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ABSTRACT: The hepatic metabolism of deuteriated D-methionine has been studied in the intact, anesthetized 
rat using 2H N M R  spectroscopy. The rate of formation of the principal labeled metabolite, [methyl- 
2H,]sarcosine, from the D- [methyl-2H3]methionine precursor was found to be as rapid as the rate observed 
previously in N M R  studies of the hepatic metabolism of L-methionine. Similarly, rates of clearance of labeled 
methionine from the liver, formation of N-trimethyl-labeled metabolites, and labeling of the HDO pool were 
all found to be similar to the rates observed in the L-methionine studies. In contrast, all of these metabolic 
transformations are strongly inhibited by pretreatment of the rats with sodium benzoate, an inhibitor of 
D-amino acid oxidase. In vivo 2H N M R  studies of sodium benzoate treated rats given ~ - [ m e t h y Z - ~ H ~ ] -  
methionine exhibit a much more rapid formation of [methyl-2H3]sarcosine than rats given the D enantiomer, 
consistent with the expectation that the sodium benzoate does not interefere with either the formation of 
S-adenosylmethionine or the subsequent transmethylation of glycine. However, the rates of methionine 
clearance and formation of deuteriated water are markedly reduced in this study relative to rats receiving 
the labeled D- or L-methionine without sodium benzoate pretreatment. These results indicate that subsequent 
to the initial oxidative deamination of the labeled D-methionine, the reamination to give L-methionine is 
rapid compared with the further degradation of the a-keto acid. Thus, the results are  consistent with a 
dominant contribution of the glycine/sarcosine shuttle to the metabolism of excess D- or L-methionine. 

x e  metabolism of the amino acid methionine has been of 
intense interest, both as a consequence of the central role of 
transmethylation reactions in a wide range of biochemical 
transformations (Borchardt et al., 1986) and as a consequence 
of the toxicity associated with excess dietary methionine 
(Kaufman et al., 1960; Stekol & Szaran, 1962; Benevenga & 
Harper, 1967; Benevenga, 1974; Hardwick et al., 1970). Thus, 
the consumption of methionine at  a level 4 times its require- 
ment results in growth depression and tissue damage when 
incorporated into a low-protein diet, whereas tryptophan, which 
in excess is the second most toxic amino acid, must be present 
in excess of 10-fold above its requirement before adverse effects 
are observed (Harper et al., 1970). Recent studies of the 
metabolism of methionine have provided support for both a 
transmethylation-transsulfuration catabolic pathway (Mudd 
et al., 1980; Stipanuk, 1986; Finkelstein & Martin, 1986; 
London et al., 1987) and a transamination pathway with the 
initial production of the a-keto acid (Case & Benevenga, 1976; 
Mitchell & Benevenga, 1978; Steele & Benevenga, 1978; 
Livesey, 1984; Scislowski et al., 1987), and the relative flux 
through each, as well as the possible significance of each in 
determining the observed toxicity, remains unclear. A study 
of the metabolism of D-methionine is of interest in this regard, 
since many early nutritional studies involved D,L mixtures 
(Russell et al., 1952), and since the initial metabolism of the 
D-methionine via D-amino acid oxidase yields the a-keto-y- 
methylthiobutyrate transamination product as the first met- 
abolic step (Rechcigl et al., 1960; Brada & Bulba, 1980; Konno 
& Yasumura, 1984) (Figure 1). More specifically, Livesey 
(1984) has argued that the relative catabolism of L-methionine 
via the two pathways may reflect the K, values for trans- 
amination relative to formation of S-adenosylmethionine by 
the action of methionine adenosyltransferase. In this case, the 
obligate initial transformation of D-methionine to the a-keto 
acid via the action of D-amino acid oxidase would be expected 
to virtually shut off flux via the transmethylation pathway. 

D-Methionine metabolism has also been of interest with regard 
to the interpretation of studies of the convulsant methionine 
analogue methionine sulfoximine (Ghittoni & Sellinger, 1974). 
Recent positron emission tomography studies have employed 
a combination of D-["C]- and ~-["C]methionine to separate 
transport mechanisms from metabolism (Schober et al., 1985; 
Bergstrom et al., 1987). 

We have recently demonstrated that in vivo 2H NMR 
provides a useful methodology for following the metabolism 
of deuteriated L-methionine by the liver of the anesthetized 
rat (London et al., 1987). The extension of this approach to 
the study of ~-[methyl-*H~]methionine is described in the 
present studies. 

MATERIALS AND METHODS 
Chemicals. D- [methyl-*H,]Methionine was obtained from 

MSD Isotopes, and the stereochemical purity was verified on 
a Perkin-Elmer Model 241 polarimeter. Sodium benzoate was 
obtained from Sigma Chemical Co. The long-acting anesthetic 
Inactin was obtained from Lockwood Associates Imports, East 
Lansing, MI. 

Physiological Methods. Experimental conditions were 
generally identical with those described previously in studies 
of the hepatic metabolism of deuteriated L-methionine. Briefly, 
the studies utilized male Sprague-Dawley rats weighing 
275-300 g, which were surgically prepared by the removal of 
a circle of muscle directly over the liver, followed by suturing 
the skin. This procedure allowed subsequent monitoring of 
hepatic metabolites with an externally placed surface coil 
(London et al., 1985). Four rats were then anesthetized with 
Inactin, a catheter was inserted into the jugular vein, and the 
rat was placed in the NMR probe. Subsequent to obtaining 
control 2H NMR spectra, rats were dosed via the catheter with 
100 mg of ~-[methyl-~H,]methionine dissolved in 1-1.5 mL 
of normal saline. A second series of four rats received an 
additional intraperitoneal injection of sodium benzoate (0.9 
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With the exception of the estimation of tissue concentrations 
based on comparisons between the intensities of 2H resonances 
of HDO and the other metabolites, all of the conclusions of 
the studies are based on changes in metabolite levels. 

RESULTS 
As discussed previously (London et al., 1987), the back- 

ground 2H N M R  spectrum obtained with the surface coil 
positioned over the abdominal region of the surgically modified 
rat exhibits resonances corresponding to HDO and to CHD 
groups of fatty acids present in lipoproteins, in membranes, 
or as triglycerides. Based on the natural abundance of *H and 
assuming that the tissue is 70% water lead to an estimation 
of 12 mM for the HDO concentration. Addition of D- 
[methyl-2H3]methionine yields the expected resonance at 2.1 
ppm (Figure 2). Surprisingly, the formation of [methyl- 
2H3]sarcosine from the labeled methionine proceeded as rapidly 
as was observed previously with the deuteriated L-methionine 
precursor (London et al., 1987). Additionally, as in the L- 
methionine studies, a resonance attributed to N-trimethyl- 
labeled species became apparent approximately 2 h into the 
study and continued to increase progressively after that time 
(Figure 2). The N-trimethyl resonance continues to increase 
beyond the time period involved in the study, as noted pre- 
viously (London et al., 1987). It is emphasized that the ob- 
served S-methyl resonance reflects the sum of D- and L- 
methionine present in the liver. As discussed more fully under 
Discussion, the rapid formation of labeled sarcosine implies 
an even more rapid racemization of the D-methionine, so that 
the [L-methionine] /  methionine] ratio increases progressively 
during the study. 

A plot of the mean intensities of the resonances corre- 
sponding to methionine, sarcosine, N-trimethyl-containing 
metabolites, and HDO, which have been normalized relative 
to the initial HDO resonance, is shown in Figure 3A. The 
zero time values in the figure actually correspond to the first 
10-min period during which the labeled methionine is injected. 
Standard errors obtained in the series of four studies are also 
indicated. These data are essentially identical with the results 
obtained previously with the L-methionine-treated rats. As 
in the previous case, the HDO resonance is observed to increase 
significantly relatively late in the study, reflecting the excess 
rate of production of HDO over its loss due to diffusion into 
other tissues. 

As discussed previously (London et al., 1987), the intensity 
data can be approximately converted to concentration by 
comparison with the initial HDO resonance, by noting that 
a factor of 1/3 must be introduced in the analysis of the 
methionine and sarcosine data and a factor of 119 in the 
N-trimethyl metabolites, due to the presence of 3 and 9 deu- 
terons, respectively. It is also necessary to emphasize that since 
the coil may be sensing some HDO from other tissues, the 
calculation is probably a lower limit for the concentration of 
these metabolites. On the basis of this analysis and with a 
concentration of 12 mM for the HDO, the mean initial con- 
centration of D-methionine in the liver is determined to be 2.2 
mM. This value is reduced to 1.9 mM if a correction for the 
overpulsing of the HDO resonance is included. 

As shown in Figure 1, the initial step in the metabolism of 
Dmethionine is presumably the formation of the corresponding 
a-keto acid via the action of peroxisomal D-amino acid oxidase 
(Leighton et al., 1975; Brada & Bulba, 1980). Sodium ben- 
zoate is known to inhibit the activity of D-amino acid oxidase 
in vitro (Klein & Kamin, 1941; Barlett, 1948) and has been 
shown to inhibit the deamination of ethionine in vivo based 
on the reduced levels of S-adenosylethionine formed from 
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FIGURE 1 : Proposed metabolic pathways for the catabolism of D- and 
L-methionine. Enzymatic steps indicated correspond to (1) D-aminO 
acid oxidase, (2) transamination, (3) methionine adenosyltransferase, 
(4) oxidation of a-keto-y-methylthiobutyrate, and ( 5 )  glycine me- 
thyltransferase. 

g/kg weight) 1 h prior to the intravenous dose of Dmethionine. 
This dose is slightly below the 1 g/kg dose of sodium benzoate 
used by Brada and Bulba (1980) in studies of the inhibition 
of S-adenosylethionine formation from D-ethionine. However, 
under the conditions of the studies reported here, 50% of the 
rats treated with the higher sodium benzoate dose did not 
survive the 5-h experiment, while all of the rats dosed with 
0.9 g/kg of sodium benzoate survived. This increased mortality 
may reflect the combined effects of the sodium benzoate and 
the anesthetic. We note that in the rats that survived the 
higher dose, there was no significant difference in the response 
to D-methionine as monitored by 2H NMR. 

As an additional control study, two rats were treated with 
0.9 g/kg of sodium benzoate and subsequently given an in- 
travenous dose of 100 mg of ~-[methyl-~H~]methionine. The 
in vivo hepatic metabolism of the L-methionine was then 
monitored as in the D-methionine studies described below. 

In Vivo NMR Measurements. In vivo NMR measurements 
were carried out on a Nicolet NT-360 N M R  spectrometer 
using a home built-probe with concentric surface coils tuned 
to 2H (1.3-cm diameter) and 'H (2-cm diameter), as described 
previously (London et al., 1987). All studies were carried out 
without the use of a lock; magnet drift has been measured at 
less than 3 X ppm/h. Optimal resolution of in vivo 2H 
resonances was obtained by using a double-exponential apo- 
dization function, which is effectively a combination of a 
Gaussian multiplication with LB > 0 and an exponential 
multiplication with LB < 0 (Lindon & Ferrige, 1979): 

F'(t) = F ( t )  exp(at - bt2) 

Resonance assignments were made on the basis of the observed 
'H chemical shifts of model compounds as described previously 
(London et al., 1987). 

All in vivo 2H NMR studies utilized a block size of 1K data 
points and a total sweep width of f l  kHz, corresponding to 
an 0.256-s acquisition time. This is sufficient to permit nearly 
complete relaxation of the hepatic HDO resonance, which has 
been reported to exhibit a Tl value of 129 ms (Block & Parekh, 
1987). Consistent with this expectation, inclusion of an ad- 
ditional interpulse delay of 0.5 s led to an increase of 16% in 
the intensity of the HDO resonance. The spin-lattice relax- 
ation times of the other metabolites observed in the studies 
are not readily measured since the concentrations are time 
dependent, but these higher molecular weight molecules are 
likely to have shorter T ,  values. Thus, it is probable that the 
resonances are almost fully relaxed under the conditions of 
the studies. 
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FIGURE 2: Series of ZH NMR spectra obtained by using the surface 
coil probe described under Materials and Methods positioned over 
the abdomen of the surgically modified rat. The lower trace corre- 
sponds to the background resonances assigned as indicated to HDO 
and CHD groups of lipids. The ~-[methyl-~H,]methionine was in- 
troduced via the intravenous cannula at time zero, and spectra shown 
are referenced to that time. As discussed in the text, the resonance 
labeled D- [n~ethyl-~H~Imethionine actually corresponds to both D and 
L isomers, with the L/D ratio presumably increasing over the course 
of the study. Each spectrum corresponds to a 10-min accumulation 
time (2340 scans), a total sweep width of &1 kHz, and a block size 
of 1K data points. All spectra have been resolution enhanced using 
double-exponential multiplication and a parameter of 10 Hz. 

D-ethionine subsequent to the administration of sodium ben- 
zoate (Brada & Bulba, 1980). Deuterium NMR studies were 
carried out on rats pretreated with sodium benzoate (0.9 g/kg) 
1 h prior to the administration of D- [methyl-2H3]methionine. 
A series of *H NMR spectra obtained in vivo is shown in 
Figure 4. As is apparent from these data, the rate of for- 
mation of the labeled sarcosine is markedly reduced relative 
to the rate observed in rats not pretreated with benzoate. Thus, 
even during the 20-30-min accumulation period, only a low 
level of labeled sarcosine is visible in the spectra. This level 
gradually rises, but the level of methionine (presumably in this 
case, the resonances arise principally from D-methionine) re- 
mains elevated throughout the period of observation. A plot 
of the mean resonance intensity as a function of time, nor- 
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FIGURE 3: Relative intensities, normalized with respect to the intensity 
of the initial HDO resonance in each study, of the *H resonances of 
the observed metabolites plotted as a function of time after the injection 
of deuteriated methionine via intravenous catheter, as indicated. (A) 
Rats dosed with ~-[metkyl-~H~]methionine; (B) rats dosed with 
~-[methyl-~H~]methionine 1 h subsequent to receiving an intraper- 
itoneal dose of 0.9 g/kg sodium benzoate; (C) rats dosed with L- 
[mefkyZ-2H3]methionine 1 h subsequent to receiving an intraperitoneal 
injection of sodium benzoate. Calculated standard errors for the studies 
shown in (A) and (B) (n = 4) are indicated; average values for two 
rats are plotted in (C). Observed metabolites are methionine (O) ,  
sarcosine (w), N-trimethyl-deuteriated compounds (O), and HDO 
(0). 
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that the increase in the intensity of this resonance observed 
in the rats receiving L- or D-methionine is significant and 
reflects oxidation of the deuteriated methyl group. 

As a further control, two rats were treated with 0.9 g/kg 
sodium benzoate prior to receiving 100 mg of L-[methyl- 
2H3]methionine via the intravenous catheter. The time de- 
pendence of the 2H resonances, normalized relative to the 
initial HDO resonance and averaged for the two studies, is 
shown in Figure 3C. From these data, it is apparent that the 
formation of the labeled sarcosine from L-methionine proceeds 
rapidly, reaching an intensity ratio of 0.3 relative to the initial 
HDO peak, which is very similar to observations in the L- 
methionine study (London et al., 1987) and to the present 
D-methionine study in the rats not treated with sodium ben- 
zoate (Figure 3A). However, the subsequent clearance of the 
deuteriated L-methionine and sarcosine from the liver is much 
slower in the sodium benzoate treated rats than in the un- 
treated L- or D-methionine-dosed rats. Consistent with the 
observation that much of the deuterium remains in the ob- 
served metabolites, the HDO resonance is essentially constant 
for the duration of the NMR studies. It is therefore concluded 
that (1) sodium benzoate administration does not interefere 
with the formation of sarcosine and, by inference, S- 
adenosylmethionine from L-methionine and (2) the sodium 
benzoate does exert an additional effect on the hepatic me- 
tabolism of L-methionine. 

DISCUSSION 
A comparison of the data summarized in Figure 3A for the 

metabolism of D- [methyl-2H3]methionine with the analogous 
data presented previously for the metabolism of an equivalent 
dose of ~-[methyl-~H,]methionine (London et al., 1987) in- 
dicates that with regard to all parameters which can be de- 
termined with *H NMR-clearance of the labeled methionine 
from the liver, formation of labeled sarcosine, formation of 
N-trimethyl-labeled species, and enrichment of the water with 
deuterium-the results are identical within experimental error. 
The very rapid formation of labeled sarcosine can in principle 
be interpreted to reflect either the rapid racemization of the 
labeled D-methionine to L-methionine with subsequent for- 
mation of S-adenosyl-L-methionine, as shown in Figure 1, or 
the formation of S-adenosyl-D-methionine and its subsequent 
utilization as a donor of the labeled methyl group in the re- 
action catalyzed by glycine methyltransferase (Ogawa & 
Fujioka, 1982; Wagner et al., 1985). The latter possibility 
can, in fact, be eliminated since it has been demonstrated that 
ATP:L-methionine adenosyltransferase will not accept D- 
methionine as a substrate (Lombardini & Talalay, 1970). 
Hence, it must be concluded that the inversion of D-methionine, 
which proceeds via formation of the a-keto acid and subse- 
quent transamination to yield L-methionine, proceeds suffi- 
ciently rapidly under the dosage conditions utilized in the study 
to saturate methionine adenosyltransferase, leading to a 
transmethylation rate which is equivalent to that observed upon 
direct administration of L-methionine. The participation of 
the peroxisomal D-amino acid oxidase in the conversion of D- 
to L-methionine is further supported by the strong inhibition 
of the methionine metabolism in rats pretreated with sodium 
benzoate, a known inhibitor of this enzyme. Brada and Bulba 
(1980) have observed an analogous reduction in the rate of 
formation of S-adenosylethionine from methionine in rats 
treated with sodium benzoate. Analogous to the studies of 
S-adenosylethionine formation from D-ethionine, the sodium 
benzoate dose that the rat will tolerate is insufficient to com- 
pletely inhibit sarcosine formation and, by inference, the 
formation of S-adenosylmethionine. 
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FIGURE 4: Series of 2H NMR spectra obtained as described in Figure 
2 on rats which received an intraperitoneal injection of sodium ben- 
zoate, 0.9 g/kg, 1 h prior to receiving the ~-[methyl-*H~]methionine. 
The indicated times are referenced to the initiation of the methionine 
injection at t = 0. 

malized to the initial HDO level, is shown in Figure 3B. As 
can be seen from this figure, the D-methionine resonance ac- 
tually increases in intensity during the second 10-min period 
of observation, presumably reflecting the gradual clearance 
of the labeled material from the blood and the low rate of 
hepatic metabolism in the rats pretreated with benzoate. The 
loss of intensity of this resonance is markedly slower than 
observed for the untreated animals. The level of sarcosine 
increases more slowly, and to a lower value than in the rats 
not treated with benzoate. No significant resonance arising 
from N-trimethyl-containing metabolites became visible during 
the period of the studies. Finally, the HDO resonance intensity 
remains essentially unchanged over the period of the study. 
This observation presumably reflects the low rate of oxidation 
of the deuteriated methyl group and supports the conclusion 



7868 B I O C H E M I S T R Y  L O N D O N  A N D  G A B E L  

The control studies on sodium benzoate treated, L- [meth- 
yl-2H3]methionine-dosed rats exhibit a much more rapid initial 
rate of formation of [methyl-2H3]sarcosine than the group 
receiving sodium benzoate plus D- [ n~ethyl-~H,] methionine. 
This observation is consistent with the expectation that the 
sodium benzoate inhibits D-amino acid oxidase but will not 
inhibit methionine adenosyltransferase or glycine N-methyl- 
transferase. However, the control studies utilizing benzoate 
plus labeled L-methionine also exhibit a marked retardation 
in the rates of clearance of the ~-[methyl-~H,]methionine and 
the [methyl-2H3]sarcosine as well as the rate of labeling of 
the water with 2H, relative to the rats receiving L- or D- 
methionine only. These observations indicate that sodium 
benzoate has an additional effect on hepatic methyl group 
metabolism. There are several possible bases for such effects. 
One mechanism could involve the reduction of hepatic glycine 
levels as a result of the conjugation of glycine with benzoate 
to form hippuric acid. Such an effect is consistent with the 
reduced rate of clearance of hepatic methionine but would not 
explain the elevation in hepatic sarcosine and the reduced rate 
of sarcosine clearance. Additional effects on sarcosine me- 
tabolism could arise as a consequence of a reduced flux 
through sarcosine dehydrogenase (Figure 5) due either to the 
reduced availability of the tetrahydrofolate cofactor or to a 
direct inhibition of the enzyme by the benzoate. Depletion 
of the tetrahydrofolate pool might arise if the oxidation of the 
methylenetetrahydrofolate is significantly impaired, while the 
direct inhibition of the enzyme could reflect the formation of 
a charge transfer complex of benzoate with the flavin cofactor 
of the enzyme (Cook et al., 1984). There are precedents for 
the formation of such complexes [e.g., see Miura and Miyake 
(1 987)]. Inhibition of sarcosine dehydrogenase flux via either 
mechanism could also reduce the clearance of hepatic me- 
thionine by limiting the availability of glycine. Inhibition of 
this flux is also consistent with the observed reduction in the 
rate of appearance of deuterium in the water resonance. 

An increase in the level of the N-trimethyl-labeled metab- 
olites was observed in the sodium benzoate treated rats dosed 
with L-methionine, but not D-methionine (Figure 3C). This 
increase is similar to that observed in the studies using D- or 
L-methionine without sodium benzoate pretreatment. The 
difference is proposed to reflect the greater production of 
S-adenosylmethionine in the sodium benzoate/L-methionine 
controls, relative to the sodium benzoate/D-methionine group. 
As discussed previously (London et al., (1987), several me- 
tabolites, including choline, phosphorylcholine, glycero- 
phosphorylcholine, carnitine, and betaine, exhibit very similar 
methyl proton or deuteron shifts, precluding an analysis on 
the basis of the 2H NMR data alone. On the basis of the 
established pathways of methylation of phosphatidyl- 
ethanolamine to yield phosphatidylcholine (Stekol & Szaran, 
1962; Pelech & Vance, 1984), as well as the relatively high 
levels of phosphorylcholine found in the liver (Dawson, 1956), 
it is probable that this metabolite makes a dominant contri- 
bution to the observed resonance. Finkelstein and Martin 
(1986) have shown that the concentration of hepatic betaine 
declines significantly in rats receiving a high level of dietary 
methionine. However, it is possible that under the conditions 
of this study, an initial depletion of the betaine pool might be 
followed by a resynthesis of labeled betaine from labeled 
choline. 

As in the previous study of the metabolism of deuteriated 
L-methionine, the principle metabolic fate of the label appears 
to flow through the methyl group of sarcosine and ultimately 
into water, as reflected by the gain in intensity of the HDO 
resonance. These data, coupled with the cytosolic localization 

of glycine methyltransferase (Ogawa & Fujioka, 1982; 
Wagner et al., 1985) and the mitochondrial localization of 
sarcosine dehydrogenase (Cook et al., 1984), are therefore 
consistent with the conclusion of a dominant contribution by 
a glycine/sarcosine shuttle, in which sarcosine functions to 
transport the labeled methyl group into the mitochondrion 
where it is further oxidized by sarcosine dehydrogenase, 
yielding 5,lO-methylenetetrahydrofolate (Figure 5). The 
methylene group can be subsequently utilized for a variety of 
anabolic reactions or further catabolized to formaldehyde, 
formate, or C02 .  The recent demonstration of allosteric 
regulation of glycine methyltransferase by the pentaglutamyl 
derivative of 5-methyltetrahydrofolate (Wagner et al., 1985) 
suggests that the initial formation of sarcosine via this enzyme 
may be a critical regulatory point in this catabolic pathway. 
According to this model, the glycine need only be present in 
catalytic amounts, although the NMR data indicate the 
presence of millimolar levels of labeled sarcosine. As noted 
previously (London et al., 1987), no significant deuterium 
kinetic isotope effect is anticipated in the methyl transfer 
reactions; however, a significant effect would be predicted for 
the sarcosine dehydrogenase reaction (reaction 2, Figure 5), 
so that the levels of [methyl-2H3]sarcosine observed in the 
present study are presumably above those which would be 
produced in a study utilizing unlabeled D-methionine. 

The present 2H NMR studies of the metabolism of D- 
methionine indicate a very significant flux through the tran- 
samination pathway (subsequent to the initial oxidation step) 
which is apparently sufficient to provide a level of L-methionine 
able to saturate methionine adenosyltransferase. However, 
the flow is in the opposite sense, Le., amination rather than 
deamination, to that which would characterize the catabolic 
pathway for L-methionine. This observation is consistent with 
conclusions reached by Cooper and Meister (1972) on the 
transamination of methionine via glutaminase 11. In this 
enzyme system, glutamine serves as the amino group donor 
in the conversion of a-keto-y-methylthiobutyrate to methio- 
nine. The a-ketoglutaramate product is rapidly eliminated 
as a consequence of either the rapid nonenzymatic cyclization 
to 5-hydroxypyrrolidone carboxylate or, enzymatically, the 
action of w-amidase to yield a-ketoglutarate plus ammonia. 
Thus, transamination via glutaminase is essentially irreversible 
under physiological conditions. The glutaminase-catalyzed 
reactions provide a viable interpretation for the observations 
of a high transamination flux in the direction of synthesis of 
L-methionine from a-keto-y-methylthiobutyrate, but minimal 
catabolism of L-methionine via the transamination pathway. 

As noted above, the question of the relative flux of excess 
methionine through the transmethylation and transamination 
pathways (Figure 1) has been the subject of a considerable 
degree of investigation. Most recently, evidence has been 
obtained indicating that the transamination pathway may be 
significant in skeletal muscle since the enzymes of the trans- 
methylation pathway are weak or absent in this tissue (Davis 
& Lee, 1985; Lee & Davis, 1986; Scislowski et al., 1987). 
However, most evidence suggests that the transsulfuration 
pathway represents the major catabolic route for excess me- 
thionine in liver (Mudd et al., 1980; Stipanuk, 1986). The 
formation of the transamination intermediate a-keto-y- 
methylthiobutyrate in liver is frequently not observed [e.g., 
see Ozturk et al. (1986)l. Recent studies on a human adult 
with hepatic methionine adenosyltransferase deficiency (Gahl 
et al., 1988) indicate that although in this extreme case ca- 
tabolic flux through the transamination pathway can be ob- 
served, this flux is insufficient to maintain methionine levels 
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