J. Am. Chem. Soc. 1989, 111, 7707-7711 7707

although the results of the spin-diffusion experiments shown in
Figures 9 and 10 fit exactly with the (known) connectivities in
the structure, some caution must be exercised in their interpre-
tation in terms of three-dimensional connectivities in the structure.
The theory of spin diffusion between dilute nuclei has been de-
scribed by Ernst?® and by McDowell,?¢ Clayden,?” and Henrichs
et al.”® and discussed in terms of its use in probing internuclear
distances by VanderHart.'** In the recent paper by McDowell
and Kubo, the interactions involved in spin diffusion under MAS
conditions are discussed in detail.2® The rate of spin diffusion
is strongly dependent on internuclear distance (a//r%), but it is
also dependent on the frequency separations of the isotropic
chemical shifts and the magnitudes and relative orientations of
the shift anisotropy patterns of the nuclei involved. Since the latter
element will in general be undefined, its contribution to the
spin-diffusion process will be unknown. Because all of the silicon
nuclei are in tetrahedral environments and have relatively small
shift anisotropies, it is probably unlikely that this effect will
dominate the spin-diffusion process, but studies of a number of
additional systems will be necessary to confirm this at least on
an empirical basis.

Conclusions

For the sample of ZSM-39 investigated, 2D NMR experiments
based both on scalar couplings and on spin diffusion yield in-
formation on #Si/O/%Si connectivities in exact agreement with
the known crystal structure and suggest that these techniques may

(25) Suter, D.; Ernst, R. R. Phys. Rev. B 1982, 25, 6038; 1985, 32, 5608.

(26) (a) Kubo, A.; McDowell, C. A. J. Chem. Phys. 1988, 89, 63. (b)
Kubo, A.; McDowell, C. A. J. Chem. Soc., Faraday Trans. I, in press.

(27) Clayden, N. J. J. Magn. Reson. 1986, 68, 360.

(28) Henrichs, P. M; Linder, M.; Hewitt, J. M. J. Chem. Phys. 1986, 85,
7077.

be of general use in the determination of zeolite crystal structures.
Further, experiments based on scalar couplings will be best carried
out on samples that exhibit the narrowest resonances possible (and
correspondingly long T, and T,* values) in order to permit the
longest possible evolution times for the small scalar couplings
involved, although positive results could be obtained for resonances
of up to 2 ppm. Spin-diffusion experiments yielded the correct
connectivities for the lattice structure investigated, but work on
other systems will be needed in order to establish more clearly
the reliability of these experiments in this context due to unknown
contributions of non-distance-dependent factors. Further work
based on these conclusions is currently in progress. Although,
in general, Si enrichment facilitates the experiments, the expense
involved obviously limits their general application. By paying
careful attention to the importance of the T, or T,* values in these
experiments, we have been able in preliminary work to apply these
techniques to natural-abundance samples in the form of COSY
and INADEQUATE experiments and to observe the 2°Si/#Si
couplings directly.?® Although the experiments are very de-
manding and time consuming, in terms of both sample preparation
and the spectroscopy involved, the wealth of information potentially
available makes them attractive additions to the techniques
currently available for investigating three-dimensional lattice
structures.
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Abstract: The cyanide (C'N-) complex of Pseudomonas putida cytochrome P-450 (P-450,,) exhibited well-resolved and
hyperfine-shifted '*N NMR resonances arising from the iron-bound C'*N~ at 423 and 500 ppm in the absence and presence
of the substrate, d-camphor, respectively. The values were smaller than those for cyanide complexes of myoglobin and hemoglobin
(~1000 ppm) but fell into the same range as those for the cyanide complexes of peroxidases (~ 500 ppm). The *N shift
values of P-450,,,, were not incompatible with the existence of anionic ligand, such as cysteinyl thiolate anion, at the fifth
coordination site of heme iron. The difference in the "N chemical shift values between camphor-free and -bound enzymes
was inferred by the increase in the steric constraint to the Fe~C—N bond upon substrate binding. When putidaredoxin was
added to the C'*N~ complex of camphor-bound P-450,,,,,, the >N NMR signal changed from 500 to 477 ppm. The spectral
changes were interpreted in terms of the structural changes in the vicinity of iron-bound ligand and discussed in relation to

the functional properties of P-450.,p,.

Cytochrome P-450 is a generic name given for b-type cyto-
chrome, which exhibits Soret absorption at 450 nm upon complex
formation with CO. The enzyme P-450 acts as a terminal oxidase
in the monooxygenation reaction and cleaves dioxygen into a water
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and a single oxygen atom, which is inserted into a hydrocarbon
bond. Recent X-ray crystallographic studies! of Pseudomonas
putida cytochrome P-450 (P-450.,,) clearly showed that the
substrate molecule, d-camphor, is buried in an internal pocket just

(1) (a) Poulos, T. L.; Finzel, B. C.; Gunsalus, I. C.; Wagner, G. C.; Kraut,
J. J. Biol. Chem. 1985, 260, 16122-16130. (b) Poulos, T. L.; Finzel, B.C,;
Howard, A. J. J. Mol. Biol. 1987, 195, 687-700.
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above the heme distal surface adjacent to the oxygen-binding site
and is held in place through hydrogen bonding with Tyr-96 and
hydrophobic interactions with some amino acid residues. Many
spectroscopic studies revealed that the binding of camphor causes
drastic changes in the heme environment and its electronic
structure. For example, upon camphor binding to resting ferric
P-450, the sixth axial ligand, most probably O-ligand, is expelled
from the coordination site, and the pentacoordinate heme iron is
produced, thereby causing the iron spin change from ferric low
spin (S = !/,) to high spin (S = 5/,) states.? Thus, one of the
most important problems for the evaluation of the structure—
function relationship of P-450 is analyses of an interaction of the
bound-substrate molecule with the ligand coordinated to the heme
iron. The second problem of P-450 study is the interaction profile
of the iron—sulfur protein, putidaredoxin, with P-450,,, which
offers two electrons for the cleavage of the coordinated molecular
oxygen O—O bond. Although putidaredoxin is known to form a
stable complex with P-450,,.3 there is rare evidence for its binding
effect on the structure at the ligand coordination site of P-450,,,.
Evaluation of these two problems would provide us a clue to unveil
the structure—function relationship of P-450.

In order to characterize the structural and the electronic en-
vironments of the prosthetic group, small-molecule axial ligands
potentially can serve as useful NMR probes. In these regards,
the "N NMR signal of the iron-coordinated cyanide ion (C!SN-)
has proved to be most sensitive to the nature of the fifth amino
acid ligand and to subtle change in the heme steric and electronic
environments of the ferric hemoproteins.*> The cyanide complex
in the ferric state is invariably in the low-spin state (S = !/,), and
the spin state is especially attractive for study by "N NMR
methods in that paramagnetic line broadening is not excessive.
The chemical shift values reported among several hemoproteins,
such as cytochrome ¢, myoglobin (Mb), hemoglobin (Hb), and
peroxidases,** are widely distributed from 400 to 1200 ppm. These
characteristic shifts have been interpreted in relation to the heme
surrounding structure such as iron-ligand bond nature and in-
teraction of the ligand with the amino acid residues.

In the present study, we examined >N NMR for C'*N~ bound
to the ferric heme iron in P-450,,,, with special emphasis on the
nature of the iron fifth ligand, the effect of d-camphor, and
putidaredoxin binding on the heme environmental structure. The
results serve as the first demonstration of the C!N- signal for
oxygenase types of hemoproteins. Being in a region around 500
ppm, the N NMR signal lies in the same chemical shift region
as those of some peroxidases’ but deviates from the region for those
of oxygen-carrying (Mb and Hb) or electron-transferring (cyto-
chromes) hemoproteins.* The "N NMR spectrum is remarkably
altered upon the camphor binding at the catalytic site or upon
the putidaredoxin binding to P-450,,,. These observations will
be related to the structural and electronic changes at the iron—
ligand bond and then be discussed with relevance to the P-450,,
catalytic mechanism.

Materials and Methods

Enzyme. Cytochrome P-450,,,, was isolated from cells of P. putida
(ATCC 17453), which were cultivated in the presence of d-camphor as
a sole carbon source, and was purified according to the methods of
Gunsalus and Wagner with slight modifications.5 The highly purified
enzyme preparations with 1.55-1.6 RZ value (439,/ A5) Were employed
for the experiments. Camphor-free form of cytochrome P-450,,, was
prepared by passage through a Sephadex G-25 column equilibrated with

(2) Gunsalus, I. C,; Tyson, C. A.; Lipscomb, J. D. In Oxidases and Related
Redox Systems; King, T. E., Mason, H. S., Morrison, M., Eds.; University
Park Press: Baltimore, MD, 1973; pp 583-603.

(3) Sligar, S. G.; Debrunner, P. G.; Lipscomb, J. D.; Namtredt, M. J;
Gunsalus, 1. C. Proc. Natl. Acad. Sci. 1974, 71, 3906-3910.

(4) (a) Morishima, I; Inubushi, T.; Neya, S.; Ogawa, S.; Yonezawa, T.
Biochem. Biophys. Res. Commun. 1977, 78, 739-746. (b) Morishima, I.;
Inubushi, T. FEBS Lett. 1977, 81, 57-60. (c) Morishima, I.; Inubushi, T.
J. Chem. Soc., Chem. Commun. 1977, 616-~617. (d) Morishima, L.; Inubushi,
T. Biochem. Biophys. Res. Commun. 1978, 80, 199-205. (e) Morishima, L.;
Inubushi, T. J. Am. Chem. Soc. 1978, 100, 3568-3574.

(5) Behere, D. V.; Gonzaletz-Vergara, E.; Goff, H. M. Biochim. Biophys.
Acta 1988, 632, 319-325.
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Figure 1. (a) '*N NMR spectra of KC'*N and Na!*NO, solution. SN
NMR spectra of cyanide (C**N-) complexes of cytochrome P-450,,, (b)
in the presence of d-camphor and (c) in the absence of d-camphor. Upon
an addition of d-camphor to the camphor-free enzyme, the spectrum (d)
was obtained. (e) The spectrum of P-450,,,,~C'*N~ in the presence of
d-camphor and oxidized putidaredoxin (Pd; 3 mM). Enzyme concen-
tration for all samples is 2 mM. Spectra (a), (b), and (e) were measured
at pH 7.4 (0.1 M phosphate buffer) and 22 °C. Spectra (c) and (d) were
at pH 7.4 (50 mM Tris-HCI buffer containing 5% glycerol) and 13 °C.

0.1 M Tris-HCI buffer, pH 7.5. Cyanide complexes of these proteins
were prepared by an addition of about 10 molar excess of KC'*N, which
was purchased from Prochem (96.7 atm % '*N). Putidaredoxin was
prepared according to the method of Gunsalus and Wagner.

Measurements. *N NMR spectra of the C'*N~ complexes were taken
at 30.41 MHz on a Nicolet NT-300 spectrometer equipped with a 1280
computer system, using 8K data points and a 20-us pulse over 60000-Hz
bandwidth. Typical spectra of the enzymes consisted of about 1 X 108-2
X 10¢ transients (12-24 h). Chemical shifts are given in ppm with
reference to the resonance of external *NOy, assigning a positive value
for downfield resonances.

Results

The SN NMR spectrum of camphor-bound cytochrome P-
450,,,, was measured at 22 °C in the presence of excess cyanide
ion (C'N-). With a slow repetition time (500 ms) of pulse
irradiation, two "N signals were observed at =129 and +500 ppm.
In Figure la is shown the signal at —129 ppm in an upfield region
from the signal of '"NO;™ as an external reference. The signal
at —129 ppm is already assigned to be that of free HC'*N. By
contrast, in the measurement with a fast repetition time (500 us),
the signal of free HC'N was undetectable due to the signal
saturation, but the broadened signal at 500 ppm was still observed,
as shown in Figure 1b. This means that the relaxation time of
I5N nuclear spin for the downfield-shifted signal is excessively
shortened due to the effect of paramagnetic ferric iron (S = !/,),
in contrast with that of the free cyanide N signal. Thus, it is
concluded that the resonance at 500 ppm is assignable to the
cyanide ion coordinated to the heme iron.

Convincing evidence for this assignment is found in the tem-
perature-dependent behavior of the 1N NMR signal for cam-
phor-bound P-450,,,—C!N-. In Figure 2 is illustrated the tem-
perature dependence of the "N NMR signal of the iron-
coordinated C'*N~ in the form of a Curie plot. Its linear de-
pendence on inverse temperature (1/7), in spite of the narrow
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Figure 2. Temperature dependence of >N NMR signal of camphor-
bound P-450,,,—~C'*N~ in the form of a Curie plot. The chemical shifts
were plotted against the inverse of absolute temperature.

temperature range (7-35 °C), evidently showed the iron para-
magnetic effect on the downfield shifted N signal.

To analyze the effect of camphor binding on the heme envi-
ronment, the >N NMR measurement of the camphor-free form
of P-450_,,,, was carried out. To avoid a denaturation of unstable
camphor-free enzyme, the measurement was done at 13 °C. The
cyanide complex of camphor-free P-450,,, gave a hyperfine-shifted
15N NMR resonance at 433 ppm (Figure 1c). The addition of
d-camphor caused again a shift of the signal to 513 ppm, indicating
that the effect of d-camphor binding was fully reversible (Figure
1d). Although the optical absorption spectrum of the cyanide
complex does not show a significant difference between cam-
phor-bound and -free forms of P-450,,, the difference in the N
NMR signal positions between these two forms clearly indicates
that the heme environment of P-450,,~CN-~ is altered upon the
d-camphor binding.

Figure le shows the 1N NMR spectrum of camphor-bound
P-450,,,—C!*N~ in the presence of putidaredoxin, which was
measured at 22 °C. The iron-coordinated C!*N- afforded an !°N
NMR signal at 477 ppm. The resonance position is distinct from
that for either camphor-bound or -free enzyme, showing that
putidaredoxin combines with P-450,,, and substantially affects
the structure at the active site.

The values of *N shift obtained in this study were corrected
to the values at 22 °C in order to compare with those for other
hemoproteins so far investigated (Figure 3).

Discussion

Characteristic Shift of "N NMR Signal for P-450,,,-C'*N",
Comparing previous N NMR data for C!N~ complexes of
hemoproteins, the chemical shift values can be classified into two
groups (Figure 3). One is the group for oxygen-carrying and
electron-transferring hemoproteins such as Mb, Hb, and cyt ¢,*
which afford the C!*N~ 1SN NMR signals around 1000 ppm from
the reference ''NO;” signal. The other is a peroxidase group
including horseradish peroxidase and lacto- and chloroperoxidases,’
whose N signals are located around 500 ppm. The difference
in C!SN- resonance values between these two groups reflects
functional diversity for the hemoproteins; the former group is
relatively stable in a ferrous (Fe®*) state in nature, while the
peroxidase group plays in a ferric (Fe**) state for scission of the
O-O bond of peroxide and stabilizes a heme in higher oxidation
states (Fe** or formally Fe’*) as a catalytic intermediate. It must
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Flgure 3. (A) Stick diagram of '*N NMR signals for cyanide complexes
of various hemoproteins reported so far.*> (B) The region of P-450 group
in (A) was expanded.

be also noted that the Fe**/Fe?* redox potentials (-250 to —100
mV) of the latter group are much lower than those (+260 to +50
mV) for the former group.

P-450,,,,, which has a lower redox potential (-140 mV),"® is
believed to form a reaction intermediate in the higher oxidation
state of heme iron in its enzymatic cycle, like peroxidases. In the
15N NMR spectra of P-450., the iron-coordinated C'N- of three
states of P-450,, expectedly gave smaller hyperfine-shifted N
signal than Hb group, and the position fell into the similar range
to that of the peroxidase group (Figure 3). Then, the '*N reso-
nance position of the iron-coordinated C'*N~ is considered to reflect
the structural characteristics in the heme environment of P-450,,
such as a chemical nature of the fifth ligand, an iron—cyanide bond,
or interaction of the cyanide with the surrounding peptide, which
are biologically relevant to the enzymatic function.

Before discussing structural factors relevant to the unique *N
NMR shift of P-450,,,, we estimate the dipolar shift contribution
to the apparent downfield shift of the bound C'*N-, according
to the method by Morishima and Inubushi.* The dipolar shift
in the hyperfine shift might be significant in evaluating the
structural characteristics in the heme environment from the ’N
NMR spectra. Available ESR data of P-450.,,—CN~? allow us
to estimate this dipolar shift as about 30 ppm, which is about 5%
of the "N hyperfine shift of P-450,,~C'*N~. Due to the low
anisotropy of the g-values, the value of the dipolar shift for P-
450.,,~C!*N- is smaller than that of Mb—C!SN- (~ 100 ppm).
It then follows that the observed SN NMR shift of P-
450,,—C'*N- is predominately attributable to the contact con-
tribution arising from the positive spin density induced on the
nitrogen.

Among the factors that might affect the ''N NMR hyperfine
shift for cyanide (C!'*N-) complexes of hemoproteins, contributions
from either the heme proximal side or the distal side or combi-
nation of both have been thought to be important. Comprehensive
ISN NMR studies for cyanohemoproteins and their model com-
pounds by Morishima et al.# have suggested that a nature of the
heme fifth ligand and a hydrogen bonding of the cyanide with
the distal residues are important factors in determining the cyanide
ISN NMR signal position. In particular, a basicity of the fifth
ligand plays a major role in dictating the C'*N~ signal position.
Indeed, Goff et al.® well simulated a smaller shift (~500 ppm)
of the iron-coordinated C'*N- signal for horseradish peroxidase
and lactoperoxidase by using of iron(IIl) porphyrin model com-
plexes. The C'*N signal shift value of the imidazolate complex
was substantially smaller than that of the imidazole one. Thereby,

(7) Gunsalus, I. C.; Meeks, J. R; Lipscomb, J. D.; Debrunner, P.; Munck,
E. In Molecular Mechanisms of Oxygen Activation; Hayaishi, O., Ed.; Ac-
ademic Press: New York, 1974; p 559.

(8) Makino, R.; lizuka, T.; Sakaguchi, K.; Ishimura, Y. In Oxygenases and
Oxygen Metabolism; Nozaki, N., Yamamoto, S., Ishimura, Y., Coon, M. J.,
Ernster, L., Estabrook, R. W., Eds.; Academic Press: New York, 1982; pp
467-477.

(9) Lipscomb, J. D. Biochemistry 1980, 19, 3590~3599.
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Table I. N NMR, IR, and Raman Spectroscopic Parameters of
P-450c,,

C!5N~ complex: CO complex

5N shift, ppm  veo,b cm™ vpc,f cm™!
-CAM 423 1963 464
+CAM 500 1940 481
+CAM + Pd 477 1932 481

9Present work. ®Reference 12. ¢Reference 16.

the smaller 'SN shifts of the cyanoperoxidases, compared with the
Hb group, were predominantly attributed to the anionic nature
of their proximal histidyl imidazole.

A binding of the anionic fifth ligand to the heme iron, of which
binding is stronger than that of the neutral fifth ligand, makes
an unpaired electron spin transfer from the ferric iron onto the
cyanide nitrogen atom less effective. Along with this line, the small
3N shift of cyanochloroperoxidase was also explained as due to
the binding of thiolate anion as the proximal ligand.* Furthermore,
a recent X-ray absorption spectral (EXAFS) study'® revealed that
the Fe—S bond length of P-450,,,, is the same as that of chloro-
peroxidase. It is thus reasonable to conclude that the smaller shift
of >N NMR resonance for P-450,,,,, compared with those for
Hb group, is due to the binding of the proximal thiolate anion
ligand to the heme iron.

In spite of structural similarity for the iron coordinations be-
tween P-450,,,, and chloroperoxidase, there is a slight but sig-
nificant difference in the C!>N~ resonance position between these
two enzymes {Figure 3). This observation is presumably related
to the structural differences at the heme distal side between them.
It has been suggested for chloroperoxidase that the distal histidyl
imidazole is located adjacent to the heme sixth coordination site'!
and that there exists the hydrogen bond between the distal im-
idazole and the iron coordinated ligand. On the other hand, in
the case of P-450.,,,, no amino acid residue responsible for the
formation of hydrogen bonding is located in the heme distal
moiety, as was visualized by X-ray crystallographic analysis.!
Therefore, the hydrogen-bonding effect may contribute to the N
signal position for chloroperoxidase, while not for P-450,,~C!*N-,
Indeed, previous results on model compounds clearly showed that
the hydrogen bonding with the iron-coordinated C!*N~ lowers the
shift value of the C'N- NMR signal.* Goff et al.’ also recognized
this effect on the >N NMR signal position of cyanoperoxidases.

Camphor-Binding Effect on the ''N NMR Signal of P-
450_,,,—C'*N Complex. As demonstrated above, the SN NMR
resonance of the iron-coordinated C!*N- serves as a sensitive probe
for the heme distal and proximal structural characteristics of
P-450,,. Standing on this view, it is of interest to see that the
5N NMR signal of camphor-free P-450.,,—C'*N~ showed a
smaller shift than that of the camphor-bound form. The change
in going from camphor-free to -bound enzyme is indicative of an
increment of unpaired spin density at the cyanide nitrogen atom.
We discuss the change in relation to the structural change in the
heme vicinity associated with the substrate binding.

Implications for the heme environmental structural changes
of P-450,,,, upon d-camphor binding have been accumulated by
some spectroscopic studies. Infrared spectroscopic studies for CO
complexes of ferrous P-450,,, by O’Keefe et al.!? indicated that
the C-O stretching frequencies are located at 1963 and 1940 cm™!
for camphor-free and -bound P-450,,,~CO, respectively (see Table
I). The low-frequency shift of the heme-bound carbonyl for
camphor-bound form has been suggested to result from the Fe-
C-0 bond becoming more bent, presumably due to the steric
hindrance from the bound camphor. This causes the increase in
w-bonding character of Fe—C bond and consequently results in

(10) Dawson, J. H.; Kau, L.-S,; Penner-Hahn, J. E.; Sono, M.; Eble, K.
g.; Eruce, G. S.; Hager, L. P.; Hodgson, K. O J. Am. Chem. Soc. 1986, 108,
114-8116.
(11) Sono, M.; Dawson, J. H.; Hager, L. P. J. Biol. Chem. 1984, 259,
13209-13216.
(12) O’Keefe, D. H; Eble, R. E.; Peterson, J. A.; Maxwell, J. C.; Caughey,
W. S. Biochemistry 1978, 17, 5845-5852.
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strengthening the Fe~CO bond and weakening the C-O bond.
This suggestion was recently confirmed by resonance Raman
spectral studies,!? in which the Fe-CO stretching vibration is
moved from 464 to 481 cm™! upon d-camphor binding to cam-
phor-free P-450,,,~CO. Corresponding to these spectroscopic
observations, the quantum yield of photodissociation of the
iron-coordinated CO is smaller in camphor-free enzyme than in
camphor-bound one.'4

No available information about the Fe-C-N bond nature of
P-450,,, has been yet accumulated by IR and Raman spectral
studies. However, the linear configuration of the Fe~C-N bond
seems to be favorable for camphor-free cyanoenzyme since the
distal site at the heme crevice is widely opened for P-450,,.! On
the basis of the results for the CO complex, the binding of camphor
near the sixth coordination site would cause a steric hindrance
to the Fe~C—N bond in such a manner that it forces the Fe-C-N
angle to be bent or tilted away from 180°. A bent or tilt structure
of the Fe~C-N bond may favor the overlap between the iron dx
and ligand pr orbital, thereby increasing in a Fe—~CN =-bonding
character. Since the unpaired electron spin of the ferric iron is
transferred to the axial cyanide through a ¢ and/or = bond of
the Fe—~C-N by the spin-polarization mechanism,* the geometrical
change in the Fe—~C—-N bond may make the spin transmission more
effective to increase the level of the spin density at the cyanide
nitrogen atom.

Previously, we found that the '"H NMR spectra of P-450,,,,—
CN-~ were different between camphor-bound and -free forms,

.where the heme peripheral methyl proton signal is observed at

23 ppm in the presence of d-camphor and at 26 and 17 ppm in
the absence of d-camphor.!4!5  On the basis of the upfield shift
of the hyperfine-shifted heme methyl proton resonances, it was
suggested that the electron spin density in the iron center is
enhanced upon the binding of d-camphor to the enzyme. Present
I5N NMR study together with the '"H NMR results shows that
the electron spin density at the iron increased by the substrate
binding is further delocalized on the axial ligand atoms.

Interaction of Putidaredoxin with P-450_,.. In the P-450
catalytic cycle subsequent to the formation of oxy P-450.,,, one
electron is offered to the enzyme from the electron donor, puti-
daredoxin, followed by the O-O bond cleavage and presumably
the formation of a reaction intermediate. Our understanding of
P-450,,,—putidaredoxin complex is not well advanced since the
structure of putidaredoxin or of the complex has been unknown,
However, Ishimura and his co-workers!® recently measured IR
and resonance Raman spectra of P-450,,,~CO in the presence
or absence of putidaredoxin and found that the stretching vibration
of C-O (vco) is changed from 1940 to 1932 cm™ upon the binding
of putidaredoxin, while that of Fe—C (vg.¢) is virtually unchanged
(see Table I). These results suggested that the binding of puti-
daredoxin to P-450., weakens the iron-bound C-O bond.
Combining the present 'N NMR results with these IR and
Raman data, we speculate the interaction of the enzyme with
putidaredoxin as follows.

The significant change of the ''N NMR spectrum of P-
450.,,—~C!*N~ (Figure 1) clearly indicates that the binding of
putidaredoxin to the camphor-bound enzyme alters the electronic
state of the cyanide "N atom. The decrease in the '*N shift value
(from 500 to 477 ppm) is indicative of the decrease of electron
spin density on the '*N atom upon the electron donor binding.
On the basis of the Raman results for the CO complex, we assume

(13) Uno, T.; Nishimura, Y.; Makino, R.; lizuka, T.; Ishimura, Y.; Tsuboi,
M. J. Biol. Chem. 1985, 260, 2023-2026.

(14) (a) Shimada, H.; lizuka, T.; Ueno, R.; Ishimura, Y. FEBS Lett. 1979,
98, 290-294. (b) lizuka, T.; Shimada, H.; Ueno, R.; Ishimura, Y. In Cyto-
chrome Oxidase; King, T. E., Orii, Y., Chance, B., Okunuki, K., Eds.; El-
sevier/North-Holland: Amsterdam, The Netherlands, 1979; pp 9-20.
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that the Fe-CN bond strength is unchanged upon putidaredoxin
binding, while the iron-bound C-N bond is weakened under the
situation. The weakened iron-bound C-N bond likely makes a
less efficient electron spin delocalization from the iron to the N
atom. Here, we note that the binding of putidaredoxin to the
enzyme regulates the electron spin transfer from the iron to the
ligand. If the oxy form (Fe3*-0-0-) of P-450,,,, is assumed to
be similar to the cyano form (Fe3*—C-N-), this electronic con-
figuration may be favorable to a heterolytic scission of the O-O
bond when one more electron is given from the electron donor
to the heme in the oxy form.!”

Concerning the electronic and structural changes in the heme
vicinity upon putidaredoxin binding, three possibilities were
considered: (1) an increase in the Fe-S™(Cys) bond strength, (2)

(17) (a) Poulos, T. L.; Freer, S. T.; Alden, R. A.; Edwards, S. L.; Sko-
glund, U.; Takio, K ; Eriksson, B.; Xuong, N.; Yonetani, T.; Kraut, J. J. Biol.
Chem. 1980, 255, 575-580, (b) Poulos, T. L.; Kraut, J. 7bid. 1980, 255,
8199-8205.

a decrease of the steric restriction to the Fe—-C—N bond, and (3)
a formation of hydrogen bonding of cyanide N atom with nearby
amino acid residues. As stated in the preceding sections, any of
these effects serve to change the cyanide !N signal position to
upfield region. Recent X-ray studies' revealed that the heme of
P-450., is deeply buried in the peptide, and the closest approach
to the protein surface occurs at its proximal face, at a distance
of about 8 A. So, if putidaredoxin binds to the protein surface
of P-450,,, at the proximal side of the heme, it is likely that its
binding alters the Fe—S bond strength, supporting the first pos-
sibility. Further, when the conformational change at the heme
distal side would be induced upon the putidaredoxin binding, the
second and/or third possibilities are also likely. Further studies
will be required to reveal this problem.
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Abstract: Distortions in six-membered aliphatic ring systems were examined using deuterium chemical shifts and multiple
linear regression analysis. A new set of regression parameters has been developed that successfully interprets not only spectra
for those methylcyclohexanes with normal chair conformations but also spectra for ¢is- and trans-decalin and for three highly
distorted trimethylcyclohexanes with skew-boat type distortions to their equilibrium conformations. The origin of deformations
in the cyclohexane ring and the effect of distortions on ring hydrogen/deuterium chemical shifts are discussed in terms of
gauche interactions between vicinal C-C and C-D bonds. The fits for 115 deuterium shifts in these cyclic alkanes exhibited
a multiple R = 0.9816 and ¢ = 0.0623 ppm for an overall shift range of about 1.5 ppm. As the 14 structural parameters
obtained in this study are very sensitive to distortions and conformational features, the results indicate that 2H NMR methods
should be very powerful in those cyclic paraffins in which highly second-order banding is observed in the corresponding 'H

NMR spectrum.

I. Introduction

The use of very high field spectrometers for ZH NMR has been
shown to be valuable in extracting structural information not
readily available from complex 'H spectra.! Similar to 13C
spectra, proton-decoupled, natural abundance 2H spectra exhibit
single resonances for chemically distinct sites. The absence of
scalar couplings in these >H spectra produces a simple spectrum,
which is extremely helpful in determining chemical shifts when
the 'H spectrum is either banded or exhibits overlapping multiplets.
Compounds containing six-membered saturated rings usually
suffer severe banding in their 'H spectra and hence are particularly
suitable candidates for study by ?H NMR.

It is well-known?? that the chair conformation of cyclohexane
is energetically more stable than the boat conformation and that
cyclohexane interconverts rapidly between degenerate chair
conformations at room temperature.*  Methylcyclohexane
preferentially assumes the chair conformation in which the methyl
group is equatorial,*” since the strain energy associated with an
axial methyl is ~ 1.8 kcal/mol higher than that for an equatorial
methyl. In multiple-substituted methylcyclohexanes there are four
different conformational cases: case 1, two equal energy con-

! Department of Chemistry.
*Department of Fuels Engineering.

formations exist and the compound interconverts between them
(e.g., 1,1-dimethylcyclohexane); case 2, one chair conformation
is energetically favored (>99%) over the other (e.g., 1,cis-3-di-
methylcyclohexane); case 3, one chair conformation is only slightly
favored over the other (e.g., | ,trans-2,cis-4-trimethylcyclohexane);
case 4, substantial distortion to the ring occurs due to extensive
steric crowding of substituents (e.g., 1,cis-2,trans-3-trimethyl-
cyclohexane).

In the first three cases it has been possible to make 2H/'H
NMR spectral assignments very successfully using substitution
parameters established by multiple linear regression.! In the last
case, where some contribution from skew-boat type conformations
has been proposed, it has not proved possible to predict or to
interpret spectra satisfactorily using the parameters developed from
compounds exhibiting “pure” chair conformations. This work
develops a parameter set that successfully characterizes the
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