frequencies
|Fe--O| Fe-C c-0 vFeC vCO
(A) A) A) (cm™) (em™)
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

the computed FeC and C-O bond lengths, especially the
former, are shortened in the protein. Thus an increageeC
is expected. We note that sGC, in contrastTidar4H,
appears to have a large hydrophobic binding pockd, (
consistent withvFeCHCO not being displaced from the back-
bonding line.

To model the effect of compression on the vibrations, we

Biochemistry, Vol. 47, No. 8, 2008385

extrapolated’FeCAHCO point down from that of Mb(H64L).
The extrapolated point for VCAQ0720 is slightly higher than
for TtTar4dH, although its sequence does not indicate a distal
tyrosine; no crystal structure is available.

CONCLUSIONS

The vFeC andvCO frequencies of hemeCO 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-
established back-bonding anticorrelations, have previously
been recognized. Another important influence is the donor
strength of the proximal ligand, which shifts the back-
bonding anticorrelations to lower or higheFeC.

The most common proximal ligand is from a His residue,
and the strength of the FéHis bond depends on the H-bond
status of the imidazole side chain. Weakening this H-bond
weakens the FeHis bond, but it has not been clear how to
disentangle this effect from FeHis weakening due to tension
generated by the protein. DFT modeling now shows that the
expected vibrational effects are quite different. H-bond
weakening increases&O with little change inFeC, whereas
the opposite pattern is predicted for tension. The data for
Co0A variants conform to the first pattern, confirming the

constrained the distance between the Fe and O atoms oforevious conjecture that thé&~eCACO values monitor heme

FeCO to values shorter than the equilibrium distance in
(ImH)FeP(CO) while optimizing all other structure param-
eters. The results (Table 7) show that the main effect of
compression is to shorten the #€ bond, with a smaller
contraction of the CO bond; as expecteteC increases
rapidly, accompanied by a small increase@O. The trend
is shown Figure 6, where it can be seen that the equilibrium
structure of (ImH)FeP(CO) placed-eC#CO 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 §5) and was found to be quite small up to 0.6 A
displacement of the O atom from the heme normal).
When |Fe--O| is compressed, the computed values of
vFeChCO describe a line with a positive slope of 1.5. If
this slope is applied to the displaced experimental points of
Figure 4, therwFeCHCO for GCap(NMelm) is seen to

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 back bonding in sGC, judging from the crystal structure
of another member of the HNOX family, TtTar4H.
However, thevFeC/CO point for TtTardH-CO itself is
displaced above the back-bonding line, although there is no
evidence of a weak FeHis 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 theTtTar4H structure, has negligible
effects on the FeCO vibrations.

Because/FeC and’CO are only two parameters, they are

connect with the back-bonding line at the sGC position. manifestly unable to specify all of the possible influences
Because @Cap(NMelm) is a neutral porphyrin, this con- on the heme group. However, if structural features are known
nection supports the suggestion that the propionate groupsor can be inferred, then comparison with the wealth of data
are effectively neutralized in sGC. (As noted above, the C on well-characterized adducts, together with DFT modeling,
Cap(NMelm) parent (NMelm)FeTPP(CO) falls on the back- can discriminate among the possible effects and lead to fresh

bonding 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. See Figure 4.)

TheTtTar4H displacement connects to a somewhat higher
position on the Mb lineTtTar4H has a distal Tyr residue
that H-bonds to bound Dstabilizing the @ complex (3).

It would provide positive polarity for bound CO as well,
movingvFeChCO 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
TtTardH-0; is directly above the distal O atom. Meanwhile,
TtTar4H does have strong propionate H-bonds that shift the

insights into heme protein mechanisms.
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