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Abstract 13CO NMR chemical shifts and IzCO infrared stretch- 
ing frequencies have been measured for cytochrome P-450cam- 
CO in the presence of D-camphor and of various camphor ana- 
logues. A linear correlation between both parameters 6(13C) and 
v(CO) was found indicating that the steric and electrostatic inter- 
actions acting on the CO ligand are influenced by the substrate. 
It has been proved that P-450 complexes are on another line in 
this correlation than hemoglobins which is explained by the differ- 
ent proximal ligand. 
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I. Introduction 

Measurements  of  the nuclear  magnet ic  resonance chemical  
shifts of  ~3CO hemopro te in  adduct  have been a powerful  
me thod  of  p rob ing  heme electronic structure.  However,  mos t  
of  the N M R  work has been applied to hemoglobins  and  myog-  
lobins of  var ious species [1 5]. All these ~3C N M R  spectro- 
scopic results implicate hist idine as an axial ligand. There  have, 
to date, been only two 13CO N M R  studies of  hemopro te ins  with 
cysteinyl mercapt ide  axial ligand: a 13C N M R  study of  ca rbon  
monoxide  complex of  ferrous chloroperoxidase,  reported by 
Gof f  et al. [6], together  with unpubl i shed  results on bacterial  
cy tochrome P-450cam from Matwiyof f  and  Philson, repor ted 
by Berzinis and  Traylor  [7]. We present  here ~3C N M R  studies 
of  the ca rbon  monoxide  ligand in reduced cy tochrome P- 
450cam (CP101), in the absence or presence of  D-camphor,  and  
in the presence of  five different c a m p h o r  analogues in order  to 
evaluate the subst ra te  influence toward  the '3CO chemical  
shifts. A good corre la t ion between ~(13C) and  v(CO) is also 
repor ted even if the substra tes  span a wide range in terms of  
different steric properties.  

concentrated by ultrafiltration to a final protein concentration of about 
1.2 raM. 

Camphor (D and L forms), norcamphor, 3,3,5,5-tetramethylcyclohex- 
anone (TMCH) and fenchone were obtained from Aldrich. Camphane 
was prepared by the Wolff-Kichner reduction of camphor semicarba- 
zone [9]. Each substrate was dissolved in deuterated methanol. Addi- 
tion of 10/ll of this stock solution to 500/ll ofcyt P-450 solution lead 
to a final substrate concentration of 2 mM which was sufficiently high 
to guarantee a complete substrate binding. L~CO (99%) was purchased 
from Aldrich. Samples were flushed first with argon and then with 
labelled carbon monoxide. After reduction of the protein by injection 
of a small aliquot of sodium dithionite D20 solution, corresponding to 
a tenfold excess of dithionite to P-450, the protein solutions were trans- 
ferred to the NMR tubes previously flushed with ~CO. Each P-450-CO 
complex was checked in the Soret band region using the UVIKON 941 
spectrophotometer. 

Carbon-13 NMR spectra were recorded on a Bruker DMX 500 
spectrometer at 125.7 MHz frequency with a 5 mm dual ~3C,~H probe. 
A sweep width of 32.7 kHz was employed along with 60 ° flip angle 
pulse and 0.55 s repetition time. Proton decoupling was applied during 
all the experiments. Around 100,000 scans were acquired with a total 
acquisition time of 15 h per spectrum. The chemical shifts were refer- 
enced through an external capillary containing tetramethylsilane. The 
cyt P-450 sample was not changed during this long acquisition time as 
seen from the identity of the optical spectrum and the proton NMR 
spectrum before and after the ~3C NMR measurement. 

Infrared spectra were run on the Fourier-transform infrared spec- 
trometer IFS66 (Bruker) with a liquid nitrogen-cooled mid-band MCT 
detector at 2 cm -~ resolution. The samples were prepared from the same 
protein solution (D20 buffer) used for the NMR study, however, ~2CO 
gas was taken for the CO complex. The single channel spectrum of the 
P-450 CO sampled was ratioed against the oxidized P-450 as back- 
ground. Spectra were taken in the double-sided/forward backward ac- 
quisition mode. Fourier transformation of the interferogram was per- 
formed with a zero-filling factor of 2 and the Blackman-Harries 4-point 
apodization function. 200 interferograms were accumulated. The pro- 
tein sample was placed between two CaF 2 windows separated with a 
Teflon spacer of 100 Arm thickness. All infrared spectra were corrected 
from the water vapor. Baseline correction and curve fitting with the 
Voigt function were performed using a curve fit software package as 
previously described [8,10]. 

3. Results 

2. Materials and methods 

Cytochrome P-450cam (CYPI01) was expressed in Escherichia coil 
and purified to an absorbance ratio 392 nm/280 nm of 1.22 as previ- 
ously described [8]. Camphor was removed by dialysis against 50 mM 
Tris-HCl, pH 7.4, with a final run ofa  Sephadex G25 (medium) column 
equilibrated with the same buffer. The eluted substrate-free P-450 was 
dialyzed extensively against 100 mM D20 phosphate buffer (pH 7) and 

*Corresponding authors. 

The ~C N M R  spectrum of  carbonyl  cyt P-450cam, in the 
presence of  L-camphor, in D20  buffer, is i l lustrated in Fig. la. 
The b road  singlet at  200.7 ppm is due to the coord ina ted  ~3CO. 
Replacement  of  L-camphor by D-camphor yields spectrum b in 
Fig. 1. The signal at 200.4 ppm is also assigned to CO bound  
to heme Fe(II). These values are in agreement  with the region 
of  chemical  shifts previously repor ted for c a m p h o r - b o u n d  cyt 
P-450cam [7] and  chloroperoxydase  [6]. Similar results have 
been ob ta ined  in our  studies with o ther  subst ra te  analogues 
(Fig. 1). Table 1 collects the chemical  shift da ta  for CO-bound  
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Fig. 1. Proton-decoupled carbon-13 NMR spectra of ferrous cyt P-450cam-CO (a) in the presence of L-camphor (complete spectrum), (b) in the 
presence of D-camphor (low-field portion of the spectra), (c) substrate-free and (d) in the presence of camphane. The asterisk denotes free ~3C inside 
the solution. 

cyt P-450 in the presence of various substrate analogues. All of 
them show a broad resonance at about  200 ppm downfield from 
tetramethylsilane. The corresponding CO stretching modes are 
also summarized in Table 1 and Fig. 2. The frequencies are very 
similar to the previously published values found for the cyt 
P-450 samples in 100 mM potassium phosphate in H20, pH 7, 
20% glycerol [8]. Because of the absence of glycerol all samples 
exhibit a small cytochrome P-420 contr ibution of approxi- 
mately 10% estimated from the Soret band which causes the 
infrared band at about  1963 cm -~. This P-420 contribution is 
too small to be detectable as a separate resonance in the ~3C 
N MR spectra. In the substrate-free protein this cyt P-420 peak 
overlaps with the 1962 1964 cm -~ band for the native protein 
and corresponds to 10% of this band [8]. The substrate-free 
protein also shows a changed populat ion distribution between 
the different conformers [8] due to the missing glycerol. 

Although the '3C chemical shifts for the different substrate 
analogue P-450 complexes appear in a narrow range around 
200 ppm there is a clear linear relation between the distinct 
a¢3C) values and the '2CO stretching mode frequencies (Fig. 
3A). Such correlation between ~3CO chemical shift and the 
'2CO stretching frequency has been shown recently for hemo- 
globins and myoglobins [11 13]. However, this type of he- 
moprotein follows another line (eq. 1, Fig. 3A). 

~¢3C) = -0.045 v(CO) + 287.2 
(corr. coeff. -- 0.600) cyt P-450 

5(13C) -- -0.0705 v(CO) + 344.3 
(corr. coeff. = 0.754) hemoglobins [11] (1) 

A similar linear correlation is found with our '3C N M R  data 
and the iron CO stretch frequencies v(Fe C) obtained by 

Table 1 
~3C NMR chemical shifts, ~2CO and Fe C stretch frequencies for cyt P-450cam-CO and chloroperoxidase 

Substrate 5('3C) v(CO) Av~/2 Population v(Fe C) 

1. TMCH 200.86 1933.4 8.9 0.80 485 [14] 
1939.9 18.4 0.20 

2. D-Camphor 200.40 1940.2 12.2 1.00 481 [15] 
3. c-Camphor 200.70 1941.4 10.2 1.00 
4. Fenchone 200.08 1944.1 10.8 1.00 480 [14] 
5. Norcamphor 199.83 1946.4 9.8 1.00 473 [15] 
6. Camphane 200.03 1942.9 19.4 0.29 

199.40 1951.9 10.8 0.71 
7. Free 199.91 1938.4 18.6 0.44 

1953.1 1 l.l 0.05 
199.56 1962.5 14.3 0.51 464 [15] 

8. Camphorquinone 1941.0 [8] 10.7 0.86 476 [14] 
9. Adamantone 1942.3 [8] 9.1 1.00 474 [15] 

10. Chloroperoxidase pH 6 200.8 [6] 1958.0 [32] 15 484 [31] 

5(J3C) in ppm; v. Av,2 in cm ~; population, conformer population. 
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Fig. 2. CO stretch infrared spectra of cyt P-450cam-CO in the presence 
of camphor and its analogues and for substrate-free P-450. l, 3,3,5,5 
tetramethylcyclohexane; 2, D-camphor; 3, L-camphor; 4, fenchone; 5, 
norcamphor: 6, camphane; 7, substrate free. 

others [14] from resonance Raman measurements (Fig. 3B). The 
corresponding data for the hemoglobins were taken from the 
literature [12]. Regression analysis gives: 

6(13C) = 0.056 v(Fe C) + 173.2 
(corr. coeff. = 0.851) cyt P-450 

6(~C) = 0.093 v(Fe C) + 159.7 
(corr. coeff. = 0.587) hemoglobins [12] (2) 

4. D i scuss ion  

Hemoproteins span a broad range of functions in organisms; 
all of them require the interaction of small ligands, like for 
example dioxygen, with the heme iron. Therefore, there is con- 
siderable interest in the nature of the Fe ligand bonding in 
hemoproteins, in particular of the Fe CO bonding as a model. 
For  cytochrome P-450 it has been shown by the crystal struc- 
ture analysis [16] that the substrate binds near the heme group. 
A significant influence of the substrate and substrate analogues 
has been observed on the v(CO) stretching mode which allowed 
the proposition of different Fe CO geometries and/or alterated 
polarity effects [8,10]. At least for myoglobin an alterated Fe 
CO geometry for the subconformers with the v(CO) A~A3 has 
been put in question recently, based on new crystal structure 
data and infrared circular dichroism studies [17]. The electro- 
static field near the Fe CO group is discussed as a relevant 
parameter which determines the polarization of the CO ligand 
and the shielding/deshielding of the 13C nucleus reflected in the 
CO stretch frequency as well as in ~3C NMR chemical shifts 
[12,19]. 

According to Ramsey [20], Karplus and Das [21] and Pople 
[22] the total chemical shielding (7 of a nucleus A is given by 
three terms: (i) the first order contribution to the shielding 
tensor, the so-called diamagnetic shielding aA a, which depends 
on the electron density on A and is always a positive value; 
(ii) the second order contribution, the so-called paramagnetic 
shielding aA p, which mainly represents the effect of bond para- 
meters and is expected to be a negative term; and (iii) a '  which 
includes all other effects like ring currents. 

a = a~, + aX + cr '  

A 
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Fig. 3. Correlation of ~3CO NMR chemical shifts and stretch frequen- 
cies for cyt P-450cam and chloroperoxidase compared to hemoglobins. 
(A) v(CO); (B) v(Fe-C); (C) v(CO)/v(Fe-C). 1, 3,3,5,5 tetramethylcy- 
clohexane; 2, D-camphor; 3, L-camphor; 4, fenchone; 5, norcamphor; 
6a,b, camphane conformers; 7a,b, substrate free; 8, camphorquinone 
[8,14]; 9, adamantanone [8,15]; 10, chloroperoxidase pH 6 [6,31,32]; 11, 
cyt P-450 putidaredoxin [25]; 12, cyt P-450 bovine adrenocortical mito- 
chondria [25]; 13, cyt P-450cam 464 [25]. The values for the hemo- 
globins were taken from [12] and [25]. 



N. Legrand et al./FEBS Letter~' 364 (1995) 152 156 155 

It has been shown for carbonyl metal complexes [23] that the 
differences in the t3C NMR chemical shifts in these complexes 
are mainly contributed by bond parameters that derive from 
the paramagnetic shielding term. 

a p is given by [24]: 
a~  = [e2h2/2m2c2dE] < r 3 > [QAA + ~V'B~AQAB] (3) 

where AE is an average excitation energy, QAA and QAB are the 
elements of the charge density/bond order matrix, r represents 
the mean radius of the 2p orbital at the CO carbon atom. 

According to Buchner and Schenk [23] the term in brackets 
in eq. 3 can be substituted by: 

Qc + Qco + Qvo-c = 
4/311 - P"(C-O)W(C O) - 31/2p°(Fe-C)W(Fe C)] (4) 

W and W are the bond orders for the a and the er part, 
respectively, for the C-O or Fe C bond. Resonance Raman 
studies have shown that there is an inverse linear correlation 
between v(CO) and v(Fe C) [25]. In Fig. 3C, we have plotted 
literature data of v(CO) and v(Fe-C) for hemoglobins [25] and 
of v(Fe C) [14,15] and our v(CO) for cyt P-450cam. This linear 
correlation has been explained by the ligand-a-donation and 
iron-er-backdonation phenomenon, the most important param- 
eter being the re-bond order [26]. Because the bond order prod- 
ucts for the C O and the Fe C bond contribute to eq. 4 with 
the same sign, one can expect that v(CO) and v(Fe C) should 
correlate with the ]3C chemical shift in an inverse manner, 
which is also the case (Fig. 3A and B). 

Two important structural pieces of information can be ob- 
tained from these correlations. (i) Complexes with different 
proximal ligands form different lines. Park et al. [12] propose 
that for the correlation between J(~3C) and v(Fe C) the com- 
plexes with imidazole and cysteinyl mercaptide (thiolate) 
should be on the same, but non-linear curve. This conclusion 
was drawn from data of only three thiolate complexes (chloro- 
peroxidase, cyt P-450cam, thiolate heme model complex). How- 
ever, our studies of the different P-450 substrate complexes 
clearly show that P-450 and hemoglobins are on different lines. 
This finding can be explained by the different effect of the 
imidazole and thiolate proximal ligand on the electron density 
distribution in the heme complex. Thiolate donates more a- 
electron density to the iron than imidazole, as can be concluded 
from the lower lone-pair orbital ionization potential for S- (5.49 
eV) compared to 15.08 eV for N (lmidazole) [27,28]. Thus, 
increased a-donation to Fe from the cysteinate ligand in P- 
450cam seems responsible for the increased shielding. (ii) The 
fact that all complexes with thiolate are on one line strongly 
suggest that no differences in the 5th ligand property exist for 
the different substrate analogue P-450 complexes. The different 
v(CO), v(Fe C) and j¢3C) along each line reflect effects 
from the distal side, as it has been suggested also by others 
[12,25]. 

Obviously, the different substrates bound in the heme pocket 
of cyt P-450cam influence the electric field near the CO ligand. 
From the present study we cannot suggest whether this influ- 
ence is directly induced by the substrate CO ligand contact or 
indirectly by the substrate induced conformational change of 
the protein which leads to different contacts between the CO 
ligand and amino acid residues or different inclusion of water 
molecules in the heme pocket. 

We should also note that two overlapping ~C NMR signals 
are observed for camphane complexation to P-450cam which 
we assign to the two overlapping infrared bands (Fig. 1, Table 
1). Camphane does not form an hydrogen bond to tyrosine-96 
OH group as the natural substrate camphor does [15,29]. This 
allows a higher mobility and a disordered binding of the sub- 
strate analogue in the heine pocket which may cause the disor- 
der of the CO ligand geometry [8]. Such high mobility has been 
recently reported, using CO recombination kinetic experiments 
of cyt P-450 in the presence of various substrates [30]. For 
substrate-free cyt P-450 two ~3C NMR resonances are also 
observed which we assign to the two major CO stretch bands 
in the infrared spectrum (Fig. 2, Table 1). Water molecules in 
the heine pocket have been suggested to induce the different 
conformers [8]. 

In conclusion, our results presented here demonstrate that 
the measurements of ~3CO NMR chemical shifts of various 
substrate-bound cytochrome P-450 CO are very sensitive to 
the nature of the proximal ligand and also sensitive to the 
nature of the substrate. Thus, the ~3C chemical shift may pro- 
vide a new probe for substrate bonding to cytochrome P- 
450cam. Such results should also give a standard with which 
to compare future results from other members of the cyto- 
chrome P-450 family. 

Acknowledgements: The authors would like to thank Dr. J. de Certaines 
who very kindly provided Dr. A. Bondon with 500 MHz NMR facili- 
ties. We are grateful to K.L. Schr6der for running the fermentor to 
culture the Escherichia coli, and G. Sklenar tk)r the protein isolation and 
purification. The work was partly funded by the European Union 
(BIO2-CT94-2060). 

References 

[1] Conti, F. and Paci, M. (1971) FEBS Lett. 17, 149-152. 
[2] Moon, R.B. and Richards, J.H. (1972) J. Am. Chem. Soc. 94, 

5093-5095. 
[3] Vergamini, P.J., Matwiyoff, N.A., Wohl. R.C. and Bradley, T. 

(1973) Biochem. Biophys. Res. Commun. 55, 453 461. 
[4] Moon, R.B. and Richards, J.H. (1974) Biochemistry 13, 3437 

3443. 
[5] Maciel, G.E., Shatlock, M.P., Houtchens, R.A. and Caughey. 

W.S. (1980) J. Am. Chem. Soc. 102, 6884-6885. 
[6] Behere, D.V., Gonzales-Vergara, E. and Goff, H.M. (1985) Bio- 

chem. Biophys. Res. Commun. 131,607 613. 
[7] Berzinis, A.P. and Traylor, T.G. (1979) Biochem. Biophys. Res. 

Commun. 87, 229 235. 
[8] Jung, C., Hui Bon Hoa, G., Schroder, K.L., Simon, M. and 

Doucet, J.P. (1992) Biochemistry 31, 12855 12862. 
[9] Todd, D. (1949) Organic Reactions, vol. 4, Wiley, New York. 

[10] Schulze, H., Rislau, O. and Jung, C. (1994) Eur. J. Biochem. 224, 
1047-155. 

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

[12] Park, K.D., Guo, K., Adbodum, F., Chiu, M.L,  Sligar. S.G. and 
Oldfield, E. (1991) Biochemistry 30, 2333 2347. 

[13] Satterlee, J.D. (1983) Inorg. Chim. Acta 79, 170 172. 
[14] Wells, A.V., Li, P., Champion, P.M., Martinis, S.A. and Sligar. 

S.G. (1992) Biochemistry 31, 43844393. 
[15] Tsuboi, M. (1988) Indian J. Pure Appl, Phys. 26, 188 191. 
[16] Poulos, T.L., Finzel, B.C. and Howard, A.J. {1987) J. Mol. Biol. 

195, 687 700. 
[17] Quillin, M.L., Arduini, R.M., Olson, J.S. and Phillips Jr.. G.N 

(1993) J. Mol. Biol. 234, 140 155. 
[18] lvanov, D., Sage, J.T., Keim, M., Powell, J.R., Asher, S.A. and 

Champion, P. (1994) J. Am. Chem. Soc. 116. 4139-4140. 
[19] Oldfield, E., Guo, K., Augspurger, J.D. and Dykstra, C.E. 11991) 

J. Am. Chem. Soc. 113, 7537 7541. 



156 N. Legrand et aI. IFEBS Letters 364 (1995) 152 156 

[20] Ramsey, N.F. (1950) Phys. Rev. 78, 699-703. 
[21] Karplus, M. and Das, T.P. (1961) J. Chem. Phys. 34, 1683-1692. 
[22] Pople, J.A. (1963) Mol. Phys. 7, 301-306. 
[23] Buchner, W. and Schenk, W.A. (1982) J. Magn. Reson. 48, 148 

151. 
[24] Karplus, M. and Pople, J.A. (1963) J. Chem. Phys. 38, 2803- 

2807. 
[25] Li, X.-Y. and Spiro, T.G. (1988) J. Am. Chem. Soc. 110, 6024- 

6033. 

[26] Yu, N.T. (1986) Methods Enzymol. 130, 351-409. 
[27] Hinze, J. and Jaff6, H.H. (1963) J. Chem. Phys. 38, 1834-1867. 
[28] Jung, C. (1985) Chem. Phys. Lett. 113, 589 596. 
[29] Raag, R. and Poulos, T.L. (1991) Biochemistry 30, 2674-2684. 
[30] Unno, M., Ishimori, K., Ishimura, Y. and Morishima, I. (1994) 

Biochemistry 33, 9762 9768. 
[31] Hu, S. and Kincaid, J.R. (1992) J. Biol. Chem. 268, 6189 6193. 
[32] O'Keele, D.H., Ebel, R.E., Peterson, J.A., Maxwell, J.C. and 

Caughey, W.S. (1978) Biochemistry 17, 5845-5852. 


