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Ri=3X R 2)
J#Ei
where
R\ = [yu*h?|[d;;]~8[7cY] (3)

To account for cross-relaxation which occurs during nonse-
lective '"H T, measurements we can write®

RI/(NS) =R/’ + ¥ oy 4)
J#i
Freeman and co-workers’ have shown that R’ can be mea-
sured in the initial rate approximation’ with the 180° — 7 —
90° sequence provided that the 180° pulse is selective (e.g., 10
ms in our experiments) and that, in the extreme narrowing
limit,® [R/(NS)/R,] = 1.5.

In a thoroughly dried and deoxygenated 2 X 10~2 M sample
of 1in Me,SO-dg this ratio was 1.5 for both H-vy| and H-v,
showing that their relaxation was entirely intramolecular di-
pole-dipole. Double selective excitation experiments® of H-+,
and H-v, gave all the experimental data to determine o,,,
64,y from the equations

RiM(v1,v2) =R + 0y,

and
R|72(71,72) =R+ Ty

Here the R;7(7y17v2) and R, terms were obtained by double
selective and monoselective experiments, respectively. In ac-
cordance with theory ¢4, = 05,y With a value of 0.290 %
0.010 s~1. By writing 26.,, = Ry"72 = yy*h?(d,,,,) "5
(rc1177) and assuming d,,, = 1.8 A, 77172 = (3.4 £ 0.2) X
10-11s,

The correlation time for the CY-H vectors was determined
from !3C T, measurements to be 7.H = 6.5 X 107115, a value
appreciably slower than 7.7172, Since the }3C T sample had
a concentration 40 times that of the —H T, sample, this dis-
crepancy is to be attributable to viscosity and/or intermolec-
ular effects. The fact that 7.v172 for the }3C T} sample was (5.8
+0.3) X 107! 5, a value close to rH7 = (6.5 £ 0.5) X 10~!!
s, indicates that intermolecular effects are no larger than the
experimental error.

(1) By combining nonselective and mono- and diselective
excitation T, values and known geminal !H-'H distances, 7.
can be calculated. This technique is generally applicable to
simple and complex molecules, including amino acid side
chains in peptides and proteins. (2) Measurements of 7. are
made at low concentrations and are significantly faster than
those at the high concentrations typical of 13C measurements.
The two protons involved in these measurements should exhibit
first-order coupling. (3) Extention of this method to non-
geminal protons is possible, e.g., distances derived from dihe-
dral scalar coupling constants and Karplus curves.

Acknowledgment. This work was supported by grants from
NIH (AM 18604), NSF (BMS 70.23819 and PCM
77.13976), the College of Agriculture and Life Sciences.
Partial expenses for the Bruker WH 270 campus facility were
provided by the Graduate School Research Committee and
the University of Wisconsin Biomedical Research Grant No.
RR 07098. M.M. was a recipient of O.A.S. Fellowship No.
PRA 55018.

References and Notes
(1 R197SG Norton and A. Allerhand, J. Am. Chem. Soc., 98, 1007-1014

(2) G.g;\g)e'rhand and R. A. Komorosky, J. Am. Chem. Soc., 95, 8228-8231

(3) A. Allerhand, D. Doddrell, and R. A. Komorosky, R. A., J. Chem. Phys., 55,
189-198 (1971).

(4) F(R1.9D7o;s)lauriers, I. C. P. Smith, and R. Walter, J. Biol. Chem., 249, 7006-7010

0002-7863/78,/1500-6529$01.00/0

6529

(5) A.P.Zens, T.J. Williams, J. C. Wisowaty, R. R. Fisher, R. B. Dunlap, T. A.
Bryson, and P. D. Ellis, J. Am. Chem. Soc., 97, 2850-2857 (1975).

(8) A. Abragam, ""The Principles of Nuclear Magnetism”, Clarendon Press,
Oxtord, 1961, p 295-297.

(7) R.Freeman, H.D. Hill, B. L. Tomlinson, and L. D. Hall, J. Chem. Phys., 61,
4466-4473 (1974).

(8) J. H. Noggle and R. E. Schirmer, "The Nuclear Overhauser Effect’’, Academic
Press, New York, 1971, p 18-18.

(9) L. D.Hall and H. D. W. Hill, J. Am. Chem. Soc., 98, 1269-1270 (1976).

Neri Niccolai, Maria P. de Leon de Miles,
Sean P. Hehir, William A. Gibbons*
Department of Biochemistry

College of Agricultural and Life Sciences
University of Wisconsin—Madison,
Madison, Wisconsin 53706

Received May 8, 1978

Ultraviolet Resonance Raman Study of Oxytyrosinase.
Comparison with Oxyhemocyanins
Sir:

Tyrosinase and hemocyanin are metalloproteins which
contain an EPR-nondetectable binuclear copper active site
often classified together with the binuclear sites in laccase,
ascorbate oxidase, and ceruloplasmin as type 3 copper.! Both
proteins interact with molecular oxygen: hemocyanin? func-
tions as the oxygen carrier for molluscs and arthropods,
whereas tyrosinase® utilizes oxygen in the hydroxylation of
monophenols and the dehydrogenation of o-diphenols. Reso-
nance Raman spectroscopy has been used to study the active
site structure and mode of oxygen binding for various oxy-
hemocyanins. This communication reports the results of par-
allel studies on oxytyrosinase.

Oxytyrosinase is produced by the reaction of either mush-
room* (Agaricus bispora) or Neurospora crassa®® tyrosinase
with hydrogen peroxide in the presence of oxygen. This protein
derivative has an absorption spectrum remarkably similar to
that of oxyhemocyanin (hemocyanin, €345 ym 20 000 M™!
cm™! €579 1000; oxytyrosinase, €345 18 000, €590 1000) and has
been postulated to be a catalytic intermediate in the biological
functioning of tyrosinase. Initial resonance Raman studies’
on oxyhemocyanin (Cancer magister) used visible excitation
frequencies (457.9-647.1 nm) and revealed an enhanced vi-
bration at 744 cm™! assignable to O-O stretching on the basis
of its 130, isotope shift. The frequency of the O-O stretch in-
dicates that oxygen is bound as peroxide. More recent reso-
nance Raman studies® on Busycon canaliculatum and Limulus
polyphemus oxyhemocyanin involved UV excitation (351.1
and 363.8 nm). These spectra exhibit a cluster of bands in the
metal-ligand region which have been tentatively assigned as
copper-imidazole stretches and a remnant of the 742-cm™!
O-0O stretch. Parallel resonance Raman studies were under-
taken to investigate the increased reactivity of the bound
oxygen in oxytyrosinase as compared to that in oxyhemocy-
anin.

Tyrosinase from Neurospora crassa wild-type strain was
purified® by salt fractionation and a combination of ion-ex-
change and hydroxylapatite chromatography and stored as
microcrystals in 20 mM sodium phosphate buffer, pH 6.8.
Raman samples were prepared by dissolving the microcrystals
in 20 mM sodium phosphate, 0.5 M sodium chloride, pH 6.8
buffer to a final concentration of 10-20 mg/mL (0.5-1.0 mM
in copper). Approximately 30% of the dissolved tyrosinase was
in the oxy form. Conversion of the resting protein to oxytyr-
osinase was accomplished by the addition of a 1.2-1.5 molar
excess of H,O, or a 5-fold molar excess of NH,OH-HCl in the
presence of oxygen. Oxytyrosinase containing 80, (Stohler
Isotope Chemicals) was prepared by repeated evacuation and
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Table I. Comparison of the Resonance Raman Spectra of Oxyhemocyanins with That of Neurospora crassa Oxytyrosinase?

Busycon Limulus Cancer Cancer Cancer Neurospora crassa tentative
canaliculatum polyphemus magister irroratus boreolis oxytyrosinase assignment?
119 dNCuN
170 180 (br) 180 (br) 110-240 (br) 199 (br) 184 (br) SNCuN
226 223 218 217 218 YCuN
267 271 (sh) 262 (sh) VCuN
286 (sh) 287 282 288 284 274 YCuN
315 (sh) 306 (sh) 308 (sh) 296 (sh) YCuN
337 (sh) 338 333 (sh) 332 328 YCuN
749 752 744 748 755 YOO
2 Incm™' b References 8 and 12, nitrogen atoms from imidazole rings.
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Figure 1. Resonance Raman spectra of (a) '90; and (b) '80, Neurospora
crassa oxytyrosinase, 17.2 mg/mL (0.4] mM in protein, 0.82 mM in [ | |
copper); 200-mW, 363.8-nm laser excitation; spectral slit width 7cm~?; L L
50-450-cm™! region, photon counting for 2 s/cm™!, scale 1500-3000 500 300 100

counts; 700-800-cm™! region, addition of five scans, photon counting for
2s/cm™!, scale 9500-11500 counts.

equilibration of resting tyrosinase with argon followed by in-
troduction of 180, and subsequent addition of hydroxylamine
hydrochloride solution. All manipulations of the sample were
performed directly in a Raman spinning cell sealed with rubber
septa.

Raman spectra were recorded using a Spectra Physics
Model 170 Ar* laser, a Spex double monochromator, RCA
C31034A photomultiplier, and Ortec photon counter. Data
were collected and stored by a Data General Nova 2 computer.
A small volume (~1 mL) spinning cell was used and a stream
of cold nitrogen gas was directed onto the sample during data
collection in an effort to prolong sample lifetime. Oxytyrosinase
was unstable in the laser beam, turning reddish brown after
prolonged exposure (>2 h). Samples were discarded after 1
h and scans were repeated on separate samples to assure re-
producibility. This instability precludes any accurate mea-
surement of depolarization ratios or intensity profiles. The low
intensity of the 755-cm~! band (vide infra) also discourages
any oxytyrosinase experiments with oxygen mixed isotopes
such as those done on oxyhemerythrin!? and oxyhemocyan-
in.11

FREQUENCY (cm™)

Figure 2. (a) Resonance Raman spectrum of Busycon canaliculatum
oxyhemocyanin, I mM in copper in 0.05 M sodium carbonate buffer, pH
9.8; 100-mW, 363.8-nm laser excitation, spectral slit width 7 cm™!, sen-
sitivity 2000 counts; rise time 3 s; scanning speed 30 cm™' /min. (b) Res-
onance Raman spectrum of Limulus polyphemus oxyhemocyanin, 1.7
mM in copper in 0.05 M sodium carbonate buffer, pH 9.8; 200-mW,
363.8-nm laser excitation, spectral slit width 7 cm™!, sensitivity 2000
counts; rise time 3 s; scanning speed 30 cm™'/min. (c) Resonance Raman
spectrum of Neurospora crassa oxytyrosinase, instrumental conditions
as in Figure 1.

Laser excitations into the 345-nm absorption band of ox-
ytyrosinase using 363.8- or 351.1-nm lines gives rise to several
resonance-enhanced Raman bands between 100 and 350 cm™!
and a weaker enhanced band at 755 cm™! (Figure 1a). 130,
oxytyrosinase shows an identical resonance Raman spectrum
in the low frequency region, but the 755-cm™! band shifts to
714 cm~! (Figure 1b). A control sample of resting tyrosinase
showed only a weak spectrum consistent with the 30% oxyty-
rosinase present.

In the region between 100 and 350 cm™! (Figure 1) there
are at least five bands in oxytyrosinase. The most intense band
centered at 274 cm~! probably consists of at least three bands,



Communications to the Editor

but only one shoulder at 296 cm™! is well defined. The 184- and
218-cm™! bands are broad and certainly contain several
components. A comparison of the low frequency resonance
Raman spectrum of oxytyrosinase with those of Limulus
polyphemus and Busycon canaliculatum oxyhemocyanin is
shown in Figure 2. A tabulation of these data and those from
two other arthropods is given in Table I. The vibrations en-
hanced for oxytyrosinase correspond quite closely to those for
the oxyhemocyanins, both in energies of vibrations and in-
tensity patterns. These vibrations are most likely metal-ligand
stretches and bends but the absence of any shift upon 80,
substitution precludes the assignment of the Cu-O vibrations.
Imidazoles have frequently been suggested as protein ligands.
Model studies!? confirm that copper-imidazole vibrations
occur at these energies and the observed bands are tentatively
assigned as such in Table I.

The energy of the 755-cm~! band indicates that the oxygen
is bound as peroxide and the shift to lower frequency of 41
cm~! upon 80, incorporation (Figure 1) further confirms this
assignment as it is close to the calculated shift of 43 cm™! for
a pure O-O stretch. Similarly, the 744-cm~! band of Cancer
oxyhemocyanin shifts by 40 to 704 cm™! upon isotope substi-
tution.” The O-O stretch for Neurospora tyrosinase is higher
than that found for any hemocyanin, but, considering the range
of frequencies found for the hemocyanins in Table I, the dif-
ference is not significant.

The results of these studies establish that the coordinated
oxygen in oxytyrosinase exists as peroxide and strongly suggest
that the copper atoms in this derivative are in the divalent state,
the lack of an EPR signal being attributable to antifer-
romagnetic coupling between the Cu(Il) ions (cf. ref 13). It
has been determined!4 that one oxygen molecule binds per two
coppers in Neurospora oxytyrosinase, just as in hemocyanin.
The correspondence of the peroxide stretch and the metal-
ligand vibrations demonstrate that the active sites of oxy-
hemocyanin and oxytyrosinase are very similar. Since peroxide
complexes are known!5 to oxygenate substrates under relatively
mild conditions, our results would indicate that the increased
reactivity of tyrosinase is due to the details of the substrate-
active site interactions rather than the relative activation of
the oxygen.
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Schizophrenic Substituents: The Origin of Anomalous
Substituent Effects on Cycloaddition Regioselectivity
Sir:

The frontier molecular orbital (FMOQO) method has proven
valuable in the rationalization and prediction of cycloaddition
regioselectivity.! However, it is surprising that, in some cases,
small difference in sizes of terminal FMO coefficients never-
theless lead to high regioselectivity; in a few other cases, pre-
dictions of FMO theory are clearly at odds with experiment.
We report here model calculations which reveal two important
general refinements of the FMO method, and also provide
explanations of anomalous regioselectivities observed in a large
class of cycloadditions.

Bohlmann and co-workers recently reported several
Diels-Alder reactions of substituted benzoquinones (eq 1) and
pointed out that the regioselectivities of these Diels-Alder
reactions could not be understood on the basis of frontier mo-
lecular orbital (FMO) theory.2 Numerous other reactions,
summarized in eq 2 and 3,3 are of a specific type which has
not been treated explicitly by frontier MO theory:! the elec-
tron-deficient partner in the cycloaddition is made unsym-
metrical by substitution of a methyl group, which is usually
thought of as a monolithic donor group. Our previous gener-
alizations suggest that donors, including methyl, cause the 7*
LUMO of an otherwise symmetrical alkene to be polarized in
such a fashion that the larger LUMO coefficient will be pos-
sessed by the donor-substituted carbon.!25 Bohlmann’s
HOMO calculations on the quinones used in his studies verify
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