3574 J. Am. Chem. So000,122,3574-3584

Chemical Simulation of Biogenesis of the
2,4,5-Trihydroxyphenylalanine Quinone Cofactor of Copper Amine
Oxidases: Mechanistic Distinctions Point toward a Unique Role of
the Active Site in theo-Quinone Water Addition Stép

Subrata Mandal, Younghee Lee, Matthew M. Purdy, and Lawrence M. Sayre*

Contribution from the Department of Chemistry, Case Western Reddmiversity, Cleeland, Ohio 44106
Receied August 9, 1999

Abstract: The biogenesis of the 2,4,5-trihydroxyphenylalanine quinone (TPQ) cofactor from tyrosine at the
active site of copper amine oxidases is believed to proceed along a pathway that includes a conjugate addition
of water to the correspondingrquinone intermediate, followed by autoxidation of the resulting benzenetriol

to the hydroxyquinone cofactor. The water addition reaction has been presumed to occur not only in previous
model studies reported for cofactor biogenesis starting with either catectxgjudnone, but also for generation

of the neurotoxin 6-hydroxydopamine during autoxidation of dopamine. We here report the surprising finding
that water addition does not occur under solution chemistry conditions. The production of hydroxyquinone
from catechol arises instead from reaction of¢tkgguinone with HO, generated during autoxidation of catechol.
When starting with the-quinone itself, production of hydroxyquinone still arises from autoxidation of the
catechol, generated either by reduction of éhguinone by its decomposition products at moderate pH, or by

a novel base-mediated redox disproportionation ofctg@inone at high pH. These conclusions are supported

by the behavior of independently studiedjuinone intermediates, the observed effects of added catalase, and
180-labeling studies utilizing botH§O]H,0 and [80]0,. The failure to observe water addition to theuinone

has broad implications for aqueoasjuinone chemistry, and suggests that in TPQ biogenesis, this hydration

is being catalyzed at the enzyme active site, possibly by the bound copper.

Introduction of the posttranslational conversion of the active-site tyrosine to
the active quinone cofactor in these enzymes. Although one early

The copper amine oxidases rely on posttranslational oxidation ,,sipjjity considered was initiation of TPQ biogenesis by action
of an active-site tyrosine to a quinone moiety for mediating the ¢ 5 tyrosinase-like enzyme, converting the phenol side chain

transaminative conversion of primary amines to aldehydes. Most, the corresponding catechol omuinone, studies on cloned
enzymes in this family contain the 2,4,5-trihydroxyphenylalanine 5 mine oxidase proteins in cell-free media demonstrated that the
quinone (topaquinone, TPQ) residushich exists as a resonance- oy factor needed for generation of the catalytically active TPQ
stabilized anion at physiological pH. On the other hand, csfactor was copper(If).Presumably, binding of copper into
mammalian lysyl oxidase contains a derivative of this residue, i trihistidinyl coordination domain at the active site confers
involving substitution of a lysine-amino group at the 2-posi- 15 it the property of mediating minimally a tyrosinase-like
tion, giving an aminoquinone referred to as lysine tyrosylquinone monooxygenation of the tyrosine phenol.
(I.‘TQ?'Z The role of_the smgle copper, also present atthe active 5 congensus biotransformation mechanism has been rep-
site, in the catalytic functioning of these enzymes has been ocanted as shown in Schemeé Once the o-quinone is
controversial, although there is general consensus for its ;o4 ,ced, biogenesis is completed by conjugate addition of
involvement in the dioxygen-dependent two-electron reoxidation , ~ar 1o give the reduced triol form (TOPA) of the TPQ
of the aminoresorcinol (reduced) form of the cofactor back 10 ¢y¢actor, which can then undergo autoxidation to TPQ. Whether
the gumone, gwmg '20_2 and NH; as byproducté.. ) the active site copper participates in either of these latter steps
Since peptidyl tyrosines are not routinely oxidized to hy- s unknown. Although a stoichiometry of biogenesis requiring
droxyquinones, itis of great interest to determine the mechanismtygo molecules of @has been demonstratéthe source of the
C2 oxygen has been shown to arise from water and not
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tyrosinase, wherein various copper catalysts were shown toCu(l) phenolates in CCN, and regardless of whether the

mediate ortho oxygenation of phenol to give catechols or
o-quinones’~10 are relevant to the mechanism of TPQ biogen-

o-quinones are generated directly or by oxidation of initially
formed catechols, we considered that aqueous workup should,

esis. Also, it has been known for some time that the catechol under the basic conditions, result in subsequent conjugate

neurotransmitter dopaming,(R = CH,CH,;NH,) can undergo
autoxidation to the hydroxyquinong® (R = CH,CH:NH,),
presumably via the correspondineguinone3 (R = CH,CH,-
NH,), which is itself also observed to be transformed to
hydroxyquinones under the autoxidation conditiohsHowever,

addition of water to give triofl, which in turn would be expected
to easily autoxidize to hydroxyquinor¥e Since such reaction
sequence would represent tbemplete biogenetic cerrsion

of 1 to 5, we expended a considerable effort to observe this.
However, following oxygenation of the Cu(l) phenolateél,;

the stoichiometries and mechanisms of these latter reactions hav&k = t-Bu, Me) in CHCN, ultimate generation of hydroxy-

not been adequately characterized, andcbtiqginone conjugate

quinone5 required raising the basicity of the final aqueous

addition of water has always been assumed to occur without aerobic workup step to at least pH 12, and even then only traces

direct evidencé?

of 5 could be detected. The apparent resistance-@fiinones

With renewed interest in this chemistry based on TPQ 3to conjugate addition of water at high pH seemed incompatible
biogenesis, a series of papers by Sanjust, Rinaldi, and co-with the fact that high yields o could be obtained from the

workers reported that 4-methylcatech2] R = Me)3 or 4-+tert-
butylcatechol 2; R = t-Bu)'* can be transformed in good yield
to the corresponding hydroxyquinong# the presence of £

autoxidation of catechol2 at much lower pH, assuming the
operation of Scheme 1.
In our attempts to understand this enigma, we have carefully

as aided by Cu(ll). These workers interpreted their observations examined possible differences in the oxidation pathways starting

in terms of following all but the first step of the consensus

from o-quinones3 as opposed to starting with catechaldVe

mechanism of Scheme 1, although again no direct evidence fordescribe here our findings and conclusions, which conflict with

the proposed conjugate addition of waterckguinone3 was
presented. Also, no effective model system for tdoenplete

several presumptions expressed in the literature. Most impor-
tantly, we find no evidence for facile conjugate addition of water

biogenetic transformation of tyrosine to TPQ has been achieved.to o-quinones: the formation of hydroxyquinon&sderives
We have also been studying catechol autoxidation, as well mainly if not entirely from reaction oé-quinones3 with H,O>
as models for the tyrosinase-like copper-mediated monooxy- that is generated either directly during autoxidation of catechol

genation of phenol® The latter is achieved by oxygenation of
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2, or indirectly when starting witlo-quinones3. This finding

has broad implications for understanding the mechanism of
physiological autoxidation of catechols. In addition, the failure
to witness chemical precedent for the C2 hydration step of TPQ
biogenesis suggests that this step must be facilitated at the
enzyme active site, possibly via electrophilic activation by the
active-site copper.

Results and Discussion

Catechol autoxidation. Exposure of 4-methylcatechal(R
= Me) to aqueous base (pH—82) and oxygen generates
hydroxyquinones (R = Me) in the form of its anion Amnax at
480 nm) as reportet, but the yields are variable, and the
formation of one or more side-products is indicated by the
appearance of a strong absorbance at 325 nm.Agheside-
product was judged to represent at least in part decomposition
of hydroxyquinonés, based on what was observed when isolated
5 was exposed to the same conditions. By varying the pH, the
solvent composition (water, water-methanol, or water-acetoni-
trile), the buffer (carbonate, phosphate, or maintaining pH by
dropwise addition of aqueous NaOH), the reaction time, and
the method of @exposure, it was determined that optimal yields
(50—55%) of hydroxyquinon& (R = Me) relative to theAg,s
side-products could be obtained whepuvas bubbled through
an unbuffered pH 10 solution of 4-methylcatechot-{B5 mM)
for 10—11 min, with acid quenching prior to total consumption
of starting 4-methylcatechol. Following extraction with &H
Cl,, analysis of the material remaining in the aqueous layer by
NMR and TLC indicated a complex mixture of polar com-
pounds, suspected to represent at least in part carboxylic acid
quinone cleavage products.



3576 J. Am. Chem. Soc., Vol. 122, No. 15, 2000 Mandal et al.

0.35
A 0.6 | Cun =2mM
0.30
05F
8 025 § Cu(lly=1mMm
5 8 o4
'g g Cu(ll) = 0.5 mM
8 2 3 Cuth=02mm
< u(ll) = 0.2 m|
02 kCu=0mMm
350 200 250 500 550
Wavelength (nm)
Figure 2. Spectral changes due to addition of different concentrations
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Figure 1. Spectral change during the autoxidation of 10 mM 0.0 ; : .
4-methylcatechol in 0.1 M potassium phosphate buffer, pH 8, 4€25 300 400 500 600 700
at 10 min intervals, starting from the bottom. (A) Contains no additive; Wavelength (nm)

B) contains 0.5 mM CuS
® o Figure 3. Spectra obtained for 10 mM 4-methylcatechol autoxidized

B P ) : for 90 min before adding Cu(ll) (b,d) or in the presence of Cu(ll) for
In contrast to 4-methylcatechol, upon similar base-mediated 90 min (a, ¢). in 0.1 M potassium phosphate buffer, pH 8, at@5

autoxidation of 4tert-butylcatechol, buildup of the intermediate (2) 2 mM Cu(ll) added at= 0: (b) 2 mM Cu(ll) added at= 90 min:
o-quinone3 (R = t-Bu) could be observed at early stages as (c) 0.5 mM Cu(ll) added at = 0; (d) 0.5 mM Cu(ll) added at= 90
reported* but the reaction is much more complicated than is min.

apparent from absorption spectroscopy. The corresponding

hydroxyquinones was obtained in at best 280% yield, and reaction to 465 nm at later stages of reaction. When higher
the CHCI, extract obtained after neutralization of the reaction concentrations of Cu(ll) (22 mM) were used, thénax was
mixture contained nearly equivalent amounts of materials other seen to reach only 450 nm even at long reaction times.
than5 and recovere@. As will be reported separately, we have Furthermore, addition of increasing amounts of Cu(ll) to samples
isolated and characterized by NMR and mass spectrometryof 4-methylcatechol that had undergone a 90 min pre-autoxi-
several of the side-products accompanying autoxidation of dation at pH 8 in the absence of Cu(ll), indicated that the blue
4-tert-butylcatechol, and they absorb only weakly in the 300  shift is more pronounced, with enhancedvith increasing [Cu-
600 nm range, thereby explaining why these products were (I1))/[hydroxyquinone] ratios (Figure 2). We cannot explain the
missed by the earlier work based exclusively on absorption difference between our results and those of Rinaldi et3al.,
spectroscopy3*Needless to say, the autoxidation of catechols who reported no suchmax complexities.

2 in agueous base does not afford clean conversion fir8t to In lieu of a direct kinetic analysis, the effect of Cu(ll) was
and then to hydroxyquinoneésas had been claiméd!4 estimated by comparing the spectral progress of 4-methylcat-
Effect of Copper(ll) on Catechol Autoxidation. Rinaldi, echol autoxidations in the presence of Cu(ll) to the spectra

Sanjust, and co-workers reported spectrophotometric evidenceobtained immediately following addition of the same concentra-
for a first-order Cu(ll) catalysis of the autoxidation of 4-meth- tion of Cu(ll) to aliquots of 4-methylcatechol that had been pre-
ylcatechol, suggesting that such may be important in TPQ autoxidized in the absence of Cu(ll). This approach should be
biogenesid? Indeed, transition-metal-catalyzed autoxidations are independent of the Cu(ll)-induced spectral shifts. As shown in
well-known. However, our attempt to verify Cu(ll) catalysis of the example (Figure 3), a larger spectral change indicative of
4-methylcatechol autoxidation through spectrophotometric de- greater reaction progress was seen in the former case, suggesting
termination of the rate as a function of [Cu(ll)], was complicated that Cu(ll) does stimulate the reaction. In an effort to quantitate
by Cu(ll)-dependent spectral perturbations, whereas the peakthe effect of copper, we determined, as a function of [Cu(ll)],
for hydroxyquinones (R = Me) at 480 nm was seen to grow  how long it would take the reaction run in the presence of Cu-
steadily with time in the absence of Cu(ll) (Figure 1A), reactions (ll) to match the state of completion of a 90-min pre-autoxidized
in the presence of Cu(ll) exhibited a blue shift that was largest sample (compared after adding the same [Cu(ll)] to the latter).
at the beginning of reaction and diminished at longer reaction As shown in Table 1, it took successively less time to reach
times as the concentration d][relative to [Cu(ll)] increased: the same apparent state of completion with increasing [Cu(ll)],
Figure 1B shows that using 10 mM 4-methylcatechol and 0.5 although the spectral matching is inaccurate because (ithe
mM Cu(ll), the Amax shifts from~415 nm at the beginning of  values did not match and (ii) the reactions run in the presence
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Table 1. Effect of Cu(ll) on the Autoxidation of 4-Methylcatechol
(10 mM) in Phosphate Buffer (0.1 M, pH 8.0) at 26

[Cu(In] 05mM 1.0mM 2.0mM

Amax (NM) upon adding Cu(ll) 423 410 407
following 90 min of pre-autoxidation
A at observed max 0.264 0.372 0.527
time (min) needed to reach the safe 70 50 38
for autoxidations run in the presence

of Cu(ll)
actualimax (nm) at these times for 450 433 417

autoxidations run in the presence
of Cu(ll)

of Cu(ll) exhibited a growing shoulder at 350 nm (of increased
intensity with increasing [Cu(ll)]) that was not seen when Cu-
(I1) was added to pre-autoxidized 4-methylcatechol. Although
our data support the claim that Cu(ll) increases the rate of
conversion of 4-methylcatehol to hydroxyquinoBe(R =
Me),132 establishing the true kinetic order in Cu(ll) would be
difficult and would first require a careful product analysis in
the presence and absence of Cu(ll).

As far as why Cu(ll) induces a spectral shift for hydroxy-
quinone5 (R = Me), we initially considered that this likely
reflected chelation of Cu(ll) by at the vicinal dioxy site as

J. Am. Chem. Soc., Vol. 122, No. 1533000

initial charge transfer of the electron-rich organic (phenolate
anion in our case) to Ofollowed by collapse in the solvent
cage to a radical pair (phenoxy radical angO

To learn about the potential role of trace metal ion contami-
nants in the apparent base-mediated 4-methylcatechol autoxi-
dations discussed above, the rate of generation of hydroxyquino-
ne5 (R = Me) was determined (pH 8.0 phosphate buffer) in
the absence and presence of various chelating ligands (1.0
mM): bathocuproine disulfonate (BCS), bathophenanthroline
disulfonate (BPS), iminodiacetic acid (IDA), EDTA, diethyl-
enetriaminepentaacetic acid (DTPA), and deferoxamine, and
some combinations thereof. Whereas BCS, BPS, and DTPA had
no significant effect on the rate<t4%), IDA, EDTA, and
deferoxamine led to 13, 40, and 70%creasesrespectively,
over the background rate. Stimulatory effects of EDTA and
deferoxamine on autoxidation reactions have been reg8ied
and reflect in part an ability of these ligands to fine-tune the
potentials of coordinated iron or copper to those optimal for
redox catalysis. The rate increases suggest that despite the use
of highly purified water, the normal buffer constituents (or
ligands) contain traces of transition metal ions whose catalytic
ability can be augmented by ligands.

Since BC$® and BP$* “lock” copper and iron in the Cu(l)
and Fe(ll) states, respectively, a combination of these ligands

shown in eq 1. The associated neutralization might be expectedshould inhibit the autoxidation process. Surprisingly, a combina-
to display a spectral change in the direction seen for protonationtion of BCS and BPS (each at 0.5 mM) did not change the
(the neutral hydroxyquinone absorbs at 372 nm insCNE). background rate, and in fact, in no case did addition of any
Interestingly, however, the addition of Cu(ll) to solutions of chelator effect a significant reduction of the background

thetert-butyl rather than methyl hydroxyquinong, R = t-Bu,

10% aqueous C}CN, pH 7) was not accompanied by a
detectable spectral shift. Although the reasons for this are
unclear, differing electronic effects or steric inhibition of
solvation at the C2 oxygen adjacent to R t-Bu may be
responsible. Alternatively, the spectral shift may represent a
minor equilibrium complex with Cu(ll) coordinated to the C2
oxygen (eq 1), which is sterically inhibited in the case of£R

t-Bu.
. o O/Cuw O_,Cu"
1 R R R R
-~ — -— 1)
Q 0 0
Cu--0 0 0

R = CHs, CMe;

Effect of Chelating Agents on Catechol Autoxidation.

autoxidation rate. DTPA was found to abrogate only the increase
in rate caused by added Cu(ll). We are forced to conclude either
that there are trace transition metals present besides copper and
iron that catalyze autoxidation or that the seemingly invariant
background rate reflects primarily the metal-independent au-
toxidation process.

Conversion of o-Quinones to Hydroxyquinones. Nonin-
volvement of Conjugate Addition of Water. The consensus
mechanism for biogenesis of hydroxyquinoBe calls for
conjugate addition of water tm-quinone 3 followed by
autoxidation of the resulting triat (Scheme 1). According to
this reaction sequence, the yield®$étarting witho-quinone3
should be at least as high as that starting with cate2holder
the same autoxidation conditions. To test this supposition and
to investigate the key water conjugate addition step indepen-
dently, 4-methyl-1,2-benzoquinone (MeBQ,R = Me) and
4-tert-butyl-1,2-benzoquinonet-BuBQ, 3 R = t-Bu) were
prepared. Both quinones were evaluated, because MeBQ is

Transition metal-catalyzed autoxidation of catechols has beenknown to give rise to several decomposition prod¢fctdthat

extensively studied’*® and most apparent metal-independent
autoxidations invariably reflect contaminating trace metafs.

might muddle the reaction of interest, whereas for the more
stablet-BuBQ 28 the tert-butyl group could sterically hinder

However, the existence of a true metal-independent reactionconjugate addition. Transformation ®to 5 is readily detected

has been demonstrat&dexhibiting distinct kinetics from what
is observed in the presence of transition metalsjetal-
independenbase-mediatedutoxidations are thought to involve

(16) Mure, M.; Klinman, J. PJ. Am. Chem. Socd995 117, 8698~
8706.

(17) Tsuruya, S.; Yanai, S.; Masai, Nhorg. Chem.1986 25, 141—
146. Weser, U.; Schubotz, Bioinorg. Chem 1978 505-519. Balla, J.;
Kiss, T.; Jameson, R. HAnorg. Chem.1992 31, 58-62. Barbaro, P.;
Bianchini, C.; Frediani, P.; Meli, A.; Vizza, Anorg. Chem.1992 31,
1523-1529.

(18) Tyson, C. A.; Martell, A. EJ. Am. Chem. Sod972 94, 939-
945.

(19) Miller, M. D.; Buettner, G. R.; Aust, S. Orree Radical Biol. Med
1990 8, 95-108 and references therein.

(20) Zhang, L.; Bandy, B.; Davison, A. Bree Radical Biol. Med1996
20, 495-505.

(21) Tyson, C. A.; Martell, A. EJ. Phys. Chenil97Q 74, 2601-2610.

under autoxidation conditions by virtue of the fact that at pH
> 5, hydroxyquinone$ are generated exclusively in the form
of their red anions (absorptiohaxat 490 nm). For both MeBQ
and t-BuBQ, high pH conditions were needed to generate
significant levels of hydroxyquinonésat short reactions times
(pH 10 for MeBQ, and pH 13 far-BuBQ), as we had observed

in the attempted “one-pot” biogenesis experiment described in
the Introduction. By far the main identifiable product at lower

(22) Sullivan, S. G.; Stern, ABiochem. Pharmacoll981, 30, 2279~
2285.

(23) Sayre, L. MSciencel 996 274, 1933-1934 and references therein.

(24) Peterson, R. EAnal. Chem1953 25, 1337-1339.

(25) Such as self-condensation products: Patchett, A. A.; Witkog, B.
Org. Chem.1957, 22, 1477.

(26) Abbot, T.Res. Chem. Intermed995 21, 535-562.
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pH conditions (pH 79 for MeBQ, and pH 16-12 fort-BuBQ) R
was that ofeductionto the corresponding catech@gt-BuBQ T «— 7 N1
was mainly recovered at pH 9), though these were converted R = tbutyl 8 o o
to hydroxyquinone$ at longer reaction times, apparently by o OH HO
the same route as starting with the catechols themselves.
If conjugate addition of water to-quinones3 were occurring, the catechol®2 from quinones3 reflected reduction of the
it should be possible to isolate the corresponding tddls the strongly oxidizing o-quinones by their own base-induced

absence of subsequent autoxidatiorbtdn fact, bleaching of decomposition products.
thet-BuBQ absorption in deaerated aqueous buffer was previ-  The possible generation ofquinone decomposition products
ously interpreted by Rinaldi and co-workers to represent addition with reducing capability was assessed by investigating the fate
of water to give triol4 (R = t-Bu),'# but no direct evidence for  of MeBQ ort-BuBQ exposed to aqueous base under argon. For
the latter (which has no visible absorption) was given. We found the MeBQ reaction, although NMR spectral analysis indicated
that substantial consumption of MeBQ occurred in aqueous CH a mixture of products too complex to analyze (easily seen by
CN at pH 6.5 (phosphate buffer) in as little as 10 s, or at pH counting the number of methyl singlets), it appeared reasonable
5.6 (phthalate buffer) in 2 min, but only the respective catechols that one or more such products could be reducing the quinone.
2 and unidentified products were observed, with neither #iol NMR spectra obtained for theBuBQ reactions run at pH 10
nor hydroxyquinones being detected. 11 were less complex, suggesting that tiw-butyl group was
To investigate the direct fate ofquinones3 at higher pH in sterically inhibiting several of the “decomposition” pathways
the absence of any subsequent oxidation chemistry, the reaction®ccurring in the case of MeBQ. In fact, at higher pH {113)
of MeBQ and-BuBQ were studied under argon. NMR analysis for t-BuBQ, the extract obtained following acidic workup
of the products fromt-BuBQ revealed the complete absence of afforded a fairly clean NMR spectrum, indicating the presence
triol 4: whereas only unidentified materials were seen atpH  of mainly 4+ert-butylcatechol, the corresponding muconic acid
11, the major products at pH 323 were 4tert-butylcatechol 7, and a known cyclo-condensation prod8af the latter?82°
and the corresponding muconic adigvide infra). For MeBQ Assuming that the muconic acid could arise under the reaction
(pH 10), the major identifiable product seen was again the conditions from hydrolysis of muconic anhydride, we thus
corresponding catechol, with no trace of triblThus, the fact propose the mechanism shown in Scheme 3, corresponding to
that when the same high pH reactions wereiruthe presence  a base-mediated disproportionation of thguinone, predicted
of Oy, hydroxyquinones were observed, it is clear that the  to give a 1:1 mixture of catechol and muconic anhydride. The
latter cannot be arising from autoxidation of trigls key step is a carbon shift to an electron-deficient center
The reluctance of-quinones3 to afford hydroxyquinone$ somewhat analogous to the Baey#filliger reaction. Since
was in marked contrast to the good yieldsSobbtained from electrophilico-quinones are in equilibrium with their hydrates,
the corresponding catechdslirectly under the same conditions.  reversible addition of a hydrate monoanion to a second
As summarized in Scheme 2, these results indicate that theo_quinone molecule is also likely, with the driving force for
conversion ofo-quinone 3 to hydroxyquinones5 does not  the ensuing disproportionation being reduction ofdkguinone.
proceed through conjugate addition of water as depicted in 7o obtain a precedent for Scheme 3, we carried out
Scheme Jand instead follows a roundabout pathway involving - independent synthesis oftart-butyl-cis,cis-muconic anhydride
reduction to catechd, which must in turn undergo autoxidation g and showed by NMR spectroscopy that it underwent stepwise
to 5 by a pathway independent of an o-quinone water addition conversion to7 and ther8 under the basic reaction conditions
step These data did not yet, however, provide an explanation jn which it would be produced (see Experimental Section).

for the apparent reductiop of quinondgo catechoISZ: Hydroxyquinone Production from o-Quinones during
_Mechanism of Generation of Catechols fromo-Quinones Catechol Autoxidation. Effect of Catalase Implicates In-
in Aqueous Base.Our finding that the main identifiable \q\ ement of H,0, On the basis of the lack of evidence for
products obtained from attempted autoxidative conversion of conjugate addition of water @quinones3, we considered that
quinones3 were thereductionproducts2, might seem surpris-  he hasic autoxidative conversion of catechols to hydroxyquino-
ing. However, in previous model studies on transamination neg could involve a direct four-electron oxidation by @5
reactions catalyzed by TPQ models, we had periodically ghoyyn in Scheme 4, path A. Charge transfer of a catechol
observed _re(71Iuct_|on of the TPQ moiety to the corresponding monganion with Gto give an aryloxy/superoxide radical pair,
benzenetriot! which was traced to the generation of byproducts f41oued by spin inversion and radical combination in the cage,
with reducing capacity. We thus considered that generation of ., |4 |ead to a 4-hydroperoxy-2,5-cyclohexadienone, which
(27) (@) Wang, F.; Bae, J.-Y.; Jacobson, A. R.; Lee, Y.; Sayre, LJM.  could in turn undergo dehydration either to the hydroxyquinone
Org. Chem1994 59, 2409-2417. (b) Lee, Y.; Sayre, L. M. Am. Chem.

Soc.1995 117, 11823-11828. (c) Lee, Y.; Sayre, L. MJ. Am. Chem. (28) Demmin, T. R.; Rogic, M. MJ. Org. Chem198Q 45, 1153-1156.
Soc.1995 117, 3096-3105. (29) Gierer, J.; Imsgard, FActa Chem. Scand 977, B31, 537—545.
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Scheme 4 Table 2. Predicted and ExperimentaResults forO
Incorporation into Hydroxyquinong from Solvent Exchange

o H
- H0 R unlabeled monolabeled dilabeled trilabeled
MO R T SO b os predicted 100% 67 33 0 0
3 d exchange
6
o

R
02
HO Ao © experiment time 64+ 1 33+1  23+04 0
H
B

5 12.5 min
o experimenttime 63+3 34+3 2.0+£1.0 0
[0] 26 min

aHydroxyquinone5 (R = Me) was dissolved in 33%40]H.0 at

l 7
" " Y HO H OH
- H,02 RO R pH 9, maintained by NaOH, under,® Assuming exclusive exchange
H - = at the C5 carbonyl.
HOO o HO HO
° © o OH

essentially matched those seen from autoxidation of the cat-

. . echols themselves. Using greater amounts gd4esulted in
5directly or to an epoxydlone thatvyould subsequently rearrange |oer yields of 5 and instead mainly over-oxidation side-
to the hydroxyquinone. Alternatively, autoxidation of_ the products?s Also, added HO; increased the yield of hydroxy-
catechol could generate a 6-hydroperoxy-z,4-cyc|ohexadlenonequinonegs when 4tert-butylcatechol and especially 4-methyl-
(Scheme 4, path B), followed by elimination op® that could  atechol were used as substrates rather than the corresponding
in turn re-add to the@-quinone to give the same hydroperoxide o-quinones.
isomer proposed in path A. Isotope Labeling Experiments.Finally, we desired direct

To distinguish between these two pathways, the catechol eyigence for the prediction of Scheme 4, path B, that the new
autoxidation reactions were run in the presence of catalase, Wlthoxygen introduced into the product hydroxyquindhat C2
the aim of destroying any #D, that might be generated originates from @ via conjugate addition of D, rather than

w_/vHo 4
(] N

“\catalase
02 N

HzOzT

according to path B. Indeed, in the case dé#-butylcatechol,  from H,0. Two seemingly straightforward approaches would
the production of hydroxyquinore(R = t-Bu) was abrogated e to carry out catechol oxidation (i) in &%0H, medium with
by added catalase, and the main product was z8wBQ 3. 160, bubbling, in which case the C2 oxygen in the hydroxy-

With 4-methylcatechol as starting reactant, formation of hy- quinone product should not incorporate the label or (i) in an
droxyquinone5 (R = Me) was inhibited with increasing  160H, medium with80, bubbling, in which case the C2 oxygen
amounts of catalase, but never completely, perhaps because 6, the hydroxyquinone product should be labeled.
the high competing reactivity of MeBQ toward,G,. The former approach was implemented first. Since the TPQ
The inhibition of hydroxyquinone formation by catalase hydroxyquinone is known to undergo carbonyl oxygen exchange
appears to implicate path B, involving,€; as an obligatory  at the electrophilic C5 positioh3 any solvent-based isotope
intermediate. In fact, the conversion @fjuinone to hydroxy-  |abeling experiment would have to take into account such
quinone by HO, was demonstrated to occur for dopamine solvent exchange. In addition, the intermediatguinone would
quinone3® However, an alternative possibility for the observed g|so undergo carbonyl exchange (at both positions) depending
inhibition that could not be excluded was that catalase was ypon its lifetime and the rate of exchange. The relative degrees
intercepting the hydroperoxide intermediate of path A. Alkyl of exchange would be determined separately in control experi-
hydroperoxides serve has oxygen atom donors for peroxidasesments.
and catalase is known to be capable of exhibiting peroxidase 4-Methylcatechol was used for the labeling experiments since
activity 3 If the hydroperoxidedid serve as an oxygen atom ts autoxidation gives a much better yield of hydroxyquinone
donor to catalase, it would undergo reduction to the 4-hydroxy- than does 4ert-butylcatechol. For an independent assessment
2,5-cyclohexadienone, which would tautomerize to tdchs of C5 carbonyl oxygen exchange that occurs at the product
shown in the right-hand portion of Scheme 4. Since triol was hydroxyquinone stages (R = Me) was placed in 33%480-
not seen, only o-quinor&(for R = tert-butyl), it seemed clear  enriched water at pH 9 for 12.5 and 26 min. Mass spectral
that the inhibition of hydroxyquinone formation by catalase did analysis (Table 2) indicated introduction of nearly exclusively
indeed arise from its interception o8, along path B. This  one water-based oxygen at both time points, indicating that
further demonstrates that@ddition to catechols preferentially  complete C5 oxygen exchange would occur in the hydroxy-
gives the 6-hydroperoxy-2,4-cyclohexadien®ripath B) rather  quinone product being formed during the time it existed in the
than 4-hydroperoxy-2,5-cyclohexadienone (path A), probably pH 9 reaction mixture prior to workup. This exchange alone
because the latter is cross-conjugated. leads to the prediction of incorporation of orféO label
Further evidence that hydroxyquinongsrise mainly from according to Scheme 4, path B but th%® labels according to
reaction of the>-quinones3 with H,O, was that for the reactions  the water conjugate addition mechanism in Scheme 1.

where MeBQ andt-BuBQ gave mainly the corresponding In an attempt to obtain an independent assessment of solvent
catechols and only traces bf addition of -2 equivalents of oxygen exchange at thequinone stage, MeB@( R = Me)
H,0O, afforded catalase-inhibitable increases in yield$ diat was allowed to react under argon atmosphere at pH 7.8 in

, _ aqueous-CECN (using 54%'80-enriched water), for 10 s at 0

19%0)32?1(’7@%”202’.’6‘” Crescenzi, O.; Pezzella, A; ProtaJ@Med. Chem. o hrior to acid quenching. As the stability of MeBQ is low

(31) Whitaker, J. R. Catalase and Peroxidas@rinciples of Enzymology ~ €ven in slightly basic medium, we were unable to recover even
for Food SciencesMarcel Dekker: New York, NY, 1972; Chapter 24.  a trace amount of quinone despite the short reaction time, but
Saunders, B. C. Peroxidases and Catalase$ndrganic Biochemistry
Eichhorn, G. L., Ed.; Elsevier: Amsterdam, 1973; Chapter 28. (33) Que, L., JrAdv. Inorg. Biochem1983 5, 167-199. Cox, D. D.;

(32) We note that hydroperoxycyclohexadienones related to the inter- Que, L., JrJ. Am. Chem. Sod.988 110, 8085-8092. Jang, H. G.; Cox,
mediate in Scheme 4, path B, have been observed to undergo rearrangemeri2. D.; Que, L., JrJ. Am. Chem. Sod.991 113 9200-9204.
to the corresponding muconic acids in the presence of transition Afetals (34) Moane-Loccoz, P.; Nakamura, N.; Steinebach, V.; Duine, J. A.;
and may be responsible for production of water-soluble byproducts Mure, M.; Klinman, J. P.; Sanders-LoehrBlochemistryl995 34, 7020~
accompanying catechol autoxidation. 7026.
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Table 3. Predicted and Experimental Results for Mass Spectral
Analysis of 2-Hydroxy-5-methyl-1,4-benzoquinone Derived from
4-Methylcatechol

unlabeled monolabeled dilabeled trilabeled

H,0O addition: 37.0 44.4 16.7 1.9
50% quinone exchange

H,0 addition: 29.6 44.4 22.2 3.7
100% quinone exchange

H»>0, addition: 55.5 38.9 5.6 0
50% quinone exchange

H»0, addition: 44.4 44.4 111 0
100% quinone exchange

experimental resulfs 4742 42+ 3 10+ 2 0

a At C4, assuming 100% exchange occurs at C5 at the hydroxy-
quinone product stagé4-Methylcatechol was dissolved in 33%
[*80]H20 at pH 9, maintained by NaOH, undes for 25 min, followed
by acidification and extraction with Gi&l..

a substantial amount of catech@ from reduction of 3
byproducts of its decomposition was observed. As befbile,
NMR analysis revealed the absence of both hydroxyquirone
and triol4. Conducting the reaction under argon eliminated any
autoxidation of the catechol, which would then reflect the level
of 180 exchange that had occurred during the short lifetime of
the o-quinone. Mass spectral analysis of the isolated 4-meth-
ylcatechol @) showed the presence of three isotopomers
C7Hg®0,, C/Hg!%080, and GHg!®0, with a relative % intensity
ratio of 47.9:38.5:13.6, respectively. N#D incorporation was

seen for 4-methylcatechol exposed to the same reaction condi

tions under argon, demonstrating that the exchange see
occurred prior to conversion 08 to 2. Focusing on the
di-labeling, it can be shown that the predicted levelifaf, based
on 50 or 100% exchange of tlequinone oxygens with the
549% 180-enriched water is 7.3 and 29%, respectively. It thus
appears that MeBQ undergoes between 50 and 10
prior to its rapid reduction to 4-methylcatechol.
The instability of MeBQ led us to check the veracity of
o-quinone carbonyl oxygen exchange wittBuBQ, which

Mandal et al.

the prediction of relatively low unlabeled and relatively high
di-labeled product in the case of the water addition as opposed
to H,O, addition mechanism, and the presence of trilabeled
product only for the water addition mechanism. Our experi-
mental finding of no trilabeling and levels &$0y- and 120,-
labeling that are outside the range expected for water addition
but in the range expected for the®} addition mechanism, is
consistent only with the autoxidation pathway shown in Scheme
4, path B. The results indicate a lifetime of tleequinone
intermediate that allows between 50 and 100% carbonyl oxygen
exchange (but closer to the latter), consistent with that observed
in the control studies.

As mentioned above, conduct of 4-methylcatechalitoxi-
dation under the conditions that maximize the yield of hydroxy-
quinone5 (short reaction time), results in the recovery of some
unreacted catechol that contaminates the prolircthe initial
CH,Cl, extract. Thus, for thé®OH, experiment reported in
Table 3, mass information for the recovered 4-methylcatechol
was present in the same spectrum. Interestingly, the mass
spectrum indicated nearly the same relative % intensities of
180y-, 180;-, and!®0,-labeling (50:41:9) for the catechol as was
seen for the hydroxyquinone. This indicates that when 4-meth-
ylcatechol is allowed to autoxidize to a point where apparently
unreacted catechol is still present, this catechol is not actually
unreactedstartingmaterial, but instead the product of reduction
of the unstableo-quinone intermediate, that has already
undergone nearly the level 80 exchange seen in the final

nproduct. Clearly, autoxidative consumptionspérting 4-meth-

ylcatechol must be very rapid.

Despite the experimental evidence supporting conjugate
addition of HO,, rather than HO to theo-quinone intermediate,

0% exchang’® wondered if the reaction could be channeled at least partly

through the HO addition pathway by adding catalase so as to
inhibit the HO,-addition pathway. By using increasing amounts
of catalase, the yield of hydroxyquinobgR = Me) decreased,

should be recoverable from a short-term basic treatment. Indeed Put within experimental error the relative % intensities of the

a substantial amount afBuBQ was recovered from aqueous
base (pH 11, under argon) even after 5 min exposure.fihe
NMR spectrum of the organic extract following acid quenching
showed the absence of tridl and corresponding hydroxy-
quinone5. Utilizing 64.5% 80-enriched water, mass spectral
analysis of recoverettBuBQ showed the presence of three
isotopomers, @nglﬁOz, ClolelBOlGO, and G_QH121802 with

a relative % intensity ratio of 13.3:65.2:21.5, respectively. The
predicted level of80,-labeled quinone based on 50 or 100%
exchange is 10 and 42%, respectively, indicating tHBtBQ

various180-labeled mass spectral peaks did not change from
that shown in the last row of Table 3 (data not shown).

In an effort to further confirm the KD, addition mechanism,
we carried out a labeling experiment usiH®, (92% enrich-
ment) with 4-methylcatechol as starting substrate. Because of
the small amount of0, available (due to the worldwide
shortage), we could not conduct the experiment according to
the standard protocol used above @bbling with maintenance
of pH) that maximized the yield of the hydroxyquinone product.
Instead, the'®O, was admitted as a single bolus following

had undergone between 50 and 100% exchange in the 5 minvacuum degassing of the reaction mixture adjusted to pH 11
time period at pH 11. The apparent slower exchange undergone(final pH drops to 10.8), which gave the best yieldoh this

by t-BuBQ relative to MeBQ most likely stems from its weaker
electrophilicity, reflected in its greater stability.

case. ThéH NMR spectrum of the organic extract following
acid quenching indicated a substantial amount of hydroxy-

Having demonstrated complete C5 oxygen exchange of quinone5 (~30%), no quinone or triol 4, and only a small
product hydroxyquinone and greater than 50% exchange of bothamount of unreacted 4-methylcatechol, with the remainder being

C4 and C5 oxygens (TPQ numbering) in the intermediate
o-guinone, we were now in a position to interpret #$@H,-
labeling during autoxidation of 4-methylcatechol. Incorporation
of O,-derived oxygen at C2 (Scheme 4, path B) would lead to
no more®0 in 5 than had been incorporated from the above
exchange processes, whereas incorporation gb-terived
oxygen at C2 (Scheme 1) would lead to one additid¥@llabel.
Using 33%!'80-enriched water, our experimental mass spectral
data together with the prediction for either 50 and 100%
exchange at C4 at the intermediatguinone stage (complete

unidentified products. Mass spectral analysis of the crude
product showed the presence'®ds- and160,'80;-isotopomers

of 2-hydroxy-5-methyl-1,4-benzoquinoBewhereas the recov-
ered 4-methylcatechol exhibited no label incorporation, as
expected. Although thé80O incorporation into5 (71%) was
lower than predicted (92%) assuming strict observance of the
Scheme 4, path B mechanism, we believe that this could reflect
our inability to entirely eliminate ambierfO, in the experi-
mental setup. In any event, the high degree of labeling
unambiguously confirms that by way of HO,) rather than

exchange occurs at C5 at the product stage), are given in TableH,O is the source of the oxygen at C2 in hydroxyquinéne
3 for the two possible mechanisms. The main differences are derived from autoxidation of 4-methylcatechol.



Chemical Simulation of Topaquinone Biogenesis
Conclusions and Biological Significance

In this study we investigated the mechanism of the autoxi-
dative transformation of 4-alkylcatechddgo the corresponding
2-hydroxy-5-alkyl-1,2-benzoquinones as a model for the

J. Am. Chem. Soc., Vol. 122, No. 1532800

quinone-derived neurotoxiffsand in studies on the reaction
pathways undergone by estrogen quinofigmthways in which
soft nucleophiles (e.qg., thiols) tend to add atdhg1,6-addition)
rather thans-position.

As far as TPQ biogenesis is concerned, a seminal resonance

known nonenzymatic biogenesis of the TPQ cofactor of copper Raman study provided evidence that the C2 oxygen derives from

amine oxidases. Our initial inability to generdidy aqueous
base workup of theo-quinone product of copper-mediated
4-alkylphenolatel monooxygenation, which would ideally
model the complete posttranslational modification of the active

solvent water rather than from,® The failure of simple
chemical model studies to reproduce this event suggests that
the conjugate addition of water to tleequinone intermediate
is being aided by features of the amine oxidase active site. The

site Tyr residue, was a strong clue that the presumably obvious candidate is the tri-histidinyl-bound Cu(ll) that must

straightforward biogenetio-quinone water conjugate addition
step (Scheme 1), demonstrated enzymaticallyas in fact
intrinsically chemically unfavorable.

already be playing a key role in the initial tyrosine phenol side-
chain monooxygenation. Nucleophilic attack of an active-site
Cu(Il)-bound hydroxide has been depicted in the latest consensus

Several lines of evidence presented here demonstrate that thénechanisms for TPQ biogeneSiand appears to be consistent

conjugate addition of water to-quinones in agueous base,
previously assumed to rationalize the autoxidative formation
of hydroxyquinones from catechol2, does not occur or at

with conformational alternatives permitted for the tyrosine side
chain. Since some previous model biogenetic conversions of
4-alkylcatechols to hydroxyquinones were conducted in the

least cannot achieve kinetic competitiveness with other reactionsPresence of Cu(ll), we wondered if Cu(ll) could be facilitating

undergone by the intermediatequinone3. These are (i) the
finding that anaerobic exposure@fjuinones3 to aqueous base
fails to give the required precursor tridds (ii) the finding that
the yield of5 from aerobic autoxidation of catech®lis much
greater than that starting witb-quinone 3 under the same
reaction conditions, (iii) the implied involvement of 6,
generated during autoxidation & in production of5, by
observing the effect of catalase, (iv) the finding that generation
of 5 from o-quinone3 proceeds through pathways that convert
3 back to2, (v) the absence of evidence for conjugate addition
of water too-quinone with the use dfO-labeled solvent water,
and (vi) the support for @derived HO, addition too-quinone
with the use ofl®0-labeled dioxygen.

conjugate addition of water in these cases after all. Thus, the
anaerobic reactions of MeBQ arteBuBQ in aqueous base
described above were repeated in the presence of added Cu(ll)
with or without one equivalent of added 2fdpyridine to help
solubilize Cu(ll) and to mimic the histidine coordination of Cu-
(1) at the enzyme active site. The reaction outcomes were not
altered (the products were mairyand unidentified materials,
see Experimental Section). However, if the active-site copper
is indeed the mediator of water addition during TPQ biogenesis,
this may take advantage of special proximity or stereoelectronic
features not present in the solution model chemistry. It is also
possible that active-site constituents other than the copper are
responsible for mediating the conjugate addition of water.
Special features of the active-site of the copper amine

We demonstrated that in model reactions purported to involve oxidases have been well-recognized to contribute to certain key

conjugate addition of water @quinone3, the hydroxyquinone
5 formation which does occur is a consequence of additimn
of water too-quinone3 but of H,O, generated from autoxidation

steps of the TPQ biogenetic mechanism, particularly the initial
phenol oxygenation, but the step involving conjugate addition
of water to the intermediate-quinone has been assumed to be

of the catechol formed in the base-induced transformations of capable of occurring spontaneously. Our studies point to

the o-quinone. Thus, the generation 6funder model study
conditions does not reflect conjugate addition of water as
believed, but instead conjugate addition ofQ4, giving an
adduct which dehydrates to give hydroxyquinoBeeither
directly or via an intermediate epoxide.

Not only is the transformation af-quinone3 to hydroxy-
quinone5 important in TPQ biogenesis, but it has also been a

heretofore unappreciated evidence that the active site must be
mediating this biogenetic step as well.

Experimental Section

General. Unless otherwise stated the solvents and reagents were of
commercially available analytical grade qualitfO-water (96.8 atom
%) from Isotec, Inc (Miamisburg, OH) antO-oxygen (92%) from

reaction of considerable focus in studies on the autoxidation of ICON Services, Inc. (Summit, NJ) were used as received. Catalase

the catecholaminergic neurotransmitter doparirend other
catechol$? The nonenzymatic autoxidation of dopamine to the

(20 000 units/mg) was from Sigma Chemical Co. (St. Louis, MO).
4-Methyl-1,2-benzoquinone and tért-butyl-1,2-benzoquinone were
prepared according to a literature procedifr@-Hydroxy-5-methyl-

neurotoxin 6-hydroxydopamine was presumed in the past to 1,4-benzoquinone, 2-hydroxyibrt-butyl-1,4-benzoquinone, 4-methyl-

occur by the same series of ste@s<¢ 3 — 4, Scheme 1) as
proposed for TPQ biogenesis. Our finding, consistent with the
recent report by Prota and co-worké?¢hat hydroxyquinones
arise most expeditiously from the reaction of the precursor
o-quinones with HO, has broad importance to the chemical
and biological properties a-quinones. Although the question
may be raised as to why theequinone undergoes conjugate
addition of HO, and not HO, this can be attributed to the lower
pK, of the former (so that [HOQ > [HO~] at moderately basic
pH) and the higho-effect nucleophilicity of HOO. It is also
possible that addition of water reflects an unfavorable equilib-
rium, whereas the HOO adduct can undergo subsequent
dehydration. It should be noted that the reactions-qtiinones
with nucleophiles has taken on additional recent biological

1,2,5-trinydroxybenzene, andtért-butyl-1,2,5-trihydroxybenzene have
been previously characterizét?’ All reactions were carried out at
25 °C, using Millipore purified water with magnetic stirring unless

(35) Montine, T. J.; Picklo, M. J.; Amarnath, V.; Whetsell, W. O., Jr.;
Graham, D. GExp. Neurol.1997 148 26—33. Shen, Z.-M.; Zhang, F.;
Dryhurst, G.Chem. Res. Toxicol997, 10, 147—155. Monks, T. J.; Lau,
S. S.Chem. Res. Toxicol997, 10, 1296-1313.

(36) Abul-Hajj, Y. J.; Tabakovic, K.; Gleason, W. B.; Ojala, W.Ehem.
Res. Toxicol1996 9, 434-438. Cao, K.; Stack, D. E.; Ramanathan, R.;
Gross, M. L.; Rogan, E. G.; Cavalieri, E. Chem. Res. Toxicol998 11,
909-916. Bolton, J. L.; Pisha, E.; Zhang, F.; Qiu,Ghem. Res. Toxicol.
1998 11, 1113-1127.

(37) Ruggiero, C. E.; Smith, J. A.; Tanizawa, K.; Dooley, D. M.
Biochemistry1997, 36, 1953-1959. Wilce, M. C. J.; Dooley, D. M;
Freeman, H. C.; Guss, J. M.; Matsunami, H.; Mcintire, W. S.; Ruggiero,
C. E.; Tanizawa, K.; Yamaguchi, Biochemistryl997 36, 16116-16133.

(38) Balogh, V.; Fetizon, M.; Golfier, MJ. Org. Chem1971, 36, 1339—

significance in studies on the generation of potential dopamine 1341.
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otherwise noted, and all evaporations were carried out at reducedbutyl-1,4-benzoquinones( R = t-Bu) was estimated by the increase
pressure with a rotary evaporator. of the absorbance at 480 nm+ 2022 Mtcm™ in water) and fell in
Spectroscopy.'H NMR spectra (300 MHz) were recorded on a the range of 1625%, the latter using 3 mM (R = t-Bu) in 167 mM
Varian Gemini 300 instrument. In all cases, tetramethylsilane or the pH 9 carbonate buffer. At lower basicity (pH 9), there was little initial
solvent peak served as an internal standard for reporting chemical shifts,increase insg, and instead an increase in absorbance at 380 nm was
expressed on thé scale. Determination of yields by4 NMR was observed, corresponding to the intermediate quird(fie= t-Bu). After
made on the basis of integrating either the methyearbutyl signals. about 10 min, this peak was detectable only as a shoulder on the
High-resolution mass spectra (HRMS) were obtained at 20 eV on a growing peak at 480 nm, and was no longer apparent after 15 min.
Kratos MS-25A instrument. Optical spectra were obtained with Perkin-  Reaction of 2tert-Butyl-cis,cismuconic Anhydride in Alkaline
Elmer model Lambda 3B or 20 spectrophotometers fitted with a water- Solution (pH 9). 2-tert-Butyl-cis,cis-muconic anhydrideg, 29 mg, 0.16
jacketed multiple cell holder for maintaining constant temperature. mmol), prepared as describ&lwas dissolved in 3 mL of CCN,
Autoxidation of 4-Alkylcatechols. Stock solutions of 4-methylcat- and then 27 mL of 100 mM carbonate buffer was added with stirring
echol in water were prepared freshly just before use. Autoxidation at 25°C. Three 10 mL aliquots taken after 4, 16, and 33 min were
reactions of 4-methylcatechol{20 mM) were performed as a function  immediately acidified wit 4 M HCI to pH 2.1 and then extracted with
of pH (using NaOH), reaction time, and mixed solvent system (25% EtOAc. The EtOAc extracts were dried over8&, and the solvent
aqueous MeOH or 25% aqueous £HN), with or without various was evaporated under reduced pressure XAIl¢MR spectrum (CDG)
buffers (26-100 mM carbonate buffer, pH-810, and 56-100 mM revealed complete reaction of the muconic anhydfideven at the 4
phosphate buffer, pH 7-49), to optimize the yield of hydroxyquinone  min reaction time, and the presence instead of a mixture tefit2-
5. The reactions were followed spectrophotometrically in open cuvettes butyl-cis,cis-muconic acid7) and the corresponding lactone, 2,5-
at 25°C with repetitive scanning over the range 3550 nm, or dihydro-5-oxo-3tert-butylfuran-2-acetic acid8), which have been
aliquots of reactions run with bubbling of,@t 25°C were taken at previously characterizeld. The relative yields o7 and8 (R = t-Bu)
different time intervals and scanned at 3850 nm. Formation of at 4, 16, and 33 min were 35 and 24%, 21 and 37%, and 6 and 57%,
hydroxyquinones (R = Me) in the form of its anion was indicated by  respectively6 (R = t-Bu): 'H NMR (CDCls) ¢ 6.84 (dd, 1HJ = 2.0,
the appearance of &nax near 480 nm, whereas an absorption around 12.5 Hz), 6.44 (d, 1H) = 12.6 Hz), 6.36 (d, 1H) = 2.6 Hz), 1.20 (s,
325 nm was considered to represent the product of decomposition of9H). 7 (R = t-Bu): *H NMR (CDCl) ¢ 6.81 (d, 1H,J = 12 Hz), 6.0
hydroxyquinoneb. At a given pH, the yield ob (calculated from the (d, 1H,J = 12 Hz), 5.83 (s, 1H), 1.18 (s, 9H3.(R = t-Bu): H NMR
e = 2310 Mt cm* at 480 nm) appeared to increase with time, but (CDCly) ¢ 5.91 (app s, 1H), 5.42 (dd, 1H,= 2.9, 8.9 Hz), 3.12 (dd,
the purity decreased as indicated by the growtAg relative toAuso. 1H,J= 3.2, 16.4 Hz), 2.59 (dd, 1H = 9.2, 16.2 Hz), 1.27 (s, 9H).
The optimal yield/purity o5 (R = Me) was obtained using NaOH to Autoxidation of 4-tert-Butylcatechol in Alkaline Solution (pH 8.5
maintain pH= 10 in the absence of buffer, using Gubbling with or 9.5) in the Absence or Presence of Catalase. Definition of
vigorous stirring for 18-11 min using 5.6-7.5 mM 4-methylcatechol. Standard Workup. A solution of 4tert-butylcatechol (83 mg, 0.5
Reactions were quenched with dilute HCI to pHR, and the resulting mmol) in 100 mL of HO was stirred with @ bubbling, and NaOH
mixture was extracted with Gi€l,. The CHCI; extract was dried over ¢ tion was added to maintain the pH at either 8.5 or 9.5 (two
N&SQ, and the solvent was evaporated under reduced pressure.qyperiments), which otherwise dropped over time. After 15 min, the
Trituration of the residue with C¢lselectively extracted the product pH drop ceased, and the reaction mixtures were subjectettolard
hydroxyquinonés (R = Me) from unreacted 4-methylcatechol, afford- \yoryn acidification to pH 2.6-2.5 by addition of 0.5 N HCI (no
ing a yield of 57% as judged biH NMR (CDCl,). Extension of the buffer used) 02 N HCI (when using buffer), extraction with EtOAc,

reaction time to reduce recovery Bfresulted in reduced yields &t drying of the organic layers with N&Q,, and evaporation of the organic
To verify our assumption that the absorption near 325 nm arose from g ent under reduced pressure. THeNMR spectra (CDG) of the

decomposition ob, we placed authentic hydroxyquinobgR = Me) residues showed that the startinget-butylcatechol had completely
in the basic aqueous medium (pH 82) and found thalszs grew with disappeared and the relative yield of hydroxyquinéneas 22% (pH
time relative toAugo. 9
o 8.5) or 25% (pH 9.5).
The effect of Cu(ll) on autoxidation of 4-methylcatechol (10 mM) . . . .
. i ) The identical experiment (pH 9.5) performed in the presence of
was investigated by following the spectral changes {3880 nm) over . A
Lo . catalase (2 mg) revealedtdrt-butyl-1,2-benzoquinone as a major
time in 0.1 M pH 8 potassium phosphate buffer af@5n the presence . o .
) ; identified product (45%), while even trace amounts of cateéh@@®
of 0—2 mM CuSQ, in open-mouth 3 mL cuvettes (no,®ubbling). — . =
- . = t-Bu) or hydroxyquinoné& (R = t-Bu) were not observed.
In another set of experiments, different amounts of Cu(ll) (up to 5 T . ) -
mM) were added to aliquots of 4-methylcatechol (10 mM) pre- Autoxn_jatlon of 4-tert—Buty_IcatechoI in Alkaline Solution (pH
autoxidized for various periods of time in 0.1 M phosphate buffer, pH 9~9-5) with added HO,. A mixture of 4{ert-butylcatechol (83 mg,
8, and the spectra were immediately recorded. Spectra for a 90 min0-5 mmol) and HO, (110xL, 1 mmol) was stirred with @bubbling
pre-autoxidation (Figure 2), representing about 30% conversion of N 100 mL of HO maintained at pH 9:69.5 with NaOH. After 15
4-methylcatechol t& (R = Me), exhibit the shifts caused by addition ~ Min of stirring, the reaction mixture was subjected to standard workup.
of Cu(ll). Spectra obtained at 5 and 18 h pre-autoxidation (at which The *H NMR spectrum (CDG) of the resulting residue showed
times the 4-methylcatechol is completely consumed) still showed Cu- complete coonver5|on of the starting catechol to hydroxyquir(ie
(Ily-induced shifts. To determine whether Cu(ll) induces a shift in the = t-Bu, 28%) and other unidentifiegért-butyl-containing products.
spectrum of 2-hydroxy-%ert-butyl-1,4-benzoquinone5( R = t-Bu), Autoxidation of 4-tert-Butyl-1,2-benzoquinone in Aqueous Buffer
0—40 uL aliquots of 0.3 M CuS@were added to 3 mL of a solution  (pH 9.5). 4-tert-Butyl-1,2-benzoquinone (82 mg, 0.5 mmol) dissolved
of 1 mM 5 (R = t-Bu) in CH;CN—sodium phosphate buffer (10 mM,  in 5 mL of CHsCN was diluted into 100 mL of sodium carbonate buffer
pH 7.0) (1:9). (10 mM) with stirring. After 30 min, the reaction mixture was subjected
In another series of experiments, the autoxidation of 10 mM to standard workup. ThéH NMR spectrum (CDG) of the residue
4-methylcatechol in potassium phosphate buffer (0.1 M, pH 8) at 25 showed a mixture of 4ert-butyl-1,2-benzoquinone (20%), hydroxy-
°C was followed spectrophotometrically (monitoring formation of quinone5 (R = t-Bu, 2%), and other unidentified products.
hydroxyquinones (R = Me) at 480 nm) in open-mouth 3 mL cuvettes, Reaction of 4{ert-Butyl-1,2-benzoquinone in Aqueous Buffer (pH
in the presence of 1.0 mM of various chelating ligands (BCS, BPS, 9.5) with added H0O,. A mixture of 4+ert-butyl-1,2-benzoquinone
DTPA, EDTA, deferoxamine, and iminodiacetic acid) and also in the (82 mg dissolved in 5 mL of CKCN, 0.5 mmol) and kO, (110 uL,
presence of equimolar amounts (0.5 mM) of both BPS and BCS. 1 mmol) was added with stirring in air to 200 mL of sodium carbonate
Autoxidation reactions of 4ert-butylcatechol 2, R = t-Bu) were buffer (10 mM). After 5 min, the reaction mixture was subjected to
performed as in the case of 4-methylcatechol, with variation of buffer standard workup. Th#d NMR spectrum (CDG) of the residue showed
identity and strength, pH (911), reaction time, and solvent system that the starting quinon® (R = t-Bu) was completely consumed and
(using up to 25% MeOH or C¥N). By following the reactions a mixture of 4tert-butylcatechol (40%), hydroxyquinorig(R = t-Bu,
spectrophotometrically in open cuvettes, the yield of 2-hydroxgsb- 20%), and unidentified products were observed.



Chemical Simulation of Topaquinone Biogenesis

Reaction of 4tert-Butyl-1,2-benzoquinone in Alkaline Solution
(pH 9.0—9.5) in the Presence and Absence of Cu(Il)A solution of
4-tert-butyl-1,2-benzoquinone (82 mg, 0.5 mmol) in 10 mL of £H
CN was added to 90 mL of either.8, H,O containing Cu(CIG).:
6H,0O (19 mg, 0.05 mmol), or D containing 0.05 mmol each of
Cu(ClOy)2-6H,0 (19 mg) and 2,2bipyridine (8 mg). NaOH solution
was then added to maintain the pH at-9905. After 10 min stirring in
air, the reaction mixtures were subjected to standard workup*Ahe
NMR spectra (CDG) of the remaining residues were virtually identical,
showing the presence of recovereted-butyl-1,2-benzoquinone (50%)
and unidentified products.

Reaction of 4tert-Butyl-1,2-benzoquinone in Alkaline Solution
(pH 11.0, 12.0, or pH 12.5)4-tert-Butyl-1,2-benzoquinone (41 mg,
0.25 mmol) dissolved in 5 mL of C4#N was added to 45 mL of .
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were subjected to standard workup. Product analysisthyNMR
(CDCl;) revealed a mixture of 4-methylcatecho?, (R = Me),
2-hydroxy-5-methyl-1,4-benzoquinoné, (R = Me), and several
unidentified compounds: No additives: 202@nd 1%5; + (bipy)-
Cu(ll): 34%2 and 2%5; + H,0, — catalase: 1192 and 45%5; +
H,O, + catalase: 2892 and 6%b5.

Reaction of 4-Methyl-1,2-benzoquinone in Alkaline Solution (pH
10) in the Presence or Absence of Cu(ll) and 2,Bipyridine under
Argon. A solution of 4-methyl-1,2-benzoquinone (24 mg, 0.2 mmol)
in 5 mL CH,CN was diluted with 25 mL of water with argon bubbling,
and the pH was adjusted to and maintained at pH 10 with NaOH. After
3 min, the reaction mixture subjected to standard workup.*H¥MR
spectrum (acetonds) of the residue revealed a mixture of 4-methyl-
catechol (35%) and other unidentified products, but not a trace of either

A solution of NaOH was added to maintain the pH at 11.0, 12.0, or triol 4 (R = Me) or hydroxyquinoné& (R = Me). The same reaction

12.5 (three reactions). After 15 min of stirring, the reaction mixtures
were subjected to standard workup. TheNMR spectra (CDG) of

the residues revealed the presence tér-butylcatechol (40%, 50%,
or 80%, respectively), hydroxyquinoie(R = t-Bu, 2% in all cases),
and several unidentified compounds.

Reaction of 4itert-Butyl-1,2-benzoquinone at pH 13 in the
Presence or Absence of @ A solution of 44ert-butyl-1,2-benzo-
quinone (41 mg, 0.25 mmol) in 20 mL of GAN was diluted with 15
mL of H;O, and adjusted to pH 13 (NaOH). After 3 min of stirring in
air, the reaction mixture was subjected to standard workup. ‘Fhe
NMR spectrum (CDG) of the residue revealed the presence of
hydroxyquinones (R = t-Bu, 45%), muconic acid (R = t-Bu, 35%),
the corresponding lacton8 (R = t-Bu, 10%), and unidentified

performed in the presence of 0.1 mmol each of Cu@®H,O and
2,2-bipyridine revealed a similar mixture, but with more 4-methylcat-
echol (45%).

Autoxidation of 4-Methylcatechol in [*80]H O Medium (pH 9).
Through a solution of 5 mM 4-methylcatechol in 3 mL of water (33%
180) adjusted to pH 9 with NaOH was bubbled With stirring at 25
°C. After 25 min and with the pH being maintained at 9 by the addition
of trace volumes of concentrated NaOH, the reaction was quenched
by addition of citric acid (3 mL, 0.2 M), and the resulting mixture was
extracted with CHCl,. The organic layer was dried (B80Qy), and the
solvent was evaporated under reduced pressure. The crude product was
subjected to mass spectral (El) analysis as reported in Table 3.

Exchange of 2-Hydroxy-5-methyl-1,4-benzoquinone 5 in*fO]-

compounds. In an identical reaction performed under argon, with a H,O Medium (pH 9). Through a solution 06 (R = Me) (0.7 mg, 5

reaction time of 5 mintH NMR spectral analysis of the final residue
showed 4tert-butylcatechol (40%)7 (R = t-Bu, 35%),8 (R = t-Bu,
10%), and unidentified compounds.

Oxidation of 4-Methylcatechol in Carbonate Buffer (pH 9.0) in
the Presence or Absence of Catalas@. solution of 4-methylcatechol
(62 mg, 0.5 mmol) in 100 mL of 50 mM sodium carbonate buffer (pH
9.0) was stirred with @bubbling. After 15 min, the reaction mixture
was subjected to standard workup. TheNMR spectrum (CDG) of

the residue showed a mixture of starting 4-methylcatechol (65%),

umol) in 3 mL of water (3394°0) adjusted to pH 9 with NaOH was
bubbled Q with stirring at 25°C. After either 12.5 or 26 min, the
reaction was quenched by the addition of citric acid (3 mL, 0.2 M),
and the resulting mixture was extracted with £LH. The organic layer
was dried (NaSQy), and the solvent was evaporated under reduced
pressure. The crude product was subjected to mass spectral analysis
(El) as reported in Table 2.

Reaction of 4-Methyl-1,2-benzoquinone under Ar Atmosphere
in [*¥0]H 0O Medium. A mixture of 2.36 mL of CHCN, 3.57 mL of

2-hydroxy-5-methyl-1,4-benzoquinone (25%), and several unidentified 54.5%0-water, and 3QL of 10 mM pH 7.8 potassium phosphate

compounds (totaling~10%). The identical experiment performed in

buffer was cooled to 0C, and argon was bubbled through for 10 min.

the presence of catalase (2 mg) gave a mixture of starting 4-methyl- A solution of 4-methyl-1,2 benzoquinone (35 mg, 0.287 mmol) in 0.040
catechol (80%), 2-hydroxy-5-methyl-1,4-benzoquinone (10%), and mL of CH;CN was then added to the reaction mixture with stirring

several unidentified products (totaling10%).

Oxidation of 4-Methylcatechol at pH 8.0 with added HO,. A
solution (150 mL) of 4-methylcatechol (2 mM) in 100 mM sodium
carbonate buffer (pH 8.0) containing either 0, 1, or 5 mhOkl(three
experiments) was stirred with,@ubbling. The reaction mixtures were
subjected to standard workup. THd NMR spectra (CDG) of the

under argon. The reaction was quenched after 10 s by adding 2 mL of
10% aqueous HPO, and then concentrated under reduced pressure at
room temperature to a volume of 2 mL, followed by extraction with
CH.CI; (3 x 10 mL). The combined Cl, extracts were dried over
NaSO, and evaporated under reduced pressure at room temperature.
The *H NMR spectrum (CDG) of the crude residue revealed the

residues showed the presence of 2-hydroxy-5-methyl-1,4-benzoquinoneabsence of 4-methyl-1,2-benzoquinone, 4-methyl-1,2,4-benzenetriol, and

in yields of 38, 55, or 66%, respectively, together with unidentified
products.

Reaction of 4-Methyl-1,2-benzoquinone at pH 6.5 and pH 5.6.
To a solution of 4-methyl-1,2-benzoquinone (24 mg, 0.2 mmol) in 5
mL CHs;CN was added 32 mL of pH 6.5 phosphate buffer (12.5 mM).
After 10 s of stirring, the reaction was quenched by adding 2 mL of
aqueous BPO, (10%,v/v) solution, and the resulting mixture was
extracted with CHCl,. The organic layer was dried (B&0Os), and the
solvent was removed under reduced pressure *Hh&MR spectrum
(CDCl) of the residue revealed a mixture of 4-methylcatechol (24%)
along with other unidentified products, but not even a trace of ol

2-hydroxy-5-methyl-1,4-benzoquinone, but the presence of 4-methyl-
catechol (8%) along with other unidentified products. The crude product
was subjected to preparative thin-layer chromatography (EtOAc
hexane, 1:1) to isolate the 4-methylcatechol, which was then subjected
to mass spectral analysis: HRMS (Ei)z (relative intensity) calcd
for C7H31602, C7H3160180, and GH31802 1240524, 1260567, and
128.0610; found 124.0522 (100), 126.0564 (80.2), and 128.0606 (28.4),
respectively.

Reaction of 4tert-Butyl-1,2-benzoquinone under Ar Atmosphere
in [*0]H 0 Medium. A mixture of 1.48 mL of CHCN, 1.47 mL of
65.8% [80O]H,0, and 3QuL of potassium phosphate buffer (100 mM,

When the same reaction was performed using phthalate buffer (opH 5.6)pH 11 ) was degassed by bubbling with argon af@5or 10 min. A

with a reaction time of 2 min, again no tridlwas observed (we found
6% 4-methylcatechol, 47% recovered quin@and 47% unidentified
products).

Reaction of 4-Methyl-1,2-benzoquinone in Aqueous Buffer (pH
8.0) in the Presence or Absence of ¥, and Catalase, or Cu(ll)
and 2,2-Bipyridine. A solution of 4-methyl-1,2-benzoquinone (0.2
mmol) in 10 mL of CHCN was added to 90 mL of 111 mM sodium
phosphate buffer, pH 8.0, containing either nothing else, Gusd
2,2-bipyridine (0.02 mmol each), 1 mmolB-, or 1 mmol O, and
0.5 mg of catalase. After 6 min of stirring in air, the reaction mixtures

solution of 4tert-butyl-1,2-benzoquinone (0.020 g, 0.122 mmol) in 20
uL of CHsCN was then added to the reaction mixture with stirring.
The reaction was quenched after 5 min by adding 2 mL of aqueous
10% aqueous #PO,, and the mixture was concentrated under reduced
pressure at room temperature to a volume of 2 mL, followed by
extraction with CHCI, (3 x 10 mL). The combined CCl, extract
was dried over Ng&5O, and evaporated under reduced pressure at room
temperature. ThéH NMR spectrum (CDG) of the crude product
showed the absence oftdrt-butylcatechol, 4ert-butyl-1,2,4-benzene-
triol, and 2-hydroxy-Stert-butyl-1,4-benzoquinone, but the presence
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of 4-tert-butyl-1,2-benzoquinone (65%) and unidentified products. The benzoquinone and 4-methyl-1,2,4-benzenetriol, but the presence of

crude product was subjected to mass spectral analysis: HRMS (EI) 2-hydroxy-5-methyl-1,4-benzoquinone (30%), a tras&%o) of unre-

m/z (relative intensity) calcd for GH1'%0,, CioH12'%0%0, and acted 4-methylcatechol, and other unidentified products. The crude

C1oH1,'%0, 164.0838, 166.0881, and 168.0924; found 164.0840 (6.34), product was subjected to mass spectral analysis: HRMS ()

166.0992 (31.2), and 168.1039 (10.3), respectively. (relative intensity) calcd for §1%0; and GH!#0%0,, 138.0317 and
Autoxidation of 4-Methyl-catechol under **O, Atmosphere. An 140.0360; found 138.0310 (29%) and 140.0361 (71%), respectively.

aqueous solution of NaOH (10 mM, 24.75 mL) was deaerated by three A control experiment performed usifg0, instead of-%0, confirmed

freeze(-78 °C)—pump-thaw cycles under argon, witHO, (92% the absence of 161800, by HRMS analysis.

enrichment) being admitted in a fourth cycle. A degassed solution of

4-methylcatechol (16 mg, 0.129 mmol) in 0.250 mL of water was then .
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