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SUMMARY

The methylation of substituted eatechols catalyzed by catechi d O-methyltransferase

(EC 2.1.1.6) with OS-adenosvlmethionme as methyl donor results in the formatioii of a mix-
ture of in- and p-O-methvl derivatives. A variety of evidence indicates that a single enzyme

catalyzes the formation of both O-methylated products. The ratio of O-methylated products

and values for the apparent K,,, and I m� obtained withi a wide variety of substituted mono-,

hi-, and polycyclic eatechiols, including catecholamines, amino acids, acids, esters, amides,

and ketones, are presented. The results provide a guide for the prediction of the ratio of

products to be expected with other catechols. The magnitude of the ratio of the 0-methyl-
ated products is dependent upon the concentration of divalent cation, the pH of the medium,

and the nature and position � the substituents on the catechol ring. It is proposed that the

magnitude of this ratio results from the orientation in which the substrate binds to the
enzyme. Polar groups, either anionic or cationic in nature, militate against binding of the

catechol ring in the orientations that results in p-0-niethylation. The ratio of 0-methylated

isomers obtained wit Ii various cateeholarnines and amino acids is discussed with respect to

the probable preferred conformations of the side chains in these substrates.

I NTRODUCTION

The ci izynit (ate(hol 0-met hyitranisferase

catalyzes the transfer of the methyl group

of �-ad(l1o5Vlfliethio11ine to one of tine phe-

iioIw groups of (atechiol or substituted tate-

(hols. l” rmally, this reaction can be consid-

ered as t he nucleophulic reactions of one of

thie phenuli( groups of a catechol with the

electron-deficient carbon of S-adenosvlmethi-

lonine. The ratio (if isomeric 0-met hvlated

products obtamed from various substituted
catechols should in this case reflect the rela-

tive Ilu(leophihcities of the two I)henolic

groups. Ih( ratio) of iii- 5111(1 p-0-methylated

catechi ilamines was, ifl(leed, first rationalized

Presemit address, I )cpart nienit of Pharniaend -

ogv, Knimnianiont ii University Me(li(al School, Ku-

mniarnoto, ,JaI)ani.

on this basis (1). Subsequently it has been

shown that the ratio of iii- and p-0-methyl-

ated products depends strongly on the rela-

tive polarities of the substituent gr()ups; i.e.,

with ionized groupings in -0-methylation lre-
dominates, w-hile with un-ionized groupings

the proportions of m- and p-0-methylated

isomers are more nearly equal (2). The
present paper reports the results of studies

on over 50 substituted catechols and pro-

vides a guide for the prediction of tine rela-

tive proportions of methylated Products to
be expected from both endogenous and

xenobiotic catechols.

MATERIALS ANI) METHOI)S

�-Adenosvl-L-[/i/ethyl-14C]methionine (53

mCi/mmole) was obtained from New Eng-
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15011(1 \uclear (‘orp rati )1l . (1nttech� 1 0-net In -

�ltransferase ��-as l)uritied from� thl( livers of

male Sprague-Dawley rats a((ording to the

method of Xikodejevic et al. (3). The

authors gratefully acknowledge the (1O)iltItiOIi

of thu folk�ving (ompounds : �V-isobutyl-,

.N-propvl-, N-a(etylbutyl-, arid 6-n�ethiyl-

n()re�)i11ephrine HCI , and ( ± ) �t/, ieo-a-n�’t Ii-

ylnOrepillephirill( FIlCh fri ni Pr fess r K.

Zeile, C. H. Boehringer 1111(1 Sohne proto-

kvlol froin Lakeside Pharmaceutical (‘or-

porat loIn; (± ) -tim ieo-a-methylnorepinephrino
HCI, ( - ) -eiyt/lro-a-rnethylno)repill(q)hirille.
(-1-) -erylim in-a-met hylnorepinephrine 2-fun

ate salt, (+ ) -isoprotereno)! (+) -bitartrate,
(- )-isoproterenol HCI, a-ct hyl-, a-ethyl-
N-isopno )pvl-, and N-ct hylnorepinephrine
HC1, and 3-0-methiyldopa from I)rs. S.

Archer and M. Levitt o)f Sterling-Winthrop

Res. lnst,: 4-0-methyldopa from 1)r. N.
Kaubisch of Thomae-Bieberachi; (-F) -erytim-

in-a-mit hvlnorepinephrine HC1 from Pro-

fessor P. N. Patil of Ohio State University;
and 6 , 7-dihiydroxy- and 6 , 7-dihydroxy-N-

methyl-I , 2 , 3 , 4-tetrahydroisoquinoline from

Burroughs-Wellcome and Company. The re-

maining (0)1111)0 )unds wore obtamed from

c immercial sources or synthesized by routine

iiiethods.

life/a: para ratios were determined by
separation an(1 measurement of the 0-meth-

ylated products formed from various cate-

chols after incubation in a reaction mixture
containing the following components (finnal

contentrations) ct1t#{128}�chOl(2 m�i), magnesium

chloride (1.2 m\1), �$-adenosyl-L-methionnne

iodide (0.1 nmi), �S’-adenosyl-L-[nietim!Jl-m4C1-

niethionine (0.1-0.3 j�Ci), dithiothreitol (2
nni), sodium phosphate buffer, PH S.()

(100 m�u), and 0.4-0.8 mg of 1)urified cstto-

chiol 0-methyltransferase (3). The final vol-
ume w’as 0.5 ml. The reaction was started

by the additions of enzyme, incubated at

370 for 30 miii, and terminated by the addi-
tion of .5 N NH4OH (0.5 ml) when tue sub-

strate was a basic catechol or 1 N HCI (0.1
ml) whets thie substrate was an acidic (in

neutral catechol. The appropriate authsentic

in- and p-0-methyl derivatives (0.1-0.4

izmole) were added as carriers for the radio -

labeled products.

Per#{252}Klate o.ridat iOu. O-)� let h�Iate(l pn� )d -

ucts from N-alkvl and a-alkvl derivatives of

Iii iIi’piII(j)hlrilI( IlIi(l fit 011 .1 . 4-dilnydnxy-

Phi(llYlsenitl(’s \VO’1( sUbje(t((l t� l)eIiodsite
oxidation in 2.5 N NH4OH (4) , �t11(I the
iimeta : pamo ratio was (letermine(1 by separa-

tion of thie resultant aldehydes, vatnillini a11(l
isov�tiiilhiti . The ratio of the aldehydes

fornied ro’nuiiried (olistant whieii the tinle of

peniodate o)xidation was varied frons 4 to 20
115115 at 25#{176}.The iiieta : para ratios Ob)tnlill(’(l

s�ht’n i)eniodato’ was used ��enc i(lellti(sd �vith

t ilOse obtaiiied by direct c hron1atogra�)hie

separation i)f t lie 1111fl11)(hitlo(1 0-methlyl lso)-

nlers 0)f compounds 7, 9, nilI(1 l;s (Table I).
.1 lkaiine hydrolysis. 0- \Iethiyl pro(lu(ts

from N-carbobenzoxy, Vbenzi i�’l, and

N-acetvl derivatives of norepinephrm( and

dopamine were hivdrolyzed under oxygen-

free conditions in 2.5 N NaOH at 1000 for

2-3 hr to give niso to) the freo amities.

Catalytic reduction. 0- \ [ethyl produits of
N-carbobenzoxvnorepinephirine at id N -car-
bobenzo ixydopami tie were reduced with hiy-

drogen gas and 10 � palladium-charcoal

catalyst iii ethiatiol for 24 hr to) give rise to)

thie corresponding amines (5).

Lit/i iunm alum mum ii ydride reduction.

0-\ let hyl products from 3 , 4-dihiydroxy-

phlenylacetic and propiomnic acids w’re re-
duced to the cornespotiding al(ohiols by

refluxing for 24--48 hr in dry ethier with

LiAIH4 (6).
Thin-layer chromatography. ‘fhie 0-met Ii-

ylat ed or ch)emically modified products were

extracted at au appropriate 1JH into eth�l

acetate, the extract was concentrated under

nitrogeti, and the residu( was streaked

on a silica gel ( plate (Analtech Inc.,

5 X 20 (ni) and d(velope(1 in one o)f the

si )lvent systems listed below. The carrier
(ompo iunds were visualized wit hi ultraviolet

light (254 11111 atl(1 3;)0 tim), an(l radio-
activity was (letermitied withi a gas-flow

scanner. Whien necessary, tii( plates wore

air-(lnied and rechromatographed until sat is-
factory separation was achieved. Sectio nis

(3 mm) of silica gil were removed from thie

1)late and suspended in a xylene-based l)hiOs-

phior solut ii ii for (let erminat iou (if radio-
activity by liquid s(intillatioui spectrometry.

0Separation of 3- and 4-0-mnethyldopa. Max-

inmm fi rmat i( i11 (if the 0-methyl (lenivat iv s

of dopa (1-2 pmoles) was achieVe(1 by in-

creasinig the 0”o’-adenosyl-L-methiioninse cots-
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centration to 2 nui in the above reaction
mixture. The reaction was terminated, with

no addition of carriers, by heating at 100#{176}

in 75 % ethanol for 3 miii. After centrifuga-
tion, the supernatant fluid was concentrated
under vaccum, and the residue was chro-

matographed on Whatman No. 3 paper by
the descending method in 1-butanol--50 %

acetic acid (2:1). The mixture of 3- and
4-O-methyldopa (R, 0.3-0.5) was eluted

from the paper, applied to a PA-28 resin
column (50 cm, Beckman amino acid ana-

lyzer), and eluted with sodium citrate buf-
fer, pH 4.28, at 33#{176}.Elution times of 3.5
and 4.0 hr were obtained with 3- and 4-0-
methyldopa, respectively. Elution times of

authentic standards were identical with

those obtained with the enzymatic products.
Quantifications was achieved by measuring

the area under the analyzer curves obtained
with the enzymatic products, either alone or
after a(ldition of authentic standards (50
and 100 gig).

The ()-niethylated products obtained from
4-methyl- and 4-ethylcatechol were sepa-

rated by gas chromatography on a column

of 10 ‘ Bentone 34-tricresylphosphate on
100-mesh Gas-Chrom P at 175#{176}.Retention

times for the meta and para isomers ob-
tamed from 4-methylcatechol were 2.2 and
1.2 miii, respectively, and from 4-ethylcate-
chol, 1.8 and 1.0 miii, respectively. In both
eases the enzymatic l)rO(luCtS to-chiromato-

graphed with authentic stasidards. Quanti-
tation was achieved l)y measuring the area
under the curves.

The following notation is used to describe

thie chromatograpliic separations. Substrates
are indicated by Arabic numerals (see
tables); solvent systems are indicated by
Roman numerals, followed by a hyphen and

and the number of times tue Plate was i�e-

chromatographied. The R� value and color
reaction with the Gibbs reagent (7) (y =

yellow and 1) = l)lUe) for tiii meta flti(1 para

isomers follow, in t hat order. Vauiatiouis

from this format are noted.

Solvenit SyMt(nni 1(11(1 snnpport idinse: I, chloro-

formni�-triet Inylanninie, 5: 1; silica gel ( . II, bennzene -

nuPti( nt(Ld -dioxitnie, #{182}X)1:1; siliont gel ( l. 111,

benizenin ninet in itCid�dioXitnie, 90:1:6; silica gel G.

IV, l)enizenie- a(et ii itCi(1 -dioxamie, 90:25:4 ; silica

gel G. V 1-butanol-NH4OH (concentrated), 4:1;
Whatman No. 1 paper, descending. VI, 2-pro-

panol-5 N NH4OH-H20, 80: 1 : 1.9 ; silica gel G.
VII , 1 -butanol--ethyl acetate-benzene-cyclohex-
ane, 1:1:2:2; silica gel G. VIII, 1-butaniol-ethyl
acetate-benzene-methanol, 6:6:5:1; silica gel G.

Ix, 1-butanol-NH4OH (conceiitrated)-ethyl ace-
tate, 3:1:1; silica gel G. X, benzene-chloroform-

ethyl acetate, 1:1:1; silica gel G. XI, toluene-
piperdine, 5:2; silica gel G (activated at 100#{176}for

60 mm).

1. I, 0.37b, 0.20b. 2. IX, 0.58y, 0.50b. 2. 1-2,

0.27y, 0.13b. 3. IX, 0.60y, 0.53b. 4. 1-2, 0.72y,
0.53b. 5. I, 0.42y, 0.65b. 6. 1-2, O.45y, 0.25b.

7. IX, 0.64y, 0.55b. 9. IX, 0.74y, 0.64b. 15. IX,

0.84y, 0.74b. 7-26. Periodate oxidation; see 57.

27-28. Amino acid analyzer; see above. 29. Perio-
date oxidation; see 57. 30. 1-3, 0.45b, or/ho,

0.34b. 31. 1-4, 0.50y, 0.2Gb. 31. VI, O.62y, 0.72b.

32. I, 0.516, 0.38b. 33-35. Periodate oxidnitioni

see 57. 36. I, O.45y, 0.29b. 36. VII, 0.833’, 0.72b.

37. 1-2, 0.58y, 0.42b. 38. III, 0.14b, 0.39b. 39.

Peniodate oxidation; see 57. 40. 111-3, 0.(i3y,

0f5b. 40. IV, 0.60y, 0.SSb. 41. Reductions 10

alcohol; see 36. 42. 111-6, O.SSy, 0.43h. 43. lIe-
ductioni to alcohol; see 37. 44. VIII, 0.29’,’, 0.37b.

45. Alkaline hydrolysis; see 40. 46. Alkaline

hydrolysis, reduction to alcohol; see 36. 47. IX,

0.80 brown, 0.6Gb. 48. XI, 0.593’, 0.72b. 49. VI,
0.523’, 0.89b. 50. VI-2, 0.85b, 0.386. 50. II,

0.49b, 0.25b. 51. II, 0.403’, O.33b. 52. I, 0.45b,

0.30b. 53. 1-3, 0.GOb, 0.42b. 54-56. vapor phase

chroniatography, see above. 57. 11-3, 0.433’,

0.35b. 58. V, 0.593’, 0.84b. 59. V, 0.533, 0.75b.

90. IX, O.SOy, 0.73b. (11. IX, 0.19y, 0.48b. 62. N,
0.80, 0.63 (visible yellow). 63. 1X, 0.843’, 0.67b.

64. 1-4, O.69y, 0.56b. 65 11-6, 0.4Gb, 0.316. 66.

IX, 0.30, 0.39 (visible yellow). 68. 11,0.57 purple,

ortho, 0.33b. 69. 1-3, 6-0-Me, 0.253’, 7-0-Me,

0.40b. 70. I, 6-0-Me, 0.183’, 7-0-Me, 0.286. 71.

According to Kniuppent amid Breuer (8) and Ball

nt a!. (9). 72. 1-3, 7-0-Me, 0.893’, 6-0-Me, 0.23b.

73. 1-2, 7-0-Me, 0.266, 8-0-Me, 0.59 pink.

RESULTS AN!) I)IS(.’USSION

The present findings extend and amplify

our earlier conclusions (2) that the 1)reSeflee

of a nonpolar regioli in the catechol-binding
site of eatechol 0- metIsyltransferase mili -
tates against bmding of polar substrates in

the orientation necessary for p-methiylation,
while nonpolar substrates ai�pear to bind in

a more random fashion, resultitig in the

formation of nearly equal amounts of m- and
p-0-methylated products. The immeta : para

ratios obtained wit ii various a 111111(5 (Table



No.�

T.tunLn: 1

lIe/a: para ratios obtained wit/n ea/eclnolaloznes (1,1(1 (001100 aoids

if eta:
para

ratiob
K,,, y,�,,,d

1 -C1l,NH3� 3.8 niM

2 -CH2CH2NlT3’� 6.9 0.78 0.90

3 -CI-I2CIi2NH2�CII3 44

4 -CH2CH2NI1�(CH3)2 3.8

5 -CII2C112NH2�C112C61li 2.0 0.87 1.49
6 1)L -CT12CH(C113)NII3� (a-mnethvldopamimie) 18.1 0.67 0.69

7 o(-) --Cll(O11)C112N113 (miorepimiephrimie) 5.3 0.26 0.66

8 L(+) -CH(O1I)CH2NIli� (minnrepimnephrimie) 7.4 1.62 0.30
9 o(-) -CII(OH)CH2NH2�CH3 (epimnephrimie) 5.0 0.28 0.40

10 L(+) -CII (O1I)C1I2N112�C1 l� (epimiephrine) 5.7 0.63 0.99
11 DL -CIT (0H)CH2NH�(CH3)� 2.6
12 -CH(OH)CH2NII2�CH2CH3 1.8 0.79 2.24

13 -CII (OII)CII?NH2CH�CH2C113 1.5 0.36 2.19

14 ---Cl1(OH)CII3NIT2�CiI2CII2CI12CI13 2.7 0.61 1.60
15 o(-) -CII(OII)CII�NIT2�CH(CH,)2 (isoproterenol) 2.3 0.04 0.12

16 ‘�(+) -CiI(Oi1)Cl12NiI2�C11(CH3)2 5.3 1.94 0.80
17 DL -CH (OH)C1I2Xi1�Cll (CH3)CII2CH3 0.9

18 -CIT(OH)CII2NII2�CII(CH3)C1I2-.�

o�-o

0.7

19 DL-Ihreo -C1I(Oll)CI1 (C113)N113* (a-met hylmsorepimnephrine) 6.4

20 DL-erylhro -CII (OI1)CH (C113)NII + (a-mriel hylnorepiniephriune) 8.4

21 m)(- )-erythro---C11(Oll)CI-J(CII3)NI13� (a-nwtlsyln:rcpiniephrinne) 8.4 0.73 0.77

22 L(+)-er/Jlhro--C1l (Oi1)CH (C113)N113� (a-met hvlnnorepinephnimie) 13.5 0.55 0.46

23 DL -CII (O1I)CIl (C112CII3)NIl�� (a-et liyluiorepinephrimne) 9.6
24 i)L ---CII (OI1)CII (CII2CI13)NII�CI I (CII3)� 3.1

25 DL-t/nreo --Cl I (0Il)(11 (Nl13�)CO0- (3, 4-dih�-droxvphemivlserimne) 13.9

26 DL-crythro ----(‘11(011 )C1I (N113�)C00- (3, 4-dihydroxypheunyl.serimie) 8.8
27 u� ----CII2CII (NII3�)C00-- (3, 4-dihvdroxvphenylalamnimie) 19.8

28 n ---CII3CII (N1l3�)CO(J- (3, 4-dihydroxvphemiylalanine) 3.4

29 G�Methvlnnorepinephrimiee 13.3
30 2 ,3-I)ihvdroxv-jl-phemnetlivlamnimne 1.0! 0.2 0.38

(� ‘I’he Arai)ic niumneral for t he sitbst rates, used inn t his amid I lie followimng t ables, refers to the teehmniques

used to separate the 0-methyl isomers as listed unnder �n.�rn;utnALs �tND Mn;Tuom)s.

Ratio of me/a to para isomers formned ennzvmat ioally umnder the conidit ioomis described in the text

Values nof the apparemnt Michaelis-Mentemi coefficiemit (K,,,) were determinied with substrate comicemi-

trationis froni 0.01 too 2 ni�n graphically amid by the methnod of least squares. Correlatiomi coefficient

>0.995.

� Maximal velooitv (U,,�) is reported as the ratio of the value for a given substrate to that i)btaitne(I

with 3,4-dihydroxvhenizoic acid with the same emnzvnie pmeparation. Fonur preparations were used, with

Vmax for this stanndard ranigimng fromni 10 too 55 nimnoles/mg/mini.

3 ,4-I)ihvdroxv-6-methvl-�-phemiethamsolaminie.
1 Orlho:ineta ratio.
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T.unLn.: 2

lIe/a: para ratios obtained with ineutral analogues of (‘ateChOlallli,nCs -

-lie/a: para

ratio K,,, Irnix

31

32

33 DL

34 DL

35 DL

36
37

38

39
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1) an ascribed to the presence of hydro-

phobic residues, which militate against bind-

big mi a manner leading to p-0-methylatious.

Clearly, the high mnetapara ratios observed
with these substrates is due to the presenc’

of the ionized ammonium functions in the

side chain; i.e., thio ratio decreases markedly
as the pH is in(reased toward the PI�a of

the amine (Table 5) and also when the amine

functions is coniverted to a neutral structure

(Thl 2). The variation in meta:para ratios

as a fuuiction of side chain structure may

also be rationalized in terms of probable

preferred conformations of the various dopa-
mine and norepmephrine derivatives and

their initeractions with hydrophobic centers
in catechol 0-met hvlt ransferase. Preferred

conformations of dopamiise and riorepinephi-
tine have beets calculated (10, 11). With
dopamine, the lowest energy state consists

of the gauche configurations (Formula Ia
and b). If it is assumed that this conformer

binds to the transferase, the metapara

ratio of 6.9 must reflect strong repulsive

interaction of the cationic nitrogeis with

enzyme hydrophobic residues when the ni-

trogen is in eithier thie Ta or lb conformation.
The decrease of the metapara ratio to) 3.�’4

in N ,N-dimethyldopamine atid to) 2.0 in

N-benzyldoparnine might reflect the in-

creasing stability of a completely staggered
conformer (Formula II), in whichi ititerac-

tions of the hiy(lrOphiobic enzyme residues

with the cationi( moiety are reduced. Recent

studies (12, 13) have suggested that the

staggered conformer of dopamine analogues

is the preferred conformation for catechol
0-methyltransferase. A slighit increase its

the proportion of this conformer might
therefore greatly affect the observed mneta

para ratio). The conformations of ampheta-
mine and N-substituted amphetamines have
recently been measured by nuclear magnetic

resonance spectroscopy (14); indeed, the

proportion of the staggered isomer does in-
crease with alkyl substitution on nitrogen.

The decrease in metapara ratio in the more

highly substituted amines may also reflect
an increase in the hydrophobic nature of the
substituted nitrogen. The relative mmpor-

tance of this effect and of conformational
changes cannot be assigne(l from the present

data.
Ins the case of a-methiyldopammne, an

extremely high ratio of 1S.1 is obtained.

a-Methyldopamine, even more than dopa-

mine, should be cotsstrained to thi qauc/me

conformation (Formula lila and b), result-

itig in the strong repulsive interactions of

substrate with enzyme, mentioned above,

which militate against p-0-methylation.
The results in tlio phienethauin damines

series may also be rationalized in terms o)f

staggered and gauche co)nformors. The addi-

tu)nal fa(tor of stereoisomerism ins this

series may provide furthor informatioti on

the geometry of the active site of cate(hol

0-met hiyltransferase. Thus, in all Pairs i if

I 1(

No.

110

-CII2CII2NI ICOCT I.
-CII2CII2NIICOOCII2C,H

-CII(0II)Cl 12N H COCH3
-Cli (OH )CII2NHCOC6II

-Cii (0II)C1I2NIICOOCIT2(C61h)

-CII2OH

-Cl 12CH2OIT

-CII (0li)C113
-(‘11(011 )C11201T

�nM

1.7 0.52 0.70

1.6

2.1 0.26 1.11

2.0
2.2

2.0

2.2 0.27 1.58

1.7 0.13 0.45

1.8 0.40 2.16



D(-)

+

H

�H3N�” H�RR

I

L(+)

VII

a. b.
]JI

OH

H�H

43

D(-) L (+)
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V

D- and b-isomers, the b-isomer affords a

higher meta: para ratio. For norepinephrine,
the respective ratios for the D( -) and

L(+) forms are 5.3 and 7.4. For epinephrine,
the ratios of 5.0 and 5.7 reflect the same

trend, but the values are not statistically

different. The most probable major (011-

formers of epinephrine and norepinephrine
are IV for the 1)-isomer arid V for the b-iso-

mer (11). The meta:para ratio for both- iso-

mers drops markedly for isoproterenol, per-

haps indicating a greater preference of iso-

proterenol for the staggered (onformations,

VI and VII. How-ever, a similar difference
in meta : para ratios for the D and b forms of

isoproterenol still pertains; i.e., 2.2 anid 5.3,

respectively. If this difference is due to the

fact that greater hydrophoibic interactions
with the L-isomer prevent p-methylation,

the difference in orientation of the hvdroxvl

group in the pair IV arid V and the pair VI

and VII should he important. Similar effects

were noted in D- and b-erythro-a-methyl-
norepinephrine, for which ratios of 8.4 and

13.5 were observed. The most stable cots-

formers would he VIII and IX. In the case

+

IH2CH(CH3)2

(CH3)2

of (±) -tin reo-a-methylnsorepinephrine a ratio
of 6.4 obtains. The conformers Xa arid 1)
are probably the most stable, although the
decrease in ratio from S.4 for the erythro to

6.4 in the threo isomer might reflect a Partial

shift to the staggered conformer. In the

series of phenethanolaminses with substitu-
ents larger than methyl on thie liitro)gefl, a

marked drop in the meta para ratio), to)

values of 1.5-2.7, occurs. This may h)e

rationalized in terms (if increasing stability

ansd hence a contribution of the staggered

conformer ins which hydrophobic itnterac-

tionis of enzyme with the oationic nit rogen

aro decreased. Ins the case of derivatives

with large alkyl substituents on the Intro)-

geni, the ratio becomes essentially 1.0; i.e.,
m- arid p-methylation are equally favored.
li(c(tit studies with mi(irejJili(phritll ana-

logues have led to the suggestions (12, 15)



IL

LD

vI�t

coo�

D

XE

L

lx”
T.snLn: 3

lfeta:para ratios obtained ui/h

esters, and auni(les

caleehol acids,

K,,, VrnaxNo. ::�o’

40 --C(X)

41 -CI12(�()O

42 --Cfl(OII)COO-

43 --CI12CII2C(X)

44 -CH=CHCOO

45 -COOCH2CII3

46 -C112(1()()C113

47 -CI12CONII2

if eta:
para
ratio

7.0

3.6

3.7

2.8

0.85
1.0
1.2

nil!

0.25

0.31

0.94

0.43

0.08

0.41

1.04

1.16

1.16

4.5

6.4
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CH3 CH3

� HO��-’---�-n

IL �-�‘�NH �H�’4-’� It

43 4)

�NH

that the gauche conformer is the preferred

conformation for interaction with catechol
0-methyltransferase. As in the case of

N-substituted dopamines, the increasingly

hydrophobic nature of the substituted nitro-
gen may also favor a lower meta: para ratio.

The importance of the stereochemistry

and conformation of the charged substituent
is also apparent in the amino acids dopa

and 3, 4-dihydroxyphenylserine. In the case

of dopa, the D-iSomer (XI) gives a meta : para

ratio of 3.4 while the b-isomer (XII) gives

almost exclusively the m-methylation prod-
uct, with a ratio of 19.8. The conformation

of b-dopa in the crystal has been reported
(16). It appears that clockwise placement

of the polar groupings with respect to the

phenyl ring, as in XII, prevents p-methyla-
tion to a greater extent than in the isomers

such as XI, in w-hich the polar groups are
placed counterclockwise with respect to the
phenyl ring. This was also the case with
arnines (VIII, IX, IV, V, VI, and VII).

p-Methylation is not favored by the pres-

ence of either a cationic or anionic substitu-
ent. In the case of the anionic carboxylates,
ratios of 2.8 or higher are observed (Table
1). The highest ratios are found with the

HO n 1! OH

4H3N CH3 H3C NH

43 4)
a. b.

I

benzoates and phenyl acetates. Extending
the chain to 3 carbon atoms results in a sig-
nificant relative increase in the proportion

of p-methylation.
In a variety of nonionized derivatives and

isosteres of the cationic amines and anionic

carboxylates, the meta : para ratio drops to
near 2 or less (Tables 2 and 3).

The effects of a number of neutral 4-sub-

stituents of differing electronic properties



No. K,,,
1.,fl:’x

48 -CH=CII(C6iL) 0.40
49 -F 0.35 0.14 1.00
50 -CF� 0.36 0.02 0.31

51 -CwN 0.46

52 -Br 0.55 0.70 1.53
53 -Cl 0.62 0.23 1.02

54 -CIT., 0.85 0.76 1.44

55 -CH2CH.0 0.95 0.10 1.35

56 -C(CH,), 0.35 4.17
57 -CIlO 2.1 1.00 0.1)
58 -COCH, 1.2 0.02 0.70

51) -COCH2CII3 1.2 0.16 0.95

60 -COCII2CIT2CI12 1.5

61 -CO(C6Ii�) 3.1 0.12 0.96

62 -NO2 2.5 0.17 1.85

63 -NHC0CH� 4.5
64 -XHCO(C6IL) 2.6 0.06 1.2

65 -NHS02(C6H�) 1.3

66

#{231}JJ/OH

1.9

67 -II 0.30 2.3

68 :I-Met1s3�1catechnil :3.1�

Ortho:nocta ratio.
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TABLE 4

Effect of un-ionized substituents on meta:para ratio

HO R

)��“ ilela:para ratio
110

on the meta: para ratios were also deter-
mined (Table 4). With methyl and ethyl
substituents, the meta:para ratios are near

unity, as might be expected from the elec-

tronic effects of alkyl substituents on the

pKa values and nucleophilicity of rn- or

p-phenols. The interpretation of the effects
of other substituents is more difficult. One
obvious problem is the fact that the meta:

para ratios vary with pH (Table 5) and
probably will be different when the catechol

or the catecholate monoanion is the sub-
strate. The relative pK values of the cate-
chols of Table 4 vary considerably, so that
some will be ionized and some will not be

ionized at pH 8.0. In view’ of this, it is per-

haps not surprising that structure correla-
tions are not clearly evident. On the basis of
pKa values of meta- and para-substituted

phenols (17), the fluoro, bromo, and chloro
substituents should increase the nucleo-

philicity of the p-hydroxyl group in the

catechol and thereby increase the propor-
tion if p-methylated product, as evidenced

by meta:para ratios of 0.35, 0.55, and 0.62,
respectively. In the case of nitro-, cyano-,

trifluoromethyl-, and carbonyl-substituted
catechols, the m-hydroxyl group is the
stronger nucleophile in the un-ionized mole-
cule, which should result in meta: para ratios

greater than 1.0. All these compounds pos-
sess lower pK� values, however, so that the

catecholate monoanion represents a signifi-

cant species at pH 8.0. Ionization will have
occurred at the para position, converting
this hydroxyl group to the stronger nucleo-
phile and favoring meta: para ratios less
than 1.0. The observed result in thiese com-



T.�nonn. 5

i5j/((t of p11 (ifl iPtc/a para rati o

.Ofela:para ratio

Substrate ---- --

0nn �.o pH n.m p11 9.n

HOJ�C
(7)

70 (6) 6 7 0.91

(7)

71 OH 23 2.1

72 (7) 76 1.1

HO o 0

HO�1X�
(6) H3

73 (8) 8 7 11.7
(7) H

HON 0

CH,
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l)opaminie 10.2 i 6.1) 3.5

- )-Norepinnephri mie 9.8 5.3 3.0

D ( - )-Epiniephrinie 8.5 5.0 4. 1

on, .\1�istyImio orepi niephri moe 2.7 1 .5

34-i )nlnydroxybensziiic acid 6.1 5.5 5.3

3,-I-i )ilnydroxycimnnamnic acid 2.8 2.7

.\ -Aroivldoopannmmne I .6 1.7 1.7

34-1 )i Invdrnnx�))hemnylg1vcoi1 1 .8 1.8 1 .7

3,4-1 )ihydroxymetophemininie 1.25 1.27 1.55

4-( ‘hlonocatechol 0.58 0,62 0.76

-4-1�noomnnoratecIiool 0.43 0.55 0.76

4-�’nt roooatechol 2.2 2.5 3.5

3l-1)iIivdroox�’aceioomiitrilc 0.43 0.46 0.45

1)01111(15 ��‘i1l be 0 (Onill)Osite (if relative j�ron-

I � irt ii ins ( if ieiiiized an(l uts-ionized specios,
their ( nzyniati( reactivity, an(l r(lative nit-

(leOJ)liihicities in ends species.

i’iiiall’v, thI( niciol- an(l sulfonsylanilines

tlJ)J)(�1 toi represent a unique ease, sinco

tii(V will he un-ionized at PH S.0 and the

p-hiydroxyl group should be th( str(itsger
nucleophsile. However, meta: pana ratios

greater than 1.0, rather than the predicted

< 1 .0, are oibserved. It may well he that the

polar nature of the ami(le substituent is
unfavorable for binding in the proper orieti-

tat I( ito f ir p-methylation.

In Table 6 some oif the isomer ratios anid

kimleti( l)aIallieters foit a variety of other

types of catechols are givetn. rise marked
influence (if the nature and position of sill)-

stit item its (iii )roduct formations is readily

apparomit iii these compounds, as it was in

he 4-substituted series of catechoils.
Iho (o imicentrationi of metal ions also

appears to have au effect on nineta para

ratios (Table 7). The (fT(Ct of metal ioitis ott
catechoil 0-met hvltransferase activity withs

differon t sn )st rates is extremely (1 impl icated
(see ref. IS), atsd will be the subject of a

sui)s((luetst publication.

Fflle tact (1: j�ara ratio does miot chsansge

(luring the oourse of the enzymatic reactions

from I to 120 mn wit ii b-tsorepinephirine or

3 , 4-dihydro ixyacetophenone, nor cans it he

(Lhiang((l h� partial inshil)itions of the reactions

�i’it 15 c impet it ivo 01 100 ohIo iinpet ivo iiihiibi -

t(irs (Table S) EXtenisiV( purification (if

cate(hsol 0-methsvlt ratisferase (lid not affect

the nineta : para ratio with fonnr different sul)-

strates (2). Thiese oihservatioins tend to

indicate that omslv one onzyme is involved
115 10- and p-0-methivlations. ]Jetapara

ratios fon dopaniimse w-er( similar with soluble

an(1 particulate emszy rise preparatio)nss from

the livers of a variety (if rodents atl(l a

5�(’(i(’S of monkey (Table 9).
With dopamine, 3-0-nit livldopaniimse, on

4-0-methiyldopamimse as substrate, perrneths-

1’.�nnLn� 6

.lleta:para ratio ohtaiiiO’(l wi/h bi- afl(I

pO/!JC!/(’/nC calcrlnols

Positions

Substrate 0-meth- Ratio

vlated

69 (6) 6 7 0.62



ylatious to foirm 3 , 4-dimethoxyphenylamine
was isot detected with any of the prepara-
tionss of catechol 0-methyltranssferase used.
Its addition, withi purified enzyme, no inter-
coniversion (if 3-0-met hivl- amid 4-0-methyl-

dopamine could be demonsstrated using puri-

fied, radioactive 0-methylated substrates.
The probable reasoni for apparenit intercon-

versions of 3- anid 4-0-methylated dopamines
previously reported (19) is that these sub-

strates, as supplied commercially, contain
small amounts of dopamine, which undergo
O-methylation. Interconversion of an
O-methiylated catechiol i-n vivo probably ins-
volves intermediate formation of the cate-
(hol (20).

The influence of substrate structure oni

T.�oLn.: 7

Effect of ca/ion coincentration on iioc/a: pare: ratio)

Substrate

the kitietic paranseters with catechol 0-methi-

yltransferase is appareistly quite compli-
cated. The affinity of substrates for thie

enzyme, as reflected by the K,,, value,

varies from 0.02 to 2.0 nuu, and the l�x,

from 0.5 to 6.0. However, no oil)Viotss (orre-

lation with structure is apparenit. Finrt her-

more, ins tue case oif the catecholamines,

the apparent Km and lfl,,,� vary over the

ratige of substrate concent ratiomss used, with

different enzyme preparatiomis, and accord-

ing to) the presence or abseisce of (lithsio-

threitol. The nature of this variation is

unsder investigation. For this reasons, it is

important to stress that the kinetic parame-
ters given for the catechiolamines in Table 1

represent those obtained with a single ems-

zyme preparation over a ratige of amuse

concentration from 0.02 to 0.4 m�. An

analysis of the structure-activity relations-

ship with various semirigid atid rigid atsa-

logues o)f dopamine and norepitiephrino as
substrates of catechol 0-methyltranssferase

has recently been reported (12, 13, 15). It

was coticluded that for the nsorepinel)hrine

analogues a gauche conformer was prefo rred,
while for the dopamine analogues a stag-

gered conformer was preferred for thse en-

zvme. These results ar( in genieral agreemenst
with kinietic parameters ins Table 1 and wit-li

T�Bn�E S

Effect of enzyme inhibition on ,oeta- para ratio

Inhibitor Concentration

iflM

None 0 0

3,5-1)ihydroxy-4-methoxv-

benizoic acid�
1.0

3.()
87.5

92.5

3,5-1)ihydroxv-4-methoxv-

pheniethylaminie’

5-Hvdroxv-3,4-dimethoxv-

pheniethylaniine’

1.0

3.()

0.02
0.1

0.5

22.8

26.5

2.7

5.0

13.5

1.0 28.0

4-Chiorocat echolt 0.40 75

0.20 58

0.05 2()

Ii. 91.36

1 .59

1.20
1 .44

1 .42

1 .26

1.33

i!etoi : para ratio

Inhibition 3,4-Dihvdroxv- 1)oparnine

acetophenone - -

6.9

1 .36

1 .32

Nonsconipetitive inshibitor (3).
b (1oiiipetitive inhibitor, whioh itself nnnidergoes predomimianntly p-O-mnethvlatiomi.

6.5

7.0
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D(- )-Norepinephrinne

3 ,4-I)ihdroxyhenzoic

acid

3, 4-l)ihydroxyaceto-

phenonie

4-Nit rocatechol

.11ela:para ratio

No 0.06mM 1.2mnM

MgH Mg� Mg�

1.8 4.3 5.3

8.0 7.7 6.9

1.1) 1.6 1.3

4.4 2.5
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TABLE 9

Invariance of meta:para ratio -with liver catechol O-rnethyltransferases from various sources

Enzme source

Meta:para ratio

Activity.

Dopamine
3,4-Dihydroxy-

benzoic acid
3 ,4-Dihydroxy-
propriophenone

nano;n.oles/mg N/mm

Rat

Sprague-1)awley, soluble 6.8 5.8 1.0 5.2 ± 0.4

Sprague-T)awley, microsomal 6.9 6.0 0.9 1.3 ± 0.04

Wistar, soluble 6.7 5.3 1.0 6.9 ± 0.6

Wistar, microsomal 6.1 5.7 0.8 0.9 ± 0.03

Aoki-SHR, soluble 6.2 5.3 1.1 22.4 ± 0.9

Aoki-SHR, microsomal 6.3 5.3 0.9 3.3 ± 1.0

Gininea pig

Hartley, soluble 6.0 6.0 2.0 2.6

Hartley, mnicrosomnal 7.2 5.4 1.2 0.8

Rabbit

New Zealand, soluble 6.2 5.1 1.0 0.3

New Zealand, microsomal 6.0 5.3 0.8 1.0

Mouse
NIH regular, soluble 6.7 5.3 6.1 ± 0.5

Nil! regtnlar, microsomnal 8.4 5.4 1.8 ± 0.1

Monkey

Ithesnns, soluble 8.0 3.6 1.4 10.6

Rhesus, microsomal 7.2 3.5 1.6 1.8

the probable preferred conformationis of the

various ansalogues.

CONCLUSIONS

The orientation of binding of cat-echol

substrates to catechol 0-methyltransferase,

anid hence the meta : para ratio of 0-methyl-

ated products, appears to be strongly influ-
enced l)y the polarity and orientation of
substituents. Nucleophilicity of the phenolic

groups of the catechol plays a lesser role in
determining the meta : para ratio.

The relevance of ‘in- and p-methylation to

drug metabolism and to deactivation of
endogenous catechols is readily apparent.

Awareness of the occurrence of p-0-meth-

ylated metabolites has increased. There are

now many reports of such metabolites. For

example, homoisovanillic acid has been re-

ported as a metabolite of L-dopa iii the rat
(21) and as a normal urinary constituent in
man (22-24). However, the meta: para ratios

of 0-methylated catechols obtained in vivo

(20, 25) are frequeistly much higher than

those obtained in vitro. Indeed, with epi-
nephrine, the p-0-methylated compound

could isot be detected in vivo (20). Whether
the decrease in p-methylated products ob-
served in vivo reflects the formation of a

different meta : para ratio of methylated cate-
chols by catechol 0-methyltransferase in its

microenvironment in the cell, or whether the

decrease derives from the greater rate of

demethylation of p-0-methylated catechol
(20, 26), is at present an unresolved ques-

tion.
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