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Abstract: Propargylic and activated allylic amines are known to inactivate the quinone-dependent plasma
amine oxidases, possibly through active-site modification by the o,-unsaturated aldehyde turnover products.
Although homopropargylamine (1-amino-3-butyne, 1) is a nonobvious candidate as a mechanism-based
inhibitor, 1 was found to be an unusually potent time- and concentration-dependent irreversible inactivator
of bovine plasma amine oxidase (BPAO), exhibiting a 30 min ICso of 2.9 M at 30 °C ([BPAQ] = 1.2 uM).
Preserved cofactor redox activity of the denatured inactivated enzyme indicates that inactivation by 1 involves
either a cofactor modification that reverses upon enzyme denaturation or a modification of an active-site
residue. Because inactivation by 1 may involve enzyme alkylation by the reactive 2,3-butadienal (3) tautomer
of the 3-butynal turnover product of 1, aldehyde 3 was prepared and was found to inactivate BPAO, but
only at high concentration. In addition, whereas inhibition by 3 was blunted by the presence of
mercaptoethanol, no such protection was observed against 1. The amine whose turnover should lead directly
to 3 was prepared (1-amino-2,3-butadiene, 4) and was found to be an even more potent inactivator of
BPAO than 1, exhibiting a 5 min I1Cso of 1.25 «M. Rat liver mitochondrial monoamine oxidase was also
inactivated by 4, as expected, but only very weakly by 1. Potential mechanisms explaining the selective
inhibition of BPAO by 1 are discussed.

Introduction Scheme 1

Oxidative deamination of primary amines by the copper- ssB PSB
containing amine oxidases is known to be mediated by an active- 0 0 OH
site Tyr-derived 2,4,5-trihydroxyphenylalanine quinone (TPQ) RCH,NH,
cofactor! Following condensation of the substrate amine with o ~ho © 1o
TPQ to give the “substrate Schiff base” (SSB), a conserved o 2 HNCHR N=CHR
active-site catalytic base (Asp) abstracts thgpfdton, inducing A\/B 1
tautomerization to the “product Schiff base” (PSB), which NH; '
hydrolyzes to aldehyde product and reductively aminated NH; RCHzNH,
cofactor (an aminoresorcinol). The latter subsequently is reoxi- H,0 o OH
dized at the expense of reduction of © H,O, with hydrolytic
release of NH or displacement of Nklby another substrate
amine (Scheme 1). That amines bearing an unsaturated C o HO
bond at thes-position could inactivate bovine plasma amine NH NH;
oxidase (BPAO) was first reported by Abeles and co-workers  In terms of inactivation mechanism, present data on the
in the 1970%. Recently, inactivation of BPAO by various propargylamines are consistent with alkylation of an active-
propargylamine and chloroallylamine analogues was studied site residue by the reactive RE&—CH=0 product or the
extensively in this laboratoryThe structure-inhibitory profile allenic tautomer RCHC=C=0O0, either as free aldehyde or in
for these analogues suggests that size and shape attributes camine linkage to the reduced aminoresorcinol form of the
greatly modulate inactivation potency. These differences and cofactor at the product Schiff base stage prior to hydrolytic
the nature of the inactivating moiety can also control selectivity release of aldehydeOn the basis of such inactivation mech-
of inactivation among the large family of known copper amine anism, amines bearing j& rather thans-C=C bond are not

H,O
QRCZ)H=O

oxidased. obvious candidates as inactivators, since their predicted im-
(1) Brown, D. E.; McGuirl, M. A.; Dooley, D. M.; Janes, S. M.; Mu, D.; mediate turnover product aldehydes are not conjugated. None-
Klinman, J. P.J. Biol. Chem1991, 266 4049-4051. theless, a preliminary study indicated that 1-amino-3-butfhe (

gg f};;%'ggﬁ Fls Mayooge. SAéy';écf' g{;eg,;‘,-mReBi;(?gﬁyj AB00% 1647 is in fact a highly potent inactivator of BPA®In considering

343-354. (b) Jeon, H. B.; Sayre, L. NBiochem. Blophys Res. Commun.
2003 304, 788-794. (c) Jeon H. B.; Lee, Y.; Qiao, C.; Huang, H.; Sayre, (4) Shepard, E. M.; Smith, J.; EImore, B. O.; Kuchar, J. A.; Sayre, L. M.;
L. M. Bioorg. Med. Chem2003 11, 4631-4641. Dooley, D. M. Eur. J. Biochem2002 269, 3645-3658.
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a possible mechanistic explanation based on the known facile(A)

tautomerization of the theoretical turnover product 3-butynal
(2) to 2,3-butadienald), we also synthesized and evaluated the
inhibition of BPAO by 1-amino-2,3-butadiend)( which turns

out to be one of the most potent inactivators of BPAO known
to date. Full characterization of the inhibition of BPAO by these

compounds is herein described, and selectivity was assesse(%

by determining their ability to inhibit rat liver mitochondrial
monoamine oxidase. Possible mechanisms of inactivation

consistent with the data are discussed. Development of selectived

inhibitors is important in terms of the emerging physiological

roles of the human forms of the quinone-dependent amine :E

oxidases.

Results and Discussion

Irreversible Inactivation of BPAO by 1-Amino-3-butyne
(1). We found that the knowr® could be prepared by direct
amination of the mesylate of commercially available 3-butyn-
1-ol, without the need to go through the azide intermediate.
Amine 1 is a very potent time- and concentration-dependent
inactivator of BPAO at 30C (benzylamine as substrate), with
the loss of enzyme activity following pseudo-first-order kinetics
(Figure 1A). The enzyme (1.2M) was half inactivated at 10
uM in 5 min and at 2.9«M at 30 min, but the Kitz and Wilson
replo€c (ty» vs 1/]1]) of the data comes too close to the-Q
origin to justify extrapolation of &. In an attempt to observe
saturation, we repeated the kinetics at°@. Under these
conditions, the 5 min 16 was 62.2uM and pseudo-first-order
kinetics were again followed (Figure 1B), but the Kitz and
Wilson replot of the data still came too close to the origin. The
inactivation is thus best described in terms of bimolecular units
(slope through the origin): 17 mM min~! at 30°C and 4.8
mM~1 min~! at 2°C. The lack of measurable saturation does
not require an interpretation thdt which has no intrinsic
reactivity, is reacting in a bimolecular reaction with the enzyme,
but only that the characteristipac: is fast compared to
dissociation of the B complex. At 30°C, even at the lowest
concentration evaluated (&), no plateau behavior was seen
up to 2 h, suggesting that if there is any competing productive
turnover, the partition ratio is very low.

No recovery of activity was seen either after gel filtration or
after 24 h dialysis, indicating thatis an irreversible inactivator
of BPAO, implicating a stable covalent adduct with BPAO.
Phenylhydrazine forms an intensely yellow derivative (absorbing
at 450 nm) of the quinone cofactor of BPAQand thus a
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Figure 1. Inactivation of BPAO (1.2«M) by 1-amino-3-butyneX) in 100
mM, pH 7.2, phosphate buffer at 3€C (panel A) and 2C (panel B).

an active-site residue in a manner that sterically blocks access
of phenylhydrazine. Further information was gained by perfor-
mance of the so-called redox cycling assay with nitroblue
tetrazolium (NBT) on the denatured inactivated enzyriiais
assay determines the competency of the quinone cofactor to
mediate the @dependent chemical deamination of glycinate
(reoxidation of the glycinate-reduced cofactor generates super-
oxide anion, which is detected by NBT) and is independent of
steric accessibility issues. The NBT staining for denatured
BPAO inactivated byl was indistinguishable from that for the
denatured control enzyme, indicating complete quinone cofactor
redox competence following denaturation of the inactivated

phenylhydrazine spectral titration has been used to assess th%nzyme. These results together demonstrate Itfiaactivates

state of the cofactor as a function of various enzyme modifica-
tions3 Treatment of BPAO inactivated lywith phenylhydra-
zine failed to show the characteristic 450 nm absorbance
indicating either thal modifies the cofactor or thdt modifies

(5) Jeon, H. B. Ph.D. Thesis, Case Western Reserve University, Cleveland,

OH, 2001.

(6) Dumont, J. L.; Chodkiewicz, W.; Cadiot, Bull. Soc. Chim. Fr.1967,
588-596.

(7) Taylor, E. C.; Pont, J. LTetrahedron Lett1987 28, 379-382.

(8) Janes, S. M.; Klinman, J. Biochemistry1991, 30, 4599-4605.

BPAO either by covalent binding to an active-site residue that
blocks substrate access to the quinone cofactor or by tying up

'the cofactor in a form that reverses only during enzyme

denaturation.

Attempted Preparation of 3-Butynal (2) and Enzymologic
Evaluation of 2,3-Butadienal (3).In considering possible

(9) Paz, M. A,; Fluckiger, R.; Boak, A.; Kagan, H. M.; Gallop, P. 8.Biol.
Chem.1991, 266, 689-692.
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Figure 2. Inhibition of BPAO by 2,3-butadienal3} at 30°C, 100 mM, Wavelength, nm

PH 7.2, phosphate buffer. Figure 3. Hydrolysis of 2,3-butadienaBj in 100 mM, pH 7.2, phosphate

) ) o ) ) buffer at 30°C showing isosbestic conversionoTime interval: 10 min.
mechanisms for the inactivating effect ffit was desirable to Inset: In[A — Ag)/(A- — A)] vs time plot for the increase of absorbance

evaluate the effect of incubating the enzyme with the theoretical at 276 nm due t&.
turnover product ofl, 3-butynal ). The acetal precursor, 4,4-
diethoxy-1-butyne was successfully prepared by the reaction
of propargyl bromide with triethyl orthoformate in the presence
of aluminum amalgam as cataly8tWe knew that to avoid
tautomerization o to its allenic form, 2,3-butadienaB), the
subsequent acidic hydrolysis would have to be carried out under
mild conditions. However, all efforts to gener&e good yield
failed. Although many different acids were tried, either no
hydrolysis occurred or, once there was sufficient acid strength
to begin to convert the acetal, a substantial amount of o s He
underwent tautomerization & Another route to aldehydes is )J\A oo
the cleavage of dithioacetals by mercury(ll), ferric(lll), or
cerium(lll) salts under neutral conditions. 4,4-Diethoxy-1-butyne
was successfully converted to 4,4-bis(ethylsulfanyl)-1-butyne, The hydrolysis of3 was monitored over time spectrophoto-
but even mild oxidative cleavage conditions failed to afford the Metrically under the conditions used for the enzyme incubations
desired aldehyd2. A summary of these experiments confirms (PH 7.2, 100 mM potassium phosphate buffer?@9. As judged

the high instability of 3-butynal with respect to its allenyl by the isosbestic behavior shown in Figure 3, consumption of

tautomer and is consistent with the fact tBatas been reported 3 (4max 222 nm) occurs concomitant with the formation ®f
in the literature only as a mixture witB!2 (Amax 276 nm), which was shown bYH NMR to exist at least

partly as the enol? Under these condition8, has a half-life of

2 were truly the initial direct product of metabolic turnover of 38 min. T_h? authentic compourﬁjwz_as prepare@ and shown

1, it would soon be converted @ Also, it is possible that the not to inhibit B_PA_O at_ a concentration up to 2 mM. Thus, the
tautomerization could occur at the product Schiff base stage plateau behawpr in Figure 2 at Iowel_r concentratlon$ o&n
prior to hydrolytic release of aldehyde. In either case, enzyme be under.stood n terms of th? prgdommance of thg unllmolecular
inactivation could then be arising from alkylation of an active- hydrolysis reaction (converting inactivat8rto noninactivator

site nucleophile by the highly reactive electrophile 2,3-butadienal 5) in _competltlon with the_blmolecular enzyme |nact|ve_1t|on
(3). Thus, it seemed prudent to evaluate the interaction of BPAO reaction. Ir_1 cor_ltra_st, at h|gher concentrations3pfthe bi- .
with 3, which was already in hand from attempted synthesis of m_ol(_acular !naptlvatlon reaction pr qceeds FO near cg_mpletlon
2, but was prepared in excellent yield independently by a known W|th|.n the lifetime of 3. Thg sensitivity Qf this competition to
procedure? Data shown in Figure 2 demonstrate tBagxerts relatively small changes in concentration ®fs remarkable.

time- and concentration-dependent inactivation of BPAO, di Irreversibhle Inactivgtion ,Of BPA(? by 1-(,)Arg1ino-2,il%-2ut§-h
though only at relatiely high concentrations. iene (4).The strong inactivation of BPAO b¥ coupled wit

the observation of enzyme inactivation Byprompted us to

(10) Vereshchagin, L. I.; Gavrilov, L. D.; Titova, E. I.; Vologdina, L. Ph. explorg the activity of 1-am|r_10-2,3-.butad.|en©,(smce this is
Org. Khim.1973 9, 247252, the amine that would theoretically gi&as its normal turnover

At lower concentrations a3 (<1.3 mM), the loss of activity
with time reached a plateau after 1.5 h. Assun8rigactivates
BPAO by a simple bimolecular alkylation reaction (or via an
E-I complex characterized by a hidhj), the cessation of further
inactivation after some time suggests that liBeemains at
this point, even though its initial concentration was far in excess
over enzyme. In fact, aldehydewas expected to hydrolyze in
aqueous solution to 3-oxobutan).(

The facile tautomerization reaction Bfto 3 suggests that if

(11) Rothstein, E.; Whiteley, RI. Chem. Soc., AbstiL953 4012-4017. H

(12) Blankespoor, R. L. Smart. R. P.- Batts, E. D.: Kiste, A. A Lew, R. E.: product. The known aminé was prepareld and was found to
Van der Vliet, M. E.J. Org. Chem1995 60, 6852-6859.

(13) (a) Shostakovskii, M. F.; Khomenko, A. Bull. Acad. Sci. USSR, Di (14) George, W. O.; Mansell, V. G. Chem. Soc., B968 132-134.
Chem. Sci196Q 1022-1026 (b) Burgers, P. C.; Holmes J. L.; Lossing, (15) Vavilova, A. N.; Trofimov, B. A.; Volkov, A. N.; Keiko, V. V.J. Org.
F. P.; Mommers, A. A.; Povel, F. R.; Terlouw, J. Ran. J. Chem1982 Chem. USSR98], 17, 809-812.
60, 2246-2255. (16) Casara, P.; Jund, K.; Bey, Petrahedron Lett1984 25, 1891-1894.
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Figure 4. Time course of inactivation of BPAO by various concentration
of 1-amino-2,3-butadienel) at 2 °C, 100 mM, pH 7.2, phosphate buffer.

100 Table 1. Protection by Substrate Benzylamine (BA) against
r Inactivation of BPAO by 1-Amino-3-butyne (1) and
m 2u.M 1-Amino-2,3-butadiene (4)
® 4uM remaining enzyme activity (%) after 30 min
& A 6uM inhibi BA]=0 BA]=1mM BA]=5mM
= ] v 8uM inhibitor [BA] = [BA]=1m [BA]=5m
2 ¢ 10uM 1(7 uM) 8.9 27.8 66.4
£ @ 4 (1.5uM) 8.2 235 32.2
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be an even more potent time- and concentration-dependen “r

inactivator of BPAO tharl, exhibiting a 5 min 1Gp of 1.25 ) . ) . . . . . _ ;
uM at 30 °C. At 2 uM 4, the enzyme lost more than 90% 0 2 4 6 8 10
activity in 10 min. This makest one of the most potent Time, min

inactivator.s .of BPAO reported to daté Kitz and Wilson replot Figure 5. Inhibition of BPAO by 2uM 4 (@) and protection by 2GM
of the activity time data at 30C was very close to the-0 (a), 2004M (), or 1 mM (k) thiocholine bromide. Thiocholine bromide
origin. Inactivation data was also obtained &t (Figure 4), alone at 5 mM ).

but even at this low temperature the Kitz and Wilson replot of
the data failed to provide an intercept that was significantly

different from the 6-0 origin. Thus, as witll, the kinetics are activity in the presence versus the absence of substrate indicated

i i i . -1
bqs’Edescrlbed In apparent b|m.olf>cular terms:>7 F mM a concentration-dependent substrate protection in both cases
min~t at 30°C and 98 mM?® min~t at 2 °C. (Table 1)

No recovery of enzyme activity was observed after dialysis
of BPAO inactivated by4, indicating that inactivation is
irreversible. However, as revealed by an unaltered NBT redox
cycling activity but a complete absence of derivatization by
phenylhydrazine, 4 must be inactivating BPAO either by

Following gel filtration, comparison of the remaining enzyme

Abatement of Inactivation by Thiocholine. Our preliminary
study showed that some thiols, such as thiocholine (bromide)
and mercaptoethanol, at concentrations that had an insignificant
effect on benzylamine oxidase activity of BPAO, reduced the
gifvi j ; due th ically interf th extent of inactivation caused by certain mechanism-based
m% ifying an actl\{e-5|te [)es'd ue t 'at. sterrl]ca y mterferes W't inhibitors? Interestingly, mercaptoethanol protected in only rare
?u strhate processgg orby erlvaglzmg ¢ © TPS cofactor mla cases, whereas thiocholine was effective against several of the
orm that reverses uring enzyme enatl_Jratlon. S was m_Je aSOnactivators studied. Mercaptoethanol appears to act by trapping
for 1, these two possibilities could conceivably be distinguished a solvent-borne reactive intermediate. Whereas thiocholine can
by using radiolabeled inhibitors, in that radiolabel would remain also function as a trapping agent, recent studies (C. Qiao and
bound 'Fo protein during de.nat.uration or Woul'dl be released, L. M. Sayre, unpublished work) suggested that the ability of
respectively. However, the likelihood of adventitious covalent ;e qjine to inhibit inactivation was related to its ability to
binding of3to_surface residues discouraged our consideration act as a competitive inhibitor toward processing of certain
of such expenment;. . o classes of substrates (including mechanism-based inhibitors) but

Substrate Protection against BPAO Inactivationby 1and o4 o henzylamine. This appears to involve interaction with a
4. Despite the lack of a demonstrable saturation phenomenon.;ion binding site in the enzyme
for 1 and4, the absence of any intrinsic chemical reactivity of Mercaptoethanol up to 10 mM had no effect on inactivation
these unsaturated amines leads to the conclusion that they &y 1 or 4 (data not shown). Also, thiocholine up to 10 mM had
turnover-dependent (mechanism-based) inhibitors. A key cri- o otact on inhibition byl. However, as shown in Figure 5,
terion in this regard is that one should observe concentration- i holine exerted a concentration-dependent-(2E00 «M)
dependent su_bstrate protection against the Io_s_s of activity. BPAOsIowing of the rate of loss of activity caused byl 4, mainly
(1.2uM) was incubated under standard conditions at@@vith at early time points (5 min), with the ultimate level of
a concentration of each inhibitor that resulted-s% remaining inactivation (e.g., at 10 min) being relatively unaltered. Thio-
activity after PDX G.F.?S gel filtration. The same incubations .t oline alone had a very minor effect on enzyme activity even
were ther_l performed in the presence of elther_ 1or 57 MM 4t 5 mM. Whereas benzylamine protected against inactivation
benzylamine and catalase (0.6 mg, 128000 units/mL). by both1 and4, and because the structureslaind4 are nearly
(17) Lee, Y.; Shepard, E.; Smith, J.; Dooley, D. M.; Sayre, L.Bibchemistry identical, the effect Qf thloc_:holme on InaCtlva_tlon Bybut no_t

2001, 40, 822-829. 1 suggests that thiocholine is not behaving as a simple

J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004 8041
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Figure 6. Time course of inactivation of BPAO by 1.3 mB/(M) and the
blunting of inactivation by the co-presence of 1.3 mM thiocholine bromide
(®) or 1.3 mM mercaptoethanohj.

competitor in the binding step. We consider instead that
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Figure 7. Inactivation of rat liver mitochondrial benzylamine oxidase

activity by 1 at 0.2 ©) and 1 mM (0), and by4 at 0.5 @), 2 (%), and 5
uM (@).

Using 1 mM1 and 1uM 4, we found that the level of MAO

thiocholine exerts its effect at some stage along the inactivation activity lost in 30 min was not significantly effected by the co-

pathway for4 prior to the crucial alkylation event. Clearly, there
are differences in the enzymatic processing ahd4 following

presence of either mercaptoethanol or thiocholine at 1 mM (data
not shown), indicating that inactivation does not appear to be

enzyme-substrate complex (or even substrate Schiff base) due to generation of a solvent-borne reactive intermediate in

formation, at which point thiocholine could exert a differential
effect.

either case. In summary, whereas the allenylamiisea potent
inactivator of both BPAO and MAO-B, homopropargylamine

In contrast to the above, both mercaptoethanol and thiocholine (1) is a weak MAO-B inactivator. Additional studies in progress
can distinctly protect against inhibition caused by 2,3-butadienal on the inhibition byl of purified forms of a number of quinone-
(3) at equivalent concentrations (Figure 6). This result undoubt- dependent copper amine oxidases (B. Hale, E. M. Shepard, D.

edly reflects the straightforward bimolecular trapping of con-
jugated aldehyde by thiol in the bulk solution, which was

M. Dooley, and L. M. Sayre, unpublished work) confirm the
potent inactivation of BPAO by, an approximately 10-fold

demonstrated independently. Thus, in the presence of 1.3 mMweaker effect against human kidney diamine oxidase, an even

thiocholine bromide or 1.3 mM mercaptoethanol, the half-life
of .3 mM3in pH 7.2, 100 mM phosphate buffer at 3G is

weaker effect on pea seedling diamine oxidase, and very little
effect on the amine oxidases froArthrobacter globiformis

around 22 or 26 min, respectively, in marked contrast to the equine plasma, anelichia pastoris Thus,1 can be considered

half-life (38 min) of the aldehyde under simple hydrolysis
reaction conditions.

Inactivation of Rat Liver Mitochondrial Monoamine
Oxidase by 1 and 4.The selectivity ofl and4 for BPAO was

to be a fairly selective inactivator of BPAO.

Model Studies To Reveal Possible Mechanisms of Inac-
tivation of BPAO by 1-Amino-3-butyne (1). As in the case
of other activated allylamines, inactivation Bycan be readily

evaluated by determining whether these compounds also inhibitiustified by alkylation of an active-site residue by thes-

the benzylamine oxidase (mainly MAO-B) activity of rat liver
mitochondrial® Allenylamines are well-known inactivators of
MAO,'° and thus,4 was expected to be a fairly potent

unsaturated aldehyde turnover product or at the precedjig
unsaturated imine product Schiff base stage (see below). Since
this is not the case fot, however, we decided to perform a

inactivator. The data in Figure 7 shows that whereas both Mmodel reaction with an appropriate TPQ analogue to elucidate
compounds are concentration- and time-dependent inactivatorgntrinsic chemical features of transaminative processing. of

of MAO-B, 4 displayed the expected high inhibitory potency,

but 1 was a weak inactivator. Under these conditions, the
approximate 20 min 16 values are 0..xM for 4 and 1 mM

for 1. In neither case was activity recovered following dialysis,

verifying that1 and4 are irreversible inactivators.

(18) MAO-B is the principal isoform that metabolizes benzylamine in rat liver
mitochondria: Kinemuchi, H.; Fowler, C. J.; Tipton, K. Flonoamine
Oxidase Dis. [Proc. Conf,]Paris, Oct. 26:28, 1983; Tipton, K. F., Dostert,
P., Strolin Benedetti, M.; Academic Press: London, 1984; pp&3

(19) (a) Halliday, R. P.; Davis, C. S.; Heotis, J. P.; Pals, D. T.; Watson, E. J.;
Bickerton, R. K.J. Pharm. Sci.1968 57, 430-433. (b) Krantz, A,;
Lipkowitz, G. S.J. Am. Chem. S0d.977, 99, 4156-4159. (c) White, R.

L.; Smith, R. A.; Krantz, A.Biochem. Pharmacoll983 32, 3661-3664.
(d) Sahlberg, C.; Ross, S. B.; Fagervall, I.; Ask, A. L.; Claesson,J.A.
Med. Chem1983 26, 1036-1042. (e) Smith, R. A.; White, R. L.; Krantz,
A. J. Med. Chem1988 31, 1558-1566.

8042 J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004

Because Sert-butyl-2-hydroxy-1,4-benzoquinone used in other
recent studie®2lis not effective at transaminating unactivated
amines, the more reactive 3,54@it-butyl-1,2-benzoquinone
(DTBQ) was chosen, despite its propensity for yielding ben-
zoxazole side products with unbranched primary amffes.

An NMR tube-scale reaction of DTBQ ardeHCI (0.5 equiv)
in DMSO-ds, using diisopropylethylamine (0.5 equiv) to
neutralize the HCI, was monitored Bid NMR. After mixing

(20) (a) Lee, Y.; Sayre, L. MJ. Am. Chem. S0d.995 117, 3096-3105. (b)
Lee, Y.; Sayre, L. MJ. Am. Chem. Sod 995 117, 11823-11828. (c)
Lee, Y.; Ling, K.-Q.; Lu, X.; Silverman, R. B.; Shepard, E. M.; Dooley,
D. M.; Sayre, L. M.J. Am. Chem. So@002 124, 12135-12143.

(21) (a) Mure, M.; Klinman, J. PJ. Am. Chem. Sod.995 117, 8698-8706.
(b) Mure, M.; Klinman, J. PJ. Am. Chem. Sod.995 117, 8707-8718.

(22) Corey, E. J.; Achiwa, KJ. Am. Chem. S0d.969 91, 1429-1432.
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Scheme 2 Scheme 3
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DTBQ and1-HCI, as soon as the base was introduced, the

reaction proceeded very rapidly. The earliest spectrum recordedtime, characterized by an imine GHN doublet at 8.36 ppm.
(2 min) showed that the starting DTBQ had decreased, resultingThis intermediate can be assigned to the tautomerized product

in the generation of two major products, one being the
corresponding 3,5-dert-butylcatechol (DTBQH) and the other
a benzoxazole derivative (characteristic signal® &49 and
7.24), exhibiting additional peaks @t5.67 (doublet) and 6.56
(triplet). At a later time, both reactants decreased further, with

Schiff base9 rather than initial product Schiff baséon the
basis that the CHN H NMR signal of the latter would be a
triplet rather than a doublet. These results suggest that both
pathways tal0 shown in Scheme 2 can operate, depending on
the reaction conditions.

a corresponding increase in the catechol and benzoxazole Proposed Mechanism of Inactivation of BPAO by 1 and

derivative. After 2 h,1 was completely consumed, and even
after 7 h, the NMR spectrum still showed only the initially seen
products. Isolation of the benzoxazole derivative by preparative
TLC showed it to have the allenic structuté.

According to the proposed mechanism for generatiofGf
(Scheme 2), initial condensation dfvith DTBQ generates the
substrate Schiff bas6, which is transformed to the product
Schiff base7 in the key transamination step. The final product
10 can arise fron¥ by two different pathways. One possibility
is that the dihydrobenzoxazole in equilibrium withs oxidized
to 8 by the second equivalent of DTBQ, giving the observed
catechol DTBQH, and then8 is transformed rapidly to the
allene10 by tautomerization. The other possibility is thats
first tautomerized rapidly to its allene forthon account of the
marked acidity of the methylene position between tkeNCand
C=C, with subsequent ring closure and oxidation.

Although no intermediate (e.g8 or 9) was detected in
DMSO-ds, when the same reaction was conducted in,CIWY
D,O (9:1), benzoxazol® was observed, distinguished from
other possible intermediates by having typical benzoxazole aryl
1H NMR signals and a methylene doublét= 2.0 Hz) at 4.08

4 (see Scheme 3)'he model study described above suggests
that for 1-amino-3-butyne1j, the product Schiff basd2
(corresponding to7) may tautomerize to its allene forrh3
(corresponding t®). The conjugated electrophil&3, which
would form directly from the processing of 1l-amino-2,3-
butadiene 4), could then alkylate an active-site residue as a
common ultimate inactivating species arising from bbthand

4. It is in fact tempting to consider a common mechanism for
inactivation of BPAO by these two amines, and the greater
potency ofl could presumably be rationalized on the basis that
a second (active-site) base-assisted tautomerization is required
in the case ofl.

However, a common mechanism seems inconsistent with the
finding that thiocholine slows down inactivation only ByThe
action of thiocholine could conceivably be manifested as
competitive inhibition in the initial binding stefk4y,), but the
structures ofl and4 are so similar (neglecting hydrogens, the
only difference is the slightly different bond angle at C-2) that
competitive binding is unlikely to reconcile such a pronounced
difference in the effect of thiocholine (there is no effect bn

ppm. The earliest spectrum recorded (4 min) showed that the€ven at a 500-fold greater concentration). In the same manner,

starting DTBQ was still present, along with a mixture of
DTBQH,, intermediate8, and productlO. At later reaction
times, the starting DTBQ ar8ldecreased, with a corresponding
increase in DTBQkland10. After 55 min, the spectrum showed
only DTBQH, and 10 as major products.

Interestingly, when the same reaction was carried out in DMF-
d7, the spectrum exhibited peaks corresponding nd, tbut
instead to a different intermediate maximizing at short reaction

formation of the substrate Schiff baskL(or 14) would appear

not to be a reaction that could be differentially affected by
thiocholine. The apparent modulation by thiocholine of the
kinetics of inactivation by} can be manifested at any step prior
to when the enzyme becomes irreversibly inactivated. Thus, a
possible explanation is that thiocholine interferes, perhaps
through a conformational perturbation, with the alkylation event.
If both 1 and4 inactivated through the same intermediag
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one could again not easily explain the differential effect of to efficient and selective inactivators of the quinone-dependent
thiocholine. amine oxidase family of enzymes.

If product Schiff basé 2 arising from1 undergoes hydrolysis
instead of tautomerizing t&3, then 3-butynal Z) would be
released and could subsequently tautomerize to the reactive General.?H NMR spectra were obtained on a Varian Gemini 200
alkylating agent 2,3-butadiend)( If this tautomerization occurs ~ (**C NMR at 50 MHz) instrument, with chemical shifts being referenced
within the active site, alkylation of an active-site residuedy to TMS or the solvent peak. In théC NMR line listings, attached
could involve different active-site residues than are alkylated Proton test (APT) designations are given 43 ¢r (-) following the
by 13 in the case of inactivation b, thus providing a basis chemical shift. High-resolution mass spectra (HRMS, electron impact)

. . . . .. were obtained at 2040 eV on a Kratos MS-25A instrument. UWis
for the observed differential effect of thiocholine. However, it ) ) .
. . . . spectra were obtained using a jacketed (temperature-controlled) cell
is unclear if tautomerization d to 3 could occur during the

; e i s compartment and Perkin-Elmer PECSS software. Doubly distilled water
time that2 would reside in the active site. ¥ were generated

was used for all enzyme experiments. All synthetic operations were
only after 2 were released into bulk solvent, this reactive carried out at ambient temperature, unless indicated otherwise. Thin-
molecule would be trapped by any added thiol (BPAO was layer and preparative thin-layer chromatography were run on Merck
protected against inactivation by externally addtdy both silica gel 60 plates with 254 nm indicator. All column chromatography
mercaptoethanol and thiocholine). Thus, althoBghactivates was run using flash-grade silica gel. All solvents, reagents, and organic
BPAO at high concentrations, it is unclear to what extent, if

fine chemicals were the purest available from commercial sources.
any, inactivation of BPAO by (or 4) occurs through a pathway BPAO (22.5 Tabor units= 0.0052 1U/mg of protein) was purchased
involving 3.

from Worthington and PDX G.F.25 from Sigma. All evaporations were
A reasonable alternative explanation for the selectivity of

conducted at reduced pressure using a rotary evaporator.
1-Amino-3-butyne (1).A solution of 4-mesyloxy-1-butyne (3.1 g,
thiocholine is thatl and 4 do not in fact follow identical 21 mmol) in 30 mL of EtOH and 70 mL of N¥DH was stirred at 50
inactivation mechanisms. One possibility is that in the processing °C in a pressure bottle for 3 h. To the reaction mixture was added 3N
of 4, C, proton abstraction by the consensus Asp at the substrateHCI to adjust the solution pH to 2, and the solution was concentrated.
Schiff base stagé4 results in its tautomerization tbs rather To the residue was added 2N aqueous NaOH to bring the solution to

Experimental Section

than in cofactor reduction. In this case, cofactor reduction would PH 11, which was then extracted with diethyl ether{®0 mL). The
occur wherl5is attacked by an active-site nucleophile. Because
nucleophilic addition tol5 and to 13 (arising from1) could
clearly reflect distinct spatial arrangements, it would be possible
for thiocholine to interfere with one and not the other.

Conclusions

Both homopropargylamine (1-amino-3-butytand 1-amino-
2,3-butadiene 4) are very potent irreversible inactivators of
BPAO. Allylic amine 4 was expected to be an inactivator of
this enzyme, and it also potently inhibits MAO-B. However,
the selective inactivation of BPAO hyis unprecedented, and
1 appears also to selectively inactivate BPAO relative to other
copper amine oxidases. Neithgrnor 4 exhibit evidence of
normal turnover, implying a very efficient mechanism of
inactivation in both cases, suggestive of a covalent modification.
However, the cofactor regains redox activity upon denaturation
of the inactivated enzyme, and thus inactivation involves either

organic layer was separated, washed with brine (50 mL), and
concentrated at low temperature. The residue was diluted with MeOH,
acidified with concd HCI, and concentrated, and the residue was
recrystallized from EtOHELO to afford the HCI salt. In another
preparation, the residue was dissolved in 40 mL oCN—H,0 (1:
1), and 4.8 g (22 mmol) of t{BuOCOYO (t-Boc;O) was added
periodically while maintaining the solution pH at 10 by dropwise
addition of 2N NaOH. The mixture was diluted with 30 mL of water
and extracted with CkCl, (3 x 60 mL), and the organic layer was
dried (NaSQy) and concentrated. The crude derivative was purified
by silica gel flash chromatography (hexan€®OAc, 3:1 as eluent)
and deprotected with ethanolic HCI (3N fb h toafford 1.36 g (61%)
of analytically purel-HCI:?® 'H NMR (CDsOD) 6 3.25 (t, 2H,J = 6.9
Hz), 2.70 (dt, 2HJ = 6.9 and 2.7 Hz), 2.52 (t, 1Hl = 2.7 Hz);'C
NMR (CDsOD) 6 79.25, 73.39, 47.28, 16.87.

1-Amino-2,3-butadiene (4).Thet-Boc derivative of propargylamine
was first prepared by treating the latter with 1.05 equiv-BbcO in
CH_CI; in the presence of 2 equiv of §&t for 2 h. The reaction mixture
was washed with brine, and the organic layer was dried$R8g and
concentrated. According to a published metkbe,dioxane solution

alkylation of an active-site residue and/or the modification of ot the t.Boc derivative, formaldehyde, and diisopropylamine, with
the cofactor in a manner that reverses upon enzyme denaturationf.resmy preparedd CuBr added, was heated for 12 h under Ar.
Consistent with very efficient inactivation mechanisms, no Quenching with 1IN HOAc, extraction with diethyl ether, drying gNa

saturation could be ascertained for either inhibitor even at 2 SQ;) and evaporation of the ether extract, and silica gel flash

°C, indicating thakinact is fast relative to binding rate constant
k—;. Although it is possible to rationalize inactivation in terms
of a common allenyl product Schiff base intermediate, the
finding that thiocholine at low concentration slows down
inactivation by4 but has no effect orl even at very high
concentration makes it difficult to reconcile a common inter-
mediate mechanism. Additional work will be needed to clarify
this differential phenomenon, but one possibility is that the two

chromatography (hexane&tOAc, 4:1 as eluent) of the crude product
afforded thet-Boc derivative of4 in 45% yield: *H NMR (CDCls) 6
5.19 (m, 1H), 4.81 (m, 2H), 3.70 (m, 2H), 1.43 (s, 9FC NMR
(CDCls) 6 207.924 {+), 155.747 ), 88.534 (), 79.463 (+), 77.467
(+), 38.877 (), 28.421 (). A solution of 2.0 g of the-Boc derivative
dissolved in 10 mL of ethanol, and 3 mL of concd HCI was stirred for
1 h and concentrated to dryness to affdrtiCl: *H NMR (CD;OD)
05.38 (p, 1HJ=6.4 Hz), 5.05 (dt, 2HJ = 2.9 and 6.4 Hz), 3.54 (dt,
2H, J= 2.9 and 6.4 Hz)*3C NMR (CDsOD) 6 210.2 (+), 85.1 (),

inhibitors are processed by distinct mechanisms. These results78.8 (+), 39.0 (+); HRMS (FAB) calcd for GHgN (MH*) m/z70.0657;

speak to the role that different active-site residues may play in

trapping reactive intermediates between two parent amine

inhibitors that are so similar in structure. In any event, further

analogue development in the 1-amino-3-butyne class may lead

8044 J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004

found, 70.0669.
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Buta-2,3-dienal (3). According to the published procedu,
dropwise addition of 1,4-dichloro-2-butyne to hot methanolic KOH,
dilution of the cooled reaction mixture with water, saturation of the
latter with NaCl and extraction with Gi€l,, washing and drying of
the combined extract, and careful fractional distillation through a 60
cm Vigreux column afforded-1-methoxy-but-1-en-3-yne in 26.3%
yield: *H NMR (CDCls) 6 6.33 (dd, 1H,J = 0.9 and 6.5 Hz), 4.45
(dd, 1H,J = 2.4 and 6.5 Hz), 3.79 (s, 3H), 3.08 (dd, 1H= 0.9 and
2.4 Hz);3C NMR (CDCk) 6 158.12 (), 84.29 (), 80.67 (), 78.27
(+), 60.87 (). The latter liquid (2 g) was added to 10 mL of phosphoric
acid (5 M) at 0°C,**and after 5 min, the crude aldehy8écontaining
water, methanol, and traces of starting ether) was collected inA CO
acetone trap at 15 mm of Hg. AldehyBewas purified by repetitive
trap-to-trap distillations to give 0.75 g (20%) &f *H NMR (CDsCN)

0 9.52 (d, 1H,J = 7.0 Hz), 5.84 (dt, 1H) = 6.4 and 7.0 Hz), 5.46 (d,
2H, J = 6.4 Hz);'3C NMR (CDsCN) 6 223.16, 192.69, 97.96, 80.66.
Reaction of 1 with DTBQ in DMSO-ds. To @ 5 mm NMRtube

containing DTBQ (33 mg, 0.15 mmol) aidHCI (8 mg, 0.075 mmol)
in DMSO-ds (0.5 mL) was added diisopropylethylamine (A3, 0.075
mmol) via syringe. ThéH NMR spectrum recorded after 2 min showed
generation of DTBQHK and 5,7-ditert-butyl-2-(1,2-propadienyl)ben-
zoxazole 10) along with other unidentified compounds. After 7 h,
DTBQ had disappeared completely, witld and DTBQH as major
compounds along with traces of side products. After 18 Mhwas
separated by preparative TLC using Chtcthexanes (4:1) as eluent.
10: *H NMR (CDCl) 6 1.37 (s, 9H), 1.47 (s, 9H), 5.42 (d, 2=
6.8 Hz), 6.34 (t, 1H,) = 6.8 Hz), 7.25 (d, 1HJ = 1.9 Hz), 7.54 (d,
1H, J = 1.9 Hz); FAB HRMS calcd for @H..NO (MH*) m/z
270.1858; found, 270.1832 (11%).

Reaction of 1 with DTBQ in CD3sCN/D;0O. To a 5 mm NMRtube
containing DTBQ (33 mg, 0.15 mmol) aidHCI (8 mg, 0.075 mmol)
in CDsCN/D,O (0.45 mL/0.05 mL) was added diisopropylethylamine
(13 uL, 0.075 mmol) via syringe. The earliedtf NMR spectrum
recorded after 4 min showed the generation of DTBQ@Hd 5,7-di-
tert-butyl-2-(2-propynyl)benzoxazole) as major compounds arid
as a minor compound. Over the course of the reaction, signals
corresponding td0and DTBQH increased at the expense®Partial
H NMR signals deduced fo8, not isolated: (CBCN/D.O, 9:1) 6
2.71 (t, 1H,J = 2.0 Hz), 4.08 (d, 2HJ = 2.0 Hz), 7.47 (d, 1H) =
1.3 Hz), 7.67 (d, 1H) = 1.3 Hz).

Reaction of 1 with DTBQ in DMF-d;. To a 5 mm NMRtube
containing DTBQ (66 mg, 0.30 mmol) aidHCI (16 mg, 0.15 mmol)
in DMF-d; (1 mL) was added diisopropylethylamine (24, 0.15
mmol) via syringe. The earliesH NMR spectrum recorded after 2
min showed the remaining DTBQ and DTBQHEs major compounds
with a trace of10, as well as some peaks (8.36 ppm, doublet; 5.67
ppm, doublet) that were assigned to the 2,3-butadieny! inSire
2-amino-4,6-ditert-butylphenol. The latter signals remained at trace
levels, slowly decreasing over 30 min (along with starting DTBQ),
concomitant with the increase in signals corresponding to DTBQH
and 10. After 2 h, 10 and DTBQH were seen as major compounds
along with a trace of DTBQ.

Inactivation of BPAO. Determination of the effective concentration
of BPAO, time-dependent inactivation of BPAO by candidate inhibitors,
determination of irreversibility of the inhibition, determination of

substrate protection, and phenylhydrazine titrations were carried out

as previously described. All percent activities refer to ratios of

to several hours). To correct for possible errors in the concentration of
candidate inhibitors arising, e.g., from solvent contamination of the
final amine HCI salts, the concentrations of stock solutions were
determined by*H NMR by combining a measured aliquot with an
aliquot of an integration standard (usually fumaric acid) and then
recording the integrated spectrum of the evaporated mixture@ndp
CD;0D.

NBT Assay of BPAO Inactivated by 1 and 4 A solution of purified
BPAQY (final concentration 2.1 mg/mL) and either 2 mivbr 1 mM
4in pH 7.2 phosphate buffer was incubated at@0for 2 h, resulting
in enzyme preparations that hat% activity compared to a control
sample incubated in the absence of inhibitor. Aliquotsi(#pof control
and inhibitor-treated solutions diluted with 2Q. denaturing solution
(2% mecaptoethanol, 10% glycerol, 4% SDS, 0.03% bromphenol blue)
were heated at 10T for 6 min. The denatured solutions were clarified
by centrifugation before application of the supernatant in duplicate to
two halves of a polyacryamide slab gel (6% acrylamide with 0.16%
bis-acrylamide). The gel was run at a constant current of 0.02 amp
(voltage near 200 V) and was stopped when the bromphenol blue dye
reached the bottom. The gel was cut in half, and the two halves were
stained with either Coomassie blue (0.25% Coomassie in 50% methanol,
7% acetic acid) or 0.24 mM nitroblue tetrazolium 2 M pH 10.0
potassium glycinate for 120 min in the dark.

Isolation and Purification of Mitochondria. According to a general
proceduré® male SpragueDawley rats (408-500 g weight) were
euthanized by decapitation, and the liver was quickly removed and
placed in ice-cold MSM buffer (220 mM mannitol, 70 mM sucrose, 5
mM MOPS, pH 7.4). The liver was rinsed, blotted, weighed, finely
minced, and washed with cold MSM buffer. A 10% liver tissue
homogenate containing MSM with 2 mM EDTA was prepared using
two strokes of a Potter-Elvehjem loose-fitting pestle. Mitochondria were
extracted by differential centrifugation, washed twice with MSM bulffer,
and diluted to a concentration of 8200 mg/mL. Protein concentration
was determined by the biuret method with bovine serum albumin as
standard.

Benzylamine Oxidase Activity of Rat Liver Mitochondria.
Solutions of mitochondria (20L, 1.5 mg) and various concentrations
of inhibitor in 50 mM, pH 7.5, sodium phosphate buffer (final volume
60 uL) with Triton X-100 added (0.1%) as detergent to achieve
homogeneity were incubated at 30. Aliquots (10xL) of this primary
incubation were removed periodically and diluted into 00 of 3
mM benzylamine in 50 mM, pH 7.5, sodium phosphate buffer, at 30
°C, and MAO activity was determined by spectrophotometric monitor-
ing of the production of benzaldehyde at 245 nm. The initial oxidation
rate of benzylamine (3 mM) wasA 0.012/min when the concentration
of mitochondria was 25@g/600uL in the assay cuvette.

Irreversibility of MAO Inhibition.  Solutions of 5Q«L of 50 mM,
pH 7.5, sodium phosphate buffer containing various concentrations of
candidate inhibitor® or 4) and 10uL (0.75 mg) of mitochondria were
incubated for 30 min at 30C. A control solution without inhibitor
was incubated at the same time. After 30 min, incubation with 2 mM
1 gave 94.3% inhibition, and incubation with /M 4 gave 91.1%
inhibition relative to the control incubation. The inhibited solutions
were transferred to a Slide-A-Lyzer Mini Dialysis cup and dialyzed in
50 mM sodium phosphate buffer, pH 7.2, at room temperature for 24
h. No apparent recovery of activity was observed in either case.
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