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Abstract

13C NMR spectra of several carbon monoxide (99.%3 and 11.8%80 enriched) hemoprotein models with
varying polar and steric effects of the distal organic superstructure and constraints of the proximal side are reported.
This enables thé’Fe-13C(0) coupling constants e, 13c), *3C shieldings §(*°C)), and*80 isotope effects on

13C shieldings ¥A13C(180/160)) to be measured and hence comparisons with hemoproteins, C-O vibrational
frequencies and X-ray structural data to be made. Negative polar interactions in the binding pocket and inhibition
of Fe—CO back-donation or positive distal polar interactions with amide NH groups appear to have little direct
effect onlJs7e, 13c couplings. Similarly, the axial hindered base 1,2-dimethylimidazole has a minor effect on the
1JsvpeL13C values despite higher rates of CO desorption being observed for such complexes. On the ¢d@trary,
shieldings vary widely and an excellent correlation was found between the infrared C-O vibrational frequencies
(v(C-0)) and!'3C shieldings and a reasonable correlation Wi isotope effects ofC shieldings. This suggests

that 5(13C), v(C-0O) and*A13C(*80/160) are accurate monitors of the multiple mechanisms by which steric and
electronic interactions are released in superstructured heme model compoun@€ Fhieldings of heme models

cover a 4.0 ppm range which is extended to 7.0 ppm when several HbCO and MbCO species at different pH values
are included. The latter were found to obey a similar lir¢5tC) versusy(C-O) relationship, which proves that

both heme models and heme proteins are homogeneous from the structural and electronic viewpoint. Our results
suggest that(C-0), 5(*3C) and'A3C(*80/A%0) measurements reflect similar interaction which is primarily the
modulation ofrt back-bonding from the Fe.dto the COxn* orbital by the distal pocket polar interactions. The

lack of correlation betweehA3C(*80/60) and crystallographic CO bond lengths (r(C-0)) reflects significant
uncertainties in the X-ray determination of the carbon and oxygen positions.

Introduction 1983; Perutz et al., 1987) and, consequently, the
mechanism of the control of the electronic structure

The reversible binding of dioxygen and carbon @nd properties of the heme binding site by the pro-

monoxide has played a central role in studies of heme t€in globule is one of the central problems in modern
protein structure and function (Dickerson and Geis, Piochemistry and biophysics (Springer et al., 1994).
As a result, numerous encumbered iron(ll) porphy-

rin models, which lack a macromolecular peptide
backbone but contain functional groups involved in

* To whom correspondence should be addressed.
T Deceased.
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biological processes, have been synthesized in an ef-binding hemoproteins (Potter et al., 19980 isotope
fort to elucidate the structural details of small ligand effects ont3C shielding are limited to the case of free
binding (Momenteau, 1986; Jameson and Ibers, 1994;13CO in CDCk solution (Wasylishen et al., 1985).
Momenteau and Reed, 1994). There has been much In this paper, we repofC shieldings, the obser-
discussion on the mechanistic basis of the variation vation vial3C NMR of >’Fe-13C coupling constants,
of affinity values of dioxygen and carbon monoxide and!80 isotope effects o%°C shielding on a number
in heme proteins and model compounds. This has fo- of hemoprotein model compounds (Figure 1). Due to
cused on the nature of the axial ligand, distal steric a knowledge of six high-resolution single-crystal X-
effects, distal polar effects and the enforced doming ray structural data of six-coordinated iron porphyrins
and ruffling of the porphyrin skeleton (Gerothanassis, with CO, the object of this work was to identify

1994; Ray et al., 1994; Tetreau et al., 1994). any changes in th&’Fe13C coupling constantsi3C
It is usually assumed that the Fe-C-O unit prefers shieldings and®0 isotope effects oA3C shieldings
a linear geometry, in order to maximize Fg &>CO of bound!3CO as a function of polar and steric effects

n* back-bonding, while the FeQunit is strongly bent. of the distal organic superstructure and constraints
Initial attention focused on this bent versus linear di- of the proximal side. Also, it was hoped that these
chotomy and on the possibility that the CO binding NMR measurements might lead to a possible corre-
is inhibited by steric interactions that impede a linear lation with NMR data of heme proteins, vibrational
geometry (Collman et al., 1976, 1983b). Indeed, this frequencies and geometric information (e.g. the Fe-C-
has become a classic example of the relation betweenO bond angle and C-O bond length derived from X-ray
structure and function in proteins (Stryer, 1988). More diffraction measurements).
recently, emphasis has been given to polar interac-
tions in the binding pocket (Oldfield et al., 1991; Park
et al.,, 1991; Ray et al.,, 1994). Li and Spiro (1988) Materials and methods
have interpreted an inverse correlation betweg®r
O) andv(Fe-C) in terms of back-bond donation from Sample preparation
the iron atom. Oldfield et al. (1991) and Kushkuley The iron(lll)-porphyrin-superstructure complexes in
and Stavrov (1997) emphasized the role of electrosta-the chloride form were synthesized and characterized
tic influences on isotropic chemical shifts, quadrupole by the methods described previously (Almog et al.,
coupling constants and vibrational frequencies in CO- 1975; Collman et al., 1983a; Momenteau et al., 1987;
heme proteins. They suggested that the electrical po-E|-Kasmi et al., 1993). The complexes were treated
larization and back-bonding concepts can provide a in dichloromethane solution. After deoxygenation by
plausible molecular interpretation of both NMR and flushing with pure argon, the sample was reduced to
IR data of hemoproteins. the iron(Il) form using agueous sodium dithionite so-
One-bond’Fe+3C coupling constantsgrge_130), lution. After separation of the two phases, the organic
13C shieldings §(*3C)), and 80 isotope effects on  layer of the reduced compound was transferred un-
13C shielding tA¥3C(*80/1%0)) can be considered as  der argon into a second vessel containing an excess
obvious candidates which might provide a more com- of either 1-methylimidazole or 1,2-dimethylimidazole.
plete analysis of the nature of Fe-CO bonding. There The resulting powder obtained after removal of the

have been, to date, only twdFe-3C coupling con-  aqueous phase and subsequent evaporation of the or-
stant studies of heme proteins and model compoundsganic solvent was then loaded into a glass ampule,
(La Mar et al., 1978; Collman et al., 1983a). THE connected to a vacuum pump, and evacuated at room

shieldings of CO in heme proteins were shown to be temperature for 3 h at a pressure of tGorr. The
linearly related to the weighted averages of the mul- sample was dissolved in deuterated dichloromethane
tiple CO vibrational frequencies, demonstrating that and transferred under argon into the NMR tube via
8(*3C) can provide important information on ligand a stainless steel tub&3CO (99.7% enriched it3C

Abbreviations Hb, hemoglobin; Mb, myoglobin; 1-Melm, 1-methylimidazole; 1,2-diMelm, 1,2-dimethylimidazdie;a-5,15-[2,2-
(dodecanediamido)diphenyd}e-10,20-bis6-pivaloylamidophenyl)porphyrin; B, «-5,15-[2,2-(decanediamido)diphenyt];a-10,20-bis¢-
pivaloylamidophenyl)porphyrin;C, a-5,15-[2,2-(octanediamido)diphenybs;a-10,20-bis6-pivaloylamidophenyl)porphyrin;D, 5,10,15,20-
(v, 0,01,00)-(0-pivaloylamidophenyl)porphyrink, 5,10,15-(1,3,5-benzenetriacetyl)-teis{,a-0-aminophenyl)-20-o-pivaloylamidophenyl)
porphyrin; F, a-5,15-[2,2-(dodecanediamido)diphenyl]8-10,20-{2,2-(5-imidazol-1-yInonane-1,9-diamido)diphenyl}porphyriG, 5,10,
15,20-[pyrromellitoyl(tetrakis-oxyethoxyphenyl]porphyrinH, 5,10,15,20-[pyrromellitoyl(tetrakis-oxypropoxyphenyl]porphyrin|, 8, 18-
bis-(methylpropoxyl)-3,7,13,17-tetramethyl-2,12-(tetradecamethylene)porphyrin.
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G(1-MeIm)  m=2,Ry=H 1(1-Melm) Ri=H
G(1,2-diMelm) :n=2, Ry=CHj3 I(1,2-diMeIm) R;=CHj
H(1-Melm)  ::n=3,R;=H

H(1,2-diMeIm) :n=3, R1=CH3

Mb’s Active Site

Figure 1. Schematic structures of the heme model compounds studied in this work; the active site of Mb is also included for comparison.



426

|<-‘Js1“_uc —
24x
\/‘vi
[a— T L |
ppm 205.4 205.2
—T — T —
ppm 204.6 204.4
X
T T S A—
ppm 184.8 184.6 184.4

Figure 2. 13C NMR spectra of thel3CO complexes (99.7%
enriched in 13C and 11.9% in180) of the heme models:
(A) B(1-Melm) and (B) E(1,2-diMelm), saturated solution in
CDyClp, at 273 K using a Bruker AMX-400 instrument, ady

~ 0.8 s, number of scans 5000, after resolution enhancement by
a Gaussian-exponential function. (C) THC NMR spectrum of
free 13CO in solution. The arrows denote thas7-, 13 coupling

constant. The asterisks denote tH¥© isotopically shifted!3C
resonances.

and 11.9% in*80O; Euriso-top, group CEA (Saclay,
France)) under atmospheric pressure was then intro-
duced to the sample to form the carbonylated deriva-
tive and the NMR tube was sealed under a pressure of
~1 atm.

NMR spectra

13C NMR spectra were obtained at 100.62 MHz
with a Brilker AMX-400 instrument equipped with

a high-resolution probe (5 mm sample tubes). The
chemical shifts were determined relative to the reso-
nance position of the solvent (GBI, ~ 53.8 ppm).
Solvent suppression was achieved by selective irra-
diation. Overlapping resonances were resolution en-
hanced by multiplication of the free-induction decay
with a Gaussian-exponential function. This function
has the form exp(—bt?), wherea (>0) and b &0)

are adjustable parameters.

Results and discussion

Effects of distal site polarity and central steric
hindrance (Fe-C-O bond angle) dids7x,_13¢, 5(*3C)
and1A13C(180/160)

Figure 2A shows a typicai®C spectrum of thé3CO
complex of the ‘hybrid’ modeB(1-Melm). The NMR
spectrum consists of a central peak due toffre-13C
moiety and two satellites due to the one-béffee-13C
coupling constant. The relative integral of the center
peak compared to that of the two satellites agrees well
with the expected one for the natural abundance of
2.2% of the®’Fe isotope. The results of analyzing the
isotropic chemical shiftsy(*3C)) and J7gq 13 on all

the complexes studied are shown in Table 1. Itis found
that there is normally no difference in isotropic chemi-
cal shifts and one-bortdFe-13C couplings at 298 and
273 K.

The 3C-labelled carbon monoxide from commer-
cial sources normally has a considerable enrichment
in 180 content, which makes it possible to obtain
information on180 isotope shifts of the same sam-
ple. Figure 2 shows typicdC NMR spectra of the
13C0 (99.7% enriched i¥*C and 11.9% if80) com-
plexes with the heme model compouri8id-Melm)
andE(1,2-diMelm). The asterisks denote tH® iso-
topically shifted3C resonances. From Table 1 it is
evident that while the one-bondszg, 13c coupling
constants are practically independent of the nature of
both the axial ligand and distal protecting chain, the
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Table 1.13C shieldings §(*3C)), 5’Fe13C spin couplings ¥3s7¢, 13¢), 180 iso-

tope shifts ort3C shielding £ A13C(18/160y)), C-O vibrational frequencies(C-0)),
and shielding anisotropieg) of the Fe-C-O unit in the superstructured hemoprotein
models of Figure 1

Compound 8(13C) k713 1al¥c@®®1%0) v(c-0) 7?2

(ppm)  (Hz) (ppb) (et
A(1-Melm) 2050 26.8 27.0 1988  0.00
A(1,2-diMelm)  205.6  28.0 0.11
B(1-Melm) 2053 27.6 26.5 1982
B(1,2-diMelm)  205.6  27.6
C(1-Melm) 206.0 26.8 26.0 1988  0.07
C(1,2-diMelm) 206.2  27.2 0.10
D(1-Melm) 2047 275 29.8 1969 0.07
D(1,2-diMelm) 2050  26.3 27.0 1962
E(1-Melm) 2046 274 28.0 1964 0.18
E(1,2-diMelm) 204.% 26.C° 26.6°

2048 25.0 27.4 0.15
F9 2039 282 29.7 1971

2044 272 28.9
G(1-Melm) 2021 272 315 2002 0.12
G(1,2-diMelm)  202.2  26.4 1999 0.16
H(1-Melm) 203.0 272 32.0 1979
H(1,2-diMelm) 203.1 265 1084
[(1-Melm) 2049 26.8 26.5 0.20
I(1,2-diMelm) 2054  27.0 0.19

& Gerothanassis et al. (1996).
b Desbois et al. (1989).

€ Collman et al. (1976).

d Ray et al. (1994).

€ a-atropisomer.

f B-atropisomer.

9 Two conformers (see text).
h Hashimoto et al. (1982).

13C shieldings and, to a lesser extelfD isotope ef-  without tilting (Table 2). Moreover, the iron atom lies
fects on the'3C shielding {A13C(18/160)) indicate a  almost in the plane formed by the porphyrin nitrogens,

significant variation. but is slightly displaced from the 24-atom core mean
The so-called ‘hybrid’ model&\—C have two pi- plane towards the 1-Melm ligand.
valamido pickets (as in the ‘picket fence’ porphyrin The ‘hybrid’ modelsA-C have amide links, with

D) on each side of an amide handle of variable length the four N-H dipoles turned toward the iron atom. The
linked in a cross-trans configuration. The X-ray struc- distance of the secondary amide group of the chain and
tures of the ‘hybrid’ complexe# (1-Melm) (Ricard the CO ligand, NH)- - -O(C), is 4.60 A for model,

et al., 1986) and(1-Melm) (Tetreau et al., 1994) thus providing an environment of positive polarity for
show that the Fe-C-O unit is both linear and normal the CO ligand. This polar interaction can be increased
to the mean porphyrin plane. All contacts between via the steric constraint of a short strap. Thus, an in-
the terminal oxygen atom and the aliphatic bridging crease in the polar interaction might be expected for
chain are longer than 4 A and the distance between the C(1-Melm) model, with an KH) (amide) - -O(C)

the porphyrin mean plane and the aliphatic bridging distance of 3.99 A, compared to that of the modigl-
chain is>8.4 A (Table 2). For comple(1-Melm) Melm) and the ‘picket fence’ modé& with an N(H)

the X-ray structural data (Tetreau et al., 1994) show a (amide) - -O(C) distance of 4.90 A. This distal polar
very small bending of the Fe-C-O unit & 1783°) and electric field effect can be schematically pictured
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Table 2. Structural features and rates of CO desorptio‘nC(R) for CO binding with the heme model compounds of Figure 1

Compound c-0 Fe-C Fe-M Shortest NH Fe-C-O angle 3k6© (s™1)
bond length (A)  bond length (A)  distarR€d)  (amide) - -O(CO) (&) )

A(1-Melm) 1.149(6) 1.728(6) 8.43 4.60 186.0 2.7

A(L,2-diMelm) 116

B(1-Melm) 1.149(6) 1.752(4) 6.81 4.42 178.9 2.0°

B(1,2-diMelm) 50°

C(1-Melm) 1.149(6) 1.733(4) 6.53 3.99 178.3 8.%°

C(1,2-diMelm) 80°

D(1-Melm) 4.9¢ 7.8

D(1,2-diMelm) 148

E(1-Melm) 8.6

E(1,2-diMelmf  1.148(7) 1.768(7) 5.36 3.76 172.5 55.0

F 6.7

G(1-Melm) 1.161(8) 1.742(7) 5.57 174.9 50K
1.159(8) 1.748(7) 5.68 174.9

G(1,2-diMelm)

H(1-Melm) 1.107(13) 1.800(13) 5.86 178.0

H(1,2-diMelm)

[(1-Melm) 110"

1(1,2-diMelm) 560™

aFe-M is the distance between the centroid of the distal cap or strap and the Fe atom; it defines the distal pocket size.
b Ricard et al. (1986).

C Tetreau et al. (1994).

d Estimated from the analogous untethered-picket distances in the crystal strucfeMelm)(CO).

€ Collman et al. (1976).

f Collman et al. (1983a).

9 g-atropisomer (Kim et al., 1989).

_h Lavalette et al. (1984).

! These are two independent Fe¢Cap)(1-Melm)(CO) molecules within the asymmetric part of the unit cell.
)} Kim and Ibers (1991).

k Hashimoto et al. (1982).

I Slebodhnick et al. (1996).

M El-Kasmi et al. (1993).

by considering the resonant structures of the FeCO A 2e?h? < _3> [1_ P pr

group: % = 3m@AE '@ 270" Yo¥o
Fe —C=0"+"H <« Fe=C=0" — H _32p P;CyzFe] @)
@ (b)
< Fe=C=04%H where B, is the C-Fe(g,) n-bond order, andg?zge
© 1) is the C-Fe(d) o-bond order, B, and B}, are the

" . C-0O o-bond order andt-bond order, respectively. It
A positive potential near the CO carbon atom, as can be shown that back-donation will result in a
would be the case of the NH dipoles of the amide .. ease in the C-@-bond order (B, ) and an in-

links, will favor resonancé(c) (a decrease in the C-O crease in the Fe-G-bond order (?ycz:)- Since the
C e

n-bond orde_r and an increase in the Fef(bondsor- o-bond orders P, and P, are negative, this wil

der). According to Buchner and Schenk (1982)3C) i oo U T _

in most transition metal complexes can be expressed'€Sult in a decrease in theP; ; Py, term and an in-
crease inthe-P° , PT term. If there is significant

in terms of both C-O and Fe-C multiple bonding 2022, YeyZre
(Equation 2): nt bonding between the metal and the carbonyl ligand,
the increase will be larger than the decrease, and there



will be a deshielding contribution in Equation 2. This

is in agreement with the experimental data of Table 1.
The'0 isotope effects on the’C shielding of the

complexesA, B andC are very similar, 2.6-2.7 Hz
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rent shielding should be:0.3 ppm. The significantly
different (*3C) value forG(1-Melm) very probably
results from the nature of the linkages from the por-
phyrin to the benzene cap. In & ap’ there are no

(26—-27 ppb), and are smaller compared to the valuesNH groups to provide positive polarity near the CO
(~38 ppb) measured in a series of metal carbonyls group and the lone pairs of the oxygen of the ester
(Darensbourg and Baldwin, 1979). As expected, upon groups provide negative polarity (Ray et al., 1994).
substitution with a heavier isotop€Q) the3C NMR Therefore, one would expect an increase initieond
signal shifts towards lower frequencies (higher shield- order and thus a decreasesi#°C). Furthermore, the
ing). The X-ray structures of the complex@¢Ricard 1t electron cloud of the benzene ring is expected to
et al., 1986),B and C (Tetreau et al., 1994) show inhibit back-donation from the Fe(ll),dto the COxn*
identical, within experimental error, C-O bond lengths orbital due to the small distance between the center
(Table 2). of the benzene ring and the CO oxygen2(77 and
The13C NMR spectrum of the so-called ‘hanging 2.80 A for the two independent molecules in the cell).
imidazole’ modeF, which has two NH dipoles turned The above arguments are supported by the fact that
toward the Fe-C-O unit, indicates the existence of two when the linker arms are extended by one methylene
distinct resonances 8fCO bound to iron with differ- group, as irH(1-Melm), the shielding decreases=£
ences between the two magnetic environmets=( 2030 ppm) owing to attenuation of the benzene cap
2039 and 204.4 ppm). These resonances, with rela- interaction. Interestingly, the X-ray structure of Fg{C
tive population~2:1, may be attributed to two forms  Cap)(1-Melm)(CO) indicates an untwisting of the cap
of the model compound with two orientations of the which, in combination with the reorientation of the
axial imidazole which differ from each other by 180  arms, causes a vertical expansion of the cap by 2.36 A
(Kalodimos et al., 1997). Thigkzg,_13¢ values of both (~5.86 A above the mean porphyrin plane) to accom-
conformers are very similar to those observed for the modate CO, from 3.5 A in B{C3-Cap) (Slebodnick et
other amide handle bearing heme model compoundsal., 1996).
of Table 1. For the ‘strapped’ model, no X-ray structure is
For the G(1-Melm) complex, in which a ben- available. For'3CO there is a significant increase in
zene cap is attached by carboxylate links and a pair the asymmetry of the shielding tensor in the solid
of methylene groups to the four hydroxyl groups of (n ~ 0.20) relative to the complexes &, B and
tetrakisp-hydroxylphenyl)porphyrin, the refined X- C (n varies between 0.00 and 0.07), which suggests
ray crystal structure shows the presence of two crystal- that there may be increased bending of the Fe-C-O
lographically independent porphyrin molecules (Kim unit in this complex (Gerothanassis et al., 1996). It
and Ibers, 1991). The Fe-C-O groups are distorted is interesting to note that this sample also has a signif-
from linearity (172.9 and 175.9, Table 2), being icantly higher rate of CO desorptionk®) than the
tilted off the axis normal to the porphyrin (off-axis other model compounds in this study (Table 2), which
displacement for the carbon atoms being 0.17 and results in extensive broadening of both €0 and
0.12 A, respectively). These distortions result from 13CO resonances at room temperature. The most likely
short non-bonding interactions between the cap and reason for any increased bending would be strong cen-
the CO ligand. The cap is no longer parallel to the tral steric interactions with the distal protecting chain.
porphyrin plane and the porphyrin distortion is very Contrary to expectation, however, no difference in the
small, presumably because of the constraint of the J7r, 13cvalue is observed. Furthermor&(!3C) is
cap. Only a singl&3C isotropic resonance is observed consistent with a significant degree in back-bonding
for G(1-Melm), which shows that the interconversion despite the absence of a distal amide group. As dis-
rate of the two conformations is, presumably, fast on cussed by Li and Spiro (1988), FeCO bending should
the NMR time scale. The very significant shielding strongly decrease back-bonding. The electronic effect
of the 13C resonance$( = 2021 ppm) compared of FeCO tilting and porphyrin ruffling are more diffi-
to the other heme models cannot be attributed to the cult to predict, but an increase in back-bonding is not
ring current effect of the aromatic cap. The distance an obvious result. As discussed in detail by Ray et al.
between the center of the benzene ring and the CO (1994), back-bonding is also influenced by variations
carbon is 3.93 and 3.96 A for the two independent in the electron-donating tendency of the substituents
molecules in the cell; therefore, the expected ring cur- of the porphyrin ring. Thus, complexes based on
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substituted tetraaryl porphyrins are generally found electronic interactions are released in superstructured
lower on the back-bonding correlation than adducts heme model compounds and hemoproteins. Interest-
based on g-alkyl-substituted porphyrins. The alkyl ingly, L)7pe 13c of 13C-labelled isocyanides bound
substituents are electron donating and enhance backto myoglobin and synthetic porphyrins were found to
donation, while the phenyl substituents are electron be susceptible neither to variation of the alkyl rest R
withdrawing and decrease back-donation. at the RNC ligand nor to the presence of the globin
(Morishima et al., 1979). In contrasfC shows a con-

Steric effects of proximal imidazole sistent deshielding of the 1,2-diMelm adducts which
The introduction of a methyl group in the 2-position varies between 0.1 and 0.6 ppm (Table 1). This is
of the axial imidazole increases the rate of carbon consistent with the expected strengthening of the Fe-C
monoxide dissociation by a factor of 5-40 (Table 2) bond when the axial imidazole bond is weakened by

and the CO affinities are decreased by a factor of
20-100. The steric bulk, therefore, of the axial li-

the proximal steric hindrance.

gand provides model compounds of the so-called tenseCorrelations betweeb(*3C), 1A3C(18/160) and

(‘T’) state of hemoproteins. Unfortunately, thus far
there has only been one single-crystal X-ray structure
determination on such a complex. Kim et al. (1989)
have reported the X-ray crystal structure of the
atropisomer ofg(1,2-diMelm) (in which the fourth
picket group is in the ‘down’ position). The Fe-C-O
bond angle was found to be 172.8able 2) and the
off-axis displacements of the C and O atoms are 0.18
and 0.38 A, respectively. The modest distortion of the
Fe-C-O unit is accompanied by considerable ruffling
of the porphyrin periphery and significant shifting of
the benzene ‘cap’ away from the bound CO ligand.
Moreover, the Fe atom is only 0.001 A out of the

24-atom least-squares plane towards the CO ligand
and the Fe-C bond length appears to be longer com-

pared with the 1-Melm adducts. During our synthesis
of E(1,2-diMelm), we observed that botlx and p-
atropisomers exist in solution, with relative integrals
3 to 2 (Figure 2). Although the X-ray crystal struc-
ture of theB-atropisomer of th&(1,2-diMelm) adduct
shows very similar FeCO geometries to that of the
G(1-Melm) model, involving a small amount of bend-
ing and tilting, their3C shieldings are very different.
These contrasting patterns can be attributed to the dif-
ferent polar interactions of the bound CO in the two
adducts. In the ‘PocPiv’ adduct, the oxygen atom is in
close contact with one of the amide NH groups. This
positive polar interaction increases back-bonding.
Comparison of the results for the 1-Melm and 1,2-
diMelm complexes of the porphyring\{l) surpris-
ingly shows no significant differences in th&7,_13c
values despite higher rates of CO desorption being
observed for the 1,2-diMelm adducts and the ex-
pected lengthening of the Fe-C bond length. In con-
clusion, the®’Fe13CO couplings, contrary to earlier
claims (La Mar et al., 1978), are not accurate moni-
tors of the multiple mechanisms by which steric and

v(C-0O) — Comparison with hemoproteins

Several workers (Paul et al., 1985; Li and Spiro, 1988;
Oldfield et al., 1991; Ray et al., 1994) have noted
a negative correlation betwe@(3C) versusv(C-O)
andv(C-O) versusy(Fe-C) for a variety of metal car-
bonyl adducts and have discussed this effect in terms
of back-bonding in the FeCO unit. Whe'3C) is
plotted against(C-O) for the CO adducts of the super-
structured heme model compounds of Table 1, a linear
correlation is observed, corresponding to the solid line
drawn in Figure 3. The relation can be expressed as

3(*3C, ppm) = —0.0721v(C-O, cm™ 1Y) + 3462

with a correlation coefficient of 0.967.

From the above, it is evident that strong back-
bonding decreases the C-@-bond order and in-
creases the deshielding f5tC while simultaneously
decreasing(C-0). If this ‘back-bonding’ model, used
previously by Li and Spiro (1988), is correct, then
one would predict a monotonic relation between
1A13c(18/160), which is one monitor of the C-O bond
length (Jameson and Osten, 1985), and b¢tAC)
and v(C-0O). Figures 4 and 5 show linear relation-
ships betweeAA3C(18/160) as a function o8(13C)
and v(C-0), the actual values used being shown in
Table 1. We now have the following two additional
relationships for heme model compounds:

IABC*8/180, pph) = —1.8918(*°C, ppm) + 4151
with a correlation coefficient of 0.874 and
IABC8/180, ppb) = 0.1312(C-0O, cm™1) — 2295

with a correlation coefficient of 0.832.
When the!®0 isotope shifts{A13C(1¢/160), ppb)
are plotted against crystallographic CO bond lengths
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Figure 3. Plot showing the relation betwedAC NMR isotropic chemical shiftﬁ(13C), ppm) and infrared CO vibrational stretching frequency
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E(1-Melm); f, D(1-Melm); g,F; h, H(1-Melm); i, H(1,2-diMelm); j, G(1,2-diMelm); k,G(1-Melm).
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(8(130), ppm) for heme model compounds. Data points are as followG(&Melm); b, H(1-Melm); c and dF (two conformers, see text);
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Figure 6. Plot of crystallographic r(C-O) (A) versudsal3c(18/160) (ppb) of thel3CO complexes for heme model compounds. The vertical
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Figure 7. Plot showing the relation betweériC isotropic chemical shifts(l?’C), ppm) and infrared CO vibrational stretching frequency
(v(C-0), cnt 1) for heme model compounds and a variety of hemoproteins (Potter et al., 1990; Park et al., 1991). Data points are as follows: 1,
horseradish peroxidase isoenzyme C,B.4; 2, horseradish peroxidase isoenzyme A=D.8; 3, rabbit | Hba subunit; 4, rabbit Il Hbp

subunit; 5, sperm whale Mb; 6, equine Mb; 7, bovine Mb; 8, opossunutshpunit; 9, guinea pig Hl, subunit; 10, bovine Hhy subunit; 11,

horse Hbg subunit; 12, HbZng subunit; 13, rabbit Hby subunit; 14, jackrabbit Hiy subunit; 15C(1-Melm); 16, bovine Hbg subunit; 17,

guinea pig Hbp subunit; 18, rat Hb; 1%-chain from HbA, pH= 7.2; 20, opossum HIg subunit; 21, HbAB subunit, pH= 7.4; 22, rabbit |

Hb, B subunit; 23, HbAp subunit, pH= 4.6; 24, HbA,$ subunit, pH= 4.6; 25, HbZn g subunit, pH= 7.7; 26,B(1-Melm); 27,A(1-Melm);
28,D(1,2-diMelm); 29,E(1-Melm); 30,D(1-Melm); 31,F; 32, H(1-Melm); 33,H(1,2-diMelm); 34,G(1,2-diMelm); 35,G(1-Melm).

(r(C-0), A), then, paradoxically, no correlation is ob- with a correlation coefficient of 0.955. The use of
served (Figure 6). It is also particularly surprising that weighted-average(C-O) is required since hemopro-
the C-O bond length of the Feg&Cap)(1-Melm)(CO) tein subunits exhibit absorbance at more than one
model is shorter{1.107 A) compared to other model  frequency and yet have only one NMR resonance (Pot-
compounds of Table 2 (average distane®.150 A) ter et al., 1990). This can be explained in terms of
while that of the Fe(gCap)(1-Melm)(CO) model is  a rate of interconversion among conformers that is
longer (1.161 and 1.158 A). Thus, it appears that greater than the NMR time scale {0~* s). Thel3C
the lack of correlation betweehA3C(1#/160) and resonances of heme proteins cover a 3.5 ppm range
crystallographic CO bond lengths reflects significant and the computed weighted-average vibrational fre-
uncertainties in the X-ray determination of the carbon quencies vary by 45 cnt. This range is extended to
and oxygen position (ESDs of ¢3:0.01 A). 7.0 ppm when thé3C shieldings of the heme mod-
The aboves(13C) versusv(C-O) correlations ap-  els are included. This demonstrates that both heme
pear significant in view of the large number of model models and heme proteins are homogeneous from the
compounds involved. This suggests an alternative way structural and electronic viewpoint.
for comparing the trends in ligand binding in differ- Horseradish peroxidase (HRP) exhibits the most
ent heme model families with those of heme proteins. deshielded'3CO resonances observed in hemopro-
When several HbCO species at different pH values teins and model compounds (points 1 and 2 in Fig-
and three different MbCO species are included in ure 7). It has been suggested that the negative charge
the 8(*3C) versusv(C-O) correlation, this remains  on the terminal Fe-CO oxygen atom increases, in com-
essentially linear (Figure 7) and can be expressed as parison with HbCO, since the anionic proximal imida-
5(13C. ppm) = —0.0921(C-O, cm™Y) + 3860 zolate ligand accelerates the polarization of the distal
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CO ligand. In addition, the strong hydrogen bond of
the bound CO with the distal histidine residue en-
hances back-donation from the Fe (Tokita and Nakat-
suji, 1997). MbCO and HbCO show greater back-
bonding than the site-directed mutants with non-polar
distal E7 residues, e.g. glycine, valine or phenylala-
nine (Morikis et al., 1989), because the distal histi-
dine, or glutamine in elephant Mb (Lin et al., 1990),
provides a positive polar interaction for the bound CO.

Our results, therefore, favor the conclusion of Old-
field et al. (1991), Park et al. (1991) and Ray et
al. (1994) that the main mechanism determining the
change in8(*3C) andv(C-O) of the CO coordinated
to heme proteins and their models is of dipolar and
electrostatic nature with distal residues.

Conclusions

We have presentet/Fe13C(O) coupling constants,
13C shieldings and®0 isotope effects oA°C shield-
ings of several carbon monoxide (99.7%C and
11.8%*80 enriched) hemoprotein models with vary-
ing polar and steric effects of the distal organic
superstructure and constraints of the proximal side.
Polar interactions in the binding pocket and mod-
ulation of Fe->CO back-donation appear to have
a very significant effect or8(*3C), moderate ef-
fect on 1A13C(®160) and little direct effect on
L%7ge_13ccouplings. Thé3C shieldings of heme mod-

els cover a 4.0 ppmrange which is extended to 7.0 ppm

when several HbCO and MbCO species at different pH
values are included. The excellent lindrC) versus

heme proteins. It is therefore possible to estimate the
relative importance of electronic and stereochemical
parameters which contribute to the overall activity of
heme proteins.

Acknowledgements

This research was supported by the Greek General
Secretariat of Research and Technology, a Franco-
Hellenique Collaborative Research Grant, FEBS

(summer term fellowship to C.G.K.) and the Greek

Scholarship Foundation (Ph.D. research fellowship to
C.G.K)).

References

Almog, J., Baldwin, J.E. and Huff, J.R. (1973) Am. Chem. Saqc.
97, 227-228.

Buchner, W. and Schenk, W.A. (1982) Magn. Reson48, 148—
151.

Collman, J.P., Brauman, J.l., Halbert, T.R. and Suslick, K.S. (1976)
Proc. Natl. Acad. Sci. USA3, 3333-3337.

Collman, J.P., Brauman, J.l., Collins, T.J., lverson, B.L., Lang, G.,
Pettman, R.B., Sessler, J.L. and Walters, M.A. (1988am.
Chem. So¢.105 3038-3052.

Collman, J.P., Brauman, J.l., lverson, B.L., Sessler, J.L., Morris,
R.M. and Gibson, Q.H. (1983i) Am. Chem. Socl105 3052-
3064.

Darensbourg, D.J. and Baldwin, B.J. (1939Am. Chem. Socl01,
6447-6449.

Desbois, A., Momenteau, M. and Lutz, M. (1988prg. Chem. 28,
825-835.

Dickerson, R.E. and Geis, I. (198Bemoglobin: Structure, Func-
tion, Evolution and PathologyBenjamin/Cummings, Menlo
Park, CA.

v(C-0) relationship proves that both heme models and El-Kasmi, D., Tetreau, C., Lavalette, D. and Momenteau, M. (1993)

heme proteins are homogeneous from the structural

and electronic viewpoint. The extensi$€3C) and

v(C-O) data on heme proteins and synthetic models

suggest that there is little direct correlation between
8(*3C) and Fe-C-O geometry. The major factor gov-
erning both(*3C) andv(C-O) appears to be the elec-
trostatic field surrounding the bound ligand and not
steric hindrance. Positive polar interactions of bound
CO with distal residues decrease the Geond or-
der, resulting in an increased(°C) and a decrease in
v(C-0). Elimination of polar interactions reverses the
above effects.

Though much remains to be done to understand

in greater detail the implications of the correlations

J. Chem. Soc., Perkin Trans. 2799-1803.

Gerothanassis, |.P. (199B)og. NMR Spectrosc26, 239-292.

Gerothanassis, I.P., Momenteau, M., Barrie, P.J., Kalodimos, C.G.
and Hawkes, G.E. (1996)org. Chem.35, 2674-2679.

Hashimoto, T., Dyer, R.L., Crossley, M.J., Baldwin, J.E. and
Basolo, F. (1982). Am. Chem. Socl04, 2101-2109.

Jameson, C.J. and Osten, H.-J. (1985Am. Chem. Soc107,
4158-4161.

Jameson, G.B. and lbers, J.A. (1994)Bivinorganic Chemistry
(Eds., Bertini, 1., Gray, H.B., Lippard, S. and Valentine, J.S.),
University Science Books, Mill Valley, CA, pp. 167-252.

Kalodimos, C.G., Gerothanassis, |.P., Troganis, A. and Momenteau,
M. (1997) In Spectroscopy of Biological Molecules: Modern
Trends (Eds., Carmona, P., Navarro, R. and Hernanz, A.),
Kluwer, Dordrecht, pp. 77-78.

Kim, K., Fettinger, J., Sessler, J.L., Cyr, M., Hugdahl, J., Collman,
J.P. and Ibers, J.A. (1989) Am. Chem. Socl11, 403-405.

Kim, K. and Ibers, J.A. (1991). Am. Chem. Socl13 6077-6081.

observed, the biomimetic chemical approach to heme Kushkuley, B. and Stavrov, S.S. (198ipphys. J.72 899-912.

protein systems provides a convenient means for com-

paring model families with each other and with the

La Mar, G.N., Viscio, D.B., Budd, D.L. and Gersonde, K. (1978)
Biochem. Biophys. Res. Comm8g, 19-23.



Lavalette, D., Tetreau, C., Mispelter, J., Momenteau, M. and Lhoste,
J.-M. (1984)Eur. J. Biochem.145 555-565.

Li, X.-Y. and Spiro, T.G. (1988)). Am. Chem. Soc110, 6024—
6033.

Lin, S.-H., Yu, N.-T., Tame, J., Shih, D., Renaud, J.-P., Pagnier, J.
and Nagai, K. (1990Biochemistry 29, 5562-5566.

Momenteau, M. (1986Pure Appl. Chem58, 1493-1502.
Momenteau, M., Loock, B., Tetreau, C., Lavalette, D., Croisy, A.,
Schaeffer, C., Huel, C. and Lhoste, J.-M. (1987hem. Soc.,

Perkin Trans. 2249-257.

Momenteau, M. and Reed, C.A. (1992hem. Rey94, 659-698.

Morikis, D., Champion, P.M., Springer, B.A. and Sligar, S.G. (1989)
Biochemistry28, 4791-4800.

Morishima, I., Hayashi, T. and Yonezawa, T. (1929Chem. Soc.,
Chem. Commun483-485.

Oldfield, E., Guo, K., Augspurger, J.D. and Dykstra, C.E. (1991)
Am. Chem. Sogl113 7537-7541.

Park, K.D., Guo, K., Adebodun, F., Chiu, M.L., Sligar, S.G. and
Oldfield, E. (1991)Biochemistry 30, 2333—-2347.

Paul, J., Smith, M.L. and Paul, K.-G. (198Bjochim. Biophys.
Acta, 832 257-264.

435

Perutz, M.F., Fermi, G., Luisi, B., Shaanan, B. and Liddington, R.C.
(1987)Acc. Chem. Res20, 309-321.

Potter, W.T., Hazzard, J.H., Choc, M.J., Tucker, M.P. and Caughey,
W.S. (1990)Biochemistry 29, 6283-6295.

Ray, G.B., Li, X.-Y., Ibers, J.A., Sessler, J.L. and Spiro, T.G. (1994)
J. Am. Chem. Socl16, 162-176.

Ricard, L., Weiss, R. and Momenteau, M. (1986)Chem. Soc.,
Chem. Commun818-820.

Slebodnick, C., Fettinger, J.C., Peterson, H.B. and Ibers, J.A. (1996)
J. Am. Chem. Sacl18 3216-3224.

Springer, B.A,, Sligar, S.G., Olson, J.S. and Phillips Jr., G.N. (1994)
Chem. Rey94, 699-714.

Stryer, L. (1988)Biochemistry Freeman, San Francisco, CA.

Tetreau, C., Lavalette, D., Momenteau, M., Fischer, J. and Weiss,
R. (1994)J. Am. Chem. Sacl16, 11840-11848.

Tokita, Y. and Nakatsuji, H. (1997. Chem. Phys. Bl01, 3281—
3289.

Wasylishen, R.E., Friedrich, J.O., Mooibroek, S. and Macdonald,
J.B. (1985)J. Chem. Phys83, 548-551.



