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uct precipitated with ether. The hygroscopic yellow hydrochloride 
salt was suspended in benzene and the water was removed by 
azeotropic distillation for 2 hr with a trap. The material was no 
longer hygroscopic. Recrystallization from methanol-ether gave a 
white hydrated salt, mp 230-232°. Anal. (C25H21ClN4.3HCl-O.5-
H 2 0 ) C , H , N . 
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Since the discovery of S-adenosyl-L-methionine 1 

(SAM) , t a great variety of S A M - d e p e n d e n t biological 
t r ansme thy la t ion react ions have been demons t r a t ed . 2 A 
general feature of m a n y S A M - d e p e n d e n t methyl t ransfer ­
ases is the inhibi t ion produced by the d e m e t h y l a t e d prod­
uct , S-adenosyl-L-homocysteine ( L - S A H ) . Th i s p roduc t in­
hibi t ion by L - S A H suggests not only a new class of poten­
tial inhibi tors for methyl t ransferases b u t also suggests a 
possible biological regulatory m e c h a n i s m . Evidence to 
suppor t a L - S A H med ia t ed regulatory mechan i sm was re-
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fone; COMT, catechol O-methyltransferase (E.C. 2.1.1.6); HMT, hista­
mine iV-methyltransferase (E.C. 2.1.1.8); HIOMT, hydroxyindole O-meth­
yltransferase (E.C. 2.1.1.4); PNMT, phenylethanolamine A-methyltrans-
ferase (E.C. 2.1.1); if,,, inhibition constant for the slope. 
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cently reported by Barchas and Deguchi , 3 who observed 
t h a t L - S A H is a po ten t inhibi tor of several me thy l t r ans ­
ferases and t h a t a s t imula t ing factor for these enzymes in 
the ra t b ra in is adenosylhomocyste inase , which degrades 
L - S A H . 

L - S A H has been repor ted to inhib i t the act ivi ty of m a n y 
methy la t ing enzymes, such as catechol O-methyl t ransfer­
ase (COMT) , 3 " 5 pheny le thano lamine Af-methyltransferase 
( P N M T ) , 3 h i s t amine iV-methyltransferase ( H M T ) , 6 ' 7 

hydroxyindole O-methyl t ransferase ( H I O M T ) , 3 - 6 tRNA 
methy l t rans fe rase , 8 - 1 0 S-adenosylmethionine-glycine JV-
methyl t ransferase 8 and indole thylamine iV-methyl t rans-
ferase.1 1 Various s t ruc tu ra l modificat ions of L - S A H have 
been carried out in an a t t e m p t to e lucidate the specificity 
of the enzymat ic b ind ing site for SAH and to develop po­
ten t ia l inhibi tors of C O M T 5 - 1 2 - 1 3 and t R N A methy l t r ans ­
ferase. 9.10,14,1s i n a n a t t e m p t to de tec t differences in the 
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Structural analogs of S-adenosyl-L-homocysteine ( L - S A H ) , with modifications of the amino acid portion of the mol­
ecule, have been synthesized and their abilities to inhibit catechol O-methyltransferase, phenylethanolamine Ar-
methyltransferase, histamine A'-methyltransferase, and hydroxyindole O-methyltransferase have been investi­
gated. The data from these inhibition studies have resulted in a delineation of the structural features of SAH 
which are required for enzymatic binding of this ligand. In general, it was concluded that the terminal amino 
group, the terminal carboxyl group, and the sulfur atom of the homocysteine portion of SAH are required for maxi­
mum binding of SAH by these enzymes. The L configuration of the asymmetric amino acid carbon of SAH is gener­
ally required to produce maximum inhibition. The exception appears to be the potent inhibition of histamine A'-
methyltransferase by D-SAH. D - S A H was substantially less effective as an inhibitor of the other enzymes tested. 
The significance of these data relative to the nature of the SAH binding sites is discussed. 
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binding specificity for L - S A H on various methyltransferas­
es, we have synthesized a series of compounds with modi­
fications in the amino acid portion of the SAH molecule 
(Chart I). Using these compounds as probes we have in­
vestigated the specificity of the L - S A H binding site on 
COMT, PNMT, HMT, and HIOMT. The present paper 
reports the results of this investigation. 

Chart I. Compounds Synthesized to Probe the SAH Binding 
Sites of COMT, PNMT, HMT, and HIOMT 

NH2 

TO 

OH OH 

compd R 
L-SAH -SCH2CH2CH(NH2)C02H (L) 
D-SAH -SCH2CH2CH(NH2)C02H (D) 
SAHO -SCH2CH2CH(NH2)C02H 

I 
0 

SAH02 -SCH2CH2CH(NH2)C02H 

1 -SCH2CH2CH2NHj 
2 -SCH2CH2CH2NHAc 
3 -SCH2CH2CH2C02H 
4 -SCHjCH2CH2CO,CH3 

5 -SCH2CH2CH(NHAc)C02H 

Experimental Section 

Melting points were obtained on a calibrated Thomas-Hoover 
Uni-Melt and are corrected. Microanalyses were conducted on an 
F and M Model 185 C, H, N analyzer, The University of Kansas, 
Lawrence, Kan. Unless otherwise stated, the ir, nmr, and uv data 
were consistent with the assigned structures. Ir data were record­
ed on a Beckman IR-33 spectrophotometer, nmr data on a Varian 
Associates Model T-60 spectrophotometer (TMS), and uv data on a 
Cary Model 14 spectrophotometer. Scintillation counting was 
done on a Beckman LS-150 scintillation counter. Tic were run on 
Analtech silica gel GF (250 M) or Avicel F (250 fi). Spots were de­
tected by visual examination under uv light and /or ninhydrin for 
compounds containing amino moieties. 

Materials. SAM-14CH3 (New England Nuclear, 55.0 mCi/ 
mmol) was diluted to a concentration of 10 MCi/ml and stored at 
-20°F. SAM iodide (Sigma) was stored as a 0.01 M aqueous 
stock solution. Ar-Tris(hydroxymethyl)methyl-2-aminoethanesul-
fonic acid (TES, Sigma) buffer, pH 7.60, was prepared as a 0.2 M 
stock solution. Phosphate buffers were prepared as 0.5 M stock 
solutions. 

The following compounds were commercially available from the 
indicated sources: 3,4-dihydroxybenzoate (Aldrich); DL-0-phen-
ylethanolamine, histamine dihydrochloride, Ar-acetylserotonin, 
L-SAH (Sigma). D-SAH was a gift from Dr. J. H. Hildesheim of 
the Institut de Chemie des Substances Naturelles, C.N.R.S., Gif-
sur-Yvette, France. 5'-S-Adenosyl-L-./V-acetylhomocysteine (5) 
was prepared from L-SAH and AC2O by the method of Hilde­
sheim, etal.1* 

S-Adenosyl-L-homocysteine Sulfoxide (SAHO). SAHO was 
prepared by a modified literature procedure.16 S-Adenosyl-L-
homocysteine (129 mg, 0.33 mmol) was suspended in glacial ace­
tic acid (1 ml). To the slurry was added 30% hydrogen peroxide 
(0.12 ml, 1 mmol) with stirring at 20°, after which the reaction 
mixture was allowed to stand at ambient temperature for 16 hr. 
The reaction mixture was filtered and to the filtrate was added 
EtOH until solid formation was observed. The white solid which 
formed was collected by filtration and recrystallized (H2O) to 
yield 91 mg (62%), mp 185-188° dec (lit.17 >100°). Anal. 
(CuH20N6O6S-3H2O) C, H, N. 

S-Adenosyl-L-homocysteine Sulfone (SAHO2). SAHO2 was 

prepared by a modified literature procedure previously used to 
make DL-methionine sulfone and DL-ethionine sulfone.18 To 3 ml 
of H2O was added 100 mg of ammonium molybdate and 0.7 ml of 
70% perchloric acid. The mixture was heated to boiling for 5 min 
and the undissolved material was removed by filtration. The fil­
trate (0.5 ml) was cooled (0.5°) and L-SAH (96 mg, 0.25 mmol) 
was added. To the cooled slurry was added 30% hydrogen perox­
ide (2 ml) after which the reaction mixture was allowed to stand 
at ambient temperature for 10 hr. The reaction mixture was 
cooled (0-5°) and neutralized to pH 5 with rc-butylamine, and 
EtOH was added until a precipitate formed. The white solid 
which formed was collected by filtration and recrystallized (H2O-
EtOH) to yield 50 mg (49%), mp 198° dec. Anal. (C14H20N6O7-
S.H20)C,H,N. 

5'-S-Adenosyl-3-thiopropylamine Bisulfate (1). 5-S-Adeno-
syl-3-thiopropylamine (1) was prepared by the condensation of 
2',3'-0-isopropylidene-5'-0-toluene-p-sulfonyladenosine (8, 1.85 g, 
4 mmol) and 3-benzylthiopropylamine hydrochloride19 (870 mg, 4 
mmol) in Na and liquid NH3 according to the procedure of Jami-
eson.19 Treatment of the intermediate 2',3'-isopropylidene-5'-S-
adenosyl-3-thiopropylamine (300 mg, 0.78 mmol) with 1 ./VH2SO4 
for 48 hr at ambient temperature afforded 242 mg (90%) of the 
desired 5'-S-adenosyl-3-thiopropylamine bisulfate (1), mp 184-
187° dec (lit.19 mp 180-183°). 

5'-S-Adenosyl-3-fV-acetylthiopropylamine (2). 2',3'-Isopropyl-
idene-5'-S-adenosyl-3-thiopropylamine (510 mg, 1.4 mmol) was 
dissolved in a mixture of CH3OH (16 ml) and Ac20 (8 ml, 2.65 
mmol). The reaction mixture was stirred at 0° for 10 hr after 
which time the solvent was removed under reduced pressure and 
the residue crystallized (H20) to yield 440 mg (81%) of 2',3'-iso-
propylidene-5'-S-adenosyl-3-/V-acetylthiopropylamine: mp ca. 45° 
(very hygroscopic); nmr (CDCI3) <5 1.40, 1.57 (2 s, 6 H, acetonide), 
1.95 (s, 3 H, CH3CO), 2.32-2.71 (m, 2 H, -CH2CH2S-), 2.82 (d, 2 
H, 5'-CH2), 3.00-3.50 (m, 2 H, -NHCH2-); ir (KBr) 1700 cm"1 

(C=0). 
2',3'-Isopropylidene-5'-S-adenosyl-3-iV-acetylthiopropylamine 

(480 mg, 1.18 mmol) was dissolved in 10 ml of 0.5 A; H2SO4 and 
stirred at ambient temperature for 24 hr. The reaction mixture 
was diluted with 15 ml of H2O and neutralized with lead carbon­
ate to pH 5.0. The suspension was filtered and the filtrate was ly-
ophilized. The product was recrystallized (H20) to yield 456 mg 
(80%) of 2, mp 68-70°. Anal. (Ci5H22N604S) C, H, N. 

S-Benzyl-4-thioethylmalonic Acid (6). S-Benzyl-4-thioethyl-
malonic acid (6) was prepared by a modification of the procedure 
of du Vigneaud and Brossworth.20 The intermediate diethyl S-
benzyl-4-thioethylmalonate was prepared by reaction of sodium 
methoxide (2.2 g), diethyl malonate (9.6 g, 60 mmol), and benzyl-
0-chloroethyl sulfide20 (7.46 g, 40 mmol) in absolute EtOH. The 
pure diethyl S-benzyl-4-thioethylmalonate was isolated by distil­
lation to yield a colorless oil: 6.5 g (52%); bp 144-146° (0.07 mm). 

Diethyl S-benzyl-4-thioethylmalonate (6.0 g, 20 mmol) was hy-
drolyzed to 6 by using 12.5% NaOH in 50% aqueous EtOH and 
refluxing for 2 hr. The EtOH was removed by distillation, and as 
the volume decreased H2O was added so that the final volume 
was about 120 ml. The reaction mixture was cooled and 40 ml of 
concentrated HC1 was slowly added. The precipitate which 
formed was filtered with H2O resulting in the isolation of 5.4 g 
(92%) of 6, mp 117-119° (lit.20 mp 114-117°). The product could 
be recrystallized (CeH6-Et20) to yield an analytical sample, mp 
120-121°. 

S-Benzyl-4-thiobutyric Acid (7). S-Benzyl-4-thiobutyric acid 
(7) was prepared by heating S-benzyl-4-thioethylmalonic acid (5 
g, 20 mmol) in a round-bottom flask at 142° for 2 hr. The reaction 
mixture was cooled and the residue extracted with CHCI3. Re­
moval of the CHCI3 under reduced pressure and distillation of the 
product afforded 4.1 g (98%) of 7: bp 150-152° (0.14 mm); nmr 
(CDCI3) 6 1.86 (m, 2 H, -SCH2CH2-), 2.4 (t, 4 H, -SCH2-
CH2CH2-), 3.63 (s, 2 H, C6H6CH2S-), 7.23 (s, 5 H, aromatic). 
This material was pure enough to be utilized for subsequent 
steps. 

2',3'-Isopropylidene-5-S-adenosyl-4-thiobutyric Acid (9). S-
Benzyl-4-thiobutyric acid (7, 1.1 g, 5.2 mmol) was dissolved in 50 
ml of liquid NH3 which was surrounded by a Dry Ice-acetone 
bath and Na was added in small portions until a deep blue color 
persisted for 15 min. 2',3'-0-Isopropylidene-5'-0-toluene-p-sul-
fonyladenosine (8) (3.1 g, 6.7 mmol) was added and the reaction 
mixture was stirred and maintained at Dry Ice-acetone tempera­
tures for 16 hr after which time the NH3 was slowly allowed to 
evaporate. The solid residue was dissolved in 30 ml of H2O and 
filtered. The filtrate (pH ~8.0) was washed several times with 
CHCI3 and then adjusted to pH 5.0 using 5% HC1. The solid 
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Figure 1. Inhibition of HIOMT activity with L - S A H . Assay con­
ditions outlined in the Experimental Section except SAM concen­
tration, 1 mJVf. Vel = nmol of product/mg of protein/min. 

which formed was collected by filtration, washed several times 
with H 2 0 , and recrystallized (CHCl3-hexane) to yield 1.76 g 
(83%). mp 158.5-160.5°. An analytical sample was prepared by 
recrystallization (CHCl3-hexane), which afforded pure 9, mp 
160-161°. Anal. (CuH^NsO-sS) C, H, N. 

5-S-Adenosyl-4-thiobutyric Acid (3). 2',3'-Isopropylidene-5-
S-adenosyl-4-thiobutyric acid (1 g, 2.5 mmol) was dissolved in 20 
ml of 0.5 iV H2SO4 and stirred at ambient temperature for 34 hr. 
The reaction mixture was then adjusted to pH 5.0 using concen­
trated NaOH. The precipitate which formed was filtered, washed 
several times with H2O, and recrystallized (CH3OH) to yield 782 
mg (87%) of 3, mp 205-208°. Anal. (C14H19O5N5S) C, H, N. 

5-S-Adenosyl-4-thiobutyric Acid Methyl Ester (4). To a sus­
pension of 3 (360 mg, 1.0 mmol) in 50 ml of MeOH at 0-5° was 
added an excess of an ethereal solution of diazomethane [generat­
ed by slowly adding Af-nitrosomethylurea (5 g) to a mixture of 50 
ml of H 2 0 and 20 ml of 50% KOH at -10°]. The reaction mixture 
was maintained at 0-5° for 3 hr after which time the excess diazo­
methane was destroyed by dropwise addition of acetic acid. The 
solvent was removed under reduced pressure and the residue dis­
solved in 2 ml of CHCI3 and applied to a silica gel plate (1000 M, 
Analtech). The tic was eluted with 10% EtOH-CHCl3 and the 
material with an ftf of 0.15 was removed from the silica gel by ex­
traction with CH3OH. The CH3OH was removed under reduced 
pressure, the residue was dissolved in 20 ml of CHCI3 and fil­
tered, and the CHCI3 was removed under reduced pressure. The 
residue was dissolved in 10 ml of hot H2O and cooled and the 
white solid which formed was collected by filtration to yield 125 
mg (33%) of 4: mp 53-54°; nmr (acetone-de) <5 3.52 (s, 3 H. 
-OCH3). Anal. (C15H21O5N5S.H2O) C, H, N. 

Enzyme Purification and Assay. COMT was purified from rat 
liver (male, Sprague-Dawley, 180-200 g) according to the methods 
previously described.2122 The enzyme was purified through the 
calcium phosphate gel step resulting in a preparation which con­
tained 3.84 mg of protein per milliliter. COMT was assayed using 
dihydroxybenzoate (2.0 mmol) as a substrate according to a pre­
viously described radiochemical procedure.22 

PNMT was purified from bovine adrenal medulla (Pel-Freez 
Biologicals) according to the procedure of Connett and Kirsh-
ner.23 The purification was carried through the isoelectric precipi­
tation and dialysis step, which resulted in a sixfold purification 
of the enzyme, which contained 8.0 mg of protein per milliliter. 
PNMT was assayed using a previously described radiochemical 
assay23 and a normal incubation mixture consisted of the fol­
lowing components (in Mmol): water, so that the final volume was 
0.25 ml; DL-/3-phenylethanolamine (0.25); S-adenosyl-L-methio-
nine (variable); inhibitor (variable); 0.05 ^Ci of S-adenosyl-L-
methionine-mer/i>7-14C; phosphate buffer, pH 8.0 (25); and the 
enzyme preparation (0.050 ml). Incubation was carried out for 30 
min at 37°, the reaction stopped with 0.25 ml of 0.5 M borate 
buffer (pH 10), and a mixture of toluene-isoamyl alcohol (7:3) 
used to extract the product.23 

I " 8 0 uM 

UJ 

> 

2.0 

x 10" 

1.0 
I / [SAM] 

Figure 2. L - S A H inhibition of HIOMT. Reciprocal plots with 
SAM as the variable substrate. Assay conditions outlined in the 
Experimental Section except SAM concentration, 5.4-23.4 tiM. 
iV-Acetylserotonin concentration, 1.0 mM. Vel = nmol of prod­
uct/mg of protein/min. 

HMT was purified from guinea pig brain (Pel-Freez Biologi­
cals) according to the methods previously described by Brown, et 
al.2i The enzyme was purified through the dialysis step resulting 
in a preparation which contained 15.2 mg of protein per milliliter. 
This represented a ninefold purification from the crude superna­
tant. Kinetic experiments were carried out with an incubation 
mixture containing the following components (in Mmol) added in 
this sequence: water, so that final volume was 0.25 ml; histamine 
(0.5); inhibitor (variable); S-adenosyl-L-methionine (variable); 
0.05 yuCi of S-adenosyl-L-methionine-mer/i>l-14C; phosphate buff­
er, pH 7.40 (10); and the enzyme preparation (0.05 ml). Incuba­
tion was carried out for 30 min at 37°. The reaction was stopped 
by addition of 0.25 ml of 0.5 M borate buffer (pH 10.0) and the 
aqueous mixture extracted with 10 ml of a toluene-isoamyl alco­
hol (1:1). After centrifugation, an aliquot (5 ml) of the organic 
phase was transferred to a scintillation vial, and a dioxane-based 
phosphor solution (10 ml) was added and the radioactivity mea­
sured. 

HIOMT was isolated from bovine pineal glands (Pel-Freez Bio­
logicals) and purified through the DEAE-Sephadex chromatogra­
phy step according to the procedure of Jackson and Lovenberg.25 

This afforded a preparation which contained 20.5 mg of protein 
per milliliter which represented a tenfold purification from the 
crude supernatant. Assay of HIOMT was carried out using a pre­
viously described assay26 with a normal incubation mixture con­
taining (in ^mol): water, so that the final volume was 0.30 ml; 
iV-acetylserotonin (0.25); inhibitor (variable); S-adenosyl-L-meth­
ionine (variable); 0.05 /id of S-adenosyl-L-methionine-metfay/-
14C; phosphate buffer, pH 7.90 (10); and the enzyme preparation 
0.05 ml). Incubation was carried out for 60 min at 37°, the reac­
tion was stopped by addition of a 0.10 ml of 0.5 M borate buffer 
(pH 10.0), and the radioactive product was extracted with 10 ml 
of toluene-isoamyl alcohol (5:1) ,26 

Data Processing. Reciprocal velocities were plotted graphical­
ly against reciprocals of the substrate concentrations. In all cases 
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Table I. Inhibition of COMT, PNMT, HMT, and 
HIOMT by SAH Analogs" 

2.0 3.0 4.0 
|/B*lffl X I0-4M 

5.0 

Figure 3. L-SAH inhibition of PNMT. Reciprocal plots with SAM 
as the variable substrate. Assay conditions outlined in the Exper­
imental Section except SAM concentration, 24-210 \iM. DL-0-
Phenylethanolamine concentration, 1.0 mAf. Vel = nmol of prod-
uct/mg of protein/min. 

reasonably linear relationships were obtained. These data were then 
fitted to the appropriate equations and the inhibition constants 
calculated using a Hewlett-Packard 2100 A digital computer and 
a Fortran IV program.22,2728 

Results and Discussion 

Chemistry. The analogs of SAH synthesized for this 
study are listed in Chart I. These derivatives and their 
synthetic intermediates were characterized by several 
methods, including their spectral and chromatographic 
properties and elemental analyses. The general route for 
the synthesis of SAH analogs is the reaction of S-benzyl-
homocysteine or a derivative of S-benzylhomocysteine in 
Na-liquid NH3 with the requisite halide or tosylate.29 For 
example, the deaminated SAH 3 was prepared by the con­
densation of S-benzyl-4-thiobutyric acid (7) and the tosyl­
ate 8 in Na-liquid NH3 , which afforded the intermediate 
isopropylidene derivative 9. S-Benzyl-4-thiobutyric acid 
(7) was prepared by decarboxylation of 6.20 Hydrolysis of 
9 in 0.5 N H 2 S 0 4 afforded the desired 5'-S-adenosyl-4-
thiobutyric acid (3). Treatment of 3 with diazomethane 
afforded the corresponding methyl ester 4 (Scheme I). 

Enzyme Inhibitory Activity. L - S A H has previously 
been reported to inhibit the activity of many methylating 
enzymes, including COMT,3"5 PNMT, 3 HMT,6 , 7 and 
HIOMT.3 '6 The effect of added L - S A H on the initial ve­
locity of the HIOMT-catalyzed transmethylation reaction 
is shown in Figure 1. Under the experimental conditions 
used, 50% inhibition of HIOMT activity was obtained 
with 50 \iM L - S A H . The kinetics of SAH inhibition with 
varying SAM have previously been shown to be competi­
tive with the enzymes COMT30 and HMT. 7 Using recip­
rocal velocity us. reciprocal SAM plots, the kinetic pat­
terns for inhibition of PNMT and HIOMT by L - S A H were 
determined and the results are shown in Figures 2 and 3. 
In both cases a linear competitive pattern of inhibition 
was observed when SAM was the variable substrate. 

The various structural analogs of SAH, which were syn­
thesized as part of this study, were tested as inhibitors of 
COMT, PNMT, HMT, and HIOMT. The results are 
shown in Table I. For each methyltransferase studied 

Inhibitor6 

concn, % inhibition 
Compd 

L - S A H 

D - S A H 

SAHO 

SAH02 

1 

2 

3 

4 

5 

m M 

0 . 2 
2 . 0 
0 . 2 
2 . 0 
0 . 2 
2 .0 
0 . 2 
2 . 0 
0 .2 
2 . 0 
0 .2 
2 . 0 
0 . 2 
2 .0 
0 . 2 
2 .0 
0 .2 
2 . 0 

COMT 

39 
87 

5 
22 
14 
42 

8 
45 

1 
6 
2 
7 
4 
8 
0 
0 
1 

10 

P N M T 

49 
92 
14 
32 
10 
22 
13 
17 

5 
11 

4 
10 

6 
11 

0 
0 
7 

10 

HMT 

40 
89 
73 
99 

0 
9 
0 

10 
17 
33 

0 
15 

0 
0 
0 
0 
0 
0 

HIOMT 

71 
94 

1 
6 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

"COMT, PNMT, HMT, and HIOMT were purified and 
assayed as described in the Experimental Section except in 
each case the SAM concentration = 1.0 mM. bThe inhibi­
tors were prepared in aqueous stock solutions (10.0 ^mol/ml). 

strong inhibition by L - S A H was observed. The enzyme 
showing the highest specificity for the structural features 
of L - S A H was HIOMT, since none of the analogs tested 
showed appreciable inhibitory activity on this enzyme. 
Relative to L - S A H , D - S A H showed a substantial reduction 
in inhibitory activity on COMT, PNMT, and HIOMT. 
However, in contrast, D-SAH showed higher inhibitory ac­
tivity than L-SAH with HMT. This latter observation 
would indicate drastic differences in the configurational re­
quirements associated with the SAH binding site on 
HMT, as compared to the sites on COMT, PNMT, and 
HIOMT. D-SAH had previously been shown to be a potent 
inhibitor of Escherichia coli tRNA methyltransferase.10 

Modifications of the sulfur atom on the homocysteine 
portion of SAH result in a reduction in inhibitory activity. 
With the enzymes COMT and PNMT, SAHO and SAH0 2 

show significant inhibitory activity; however, with HMT 
and HIOMT these analogs of SAH are essentially inac­
tive. This would indicate that with HMT and HIOMT the 

Scheme I 

PhCH2SCH2CH2CH(C02H)2 

PhCH2SCH2CH2CH2C02H 
7 

CH,N, 
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Table I I . Inhibition Constants for Various SAH Analogs toward COMT, PNMT, HNMT, and HIOMT" 

Inhibition constants, iiM,b-l! K-a ± S.E.M. 
Inhibitor COMT ~ i N M T HMT" HIOMT 

L - S A H 36.3 ± 2 . 2 0 29.0 ± 2 . 8 4 18.1 ± 2 . 1 9 18.5 ± 1 . 9 
D - S A H 1611 ± 120 623 ± 45 10.5 ± 1.3 
SAHO 482 ± 47 2372 ± 463 
SAH02 894 ± 47 3486 ± 407 
1 1482 ± 178 

"COMT, PNMT, HMT, and HIOMT were purified and assayed as described in the Experimental Section except in each 
case SAM concentrations, 24-210 y,M. ''Each inhibitor showed linear competitive kinetics and the inhibition constants were 
calculated as previously described.22 cWhen low inhibitory activity was observed from the preliminary studies, no extensive 
studies were done to determine the kinetic inhibition constants. 

binding through the sulfur atom of SAH may be more im­
portant than is the case for COMT and PNMT. The re­
sults obtained for SAHO inhibition of COMT are similar 
to those observed by Coward, et al.,5 who had previously 
reported that SAHO was ca. %o as effective as SAH as an 
inhibitor of COMT. 

The terminal amino group of L - S A H appears to be es­
sential for activity, since iV-acetyl SAH 5 and the deami-
nated SAH derivatives 3 and 4 all showed little or no in­
hibitory activity on the methyl transferases tested. The 
importance of the terminal carboxyl group in the binding 
of SAH is indicated by the reduced inhibitory activity of 
the decarboxylated SAH derivatives 1 and 2. With 
PNMT, COMT, and HIOMT the decarboxylated SAH 1 
showed little or no inhibitory activity; however, with 
HMT some inhibitory activity of 1 was still observed. The 
inhibitory activity of 1 and D - S A H with HMT indicates 
that at the binding site of this enzyme, the carboxyl group 
of SAH may contribute less to the overall binding than 
would be the situation at the binding site of COMT, 
PNMT, and HIOMT, where having both the amino and 
carboxyl groups in the proper orientation is an absolute 
requirement for maximum activity. However, at the bind­
ing site on HMT, the terminal carboxyl group of L - S A H 
must still be an important point of attachment because 1 
is substantially less active than L - S A H or D - S A H . 

Using reciprocal velocity vs. reciprocal SAM plots, the 
kinetic patterns for inhibition of COMT, PNMT, HMT, 
and HIOMT by the active SAH analogs ( L - S A H , D - S A H , 
SAHO, SAHO2, and 1) were determined and the resulting 
inhibition constants are given in Table II. In all cases lin­
ear competitive patterns of inhibition were observed when 
SAM was the variable substrate. For example, in Figure 4 
is shown the kinetic pattern for inhibition of HMT by n-
SAH. These competitive kinetic patterns support, but do 
not prove, the identity of the binding sites for SAH and 
for its various structural analogs. The large differences in 
Kit: values suggest that in making these rather minor 
structural changes, some of the interactions critical to for­
mation of the E-I complex have been grossly disturbed. 
The exception appears to be the inhibitory effects pro­
duced by D - S A H on HMT, where perhaps the configura­
tion of the amino and carboxyl groups offered by D - S A H is 
more desirable for binding to the active site of HMT than 
is the orientation of those groups provided by L-SAH. 

From the kinetic inhibition data of these structural an­
alogs of SAH (Table II), it can be concluded that the 
binding site on HMT is better able to accommodate 
changes in the configuration of the amino acid asymmet­
ric carbon of SAH. In contrast, the binding site on COMT 
appears better able to accommodate changes in the oxida­
tion state of the sulfur atom of SAH, since the inhibition 
constants for SAHO and SAH0 2 are only 10-20 times 
greater than that for L - S A H . This can be compared to the 
data for PNMT where the inhibition constants for SAHO 
and SAHO2 are 100-200 times greater than that for L 

SAH. With HMT and HIOMT these oxidized derivatives 
were completely inactive. 

Conclusions 

The present paper has attempted to delineate the struc­
tural features of the homocysteine portion of L-SAH which 
are required for binding of SAH by COMT, PNMT, 
HMT, and HIOMT. The approach which was taken was 
to make minor changes in the amino acid portion of SAH 
but not to alter the base or sugar portions of this mole­
cule. The modifications have involved changes in the con­
figuration of the amino acid asymmetric carbon, derivati-
zation and/or removal of the terminal amino and carboxyl 
groups, and changes in the oxidation state of the sulfur 
atom. In general it was concluded .from this study that the 
terminal amino and terminal carboxyl groups present in 
the L configuration are an absolute requirement for the 
SAH molecule to bind with COMT, PNMT, and HIOMT. 

From modifications of the sulfur atom of SAH, it was 
concluded that the sulfur atom is directly involved in 
binding, since changes in its oxidation state resulted in 
decreased affinity for the binding sites. An alternative ex­
planation is that the area on the enzyme which accommo­
dates the -CH2SCH2- portion of SAH is sensitive to 
changes in the steric bulk of the ligand and that the de­
creased affinity of SAHO and SAHO2 may be a result of 
steric rather than electronic effects. 

The interesting exception to what appears to be high 
enzyme-ligand specificity was the inhibitory effect of 
D - S A H on HMT. With COMT, PNMT, and HIOMT, 
D - S A H was essentially inactive as an inhibitor; however, 
with HMT, D-SAH was a significantly better inhibitor 
than L - S A H . A Kis = 10.5 ± 1.3 ixM was observed for 
D - S A H inhibition of HMT compared to a Kis = 18.1 ± 
2.19 /xM for L - S A H . From the other derivatives studied it 
was shown that both the terminal amino and carboxyl 
groups are required for binding of SAH to HMT. There­
fore, it has been concluded that the configuration of these 
groups offered by D - S A H is more desirable for binding 
than the configuration offered by L - S A H to the HMT 
binding site. A possible explanation for this observation is 
shown in Chart II, where normal binding of the homocys­
teine portion of L-SAH to an enzyme is shown. The im­
portance of the terminal amino group, terminal carboxyl 
group, and the sulfur atom for the activity of L - S A H , as 
shown in this study, indicates specific involvement of 
these functional groups in binding. Therefore, three points 
of attachment for this portion of L - S A H have been pro­
posed (Chart II). The points of attachment shown are 
similar to those proposed earlier for the binding of SAM 
to various methyl transferases.6 For the binding of D - S A H 
to this site, it is only possible to bind the ligand to the en­
zyme through two of the three normal attachment sites on 
the enzyme surface, which in the case of COMT, PNMT, 
and HIOMT must result in very weak binding and ac­
count for the reduced inhibitory activity of D - S A H . The 
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!• 0.08 MM 

I> 0 .04 »M 

1 = 0.02 <M 

1/ [SAM| x io~4
 M 

Figure 4. D-SAH inhibition of HMT. Reciprocal plots with SAM 
as the variable substrate. Assay conditions outlined in the Exper­
imental Section except SAM concentration, 24-210 nM. Hista­
mine concentration, 1.0 mM. Vel = nmol of product/mg of pro-
tein/min. 

two points of attachment shown in Chart II are through 
the terminal amino group and sulfur atom. It is felt that 
the side chain of the amino acid, which contains the sul­
fur atom, as well as the sugar and base portion of the mol­
ecule must be maintained in the orientation shown, since 
binding at the 6-amino group of the adenine portion of 
SAH is also an absolute requirement for activity.31 The 
increased affinity of D - S A H for the HMT binding site is, 
therefore, explained in Chart II by the existence of an al­
ternative binding site (a') for the carboxyl group of SAH. 

Chart II. Proposed Enzymatic Binding Sites for 
L-SAH and D-SAH" 

adenine 

adenine 

D-SAH 
aAttention is given only to the binding of the homocysteine por­

tion of SAH (see text for discussion). 

In fact, the binding of the terminal carboxyl group of 
D-SAH by this alternative site produces a stronger inter­
action between D - S A H and HMT than that produced with 
L - S A H . A similar type of argument can be put forth for 
D-SAH binding through the normal sulfur atom and ter­
minal carboxyl group attachment sites, with the existence 
of an alternative binding site for the terminal amino 
group of SAH. 

In general, it can be concluded from this study that 
COMT, PNMT, HMT, and HIOMT show fairly high 
specificity for the structural features of the homocysteine 
portion of L - S A H . This high specificity for L - S A H appears 
to be common for most methyltransferases.5,6,9,10,12,13 
However, some interesting and potentially useful differ­
ences in the binding sites of these methyltransferases have 
been uncovered in this study. These differences in the 
binding specificity are being further explored in an at­
tempt to design specific inhibitors of these enzymes. 
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Potential Inhibitors of S-Adenosylmethionine-Dependent Methyltransferases. 2. 
Modification of the Base Portion of S-Adenosylhomocysteine 

Ronald T . Borchard t ,* J o a n A. Huber , and Yih Shiong W u 

Department of Biochemistry, McCollum Laboratories, University of Kansas, Lawrence, Kansas 66044. Received January 28, 1974 

The specificity of S-adenosyl-L-homocysteine (SAH) inhibition of enzymatic transmethylation was explored by pre­
paring structural analogs of SAH in which the base portion of the molecule was modified. The various SAH analogs 
have been evaluated as inhibitors of catechol O-methyltransferase, phenylethanolamine iV-methyltransferase, his­
tamine A'-methyltransferase, and hydroxyindole O-methyltransferase. Inhibition studies indicated that there exists 
a specificity by these enzymes for the adenine portion of SAH, with an absolute requirement of the 6-amino group 
for maximum activity. Substitution of other pyrimidine and purine bases in place of adenine resulted in complete 
loss of activity. However, minor modifications of the adenine moiety of SAH could be tolerated at the enzymatic 
binding sites. For example, S-3-deazaadenosyl-L-homocysteine was found to have inhibitory activity similar to 
SAH itself. Some differences in the binding requirements of these methyltransferases have been observed so that 
differential inhibition may be possible. 

A general feature of most S-adenosylmeth ionine 
( S A M ) t d e p e n d e n t methyl t ransferases is the inhibi t ion 
produced by the d e m e t h y l a t e d p roduc t S-adenosyl-L-ho­
mocysteine (SAH) . Th i s p roduc t inhibi t ion by SAH 
suggests a possible biological regulatory mechan i sm for 
t r ansme thy la t ion reac t ions , 1 as well as a new class of po­
ten t ia l inhibi tors of methyl t ransferases . 2~ 1 0 In t he preced­
ing paper of this series,2 we described the synthesis and 
enzymat ic eva lua t ion of a series of compounds wi th modi­
fication only in the homocyste ine port ion of t he S A H mol­
ecule. It was concluded from this s tudy t h a t all of the 
functional groups of t he homocysteine port ion of S A H are 
required for m a x i m u m binding of S A H to these enzymes . 
Fur the rmore , it was proposed 2 t h a t there exists three 
points of a t t a c h m e n t of the homocyste ine por t ion of SAH 
to t he enzyme si te . These poin ts of a t t a c h m e n t are the 
t e rmina l amino group, the t e rmina l carboxyl group, and 
the sulfur a tom. In order to further s tudy the na tu re of 
the in termolecular forces involved in t he b inding of SAH, 
we have synthesized a series of SAH derivat ives with 
modification only in t he base port ion of the S A H molecule 
(Char t I) . T h e methyl t ransferases of interest in this s tudy 
were catechol O-methyl t ransferase ( C O M T ) , pheny le tha ­
nolamine N-methy l t r ans fe rase ( P N M T ) , h i s t amine N-
methyl t ransferase ( H M T ) , and hydroxyindole O-methyl­
transferase ( H I O M T ) . Using the base-modified S A H ana­
logs (Char t I) as probes of the active sites of C O M T , 
P N M T , H M T , and H I O M T , we have de l inea ted the con­
t r ibut ions of the aden ine moiety in the enzymat ic b ind ing 
of S A H . T h e present pape r reports the resul ts of th i s in­
vest igat ion. 

E x p e r i m e n t a l S e c t i o n 

T h e general expe r imen ta l t echn iques a n d e q u i p m e n t used in 
th i s s t udy were descr ibed in de ta i l in the preceding p a p e r in th i s 

fAbbreviations used are: SAM, S-adenosyl-L-methionine; SAH, S-ade­
nosyl-L-homocysteine; SGH, S-guanosyl-L-homocysteine; SIH, S-inosyl-L-
homocysteine; SCH, S-cytidyl-L-homocysteine; SUH, S-uridyl-L-homocys-
teine; iV6-methyl-SAH, S-./V6-methyladenosyl-L-homocysteine; 3-deaza-
SAH, S-3-deazaadenosyl-L-homocysteine; iV6-methyl-3-deaza-SAH, N6-
methyl-3-deazaadenosyl-L-homocysteine; A^-dimethyl-S-deaza-SAH, iV6-
dimethyl-3-deazaadenosyl-L-homocysteine; COMT, catechol O-methyl­
transferase (E.C. 2.1.1.6); PNMT, phenylethanolamine iV-methyltransfer-
ase (E.C. 2.1.1); HMT, histamine iV-methyltransferase (E.C. 2.1.1.8); 
HIOMT, hydroxyindole O-methyltransferase (E.C. 2.1.1.4); K„, inhibition 
constant for the slope; KV], inhibition constant for the intercept. 

Chart I. Derivatives of SAH Synthesized to Probe the Binding 
Sites of COMT, PNMT, HMT, and HIOMT 

HOaCCHCHjCHjSCHp ^O 

NH2 

purine derivatives 

Y 

OH OH 

pyrimidine derivatives 

X 

-A 
compd X 

SAH 
SGH 
SIH 
1 

2 
3 

4 
5 

Y 

NH2 

OH 
OH 
NHCH, 

N 
N 
N 

N 
CH NH2 

CH NHCH, 

CH N(CH3)2 

CH CI 

Z 

H 
NH2 

H 

H 
H 
H 

H 
H 

compd X 

SUH OH 
SCH NH, 

OH 
OH 

series.2 The nmr assignments for the 3-deazaadenosine deriva­
tives are given in terms of the purine numbering system, rather 
than the imidazo[4,5-c]pyridine numbering system. 

The following compounds were commercially available from the 
indicated sources: 3,4-dihydroxybenzoate (Aldrich); DL-^-phen­
ylethanolamine, histamine dihydrochloride, iV-acetylserotonin, 
SAH, 2',3'-isopropylideneuridine, 2',3'-isopropylidenecytidine, 
2',3'-isopropylideneguanosine, 2',3'-isopropylideneinosine, and S-
benzyl-L-homocysteine (Sigma). A^-Methyl-SAH (1) was a gift 
from Dr. J. Hildesheim of the Institut de Chimie des Substances 
Naturelles, C.N.R.S., Gif-sur-Yvette, France. SUH and SGH 
were prepared by Hildesheim, et a/.6-7 

S-Inosyl-L-homocysteine (SIH). 2',3'-Isopropylideneinosine 
(2.0 g, 6.2 mmol) was dissolved in 20 ml of dry pyridine, freshly 
distilled from barium oxide, and the resulting solution was cooled 
to ca. 0-5° in an ice-salt bath. Freshly recrystallized p-toluene-
sulfonyl chloride (1.30 g, 6.8 mmol) was added to the cooled solu­
tion in one portion and the reaction mixture was stirred for 12 hr 
at ambient temperature. The pyridine was removed under re­
duced pressure and H2O was added to the residue. The resulting 
aqueous solution was extracted several times with CHCI3. The 
CHCI3 layer was then washed with H 2 0 and 5% N a H C 0 3 and 


