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Abstract—Two isozymes of ATP:L-methionine S-adenosyltransferase (MAT) were fractionated from
rat Novikoff solid hepatoma. Their K,, values for L-methionine and/or their inhibition constants for
various L-methionine analogues were significantly different from the kinetic constants obtained for
three isozymes fractionated from normal rat liver. K; values for cycloleucine and (#)-2-
aminobicyclo[2.1.1]hexane-2-carboxylic acid, presented for each tumor and liver isozyme, indicate that
(#)-2-aminobicyclo[2.1.1]hexane-2-carboxylic acid was the more potent inhibitor. Dixon plots were also
used to test a series of amino acid analogues [cycloleucine, 1-aminocyclobutanecarboxylic acid, 1-
aminocyclohexanecarboxylic acid, (#)-2-aminobicyclo[2.1.1]hexane-2-carboxylic acid, L-2-amino-4-
hexynoic acid, (Z)-L-2-amino-5-chloro-trans-4-hexenoic acid, L-ethionine, S-n-propyl-DL-homocysteine,
S-n-butyl-DL-homocysteine, and seleno-DL-ethionine] of methionine for inhibitory potency. Fixed L-
methionine concentrations were used to determine the concentration of inhibitor necessary to inhibit
the MAT reaction by 50%. Differential inhibitory activities of the amino acid analogues were noted
between the tumor and rat liver isozymes thus supporting the suggestion that tumor-derived MAT
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isozymes may provide an exploitable target for cancer chemotherapy.

S-Adenosyl-L-methionine (Ado-Met) is the principal
methyl donor for transmethylation reactions and is
the source of the propylamine moieties in the syn-
thesis of spermidine and spermine [1-6]. Due to the
importance of Ado-Met in intermediary metabolism,
Talalay and coworkers [7-11] suggested the chemo-
therapeutic potential of selective inhibition of iso-
functional ATP:L-methionine S-adenosyltransfer-
ases (MATs) (EC 2.5.1.6). These investigators
determined in structure—activity relationship experi-
ments the steric, electronic, and conformational
requirements of analogues of methionine which were
essential for their function as substrates or inhibitors
of the enzymatic synthesis of Ado-Met [7-11}. In
these early reports, isofunctional MATSs were par-
tially purified from yeast, Escherichia coli, and rat
liver. However, it was not then evident to these
investigators that multiple forms of the enzyme are
present in microorganisms [12-14] and mammalian
tissues [15-18]. From kinetic and physical studies
[18], and from experiments utilizing dimethyl sulf-
oxide (DMSO) [15], it has become increasingly
evident that multiple forms of MAT exist in mam-
malian tissues.

Early studies also suggested that a variety of mouse
and rat neoplasms, with the exception of certain
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Morris hepatomas, do not contain detectable
amounts of MATSs [19, 20]. However, Lombardini
and Talalay [21] clearly demonstrated that MAT
activity was present in a variety of rodent tumors
such as the Walker 256 tumor, the B-16 melanoma,
and the Lewis lung tumor. Recent studies have fur-
ther demonstrated that tumor MAT displays kinetic
and physical properties [22-24] and responses to
methionine analogue inhibitors or substrates [25-27]
that are different than those found for MATs in
normal tissues, thus implying altered active site
regions [26,27]. Liau et al. [16] also observed sig-
nificant amounts of a tumor-derived MAT in Novi-
koff ascites hepatoma.

Recently our laboratories have renewed interest
in extending some of the earlier observations of
Talalay and colleagues [7, 8] by defining and com-
paring the topographic features of the L-methionine
binding site of MAT isozymes from rat liver and that
of solid Novikoff hepatoma to determine whether
this enzyme might be selectively exploited for anti-
neoplastic purposes [25]. Thus, examination of
apparent differences between the active site regions
of the two recently discovered MAT isozymes pres-
ent in the Novikoff solid hepatoma [25] and those
of the three isozymes present in normal rat liver [28]
form a preliminary basis for our ultimate aim, which
is the design of selective inhibitors of tumor MAT
isozymes for chemotherapeutic purposes. In the
present work the separation of two isozymes from
Novikoff solid hepatoma is reported along with the
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re-evaluation of a series of methionine analogue
inhibitors, the majority of which were first tested for
inhibitory potency more than 10 years ago in a rat
liver MAT preparation of unknown isozymic com-
position. Inhibitory potencies for the methionine
analogue inhibitors of MAT have been tested in
three rat liver isozyme preparations and two solid
Novikoff hepatoma isozyme preparations.

MATERIALS AND METHODS

Marerials. The following chemicals were obtained
from commercial sources: 1-aminocyclopentanecar-
boxylic acid (cycloleucine) (II), L-methionine (I) and
seleno-pL-ethionine (XI) (Sigma Chemical Co., St.
Louis, MO); L-ethionine (VIII) (Fluka Chemical
Co., Columbia, SC); ["“*C-methyl]-L-methionine
(60.2 mCi/mmole) and [*S]-L-methionine (1220 Ci/
mmole) (Amersham Corp., Arlington Heights, IL);
Aquasol (New England Nuclear Corp., Boston,
MA); phenyl Sepharose (CL-4B) (Pharmacia, Pis-
cataway, NJ); and DEAE Bio-Gel A (100-200 mesh)
(Bio-Rad Laboratories, Richmond, CA). The fol-
lowing compounds were gifts from Dr. Paul Talalay,
The Johns Hopkins University School of Medicine:
S-n-propyl-pL-homocysteine  (IX), S-n-butyl-pL-
homocysteine (X), L-2-amino-4-hexynoic acid (VI),
and (Z)-L-2-amino-5-chloro-trans-4-hexenoic acid
(VII). 1-Aminocyclobutanecarboxylic acid (III), 1-
aminocyclohexanecarboxylic acid (IV), and ()-2-
aminobicyclo[2.1.1]hexane-2-carboxylic acid (V)
(aminobicyclohexanecarboxylic acid) were syn-
thesized according to published procedures [10, 29,
30].

Separation of MAT isozymes from Novikoff solid
hepatoma cells. Two MAT isozymes were separated
from each other by phenyl Sepharose chroma-
tography according to the procedures of Kunz et al.
[31]. All operations were conducted at 0—4°. Novikoff
solid hepatoma cells (20 g). harvested from seven
rats (Wistar strain, female) injected 7 days prior with
Novikoff hepatoma cells (obtained from Dr. Douglas
Stocco, Texas Tech University Health Sciences Cen-
ter), were disrupted in 2 vol. of 10 mM Tris-HCI
buffer, pH 7.5, containing 10 mM mercaptoethanol,
with a Potter-Elvehjem tissue grinder. The hom-
ogenate was centrifuged for 20 min at 10,000 g; the
supernatant fraction was recentrifuged for 60 min at
144,000 g. Solid ammonium sulfate (final concentra-
tion 1.14 M) was slowly added to 50ml of the
144,000 g supernatant fraction, stirred for 15 min,
and centrifuged for 20 min at 10,000 g. The super-
natant fraction was chromatographed on a phenyl
Sepharose column (2.6 X 18 cm) previously equili-
brated with 1.14 M ammonium sulfate and 10 mM
Tris-HCI buffer, pH 7.5, containing 10 mM mer-
captoethanol. Tumor isozymes I and II were eluted
from the phenyl Sepharose column by low ionic
strength buffer (10 mM Tris-HCI buffer. pH 7.5,
containing 10 mM mercaptoethanol). No further
isozymes were eluted when DMSO (40%) was added
to the low ionic strength buffer, and chromatography
continued for another 7 hr (280 ml of DMSO buffer).
The peak fractions of MAT activity were pooled and
concentrated with solid ammonium sulfate (5.7 M).
The peliet, formed upon centrifugation at 10,000 g
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for 15 min, was dissolved in a small volume of butfer
containing 20% glycerol and dialyzed overnight
against buffer containing 20% glycerol. Each iso-
zyme was then partially purified by chromatography
on DEAE Bio-Gel A (1.5 X 30 cm column equili-
brated with buffer containing 20% glvcerol) utilizing
a linear KCl gradient (0 to 0.5 M) for elution of the
MAT. These procedures resulted in approximately
a 50-fold purification over the high speed supernatant
fraction.

Separation of MAT isozymes from rat liver. Iso-
zymes of MAT obtained from 30 g of rat liver (Wistar
strain, female) were separated by phenyl Sepharose
chromatography according to the procedures of
Hoffman and Kunz [28]. Three isozymes (I, II. and
IIT) were isolated utilizing a gradient generated by
a 9 chamber mixer. Chambers 1-3 each contained
100 ml of 10% DMSO, and 10 mM Tris-HC]I buffer,
pH 7.5, containing 10 mM mercaptoethanol and
0.6 M ammonium sulfate; chambers 4-9 contained
similar components, but with 40% DMSO. Each
isozyme was further purified according to the pro-
cedures used for the tumor isozymes.

Enzymatic assays. MAT activity was measured as
described by Chou and Lombardini [32]. Assays
were carried out in a final volume of 0.1 ml contain-
ing, in addition to enzyme protein. the following
components in gmoles; Tris—=HCI, pH 8.0, 10: KCl.
30; MgCl,, 2.4; dithiothreitol, 0.4; ATP, 0.5; and
L-methionine (*S or “C-methyl), amount depending
upon isozyme preparation. Methionine analogue
inhibitors were tested for inhibitory potency as pre-
viously described [7]. Optimal assay conditions were
chosen which gave linear product formation with
both time and enzyme protein.

Calculations. Concentrations of methionine ana-
logues observed to inhibit the MAT isozymes by
50% (Is;) were calculated from Dixon plots [33].
Kinetic parameters and Is, values were determined
by least square regression analyses. Data are pre-
sented as single determinations or means = S.E. M.

RESULTS

The separation of two isozymes of MAT from rat
Novikoff solid hepatoma by phenyl Sepharose
chromatography is shown in Fig. 1. The designation
isozyme I and II denotes the order of elution. Step-
wise elution with DMSO (40% ) or a DMSO gradient
as in the separation of three isozymes from rat liver
did not unmask any additional isozymes in the
Novikoff hepatoma preparation.

The K, values of L-methionine for the three rat
liver and two Novikoff solid hepatoma isozymes are
shown in Table 1. Structures of all compounds are
shownin Fig. 2. The K,, value for rat liver IIl isozyme
is only approximate as the kinetics demonstrated
positive cooperativity, and thus reciprocal plots of
the data did not yield easily calculable kinetic par-
ameters. Hoffman and Kunz [28] reported similar
values. The isozymes of MAT obtained from Novi-
koff hepatoma demonstrated classical Michaelis—
Menten kinetics, that is, they did not display coop-
erativity; K, values of 11.0 = 1.6 uM for isozyme I
and 5.78 = 0.24 uM for isozyme II have thus been
calculated.
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Fig. 1. Phenyl Sepharose chromatography of methionine adenosyltransferase isozymes from Novikoff
solid hepatoma. Low ionic strength (10 mM) Tris-HCI buffer, pH 7.5, containing 1.14 M ammonium
sulfate and 10 mM mercaptoethanol eluted two isozymes (I and II). Enzyme activity is expressed as the
amount of Ado-Met formed, in nmoles per 30 min of incubation. Samples of fifty yl of each fraction
were used in the assay. L-Methionine concentration was 37.5 uM; ATP concentration was 5 mM.
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Fig. 2. Structures of methionine and methionine analogues [II, 1-aminocyclopentanecarboxylic acid
(cycloleucine); III, 1-aminocyclobutanecarboxylic acid; IV, 1-aminocyclohexanecarboxylic acid; V,
(%)-2-aminobicyclo[2.1.1]hexane-2-carboxylic acid; VI, L-2-amino-4-hexynoic acid; VII, (Z)-L-2-
amino-5-chloro-trans-4-hexenoic acid; VIII, L-ethionine; IX, S-n-propyl-DL-homocysteine; X, S-n-
butyl-DL-homocysteine; and XI, seleno-DL-ethionine]. Compounds V, VI, IX, X, and XI were tested
as racemic mixtures; the structures which are presented represent what is assumed to be the active
isomer of the mixture. The structures of these active isomers have been indicated in previous studies
[7-11].
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Talalay and coworkers [5, 7] were the first to report
that 1-aminocyclopentanecarboxylic acid (II; cyclo-
leucine), a nonmetabolizable amino acid transport
monitor [34-36] and tumor inhibitor [37-39], was a
potent inhibitor of MAT. In the present studies,
cycloleucine was used as the standard by which com-
parisons of inhibitory potency for all other methion-
ine analogue inhibitors were made. Cycloleucine had
K; values ranging from 209 to 1633 uM in the iso-
zymes of rat liver and tumor (Table 1).

The K; values of (%)-2-aminobicyclo[2.1.1]-
hexane-2-carboxylic acid (aminobicyclohexanecar-
boxylic acid; V) were approximately 2- to 7-fold
lower than the K; values of cycloleucine, depending
upon the isozyme and its tissue source. Since com-
pound V is a racemic preparation, it is assumed
resolution would afford an enantiomer of even higher
potency. This is based on previous studies [11] which
have indicated that the enantiomer of V with the 2R
configuration is the active isomer.

The inhibitory potencies of nine methionine
analogues are shown in Table 2. The values are
presented as the concentrations required to inhibit
the MAT activity by 50%. To allow measurement
of the inhibitory potency of the methionine ana-
logues at competitive levels of L-methionine, con-
centrations of L-methionine for assay of each MAT
isozyme were chosen which were no more than 40%
of their respective K,, values.

As first reported more than 10 years ago for MATs
of microbial and mammalian origin 7], ring size was
again found to be critically important for all rat liver
and Novikoff hepatoma MAT isozymes, since 1-
aminocyclobutanecarboxylic acid (III) and 1-ami-
nocyclohexanecarboxylic acid (IV) were consider-
ably weaker inhibitors than cycloleucine. The Is
values of (=)-aminobicyclohexanecarboxylic acid
indicate that it is approximately two to three times
more potent than cycloleucine as an inhibitor for rat
liver isozymes I and II and tumor isozymes I and
In.*

Mudd [6] first examined the geometric isomers of
DL-2-amino-4-hexenoic acid as inhibitors of MAT of
yeast. Talalay and coworkers [7] confirmed the
observations of Mudd that the frans isomer was the
more potent isomer in homologous enzymes of yeast,
E. coli and rat liver. These investigators incorporated
additional unsaturation into the molecule to produce
L-2-amino-4-hexynoic acid (VI). During this period
the chloro-derivative, Z-L-2-amino-5-chloro-trans-
4-hexenoic acid (VII), was also synthesized and
tested. In the present study, the acetylenic (VI) and
chloro (VII) analogues were approximately equal in
inhibitory potency toward the rat liver and Novikoff
hepatoma isozymes. However, both compounds

*The K; value for (=*)-aminobicyclo[2.1.1]-
hexanecarboxylic acid was smaller for tumor iso I than for
tumor iso II, whereas the I5, value was larger for tumor iso
I than for tumor iso II. This discrepency is most likely
related to the fact that the bicyclohexane amino acid, V,
is a mixture of two enantiomers, each with differing inhibi-
tory activities towards the two tumor isozymes. Separation
of the enantiomers appears warranted, not only to resolve
this specific paradox, but also because the K; of the racemic
mixture is sufficiently low as to suggest significantly high
inhibitory activity for the active isomer in this mixture.

BP 32:3 «H

were approximately 2- to 3-fold more potent than
cycloleucine toward the rat liver isozymes while
being as potent as cycloleucine toward the Novikoff
hepatoma isozymes.

The higher analogues of methionine, that is, L-
ethionine (VIII), S-n-propyl-pL-homocysteine (IX),
S-n-butyl-pL-homocysteine (X) and seleno-DL-
ethionine (XI), in general did not bind as well as
cycloleucine to the L-methionine active site. Of the
four compounds, L-ethionine and seleno-DL-ethio-
nine were the more potent inhibitors (Table 2) and
are also substrates for all five isozymes [26].

DISCUSSION

Two tumor isozymes (I and II) have been sep-
arated and partially purified from Novikoff solid
hepatoma, in contrast to one tumor isozyme detected
previously in the ascites form of the Novikoff hepa-
toma by Liau et a/. [16]. Differences in these two
isozymes have been observed not only in their chro-
matographic patterns on phenyl Sepharose but also
in their K,, values for L-methionine (11.0 = 1.6 vs
5.78 = 0.24 uM) (P < 0.02). Furthermore, five of the
ten methionine analogue inhibitors that were tested
were more potent in tumor II isozyme than in
tumor [ isozyme as demonstrated by lower Isp values.
Four of the analogues, L-ethionine, seleno-DL-
ethionine, S-n-propyl-pL-homocysteine, and S-n-
butyl-pDL-homocysteine had approximately equal
inhibitory potency for tumor isozymes I and II while
1-aminocyclohexane-1-carboxylic acid was more
potent in isozyme I.

Comparisons of the inhibitory potencies of 1-
aminocyclobutane-1-carboxylic  acid,  1-amino-
cyclopentane-1l-carboxylic acid, and 1-amino-
cyclohexane-1-carboxylic acid towards rat liver iso-
zymes I, II, and III and tumor isozymes I and II
indicate optimum binding affinity of the cyclic 5-
membered ring amino acid for all five isozymes. This
phenomenon, observed previously for other iso-
functional methionine adenosyltransferases pre-
pared from rat liver, yeast and E. coli 7], delineates
a region in the active site which is highly comple-
mentary to a specific conformation of the cyclopen-
tane ring, and indicates a region of high topographic
homology for these five isozymes. It is of interest
that this observation can be extended to include the
tumor MAT isozymes.

(+)-Aminobicyclohexanecarboxylic acid and the
acetylenic L-methionine analogue (L-2-amino-4-
hexynoic acid), compounds which are structurally
very dissimilar, had approximately equal inhibitory
potencies, although based on prior studies [11] it is
assumed that the former, tested as a racemate, has
one enatiomer whose activity is significantly higher
than that of its optical isomer. The low K; and Is
values of racemic compound V towards both tumor
isozymes indicate that chemical resolution of com-
pound V to obtain the active isomer [11] would be
advantageous.

The next two higher homologues of L-methionine,
thatis, L-ethionine and S-n-propyl-pL-homocysteine,
inhibited the MAT isozymes and thus are capable
of binding at the L-methionine active site. However,
S-n-butyl-prL-homocysteine lacked activity in rat liver
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isozyme III and in Novikoff hepatoma isozymes 1
and II while in the other liver isozymes it was a very
weak inhibitor. Thus, for the Novikoff tumor as well
as the normal rat liver isozymes, steric accommo-
dation of the S-ethyl substituent at the active site is
possibly but, as this group becomes larger in the
n-propyl and n-butyl moieties. steric hindrance is
encountered, binding becomes more difficult, and
less inhibition is observed.

An important question to be answered is whether
either or both of the Novikoff solid hepatoma iso-
zymes (I and IT) are the same as any of the three rat
liver isozymes. Initial observations by Liau et al. [16]
of elution position on Sephadex G-150 and
DEAE-cellulose and K,, values of two rat liver iso-
zymes and one Novikoff (ascites) isozyme suggested
the possible correspondence of one of the rat liver
isozymes with the tumor isozyme. However, in this
communication we report that the rat liver isozymes
are different from the Novikoff tumor isozymes. For
instance, K, values for tumor isozyme I (11.0 =
1.6 uM) and II (5.78 = 0.24 uM) were significantly
lower than for rat liver isozyme I (34.5 = 4.4 uM)
and II[ (93 = 5 uM). In addition, inhibitory potencies
of various methionine analogues demonstrated dif-
ferences between rat liver isozyme II and Novikoff
isozyme I and II. This is of particular significance
from a chemotherapeutic standpoint since Hoffman
and Kunz [28] have found that rat liver iso II is the
major form of methionine adenosyltransferase in
non-liver tissues. First, the K, value of (*)-amino-
bicyclohexanecarboxylic acid for tumor 1 (51 %
S uM) was 2-fold lower than that obtained for rat
liver isozyme II (104 = 13 uM). Second, both L-
ethionine and seleno-pL-ethionine were more potent
inhibitors of tumor isozyme II (0.21 = 0.02; 0.21 +
0.02 uM) than for rat liver isozyme II (0.79 = 0.17,;
1.98 = 0.34 uM) as demonstrated by I, values meas-
ured at 1 uM r-methionine.

Another issue which has been clarified by this
study is related to the pharmacologic potential of
developing selective inhibitors of the enzymatic syn-
thesis of Ado-Met. The previous studies of Talalay
and coworkers [5,7-11] were carried out at a time
when it was assumed that, in general, isofunctional
methionine adenosyltransferases were enzymes with
high K, values for L-methionine of approximately
0.4 to 2.5mM [40]. Accordingly, inhibitory assays
were carried out at an L-methionine concentration
of 37.5 uM which, for example. was assumed to be
a subsaturating level for the rat liver enzyme but, in
fact, is such only for rat liver iso III. The identifi-
cation of low K, isozymes in both rat liver and
Novikoff hepatoma, and a re-examination of inhibi-
tory potencies under modified assay conditions,
indicates that these L-methionine analogue inhibitors
are more potent than was initially apparent. This
favorable re-evaluation of inhibitory activities, as
well as our preliminary indications that tumor-
derived MAT isozymes not only differ from those
found in the normal host tissue but also exhibit low
K, (L-methionine) kinetic constants, has significant
implications for the mechanism of tumor growth and
the pharmacologic development of antitumor agents.
The synthesis and evaluation of new analogues of
L-methionine as potent inhibitors of MAT isozymes

J. B. LoMBARDINI and J. R. SUFRIN

in normal and neoplastic tissues are currently in
progress [27, 41].
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