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13C cross-polarization magic-angle-spinning (CP/MAS) NMR spectra of several carbonmonoxie@9¢a33C
enriched) hemoprotein models with 1,2-dimethylimidazole (1,2-diMelm) and 1-methylimidazole (1-Melm) as
axial ligands are reported. This enables @O spinning sideband manifold to be measured and hence the
principal components of th€CO chemical shift tensor to be obtained. Negative polar interactions in the binding
pocket of the cap porphyrin model and inhibition of F€O back-donation result in a reduction in shielding
anisotropy; on the contrary, positive distal polar interactions result in an increase in the shielding anisotropy and
asymmetry parameter in some models. It appears that the axial hindered base 1,2-dimethylimidazole has little
direct effect on the local geometry at the CO site, despite higher rates of CO desorption being observed for such
complexes. This suggests that the mechanism by which steric interactions are released for the 1,2-diMelm
complexes compared to 1-Melm complexes does not involve a significant increase in bending of Ge®e

unit. The asymmetry of the shielding tensor of all the heme model compounds studied is smaller than that found
for horse myoglobin and rabbit hemoglobin.

Introduction mechanistic basis of the variation of affinity values in heme
proteins and model compounds. This has focused on the nature
of the axial ligand, distal steric effects, distal polar effects, and
the enforced doming (conveniently measured by the difference
in displacement of the four pyrrole nitrogen atoms and the 24-
atom core) and ruffling (indicated by the displacements of the
meso carbons relative to the porphyrin core mean plane) of the
porphyrin skeleto5.9-12

It is usually assumed that the F€—O unit prefers a linear
geometry, in order to maximize Feg-¢CO z* back-bonding,
while the FeQ unit is strongly bent. Initial attention focused
on this bents linear dichotomy and on the possibility that the

The reversible binding of dioxygen and carbon monoxide has
played a central role in studies of heme protein structure and
functionl=* As a result, numerous encumbered iron(ll) por-
phyrin models have been synthesized in an effort to elucidate
the structural details of small ligand bindiRgThe steric bulk
of certain axial ligands (e.g. 1,2-dimethylimidazole) bonded to
synthetic iron(ll) porphyrins provides model compounds of
reduced @and CO affinity, and models of the so-called tense
state (“T” state) of hemoproteifs. Unfortunately, thus far there
has only been one single-crystal X-ray structure determination
on such a complek. There has been much discussion on the
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CO binding is inhibited by steric interactions that impede a linear
geometryt315 More recently, emphasis has been given to polar
interactions in the binding pock&:2° Li and Spird’ have
interpreted an inverse correlation betweeg andveecin terms
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of back-bond donation from the iron atom. These authors

suggested that proton donors adjacent to the O atom of the bound

ligand enhance the degree of back-bonding, thus resulting in
an increase in the order of the F€ bond and a decrease in
the order of the €O bond. Oldfield and collaboratdfs20
emphasized the role of electrostatic influences on isotropic
chemical shifts, quadrupole coupling constants, and vibrational
frequencies in COheme proteins and free CO. They suggested
that the electrical polarization and back-bonding concepts can
provide a plausible molecular interpretation of both NMR and
IR data of hemoproteins.

Recently we have developed the uséf solid-state NMR
spectroscopy as a probe dfCO environment in carbon
monoxide hemoproteins and heme model compoéh#fsThe
13C shielding tensor of bound3CO may be obtained by
simulation of spectra obtained using magic-angle spinning
(MAS) at appropriate rates. The shielding tensor is expected
to be a sensitive probe of any electronic differences at the
13CO site between the complexes. In this paper, we report high-
resolution'3C solid-state NMR spectra on a number of hemo-
protein model compounds both with and without an axial

hindered base. Measurements were made on five different heme

models A—E) which either had 1-methylimidazolé-{Melm)

or 1,2-dimethylimidazole 1,2-diMelm) in the axial position
(see Figure 1). 1,2-diMelm in the axial position of five-
coordinate-iron complexes has significant steric interactions with
the porphyrin ring, and thus may push the iron atom out of the
porphyrin plane and induce an off-normal tilting of the
imidazole, modeling the “T” state of deoxyhemoproteiig3ac

On the other hand, there are less unfavorable steric interactions

with 1-Melm and so the iron atom is expected to be closer to
the porphyrin plane, modeling the high affinity “R” state of
deoxyhemoprotein¥'¢ Due to lack of knowledge of sufficient
structural data, the object of this work was to identify any
changes in thé3C shielding tensors of bountfCO in six-
coordinated-iron porphyrins as a result of varying the axial base
in this fashion. Also, it was hoped that these furthi& NMR

measurements might in due course lead to a possible correlation

of NMR data (e.g. the asymmetry parameter of'fiishielding
tensor) with geometric information (e.g. the #6—0O bond
angle derived from X-ray diffraction measurements).

Experimental Section

The iron (lll) porphyrin superstructure complexes in the chloride

form were synthesized and characterized by the methods described
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Abbreviations used : Mb, myoglobin ; Hb, hemoglobin ; 1-Melm,

1-methylimidazole; 1,2-diMelm, 1,2-dimethylimidazoks; 5,15-[2,2'-

(dodecanediamido)diphenydj;a-10,20-bis¢-(pivaloylamino)phenyl)-

porphyrin; B, 5,15-[2,2-(octanediamido)diphenyl},o-10,20-biso-

(pivaloylamino)phenyl)porphyrin C, porphyrin bridged with &

polymethylene “handle” in a cross configuratiorD; 5,10,15,20-

[pyromellitoyltetrakis6-(oxypropoxy)phenyl]porphyrin E, 5,10,15-

(1,3,5-benzenetriyltriacetyky; o, o-tris(o-aminophenyl)ei-20(0-piv-

alamidophenyl)porphyrin. Schematic structures of model porphyrins

are shown in Figure 1.
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Figure 1. Schematic structures of heme model compounds studied in
this work.

previously?25-28 The complexes were shaken in either dichloromethane
or toluene solution with an excess of aqueous sodium dithionite solution
under argon. After separation of the two phases, the organic layer of

(25) Momenteau, M.; Loock, B.; Tetreau, C.; Lavalette, D.; Croisy, A.;
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reduced compounds was transferred under argon into a second vessel

containing an excess of either 1-methylimidazole or 1,2-dimethylimi-
dazole. The resulting powders obtained after evaporation of the organic

solvent were then loaded into glass ampules, connected to a vacuum
pump, and evacuated at room temperature for 24 h at a pressure of

10 Torr. 3CO (93-99% enriched) under atmospheric pressure was
then introduced to the samples to form the carbonylated derivative after
diffusion of the3CO ligand. After 24 h, the glass ampules for the

NMR work were sealed under reduced pressure. Schematic structures

of the heme model compounds studied are shown in Figure 1.
Independent synthesis and preparation of two of the complexes were
also carried out in order to check for reproducibility of results.
The®C NMR spectra were obtained on the samples within the glass
ampules at a frequency of 75.47 MHz using cross-polarization (CP),
magic-angle spinning (MAS), and high-power proton decouptiffy
on a Bruker MSL-300 spectrometer. The interrupted decoupling
technique, also known as nonquaternary suppressioms used to
remove signals from thoS&€C nuclei with strong dipolar coupling to
IH nuclei in order to reduce overlap of peaks arising fré@O with
those arising from natural abundarié€ in the porphyrin. For some
samples, and myoglobin and hemoglobin in particular, the SELDOM
pulse sequence (selectivity by destruction of magnetiz&fiorgs used
to reduce further the problems of peaks overlap.
The spinning sideband intensities were simulated using an iterative
fit programme based on the method of Herzfeld and Berger to obtain
the principal components of the chemical shift ter’ét. It is widely

Gerothanassis et al.
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Figure 2. 13C CP/MAS NMR spectra of*CO complexes with (af-
(1-Melm), and (b)B(1,2-diMelm). The spectra were recorded with
40 us interrupted decoupling (NQS) at a spinning speed of 3540 Hz
using a contact time of 3 ms and a recycle delay of 2 s. The arrows
denote the isotropic resonance.

While the isotropic chemical shifts are practically independent
of the nature of both the axial ligand and the distal protecting
chain, the three independent principal componehnts d,,, and
033, do show some variation. Thus in the axial hindered base
complexA(1,2-diMelm) (which has two pivalamido pickets

recognized that analysis of spinning sideband patterns from sites close;ng an amide handle linked in a cross-trans configuration) there

to axial symmetry can be prone to quite large errors, and for this reason
spectra were normally obtained at three different spinning rates (in the
range 2.44.0 kHz). It was found that simultaneous fitting of the
spectra significantly reduced the uncertainties in shielding tensor
components. Calculated uncertainties represent 95% confidence limits,
but do not take into account spectral noise. The resulting parameters
are quoted using the convention tidat > d2, > d33, together with the
anisotropy,Ao, defined as §11 + 022)/2 — d33, and the asymmetry
parametery, defined as §22 — 011)/(d33 — diso) Where the isotropic
chemical Shiﬂ,(siso, is ((311 + (522 + (333)/3

Results and Discussion

Figure 2 shows typical*C spectra of thé3CO complexes
with heme model compounds, in this case samBldsMelm)
and B(1,2-diMelm), recorded using CP and nonquaternary
suppression. The results of analyzing the spinning sideband
intensities on all the complexes studied are shown in Table 1.
It is found that there is normally no difference in isotropic
chemical shift for the complexes studied when comparing the
complexes with and without the axial hindered base. Further
the variation in13CO isotropic chemical shift with porphyrin
skeleton and organic superstructure is also small; the only
complexes that fall significantly outside the range 2@85 ppm
are sample®(1-Melm) andD(1,2-diMelm), and this possibly
reflects ring current effects from the distal aromatic ring rather
than changes in the electronic structure at@O site.
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is a shift to high frequency a1 and a shift to low frequency

of 02, resulting in an increase in the value of the asymmetry
parametery, relative toA(1-Melm). The changes id;; and

022, together with a small shift to low frequency 6§3, also
cause a small increase in the overall anisotrapy, relative to

the unhindered complex. It should be emphasized that’the
chemical shift tensor is affected only by local factors influencing
the shielding at thé3C site such as electronic influences and
magnetic anisotropy. Thus, increasing deviation from axial
symmetry, as would be expected to be the case for decreasing
Fe—C—0 bond angle, will manifest itself as an increase in the
value of the asymmetry parameter,

The X-ray structure of comple&(1-Melm) shows that the
Fe—C—O unit is both linear and normal to the mean porphyrin
plane. All contacts between the terminal oxygen atom and the
aliphatic bridging chain are longer than £%%&nd the distance
between the porphyrin mean plane and the aliphatic bridging
chain is> 8.4 A (Table 2). This is significantly longer than
distance measurements of the porphyrin mean plane and the
organic superstructure in the pentacoordinated spétids.is
clear that the energetic cost associated with the modification of
the organic superstructure accompanying CO binding is less than
the energetic penalty which would accompany bending of the
Fe—C—O unit. The NMR results indicate that th&C shielding
tensor for this complex is axialy(= 0) within experimental
error, as would be expected for a linearH#&-0 unit.

As in the case of th& complexes, compleB(1,2-diMelm)
shows a small increase in the asymmetry parameter and a small
increase in overall anisotropy compared to comfék-Melm).

For complex B(1-Melm) the small deviation from axial
symmetry observed in the NMR analysis is consistent with X-ray
structural data that shows a small bending of the Ee O unit

(6 = 178.3) without tilting (Table 2)!* Moreover, the iron
atom lies almost in the plane formed by the porphyrin nitrogens
but is slightly displaced from the 24-atom core mean plane
toward the 1-Melm ligand.

For 13CO in theC complexes there is a significant increase
in the asymmetry of the shielding tensor relative to the
complexes ofA and B, which suggests that there may be
increased bending of the F€—0 unit in these complexes. It
is interesting to note that these samples also have higher rates
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Table 1. Principal Components of thEC Chemical Shift Tensérof Heme Compounds of Figure 1

compound diso o1 022 033 Ao 7
A(1-Melm) 205.0 358+ 20 350+ 19 —92+2 446 0.03t 0.09
354+ 1¢ 354+ 1¢ —-92+1° 446 0.0¢
A(1,2-diMelm) 205.7 372+ 2 340+ 3 —-95+1 451 0.11+0.01
B(1-Melm) 205.4 367+ 3 345+ 3 —-96+1 452 0.07+ 0.01
B(1,2-diMelm) 204.2 372+ 3 343+ 3 —102+ 2 459 0.10+0.01
C(1-Melm) 205.0 385+ 5 324+ 3 —93+2 447 0.20+ 0.02
C(1,2-diMelm) 205.0 385+ 2 327+ 1 —99+4 2 455 0.19+ 0.01
D(1-Melm) 202.5 368+ 14 331+ 11 —-92+5 442 0.12+ 0.06
D(1-Melm)¢ 202.2 374+ 12 320+ 7 —87+7 434 0.19+ 0.05
D(1,2-diMelm) 202.2 3731 326+ 1 —93+1 442 0.16+ 0.01
D(1,2-diMelm)d 202.5 373t 2 326+ 2 —91+2 441 0.16+ 0.01
E(1-Melm) 203.8 382+ 2 327+ 2 —97+2 451 0.18+ 0.01
E(1,2-diMelm) 203.6 37+ 3 332+ 2 —98+2 453 0.15+ 0.01
Mb (crystals}? 205.5 394+ 16 3114+ 12 88+ 7 440 0.28+ 0.07
Mb (powder§y?2 205.5 390+ 22 317+ 18 —-91+5 445 0.25+0.10
Hb22b 205.0 390+ 13 309+ 7 —85+8 435 0.28+ 0.06

aChemical shifts are given in ppm relative to TMS. See text for definitionA@fandy. ? Abbreviations are given in ref 24, and schematic
structures are shown in Figure IResults obtained by constraining to axial symmetiigesults obtained from a second preparation and analysis.

Table 2. Structural Features and Rates of CO DesorptioR?, for CO Binding with the Heme Compounds of Figure 1

Chmesomean shortest Fe-C-0O

compound displacement  NH(amide)--O(CO) dist/A Fe--M dist/AP Fe—C dist/A anglé/deg 16k C9s1c
A(1-Melm) 0.155 4.60 8.43 1.728 180(35) 2.7 (11)
A(L,2-diMelm) 110 (11)
B(1-Melm) 0.44 3.99 6.53 1.733 178.3(11) 8.2 (11)
B(1,2-diMelm) 80 (11)
C(1-Melm) 110 (26)
C(1,2-diMelm) 560 (26)
D(1-Melm)¢ 0.04 5.57 1.742 172.9(36) 50 (14)
D(1-Melm)¢ 0.03 5.68 1.748 175.9(36)
E(1-Melm) 8.6 (14)
E(1,2-diMelm) 0.53 3.76 3.99 1.768 172.5(8) 55.0 (14)

a Abbreviations are given in ref 24, and schematic structures are shown in FiguFe 1M is the distance between the centroid of distal cap
or strap and the Fe atom; it defines the distal pocket SiPata taken from the references indicated in parenthéSésese are two independent
Fe(G-cap)(1-Melm)(CO) molecules within the asymmetric part of the unit cell.

of CO desorptionk™C°, than the other model compounds in and FeCIl(G-Cap) X-ray structure¥/38and the cap is no longer
this study (Table 2). The most likely reason for any increased parallel to the porphyrin plane. Interestingly, the porphyrin
bending would be strong steric interactions with the distal distortion is very small, presumably because of the constraint
protecting chain. Th€ complexes contain a;gstrap anchored  of the cap. Only a singl&3C isotropic resonance is observed
to the pyrrole carbon positions of the porphyrin which leads to for D(1-Melm) which shows that the isotropic chemical shifts
a smaller distance between the iron binding site and the distal of the two conformations present are within 1 ppm of each other.
protecting chain than in the complexésand B (which have Higher uncertainties in the principal components of the chemical
the chain anchored through an amide linkage to two opposite shift tensor are obtained f@(1-Melm) compared to the other
phenyl groups on the porphyrin), and it is possible that this leads complexes studied, and this probably reflects the presence of
to the increased asymmetry of tRecomplexes relative té\ the two independent species in the unit cell with overlapping
andB. However, no difference in the values ofC(1-Melm) signals and slightly different shielding tensors. A second
and C(1,2-diMelm) is observed, although there is a small preparation and®C NMR analysis ofD(1-Melm) was also
change inAo. Thus it appears that the local geometry at the made; this gave slightly different shielding anisotropy results
13CO site and hence the steric interactions with the distal (though still within experimental error of each other). In contrast
protecting chain are similar for complexes with the hindered to the analysis oD(1-Melm), D(1,2-diMelm) gives excellent
and unhindered axial base. agreement between experimental and simulated spectra, and a
For 13CO in the D complexes, in which a benzene cap is second independent preparation and analysis gave identical
attached by carboxylate links and a pair of methylene groups results for the two samples. The asymmetry parameters for both
to the four hydroxyl groups of tetrakistydroxylphenyl)- D complexes are consistent with some deviation from linearity
porphyrin, asymmetric shielding tensors are also observed. Theof the Fe-C—0O unit as is known from the crystal structure of
refined X-ray crystal structure oD(1-Melm) shows the D(1-Melm).

presence of two crystallographically independent porphyrin  For the pocket superstructue(which consists of a benzene
molecules, with the FeC—O groups distorted from linearity cap attached to three out of four of the porphyrin phenyl
(172.9 and 1759 Table 2) and being tilted off the axis normal  substituents viao-amide linking groups and a fourth free
to the porphyrin (off-axis displacement for the carbon atoms pivalamido pocket) the shielding tensors were also found to be
being 0.17 and 0.12 A respectiveff).These distortions result asymmetric. Kimet al® have reported the X-ray crystal
from short nonbonding interactions between the cap and thestructure of thes-atropoisomer ofE(1,2-diMelm) (in which

CO ligand although the center of the cap moves about 1.8

A further away from the porphyrin, compared te(B.-Cap)

(37) Jameson, G. B.; Ibers, J. A. Am. Chem. Sod 980 102 2823-
2831.
(38) Sabat, M.; Ibers, J. Al. Am. Chem. S0d.982 104, 3715-3721.

(36) Kim, K.; Ibers, J. AJ. Am. Chem. S0d.991 113 6077-6081.
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the fourth picket group is in the “down” position). The+e an NH (amide) - -O (C) distance of 3.99 Al compared to that
C—0 bond angle was found to be 172.6lable 2) and the of the model A(1-Melm). This is in agreement with the
off-axis displacements of the C and O atoms are 0.18 and 0.38experimental results of Table 1. This distal polar effect and
A, respectively. The modest distortion of the-R@—0 unit is m-back-bonding concept is supported by the fact that the
accompanied by considerable ruffling of the porphyrin periphery carbonyl shielding anisotropies of modélsandB are signifi-

and significant shifting of the benzene “cap” away from the cantly larger than those of the cap-model and free CO. In free
bound CO ligand. Moreover, the Fe atom is only 0.001 A out CO, there is only one low-lying excited state of the proper
of the 24-atom least squares plane toward the CO ligand. symmetry to contribute to the paramagnetic shielding tensor
During our synthesis df(1,2-diMelm) we observed that both  componentg(P), perpendicular to the CO internuclear axis. In
o- and B-atropoisomers exist in solution, with slow exchange the molecular orbital formalism, this excited state is formed from
between them. It is therefore likely that both forms exist in the ground state by promoting an electron from tlwet® the

our powdered sample (unless the evaporation/crystallization 2z orbital. According to Gleeson and Vaughathe 27 orbital
procedure favors one particular form). In line with the crystal would be destabilized through interaction with filled d orbitals,
structure a deviation from axial symmetry is observed. No which are of intermediate energy betweandnd 2r orbitals
X-ray crystal structure is known for the model compoufd of CO. This excitation energy would thus be lowered and the
(1-Melm), but analysis of EXAFS data recordet¥aK in 1984 paramagnetic contribution to®, and thus shielding anisotropy,
suggested that the F€—O bond angle is 1274 4°.3° would be increased by the presence of the d orbitals. Further,
However, more recent structural studies have called into questionsz-back-bonding may increase the population on the £0
the interpretation of some early EXAFS resdfsThe asym- orbitals’ resulting in a high frequency shift of the; compo-
metry parameter foe(1-Melm) is only slightly larger than that ~ nent4 in agreement with the experimental results of Table 1.
for E(1,2-diMelm), which indicates that any decrease in bond Interestingly Augspurgegt al.l° concluded that for the free CO
angle must be small and that the-Fe—0O moiety is far closer an electric field oriented along the molecular axis polarizes
to linearity than that suggested by the early EXAFS study.  charge density, and it primarily changes the perpendicular

Comparison of the results for tHeMelm and1,2-diMelm elements of the shielding tensor, thus resulting in an increase
complexes of all five porphyring—E) surprisingly shows few in shielding anisotropy. This is in agreement with our previous
significant differences. Shielding anisotropies of b@fil- analysis on the effect of polar distal interactions on shielding
Melm) andD(1,2-diMelm) are smaller than those of the other anisotropies. The same polar effect has been suggested to
heme models particularly with that of the pocket model account for the back-bonding trends seen in resonance Raman

although the X- ray structures of the two adducts show very studies for a series of strapped porphyrins by éfwal.*®> and

similar FeCO bending. Presumably, this reflects different pocket hybrid models by Desboist al*6

polarity. In G-Cap there are no NH groups to provide positive Contrary to modelg\ andB there is no effect of axial base

polarity near the CO group and the lone pairs of the oxygen of on the asymmetry parameter for the comple€esndD, even

the ester groups provide negative polattyFurthermore, the though changing to a hindered base is known to increase CO

7 electron cloud of the benzene ring is expected to inhibit back- desorption rates (Table 2). Thus it appears that the axial

donation from the Fe(ll) gdto the COx* orbital due to the hindered base has little direct effect on #8€0 environment,

small distance between the center of the benzene ring and thebut exerts its influence through distortion of the porphyrin

CO oxygen 2.77 and 2.80 A) for the two independent skeleton and modification of the organic superstructure. This

molecules in the cell). This argument is supported by the fact view is supported by the X-ray crystal structure of the CO

that the shielding anisotropies of bdit{1-Melm) andD(1,2- complexes ofE(1,2-diMelm) which shows modest distortion

diMelm) have values closer, compared to other heme model of the carbonyl subunit, but considerable ruffling of the

compounds of Table 1, to the experimental shielding anisotropy porphyrin periphery.

of free CO at 4.2 K Ao ~406 & 30 ppnt®) and the value for The asymmetry of the shielding tensor of all the heme model

CO resulted from ab initio calculation\§ ~433.8 ppm?9). compounds studied is significantly smaller than that found for

Interestingly Rayet all? showed that polar interactions with  horse myoglobin and rabbit hemoglobin (see Tabl&#}. For

the superstructure of capped hemes, and not distortion due toMb13CO the increase in asymmetry may be attributed to an

steric hindrance, cause the large variationsvgy and veec interaction in the A substrate, which was found to be the major

observed for these compounds. conformer in the samples used fé]C CP MAS NMR
There may be a small increase in the asymmetry parameter measurement&2of the N. lone pair of the distal histidine with

7, and shielding anisotropyo, for structuresA andB on going —

from the 1-Melm to the1,2-diMelm complexes. The hybrid (41) J]geam’géa;fé[]“pcst“g?tﬁfetgﬁgr;'\i/'f'r?t)a{ggd@_'g%j'cates that one of

model A has amide links, with the four &NH dipoles turned (42) Gleeson, J. W.; Vaughan, R. W. Chem. Phys1983 78, 5384

toward the iron atom. The distance of the secondary amide 5392.

group of the chain and the CO ligand, (\)HO(C), is 4.60  (43) gg\ﬂistiA'; Rawlinson, R. MJ. Chem. Soc. A969 1530-1534,

A, thus providing an gnvironment of positive polari.ty for the' (44) Huang, Y.; Gilson, D. F. R.; Butler, I. S.; Morin, F. Giorg. Chem.

CO ligand. This polar interaction can be increased via the steric 1992 31, 322-323.

constraint of a short strap and the presence of an axially hindered(45) Yu, N.-T.; Kerr, E. A.; Ward, B.; Chang, C. Kiochemistry1983

base. Thus increase in the asymmetry parameter and shieldinq46) %zé:bSOSé_ﬁS,\%memeau M.; Lutz, Nhorg. Chem1989 28, 825—

anisotropy might be expected for tB€1-Melm) model, with 835.
(47) 13C NMR spectra of HB*CO in solution demonstrate the presence of
(39) Powers, L.; Sessler, J. L.; Woolery, G. L; ChanceB&chemistry two 13CO resonances, separated by 2 ppm, corresponding to distinct
1984 23, 5519-5523. 13CO environments in thex and 8 subunits (see: Moon, R. B.;
(40) Duncan, T. M,; Yates, J. T. Jr.; Vaughan, R. WChem. Phys198Q Richards, J. H.J. Am. Chem. Socl1972 94, 5093-5095 and
73, 975-985. The static principal component values and shielding Matwiyoff, N. A.; Vergamini, P. J.; Needham, T. E.; Gregg, C. T,;
anisotropy were computed by assuming the chemical shift anisotropy Volpe, J. A,; Caughey, W. Sl. Am. Chem. Sod 973 95, 4429
of Ac = 365 ppm at 4.2 K (from Gibson, A. A. V.; Scott, T. A.; 4431). These different conformers, which may have different anisotro-
Fukushima, EJ. Magn.Resorl977, 27, 29) and an isotropic shift of pies, are not resolved in odfC solid-state spectra; therefore, the
181.3 ppm. The anisotropy is believed to be averaged by rapid chemical shift tensor components reported in Table 1 have been

vibrational modes at 4.2 K. analyzed in terms of a single “average” sifé.
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the COx* orbital.>4® Such a hypothesis is supported from againsty for the above complexes would imply an+€—0
neutron diffraction structure analy&lsvhich showed that there  bond angle in the range 16A69. This is consistent with the
was no hydrogen bond between CO and the distal histidine most recent X-ray structural measurement on MbCO which
residue and that the Nitom is not deuterated. Apparently the showed a FeC—O bond angle of 160at 1.5 A resolutior??
imidazole proton resides onsN This means that the lone pair, This agrees also with recent IR studi&®-52which preclude
rather than a hydrogen bond donor, faces the bound CO. InFe-C—O angles as small as 12040 values reported from
principle, we would expect there to be a correlation between early determinations of MbCO crystal structures containing
the asymmetry parametep, and the FeC—O bond angle. disordered C@?53

However, there are only a limited number of accurate EeO
bond angles known in the literature for this type of complexes,

and the uncertainties in measurementsyotiose to axial retariat General pour la Recherche et la Technologie (Gaepe
symmetry can be quite large. The bond angles known for the tion Scientifi uepFranco-He'Ité ue), and the Centrge Nationgl
complexes studied are given in Table 2. It can be seen that thed la Rech qh Scientifi qF ’ The NMR "
CO complexes of(1-Melm) andB(1-Melm), with Fe—-C—0O € 1a kecherche scientifique, France. The spectra were

bond angles very close to linearity, have asymmetry parametersObta'ned on the ULIRS solid-state NMR facility at UCL. We

less than 0.10, while the CO complexesdffl-Melm) andE- wish to thank Mr. J. Cowley (QMW) for his expertise in
(1,2-diMelm), which show a greater deviation from linearity, producing sealed glass ampules suitable for MAS work.

have asymmetry parameters of about 0.15. Given that thelC950830R
measured asymmetry parameter for MbCO and HbCO is 0.28, (50) Schlichting, I.; Berendzen, J.; Philips Jr., G. N.; Sweet, RNsture
this suggests that the F€—0 bond angle must be significantly 1994 371, 808-812.

i ; _ (51) Ivanov, D.; Sage, T.; Keim, M.; Powell, J. R.; Asher, S. A.; Champion,
less than 1725 a linear correlation of FeC—0O bond angle P.M. 3. Am. Chem. Sod994. 116 4130-4140.

(52) Li, T.; Quillin, M. L.; Phillips, G. N. Jr.; Olson, J. Biochemistry
(48) Makinen, M. W.; Houtchens, R. A.; Caughey, WPsoc. Natl. Acad. 1994 33, 1433-1446.

Sci. U.S.A1979 76, 6042-6046. (53) Kuriyan, J.; Wilz, S.; Karplus, M.; Petsko, G. A. Mol. Biol. 1986
(49) Cheng, X.; Schoenborn, B. P. Mol. Biol. 1991, 220, 381—399. 192 133-154.
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