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was dissolved in benzene-Skellysolve B (1:1), adsorbed onto a
column of Woelm neutral alumina (6 g, undeactivated), and left
on the column for 11 hr. Elution of the column with chloroform
(300 ml) gave crude monoketone XVI (59 mg). The crude material
was then chromatographed on Woelm neutral alumina (15 g, de-
activated with water, 4% v/w). Elution with Skellysolve B-ben-
zene (4:1, 300 ml) gave a mixture (3 mg) with spectral properties
corresponding to diethylene ketal derivatives. Further elution
with Skellysolve B-benzene (3:2, 100 ml) gave the desired mono-
ketone XVI (20 mg). Crystallization of this material from Skelly-
solve C gave pure XVI: mp 118-120°; [«]?*D +72° (¢ 0.032, meth-
anol); Amax 5.86 x; nmr, 7 9.38 (3H,s), 7.90 (3 H, s), 6.05(4 H, s).

Anal. Caled for CpHj30;: C, 76.62; H, 10.06. Found:
C, 76.38; H, 10.46.

The next volume (120 ml) of Skellysolve B-benzene (3:2) yielded
three-spot material (11 mg). Finally, elution with Skellysolve B—
benzene (3:2, 125 ml) and with benzene (100 ml) gave some dike-
tone (22 mg).

9(10—19)abeo-50,100-Pregnane-3,20-dione (XVII). a. 9-
(10—~>19)abeo-A%1D-5¢,10a-Pregnene-3,10-dione 3,20-diethylene ke-
tal (X, 70 mg) was hydrogenated as described above to yield crude
product (68 mg). A solution of this product and p-toluenesulfonic
acid monohydrate (5 mg) in water (1 ml) and acetone (4 ml) was
refluxed for 3.5 hr and then left at room temperature overnight,
The acetone was removed under reduced pressure at room tem-
perature and the remaining residue was treated with water (5 ml)
and benzene (10 ml). The organic layer was separated and the
aqueous layer was extracted twice with chloroform-benzene (1:2,

10 ml). The combined organic layer was washed with saturated
salt solution and dried over anhydrous magnesium sulfate. After
filtration the solution was evaporated to dryness to leave a colorless
oil (50 mg). This oil was combined with the diketone (22 mg)
obtained during preparation of the monoketone. The combined
material was chromatographed on Woelm neutral alumina (15 g,
deactivated with water, 3.5% v/w). Elution with Skellysolve B~
benzene (1:1, 220 ml) gave a mixture (30 mg) containing some of the
desired diketone. Further elution with Skellysolve B-benzene
(1:2, 90 ml) furnished crystalline XVIII (6 mg). Recrystallization
from n-hexane provided pure XVIII (4 mg): mp 149-150°; [«]*D
+94° (c 0.015, methanol); Amax 5.88 u; nmr, 7 9.38(3 H, s), 7.90
(3H,s).

Anal. Caled for CuHz0.: C, 79.70; H, 10.19.
79.51; H, 10.01.

b. A solution of 9(10—19)abeo-5a,10c-pregnane-3,20-dione
3-monoethylene ketal (XVI, 10 mg) and p-toluenesulfonic acid
monohydrate (2 mg) in acetone (3 ml) and water (0.3 ml) was re-
fluxed for 3 hr. Acetone was removed by evaporation under
reduced pressure at room temperature and the residue was treated
with water (3 ml) and extracted with three 5-ml portions of benzene.
The benzene extract was washed once with water and dried over
anhydrous sodium sulfate, The solvent was removed under re-
duced pressure to leave a gray residue (6 mg). This residue on
crystallization from Skellysolve C provided diketone XVIII (2 mg),
mp 147-150°, The melting point was not depressed upon ad-
mixture with the diketone prepared by method a, and the thin layer
chromatographic behavior of the materials were identical.
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Abstract:

19898,

Manifestations in high-frequency (220 Mcps) proton magnetic resonance spectroscopy of the confor-

mational differences that exist between the native and denatured forms of ribonuclease, lysozyme, and cytochrome
c are described. High-field resonances in the 0.7- to —1.0-ppm range (relative to the internal standard 2,2-dimethy!-
2-silapentane-5-sulfonate) are exhibited by lysozyme and cytochrome ¢ only in the folded, native conformations.
The unusual positions of these resonances are attributed to high-field ring current shifts that are induced in the
highly shielded C-H protons of such residues as leucine, isoleucine, valine, lysine, methionine, arginine, threonine,
and alanine whose side chains are proximal to the faces of the aromatic groups of the histidine, phenylalanine,
tyrosine, and tryptophan residues in the proteins’ folded conformations. Additional, even larger diamagnetic
shifts (in the —2.0- to — 3.8-ppm range) are observed in the pmr spectra of the oxidized and reduced forms of folded
cytochrome ¢ that are believed to derive from side chains of component amino acids that experience the large ring
current field associated with the extensively conjugated porphyrin ring. Pmr spectral differences between ferri-
cytochrome ¢ and ferrocytochrome ¢ strongly suggest that important conformational dissimilarities exist between the
oxidized and reduced forms of the protein that are due to differences in side-chain coordination at the heme iron.
High-field resonances characteristic of the folded conformations are also observed for native myoglobin and hemo-
globin. One of these that occurs at —3.7 ppm in the spectrum of myoglobin has a resonance width of 110 cps.
This width is attributed to paramagnetic relaxation by the high-spin heme iron. Conversion of myoglobin to
the low-spin form as the result of coordination of CN™ to the heme iron leads to the appearance of two sharp reso-
nances in the —3.0- to —3.3-ppm region of the spectrum.

here have been a number of studies of proteins in
solution by proton magnetic resonance (pmr) spec-
troscopy.~1!  Structural information derivable from

(1) M. Saunders, A. Wishnia, and J. G. Kirkwood, J. Am. Chem.
Soc., 79, 3289 (1957).

(2) F. A. Bovey, G. V. D, Tiers, and G. Filipovich, J. Polymer Sci.,
38, 73 (1959).

(3) A. Wishnia and M. Saunders, J. Am. Chem. Soc., 84, 4235 (1962).

(4) A. Kowalsky, J. Biol. Chem., 237, 1807 (1962).

(5) M. Mandel, ibid., 240, 1586 (1965).

such studies has been severely limited by the overlap of
chemical shifts of the very large number of structurally

(6) M. Mandel, Proc. Natl. Acad. Sci. U. S., 52, 736 (1964).

(7) A. Kowalsky, Biochemistry, 4, 2382 (1965).

(8) O. Jardetzky and C. D. Jardetzky, J. Am. Chem. Soc., 79, 5322
(1957).

(9) M, Takela and O. Jardetzky, J. Chem. Phys., 26, 1346 (1957).

(10) O. Jardetzky and C. D. Jardetzky, J. Biol. Chem., 233, 383
(1958).

(11) J. H. Bradbury and H. A. Scheraga, J. Am. Chem. Soc., 88,
4240 (1966).

Journal of the American Chemical Society | 89:24 | November 22, 1967



RIBONUCLEASE
H% IN DO g0 7.5
38°'C 60 Mo

¥ 1 1
8 [ 4 H O ppm

Figure 1. 60-Mcps pmr spectrum of ribonuclease.

and environmentally nonequivalent protons encountered
in these molecules in their native, folded conformations
in neutral aqueous solution. Since chemical shifts are
linear functions of the polarizing magnetic field em-
ployed, it is of obvious advantage to investigate proteins
at the highest field (and concomitant frequency) pos-
sible. Most previous pmr studies on proteins have
been carried out at resonance frequencies of 100
Mcps or less. We wish to report here some pmr charac-
teristics of proteins observed using a 220-Mcps spec-
trometer. A preliminary report of some of the results
to be discussed below has appeared.!?

Experimental Section

Proton magnetic resonance (pmr) spectra were obtained on a
Varian Associates high-resolution spectrometer which operates at a
frequency of 220 Mcps. The polarizing field of 52,000 gauss is
furnished by a superconducting solenoid.!®14 The temperature
in the sample zone is established by a stream of nitrogen of con-
trolled but variable temperature and was regulated within =+1°
in our experiments, Internal referencing with sodium 2,2-di-
methyl-2-silapentane-5-sulfonate was employed throughout. This
resonance appears at 0 ppm in several of the spectra presented here.
Chemical shifts are expressed in units of parts per million (ppm)
from this reference resonance, with the convention that shifts to
low field are assigned positive values. Signal-to-noise ratios were
improved in some instances by employing a computer of average
transients (Varian Associates C 1024). The proteins employed in
these studies were the best commercially available. The trimer of
N-acetylglucosamine employed in the lysozyme inhibition studies
was provided by Dr. J. A. Rupley.

Results and Discussion

Ribonuclease. The 60-Mcps pmr spectrum of ribo-
nuclease dissolved in D,0 is shown in Figure 1. The
spectrum is similar to that obtained by Saunders and
co-workers! in their pioneering study at 40 Mcps. The
resolution that has been achieved is not impressive and
at these frequencies differences in the pmr spectra of
ribonuclease in native and denatured conformations are
difficult to discern, and certainly impossible to describe
in any quantitative sense. Pmr absorption of ribonu-
clease at 220 Mcps in the native and thermally denatured
conformations are shown, respectively, in the top and
bottom spectra of Figure 2. The strong line in the
4.5-5.5-ppm range in these and subsequent spectra
arises from HDO. Weaker, sharp resonances on
either side of this resonance in some of these spectra are
spinning side bands. The 220-Mcps pmr spectrum of
ribonuclease is fairly well resolved, at least in comparison
with the 60-Mcps spectrum, even in the folded confor-
mation. A most striking simplification and improved
resolution is achieved, however, upon thermal denatura-
tion. Itthuswould appear that 220-Mcps pmr spectros-

(12) C. C. McDonald and W. D. Phillips, “Proceedings of the Second
International Conference on Magnetic Resonance in Biology,” Per-
gamon Press Inc., New York, N, Y., 1967.

(13) F. A, Nelson and H. E. Weaver, Science, 146, 223 (1964).
(14) Chem. Eng. News, 44, 46 (Sept 5, 1966).
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Figure 2. 220-Mcps pmr spectra of ribonuclease in native (top)
and denatured (bottom) conformations.
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Figure 3. Radiofrequency absorption at 220 Mcps in the “‘aro-
matic”’ region of the pmr spectrum of ribonuclease (57°, native;
66°, denatured).

copy possesses a useful potential for the study of pro-
tein conformation in solution.

Fair progress in the analysis of the pmr spectrum of
ribonuclease in the denatured form can be made on the
basis of the expected positions of resonances of the
component amino acids.*"!* For example, the sharp,
extreme high-field resonance that occurs at 0.85 ppm
in the 72.5° spectrum of Figure 2 can be attributed to
the highly shielded methyl protons of valine, leucine,
and isoleucine. Of the aromatic amino acids, ribonu-
clease contains four histidine, three phenylalanine, and
six tyrosine residues; tryptophan is absent. Reso-
nances appearing in the 6.8-7.8-ppm region of the
spectrum of the denatured form of the protein can be
assigned to the aromatic protons of these component
amino acids. Positions and relative intensities of
resonances for the mixture of aromatic amino acids con-
tained by ribonuclease are indicated by the lines beneath
the 66° spectrum of Figure 3. On this basis, the 7.8-
ppm resonance is attributed to the C-2 protons of histi-
dine; the phenyl protons of phenylalanine appear as
the broadened peak at 7.3 ppm; the ortho and meta
protons of the phenyl group of the tyrosine residues are
associated, respectively, with the 6.8- and 7.2-ppm

McDonald, Phillips | Tertiary Structures of Proteins
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Figure 4. Pmr spectra of ribonuclease in CF;COOH and CF,-
COOD.

resonances. With the exception of the C-2 protons of
histidine, resonances of aromatic protons are shifted
about 0.15 ppm to high field upon incorporation of the
amino acid into the polypeptide chain.

Pmr spectra of ribonuclease in the denaturing solvents
CF;COOH and CF;COOD are shown in Figure 4. A
general observation to be made with regard to these
spectra is that, while there is by no means a one-to-one
correspondence between resonance positions and in-
tensities for ribonuclease dissolved in trifluoroacetic
acid and the protein in D;O solution above the denatura-
tion temperature, line widths and spectral simplicity
are comparable in the two solvents. Differences be-
tween the spectra of ribonuclease in D;O above 65° and
in trifluoroacetic acid can be attributed largely to chemi-
cal shifts that accompany protonation of the enzyme in
the acid medium. Some additional low-field resonances
are observed when CF;COOH is used as solvent be-
cause the rates of exchange of N-H and O-H protons
have been reduced to the level that separate, sharp
resonances are observed for these protons. In CF;-
COOD, such protons are replaced by deuterons and
their contributions to the spectrum of ribonuclease in
trifluoroacetic acid are no longer present.

It appears then that in the denatured state the side
chains of component amino acids of proteins are largely
unconstrained and consequently exhibit chemical shifts
for the various structurally nonequivalent protons that
do not strongly reflect the amino acid sequence of the
protein. Nearest neighbor interactions and conforma-
tional proximity effects do not appear to play a major
role in determining the chemical shifts of the side-chain
protons. Consequently, all residues of a given amino
acid give rise to a spectrum of resonances very similar
to that of the free amino acid so that the pmr absorption
of the denatured form of the protein can be rather well
represented by a superposition of the resonances of the
component amino acids, weighted by the amino acid
composition of the protein.

The pmr spectra of ribonuclease in D,O at tempera-
tures below 65° (the denaturation temperature) are,
however, markedly different from those of the enzyme in
CF;COOH or in D,O above the denaturation tempera-
ture. Many new resonances appear and the intensity
distribution of resonances over the spectrum is grossly

LYSOZYME
0% IN D20
220 Mc/s

pD 5.5

80°C

O ppm

54°C

30°C

8 [ 4 2 O ppm

Figure 5. Temperature dependence of the 220-Mcps pmr spec-
trum of lysozyme. The HDO resonance is in the 4.3-4.6-ppm
range. Spinning side bands are indicated by X.

altered. In the native form of the protein, side-chain
mobility seems to be greatly constrained and, on the
average, side chains are much closer together or at least
more environmentally perturbed, in the nmr sense, than
in the random coil form. Consequently, in the folded
conformation, electrical and magnetic effects of short-
range nature can produce quite appreciable chemical
shifts. In the folded conformation the resonances of a
single amino acid of a protein reflect its local environ-
ment. Thus, the spectrum of the native protein is very
much more complex, and at the same time potentially
much more revealing than that of its random coil form.

Thus, as RNase and, as will be seen, other proteins
are cooled a few degrees through their classical thermal
renaturation ranges, new pmr spectra emerge, pro-
foundly different from those of the random coil forms,
that are characteristic of the folded proteins. Minor
continuous changes in these latter spectra occur over a
wide temperature range as the protein solutions are fur-
ther cooled, indicating the occurrence of further small,
but real, conformational readjustments. Thus, by
carefully following pmr changes as a function of tem-
perature, it should be possible to monitor protein con-
formational changes associated with denaturation or
renaturation. In a similar vein, it would be hoped that
the approach will possess sufficient sensitivity to reflect
whatever conformational changes that may accompany
the interactions of proteins with substrates, effectors,
inhibitors, nucleic acids, lipids, and metal ions. In the
present discussion, however, we will be concerned pri-
marily with manifestations in nmr of temperature effects
on the conformations of proteins.

Lysozyme. The temperature dependence of the
pmr spectrum of lysozyme is shown in Figure 5.
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Figure 6. Radiofrequency absorption at 220 Mcps in the *aro-
matic” region of the pmr spectrum of lysozyme (50°, native; 74°,
denatured).

Above 74° where, under the environmental conditions
employed in this study, thermal denaturation is com-
plete, the pmr spectrum of lysozyme exhibits the rela-
tively simple, sharp-line spectrum that was found
characteristic of denatured ribonuclease. Expansions
of the low-field region of absorption of the aromatic
protons of lysozyme in the native (50°) and denatured
(74°) conformations are presented in Figure 6. De-
tailed analysis of this region of the spectrum even in
the ‘“‘simplified” spectrum of the denatured form is
complicated by the relatively high tryptophan content
of the protein. Out of a total of 129 amino acids, egg-
white lysozyme contains six tryptophan residues.!®18
The complex nature of the absorption of the indole
protons of tryptophan in the aromatic region (Figure 7)
is in striking contrast to the simplicity of absorption of
the aromatic protons of histidine, phenylalanine, and
tyrosine. Inany event, the spectrum of lysozyme in this
region based on its aromatic amino acid content is in-
dicated below the 74° spectrum of Figure 6, and when
shifted 0.2-0.3 ppm to high field, is seen to be in fair
qualitative agreement with the observed spectrum of the
denatured form of the protein.

The most interesting manifestations in pmr of the
conformational changes that accompany denaturation
of lysozyme are observed in the extreme high-field re-
gion of the spectrum. In the denatured form of the
protein (the 80° spectrum of Figure 5) the sharp, in-
tense high-field resonance that occurs at 0.85 ppm is
assigned, as in the case of ribonuclease, to the highly
shielded methyl groups of leucine, isoleucine, and valine.
As, however, has been reported earlier!? and as is seen
in Figures 5 and 8, the reversible reassumption of the
native conformation of the protein that accompanies a
reduction of temperature to below 74° results in a de-
crease in intensity of this resonance with a concomitant
emergence of resonances in the 0.7- to —0.7-ppm range.
Appearance of resonances in this region is noteworthy
since none are found here in the spectra of component
amino acids nor in the spectra of lysozyme or other
proteins so far examined /n the denatured form. These
resonances then would appear toreflect in rather sensitive
fashion aspects of the folded conformation of the pro-

(15 R. E. Canfield, J. Biol. Chem., 238, 2698 (1963).

(16) See, for example, B. Jirgensons, ‘“Natural Organic Macromole-
cules,” Pergamon Press Inc., New York, N. Y,, 1962.
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Figure 7. Pmr absorption of the indole group of tryptophan.

tein. Consequently, it is of some interest to inquire
into the origin of these high-field resonances in the
expectation that they will be of value in elucidating, for
example, interactions of the enzyme with substrate and
inhibitor and effects of environment on the conforma-
tion of the enzyme.

It is well established that aromatic rings are capable
of inducing large, through-space chemical shift effects
known as ring current shifts.’? The phenomenon
owes its existence to the fact that under the influence of
an external magnetic field the mobile 7 electrons of an
aromatic ring give rise to a small magnetic field that can
either add to or subtract from the external field in
varying amounts, the magnitude of the ring current
field depending on the orientation and distance of the
affected nucleus with respect to the aromatic ring. 18—
Particularly striking examples of ring current shifts have
been observed in the pmr spectra of porphyrins.?!2?
Ring current fields shift the resonances of protons
situated on the periphery but exterior to the plane of
aromatic groups to low field because in this configura-
tion the ring current field adds to the external polarizing
field. On the other hand, protons located above and
below the planes of aromatic rings experience high-field
shifts since in this orientation the ring current field
opposes the external field.

Johnson and Bovey? have carried out calculations
based on a ring current model of the magnetic field
associated with the six m electrons of benzene. To
illustrate the magnitudes of the fields and ring current
shifts involved, a few selected shifts to be expected at
points above and below the plane of a benzene ring are
presented in Table I. The diamagnetic ring current
fields are fairly constant to radial distances of 1 A, but
as might be expected decrease rapidly along the sixfold
axis. The minimum approach of the protons of, for
example, a methyl group to a benzene ring along the
sixfold axis of the ring would be about 3.0 A and in this
approach the protons should be subjected to a diamag-
netic ring current field equivalent to a shift of about 1.8

(17) 1. A, Pople, J. Chem. Phys., 24, 1111 (1956).

(18) J. S. Waugh and R. W. Fessenden, J. Am. Chem. Soc., 79, 846
(1957).

(19) L. W. Reeves and W, G. Schneider, Can. J. Chem., 35, 251
(1937).

(20) C. E. Johnson and F. A, Bovey, J. Chem. Phys., 29, 1012 (1958).

(21) E. D. Becker and R. B. Bradley, ibid., 31, 1413 (1959).

(22) W. S. Caughey and W. S. Koski, Biochemistry, 1, 923 (1962).
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Table I. Calculated Ring Current Shifts¢ Associated with Benzene?
z, A°

p, Ad 0 1.11 2.22 2.78 3.34 4.17 4.86 5.56
0 —15.22 —11.03 —-3.75 —2.18 —1.34 -0.72 —0.46 —-0.31
0.28 —15.26 —11.08 —3.66 —-2.13 —1.32 -0.71 —0.45 —0.31
0.56 —15.23 —11.20 -3.41 —2.00 —1.25 —0.68 —-0.44 —0.30
1.11 —11.72 —9.66 —-2.47 —1.55 —1.02 —-0.59 —0.40 —0.28
2.22 +1.73 +1.01 —0.51 —0.54 -0.47 -0.34 —-0.26 —-0.20

e Ring current shifts expressed in parts per million.

ring.

ppm; indeed, ring current shifts of at least 1.4 ppm are
experienced by certain methyl or methylene groups of
lysozyme in the protein’s folded conformation. As will
be seen later, ring current fields of up to 4.5 ppm are
experienced by side-chain protons of cytochrome ¢ and
these must be attributed to the larger fields associated
with the more extensively delocalized porphyrin ring.2"2!
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Figure 8. Radiofrequency absorption at 220 Mcps in the high-

field region of the pmr spectrum of lysozyme (64°, native; 78°,
denatured).

It is most tempting to consider the possibility of
applying calculated ring current shifts to the analysis of
the high-field regions of the spectra of proteins such as
lysozyme and cytochrome ¢ and in so doing specify a
number of side-chain contact points for their folded
conformations. However, agreement between theoreti-
cal and experimental in-plane ring current shifts for
porphyrins and molecules containing phenyl rings have
been at best semiquantitative.?* For lack of suitable
test molecules, calculated ring current shifts perpendicu-
lar to the aromatic plane have never been subjected to
anything more than qualitative verification. The pres-
ence of the five-membered heterocyclic imidazole ring of
histidine and the indole ring of tryptophan present dif-
ficulties for any relatively simple molecular orbital ap-
proach to ring current fields associated with these resi-
dues. For these reasons, analyses of the pmr spectra
of lysozyme and cytochrome ¢ to be discussed subse-
quently in this paper will be qualitative in nature. It is
expected, however, that studies in progress involving
perturbations of spectra by inhibitor binding to lysozyme

(23) For a critical discussion of ring current effects in nmr, see J. W.
Emsley, J. Feeney, and L. H. Sutcliffe, “High Resolution Nuclear

Magnetic Resonance Spectroscopy,” Vol. 1, Pergamon Press Inc.,
New York, N. Y., 1965, pp 140-149.

The negative sign denotes a diamagnetic field and the positive sign a paramagnetic
field, high and low resonance field shifts, respectively. ®Seeref20. < Distance along the sixfold axis.

¢ Radial distance in the plane of the

and amino acid substitutions in cytochrome ¢ from di-
verse species will lead to more specific assignments.

As discussed above, observed high-field shifts of up
to 1.4 ppm for the methyl and methylene groups of side
chains of some of the component amino acid residues of
lysozyme in the folded conformation are compatible
with their originating from ring current effects induced
by proximity of these groups to the faces of the aro-
matic rings of component histidine, phenylalanine,
tyrosine, and tyrptophan residues. Expanded versions
of the high-field spectral regions of lysozyme in the
denatured (bottom) and folded (top) conformations are
shown in Figure 8. The six valine, eight leucine, and
six isoleucine residues are expected to contribute a
total of 128 protons to the intensity of the 0.85-ppm
resonance of the 78° spectrum. Estimates, based on
area measurements, of the nunibers of protons contribut-
ing to the various peaks of the 0.7- to —0.7-ppm region
of the native conformation of lysozyme (the 64° spec-
trum of Figure 8) are as follows: at —0.68 ppm, 4.4
protons; the group of two weak and one strong reso-
nances from —0.30 to 0 ppm, 23 protons; at0.32 ppm,
11 protons; at 0.5 ppm, 10 protons. Thus, it appears
that the resonances of about 48 protons are shifted from
positions of lower shielding to the 0.7- to —0.7- ppm re-
gion when the folded conformation of the protein is
assumed. The 128 protons of leucine, isoleucine, and
valine of folded lysozyme contribute part but not all of
the intensity to this high-field region.

Assignment of the various high-field resonances to
specific proton-—aromatic ring current interactions is
impossible on an a priori basis. The three-dimensional
structure of crystalline egg-white lysozyme is, however,
known in considerable detail from the elegant X-ray
studies of Phillips and co-workers.?2#2®* From a
model of lysozyme based on the X-ray coordinates?®
it was possible to identify sufficiently close approaches of
the more shielded methyl and methylene groups of
certain of the side chains of component residues to the
faces of the aromatic rings of the component aromatic
amino acids that could produce the high-field ring cur-
rent shifted resonances observed in the folded conforma-
tion of lysozyme. These interactions are listed in Table
I1.27 For reasons given above, it must however be
emphasized that any such assignment must for the
present be regarded as tentative. A basis for more defi-

(24) C. C. F. Blake, D. F. Koenig, G. A. Mair, A, C. T. North,
D. C. Phillips, and V. R. Sarma, Nature, 206, 755 (1965).

(25) D. C. Phillips, Sci. Am., 215, 78 (1966).

(26) Constructed on the basis of the X-ray coordinates in the labora-
tory of Dr. C. B. Anfinsen and kindly made available to us for inspection
by the latter,

(27) A similar analysis of the high-field region of the 220-Mcps

pmr spectrum of lysozyme has been carried out by H. Sternlicht (private
communication).
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nite assignments will perhaps be provided by studies in
progress that reveal highly specific perturbations on the
spectrum of lysozyme that result from interaction in
solution between the enzyme and an inhibitor, the
trimer of N-acetylglucosamine. Indeed, preliminary
studies reveal that the resonances in the —0.30- to O-ppm
region are the only ones in the 0.7- to —0.7-ppm region
affected by enzyme-inhibitor interaction. X-Ray
studies by Phillips and co-workers? have shown that
tryptophan residues 62, 63, and 108 are involved in
binding the trimer and in fact undergo small relative
displacements as the result of the interaction. Also,
from Table II it is seen that certain side chains are suf-
ficiently near these three tryptophan residues that con-
formational perturbations at these sites should result in
altered ring current shifts. As might be expected, the
aromatic region of the pmr spectrum of lysozyme is also
affected as the result of the binding of the inhibitor.
This result can be taken to indicate that pmr may rather
sensitively reflect conformational perturbations in
enzymes caused by substrate, inhibitor, and effector
interactions.

Table II. Possible Interactions Leading to High-Field
Resonances of Folded Lysozyme®

Aromatic residue Residue in diamagnetic ring current field

Phe 3 Leu 8; Ileu 55; Lys 1 (Thr 40; Ileu 88)
His 15 Val 92 (Arg 14; Leu 17)
Tyr 20 Lys 96; Arg 21

Tyr 23 Met 105

Trp 28 Met 105; Leu 17

Phe 34 Arg 114 (Lys 33)

Phe 38 Lys 33 (Arg 5)

Tyr 53 (Thr 51; Thr 43; Leu 84)
Trp 62 Arg 61

Trp 63 Ileu 98; Leu 75

Trp 108 Ala 107 (Ileu 98; Val 99)
Trp 111 (Met 105)

Trp 123 (val 29)

@ Abbreviations used are: Phe, phenylalanine; His, histidine;
Tyr, tyrosine; Trp, tryptophan; Lys, lysine; Ileu, isoleucine;
Val, valine; Leu, leucine; Thr, threonine; Arg, arginine; Met,
methionine; Ala, alanine. Residue in parentheses where weak
interaction is expected.

In light of the above analysis of the high-field reso-
nances observed in the 0.7- to —0.7-ppm region of
lysozyme in the folded conformation, it is of interest to
return briefly to ribonuclease. High-field resonances
in this region were not observed in the pmr spectrum of
native ribonuclease (Figure 2). Recently a great deal of
progress has been made in elucidating by X-ray spectros-
copy the three-dimensional structure of this enzyme,29%
Inspection of a three-dimensional model?®! based on the
results of the Carlisle, Harker, and Richards groups
indicates that highly shielded methy! and methylene
groups are not well positioned with respect to the faces
of the aromatic rings of the histidine, pheuylalanine,
and tyrosine residues to experience high-field ring cur-

(28) C. C. F. Blake, New Sci., 29, 333 (Feb 10, 1966); C. C. F.
Blake, L. N. Johnson, G. A. Mair, A. C. T. North, D. C. Phillips, and
V. R. Sarma, Proc. Roy. Soc. (London), 167, 378 (1967).

(29) G. Kartha, J. Bello, and D, Harker, Nature, 213, 862 (1967).

(30) H. P. Avey, M. O. Boles, C. H. Carlisle, S. A, Evans, S. J.
Morris, R. A. Palmer, B. A. Woolhouse, and S. Shall, ibid., 213,
557 (1967).

(31) Kindly made available to us for inspection in the laboratory of
F. M. Richards.
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rent shifts in the folded conformation of the protein.
In this respect, the pmr results and the emerging detailed
X-ray structure of native ribonuclease appear to be in
qualitative agreement.

Cytochrome c. Cytochrome c is an iron-containing
protein that is involved in the respiratory cycles of
plants and animals.?2 Horse heart cytochrome ¢, a
typical mammalian representative of the class of pro-
teins, consists of a single polypeptide chain of 104
amino acids with a molecular weight of 12,363, The
single iron atom of the protein is present as part of a
heme group and its facile interconversion between ferric
and ferrous oxidation states is an important factor in its
biological redox role. The heme group is bound to the
polypeptide chain by means of two thioether linkages
that involve, in the case of horse heart cytochrome ¢,
two cysteine residues at the 14th and 17th amino acid
positions of the chain. It is believed that the 5th and
6th coordination sites of the heme iron atom are oc-
cupied by donor constituents of basic amino acid side
chains. Imidazole groups of two of the three histidine
residues of the molecule long have been implicated as
such ligands.®? It has also been suggested that the
two out-of-plane coordination sites of the heme iron
were occupied by an imidazole of histidine and an
e-amino group of lysine.?? However, recent X-ray re-
sults on oxidized horse heart cytochrome ¢ appear to
have established conclusively that only one histidine is
coordinatively bound to iron.%* It also appears quite
probable that the groups bound to iron in the oxidized
and reduced forms of cytochrome ¢ are not identical. 35

We wish to report here in preliminary fashion some
220-Mcps pmr characteristics of horse heart cytochrome
¢. Some of the results were derived from spectra ob-
tained in 5 M urea. Urea is a classical denaturant and
was employed in these initial studies to lower the dena-
turation temperature and, consequently, to confer a
greater time-temperature stability on the samples in the
denatured form. Subsequent studies in the absence of
urea have yielded similar protein denaturation charac-
teristics, but at somewhat elevated temperatures.

The temperature dependence of the pmr spectrum of
horse heart ferricytochrome ¢ is shown in Figure 9.
The strong resonances of 4.6 and 5.7 ppm arise, re-
spectively, from nonexchanged protons of water and
urea. The spectrum is only partial in the sense that in
the fully folded conformation of the protein there are
resonances that extend all the way to 2.5 ppm to high
field of the reference. These resonances will be dis-
cussed in some detail later in this section.

The aromatic amino acids of horse heart cytochrome
¢ consist of three histidine, four phenylalanine, four
tyrosine, and one tryptophan residues. In the dena-
tured form of the protein (the 65° spectrum of Figure 9),
the resonance absorption of cytochrome ¢ in the aro-
matic region (6.5-7.5 ppm) is comparatively simple and
can be assigned in relatively straightforward fashion.
The peak at 6.75 ppm arises from o-phenyl protons
and that at 7.1 ppm from m-pheny! protons of tyrosine;

(32) For an excellent, recent review of cytochrome ¢, see E. Mar-
goliash and A, Schejter, Advan. Protein Chem., 21, 114 (1966).

(33) E. Margoliash, N. Frohivert, and E. Wiener, Biochem. J., 71,
559 (1959).

(34) R. E. Dickerson, M. L. Kopka, J. Weinzierl, J. Varnum, D.
Eisenberg, and E. Margoliash, ibid., in press.

(35) H. A. Harbury and P. A, Loach, Proc. Natl. Acad. Sci. U. S., 45,
1344 (1959).
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Figure 9. Temperature dependence of the 220-Mcps pmr spec-
trum of horse heart cytochrome c.
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Figure 10. The “‘aromatic” regions of the pmr spectra of the
oxidized and reduced forms of native horse heart cytochrome ¢
at 220 Mcps.

the aromatic protons of phenylalanine appear as the
fairly broad peak centered at 7.2 ppm; and the C-2
protons of histidine yield the weak resonance at 7.6 ppm.
Again, referring to the denatured form of the protein,
the strong, well-resolved peak to highest field (0.85 ppm)
is attributable to the six methyl protons of each of the
valine, leucine, and isoleucine residues of which there are
a total of 15 in horse heart cytochrome ¢. Of the 104
amino acid residues in cytochrome ¢, 19 are lysine.
Side-chain CH, protons of lysine contribute to the two
sharp resonances that are prominent in the 65° spectrum
at 1.6 and 2.9 ppm.

Of particular interest are spectral changes that reflect
the folding of the molecule into its biologically active
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Figure 11. Radiofrequency absorption at 220 Mcps in the high-
field region of the pmr spectrum of horse heart cytochrome c: top,
denatured ferricytochrome ¢; middle, native ferricytochrome c;
bottom, native ferrocytochrome c.

conformation. As the temperature of the solution is
reduced, the resonance absorption of the aromatic
protons of the protein becomes very complex. This
complexity is illustrated in Figure 10 in the expanded
versions of the pmr spectra of the aromatic protons of
ferricytochrome ¢ (top) and ferrocytochrome ¢ (bottom)
in the native conformation. The very great differences
between the pmr spectra of the oxidized and reduced
forms of the molecule that are observed in the region of
aromatic absorption are, as we shall see, to be found in
other regions of the spectrum as well.

There is no pmr absorption in the high-field region of
the spectrum beyond 0.85 ppm in the denatured forms
of either the ferricytochrome ¢ or the ferrocytochrome c.
However, as the protein reassumes its native conforma-
tion as the temperature is reduced to below 60° the
0.85-ppm resonance which has been attributed to the
highly shielded methyl groups of the valine, leucine,
and isoleucine residues decreases in intensity and is
partially replaced by a series of resonances that extend,
in the case of the ferrocytochrome ¢, 4.5 ppm to even
higher field (Figure 11). The high-field satellite reso-
nances of both the oxidized and reduced forms of
cytochrome c that are observed in the region 4-0.5 ppm
to — 1.0 ppm appear to be similar in origin to those ob-
served earlier in lysozyme, namely, high-field ring cur-
rent shifted resonances that arise from close proximity in
the folded conformation of the protein of highly
shielded C-H side-chain protons to the faces of the
aromatic rings of phenylalanine, tyrosine, tryptophan,
and histidine. Ring current shifts of 1.5 ppm are com-
patible with the positioning of the protons of, say, a
methyl group along the sixfold axis of a benzene ring
and at a distance of about 3.2 A above the plane of the
ring, by no means an impossible packing geometry.
The observed shifts in the two forms in the 3.0-4.5-ppm
range are more difficult to account for on this basis. A
separation of only 2.1 A between methyl protons and the
plane of a benzene ring is required for a ring current
shift of 4.2 ppm, an unreasonably small distance.

There would appear to be two possible mechanisms
for producing the high-field satellite resonances that
occur in the —2.0- to —3.8-ppm region of the pmr
spectrum of the oxidized form of cytochrome ¢ in the
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folded conformation. The first of these, contact
shifts,% either isotropic hyperfine or pseudo-contact,
is rejected on the following counts. Contact shifts,
probably of the isotropic hyperfine variety, were earlier
observed by Kowalsky” for ferricytochrome ¢ in the
folded conformation and have been verified by us.
These severely broadened contact shifted resonances
appear at about +25 ppm to low field and — 33 ppm to
high field. The high-field satellite resonances of cyto-
chrome ¢ in which we are presently interested are ob-
served for not only the paramagnetic ferricytochrome ¢
(—2.1 to —2.5 ppm) but for the diamagnetic ferrocyto-
chrome ¢ (—3.2 to —3.8 ppm) as well. Thus, para-
magnetism, a necessary prerequisite to contact shifts of
any variety, cannot be responsible for the high-field
satellite resonances of ferrocytochrome ¢ which are,
in fact, greater than those observed in the paramagnetic
ferricytochrome ¢. Another, perhaps even more de-
cisive, argument is that the line widths of the —2.1- to
—2.5-ppm satellite resonances of ferricytochrome ¢
are only about 20 cps, about the same as those of the
resonances of the —3.2- to —3.8-ppm region of ferro-
cytochrome ¢ and at least as narrow as the previously
discussed high-field satellite resonances of lysozyme.
Contact shifted resonances customarily are broadened
through electron—nucleus dipolar interaction.?¢ Thus,
it appears fairly certain that the high-field satellite
resonances in the —2.1- to —3.8-ppm regions of the
spectra of the ferricytochrome ¢ as well as the ferro-
cytochrome ¢ are produced by a mechanism other than
contact interaction.

It is likely that the high-field resonances of the
—2.1-to —3.8-ppm regions of the oxidized and reduced
forms of cytochrome ¢ arise from ring current shifts of
side chains of component valine, leucine, and isoleucine
residues that reside in the folded conformation in close
proximity to the faces of the porphyrin ¢ moiety. Pre-
vious workers have shown that huge ring current shifts
of 10 ppm or more can be associated with the extensively
delocalized porphyrin ring.222 Unfortunately, and
for reasons discussed earlier, it is not presently possible
to make any meaningful comparison between theoretical
phorphyrin ring current shifts and those observed ex-
perimentally in cytochrome ¢. Nevertheless, it is sug-
gested that this effect is responsible for the —2.1- to
—3.8-ppm shifts observed in the pmr spectra of the
oxidized and reduced forms of horse heart cytochrome
c.

As noted earlier, differences exist in the aromatic
regions of pmr absorption for ferrocytochrome ¢ and
ferricytochrome c in their folded conformations. As is
evident from Figure 11, these differences extend most
strikingly into the region to high field of the methyl
resonances of the leucine, isoleucine, and valine residues
of the denatured protein. It would appear then that
the folded conformations of the ferricytochrome ¢ and
ferrocytochrome c¢ are significantly different. Another
piece of evidence compatible with this hypothesis is that
the ferrocytochrome ¢ is considerably more stable to
thermal denaturation than ferricytochrome ¢, in 5 M
urea the former is stable to about 85°, while the latter
thermally denatures at 65°. The X-ray evidence of
Dickerson?®* seems to be conclusive in assigning the 5th

(36) For areview of contact shifts, see D. R. Eaton and W. D. Phillips,
Advan, Magnetic Resonance, 1, 103 (1965).
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Figure 12. Effect of cyanide coordination on the high-field pmr
absorption of ferricytochrome ¢. Under the experimental condi-
tions employed, coordination between the heme iron and added
azide ion and histidine did not occur.

and 6th coordination sites of the iron of ferricyto-
chrome ¢ to histidine and some other residue, perhaps
methionine. Some alteration in coordination at at
least one of these sites appears required for ferrocyto-
chromec. The profound effect of altered iron coordina-
tion on the pmr spectrum of ferricytochrome ¢ is shown
in Figure 12. Incubation of the protein with azide ion
and histidine has little or no effect on the spectrum.
Cyanide ion, however, which apparently displaces one
or both of the amino acid side-chain ligands at the 5th
and 6th coordination sites, profoundly alters the spec-
trum of ferricytochrome ¢ in the high-field satellite re-
gion. Asa matter of fact, the two high-field resonances
at —2.1 to —2.4 ppm of the ferricytochrome ¢ spectrum
that were attributed to ring current shifts arising from
proximity of methyl groups to the porphyrin ring are
missing in the cyano derivative. Equally extensive
changes in the pmr spectrum of the aromatic region of
ferricytochrome c are produced as the result of coordina-
tion with cyanide.

Temperature dependences in the high-field satellite
region of the oxidized and reduced forms of cytochrome
¢ are shown in Figures 13 and 14. The integrated in-
tensity of the single sharp resonance that occurs at
—3.2 ppm in the spectrum of ferrocytochrome ¢ is con-
sistent with its arising from a single CH; group. The
three clearly resolved peaks centered around —0.45 ppm
in the 50° spectrum of ferrocytohrome ¢ similarly are
attributable, on an intensity basis, to methyl groups.
Itis noteworthy, particularly in the case of the ferrocyto-
chrome ¢ (Figure 14), that the positions of the high-field
satellite resonances at temperatures considerably below
thermal denaturation exhibit a slight temperature de-
pendence. Temperature dependences over this range in
the region of aromatic resonance absorption for both
the ferrocytochrome ¢ and ferricytochrome ¢ are even
more striking. It is thus clear, and perhaps not sur-
prising, that the conformation of cytochrome ¢, as
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Figure 13. Temperature dependence of the high-field region of
the 220-Mcps pmr spectrum of ferricytochrome c.
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Figure 14. Temperature dependence of the high-field region of
the 220-Mcps pmr spectrum of ferrocytochrome c.
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probably with the majority of proteins, is continuously
altered with changes in environmental conditions.

Oxidation-reduction equilibria in cytochrome ¢ sys-
tems can be followed by electronic spectral absorptions
characteristic of the two forms?® % and, with more dif-
ficulty, by magnetic susceptibilities.® It is apparent
from the pmr spectrum of a partially reduced sample of
ferricytochrome ¢ (Figure 15) that pmr also can be em-
ployed to monitor such equilibria. Resonances attrib-
utable to ferricytochrome ¢ and ferrocytochrome ¢ are
cleanly resolved and the redox equilibrium can be de-
termined from appropriate integrated resonance in-
tensities.

The pmr spectra of myoglobin and hemoglobin are
being investigated and will be detailed in a subsequent
publication. Itis, however, worth noting in connection
with the above discussion of cytochrome ¢ that extreme
high-field resonances in the —2.1- to — 3.8-ppm region

(37) E. Stolz, A, E. Sidwell, and T. R. Hogness, J. Biol. Chem., 124,
11 (1938).

(38) L. Tosi, Pubbl. Staz. Zool. Napoli, 29, 425 (1957).
(39) H. Theorell, J. Am. Chem. Soc., 63, 1820 (1941).
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Figure 15. Partial spectrum of the high-field region of a mixture
containing both oxidized, O, and reduced, R, forms of horse
heart cytochrome c.

were not observed for the folded conformations of either
of these proteins in solution under normal spectrometer
operating conditions. Two explanations for the ab-
sence of such resonances in myoglobin and hemoglobin
seem possible. One is that the side chains of none of the
more shielded C-H protons of side chains are sufficiently
close to the faces of the porphyrin ring to experience
sizable high-field ring current shifts into the —2.1- to
—3.8-ppm region. Although the heme groups of
myoglobin and hemoglobin appear to be much nearer the
surfaces of the molecules and more exposed to the ex-
terior than that of cytochrome c, inspection of a model
of whale myoglobin?¢ suggests that the methyl groups
of, at the very least, the valine-68, leucine-89, and iso-
leucine-99 residues should be favorably situated with
respect to the faces of the porphyrin ring to be subject
to appreciable ring current field interactions. It thus
appeared that this explanation for the apparent ab-
sence of resonances in the —2.2- to —3.8-ppm region
of the pmr spectra of myoglobin and probably hemo-
globin as well could be dismissed, at least tentatively.
However, it seemed possible that resonances from the
side-chain methyl groups of these amino acids were
present in this region of resonance absorption but were
severely broadened through nucleus-electron dipolar
interaction by the sizable magnetic moments of the iron
of myoglobin and hemoglobin. The heme iron of these
proteins, in contrast to that of cytochrome ¢, is high
spin with moments in the ferri form of 5.9 BM and in
the ferro form of 4.9 BM. The effectiveness of a para-
magnetic center in broadening a nuclear resonance
varies as the square of the paramagnetic moment and
the inverse sixth power of the separation between the
nucleus and the center. Then, for comparable nucleus-
electron distances, the iron of myoglobin and hemo-
globin should be six to eight times more effective than
that of ferricytochrome ¢ in relaxing vicinal protons.
Paramagnetic relaxation should not of course be a factor
in determining the line widths of resonances of the dia-
magnetic ferrocytochrome c.

The pmr spectra of the cyano-coordinated derivatives
of myoglobin and hemoglobin would be expected to be
of value in elucidating this point since in these derivatives
the iron is converted to the low spin case encountered
in cytochrome ¢ where nucleus—¢electron dipolar broad-
ening effects should be and appear to be much less ex-
tensive. Indeed, the cyano derivative of myoglobin
exhibits two new resonances, each displaying an in-
tensity equivalent to one methyl group, in the —3.0- to
—3.3-ppm region of the pmr spectrum. This observa-
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tion prompted reexamination of the —2.2- to — 3.8-ppm
region of the spectrum of native myoglobin. With 250
computer-averaged traces, a resonance of 110-cps half-
maximum width emerged at —3.72 ppm. These results
would seem to justify the conclusion that side-chain
groups positioned sufficiently near to the porphyrin ring
to experience sizable ring current shifts are present in
myoglobin and probably hemoglobin as well as in the
previously discussed cytochrome ¢. It would appear
that such resonances of high-spin myoglobin and hemo-
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globin are broadened because of dipolar relaxation
by the heme iron, although the effect alternatively could
originate in differences in electronic relaxation times
of iron in the reduced and oxidized forms of the pro-
tein,

Acknowledgments. We are grateful to Dr. R. C.
Ferguson for advice and assistance in the maintenance
and operation of the 220-Mcps spectrometer and to
Messrs. F. W, Barney and F. V. Ferrari for technical
assistance in obtaining the spectra.

The Metabolic Products of Naphthalene in Mammalian Systems’

J. Holtzman, J. R. Gillette, and G. W. A. Milne

Contribution from the Laboratories of Chemical Pharmacology and Metabolism,
National Heart Institute, National Institutes of Health, Bethesda, Maryland 20014.

Received July 31, 1967

Abstract:

The enzymatic conversion of naphthalene to 1,2-dihydro-1,2-dihydroxynaphthalene has been shown by

labeling experiments to proceed with the incorporation of one atom of oxygen from molecular oxygen, the second

oxygen atom being derived from water.

product has been shown by nmr spectroscopy to be the rrans diequatorial diol.

genation is discussed in the light of these findings.

In 1955 it was demonstrated independently by Hay-
aishi, et al.,? and by Mason, et al.,® that molecular
oxygen may be directly incorporated into various sub-
strates. Such reactions are now generally termed
oxygenations to distinguish them from oxidations, in
which molecular oxygen is merely an electron acceptor.
It is now quite clear that oxygenases, the enzymes
that catalyze oxygenations, are of great importance in
that they are involved in the metabolism of a great
variety of substrates such as steroids,* aromatic
hydrocarbons,® alkaloids, and numerous drugs’
such as aminopyrine! and the barbiturate, seconal.®
The metabolism of naphthalene in mammalian sys-
tems! has been thought!! to proceed vig an oxygenation
step, the mechanism of which is, however, obscure.
As this substrate is representative of the polycyclic
carcinogens, it was deemed of interest to study the
pathway by which it is oxidatively metabolized.

Among the major metabolites of naphthalene in
rabbits and rats are e-naphthol (I), 1,2-dihydro-1,2-
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77, 5450 (1955).
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(4) R. W, Estabrook, D. Y. Cooper, and O. Rosenthal, Biochem, Z.,
338, 741 (1963).
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Mason, J. Biol. Chem., 235, 3011 (1960).

(6) D. Y. Cooper, S. Levin, S. Narashimuhulu, O. Rosenthal, and
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The initial attack upon the substrate takes place at the « position and the

The over-all mechanism of the oxy-

dihydroxynaphthalene (DHN-diol, II),121% and S-(1,2-
dihydro-2-hydroxy-1-naphthyl)glutathione (III). Fur-
ther work on in vitro systems showed that formation of
I and II from naphthalene is catalyzed by liver micro-

NH,
OH NHCOCH,CH,CH COOH
OH SCH,CHCONHCH,COOH
C o
i O‘
III

somal enzymes which require NADPH and molecular
oxygen.l4 It has not been possible to classify these
enzymes as oxygenases since it has not been demon-
strated that molecular oxygen is directly incorporated
into naphthalene. A molecule of oxygen may be in-
corporated intact, the enzyme involved being a dioxy-
genase, or it may donate one atom of oxygen, the enzyme
catalyzing such a reaction being a monooxygenase of
the mixed function type,!s since NADPH is required.
It is known'41¢ that neither I nor II may serve as a
precursor of the other, but whether they both have a
common precursor is unclear.

We have already adduced evidence! showing that
only one atom of molecular oxygen is incorporated
into naphthalene in the formation of II and now wish
to report experiments which show that naphthalene is
converted by a monooxygenase to both I and II, pos-
sibly via a common precursor.

(12) L. Young, Biochem. J., 41, 417 (1947).

(13) J. Booth, E. Boyland, T. Sato, and P. Sims, ibid., 77, 182 (1960).
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