
ositron emission tomography (PET) offers the op
portunity for quantitative in vivo measurement of
amino acid metabolism and protein synthesis rates
(PSR) in tissues. For PSR measurements a combination
ofpositron-emitting amino acids and appropriate math
ematic models is necessary. A number of positron
emitting amino acids has been synthesized and used for
animal and clinical studies. Since the first report of
Comar et a!. (1) on L-[methyl-' â€˜C]methionine most
attention has been paid to this amino acid. Clinically,
this amino acid has been applied to investigate brain
disorders like Alzheimer's disease (2) and in the studies
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of brain (3-8) and lung tumors (9). There is no doubt
about the clinical usefulness of L-[methyl-' â€˜C]methio
nine for tumor visualization, but for quantitative
measurements of PSR by PET, several problems are

unresolved. Although the main metabolic pathway of
L-[methyl-' â€˜C]methionineis protein incorporation, the
influence of minor metabolic pathways on measuring
PSR is under discussion (10,11). For instance, in brain
L-methionine is a precursor of S-adenosyl-L-methionine
(12) which plays an important role in biochemical
transmethylation processes (13,14).

By using carboxylic labeled methionine, potential
problems with the transmethylation pathway can be
circumvented (15,16). In this case the label is expected
to be incorporated partly into proteins and partly by
decarboxylation, Iâ€˜CO2is diluted in the C02-bicarbon

ate pool and removed rapidly from the tissue. In the
process of the transmethylation, the â€˜â€˜C-labelof S
adenosyl-L-[l-' â€˜C]methionineis converted to S-adeno
syl-L-[1-' â€˜C]homocysteine(1 7), which is a precursor of
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To evaluatethe feasibilityof usingeitherL-[1-11C]-methionineor L-[methyl-'1C]methioninefor
measuringproteinsynthesisratesby positronemissiontomography(PET)in normaland
neoplastic tissues, distributionand metabolic studies with 14C-and 11C-Iabeledmethionines
wereearnedout in rats bearingWalker256 carcinosarcoma.Thetissuedistributionsof the
two 14C-labeledmethionines were similar except for liver tissue. Similar distribution patterns
wereobservedin vivoby PETusing11C-Iabeledmethionines.Thehighest14Cincorporation
rate intothe protein-boundfractionwas foundin the liverfollowedby tumor,brain,and
pancreas.The incorporationratesin liverandpancreasweredifferentfor the two
methionines. By chloroform-methanol fractionation of these four tissues, in liver significantly
differentamountsof 14Cwereobservedin macromolecules.Alsoin braintissueslight
differenceswerefound.By HPLCanalysesof the protein-freefractionsof plasma,tumor,and
brain tissue at 60 mm after injection, for both methionines several 14C-Iabeledmetabolites in
differentamounts,weredetected.AbOuthalfof the 14C-Iabeledmaterialin the protein-free
fractionwas foundto be methionine.In thesethreetissuesthe amountof nonprotein
metabolites and [14C]bicarbonateamount ranged from 10% to 17% and 12% to 15% for L-[1-
â€˜4C]methionineandL-[methyl-14C]methionine,respectively.Fromtheseresultsit canbe
concludedthat the minormetabolicpathwayshaveto be investigatedin orderto
quantitativelymodelthe proteinsynthesisby PET.
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protein and methionine synthesis. In our previous stud
ies with carbon-l4 (â€˜4C)carboxyliclabeled tyrosine, the
rapid removal ofthe â€˜4CO2-['4C]bicarbonatefrom tissue
was confirmed (Ishiwata K, Vaalburg W, Elsinga PH,
et a!: unpublished data). Recently, we developed a
method for the preparation of optically pure L-[l-' â€˜C]
methionine (18). In this communication, we report on
the tissue distribution in tumor-bearing rats of methi
onine labeled with â€˜4Cin the methyl and carboxyl
position respectively and on PET studies with the car
bon-li (â€œC)analogs.

MATERIALS AND METhODS

D,L-[l-â€•C]Methioninewas synthesized by the isocyanide
method using â€˜â€˜CO2as described previously (16). The D- and
L-enantiomerS were separated on @BondapakC18 (Radial
Pak C18, Waters)with a sodium acetate buffer containing L
proline and copper acetate as eluent (18). L-[Methyl-â€•C]
methionine was synthesized by the reaction of â€œCH@Iand L
homocysteine thiolactone according to the method of Comar
et al. (1). L-[l-'4C]Methionine (The Radiochemical Centre,
Amersham, Buckinghamshire, UK) with a specific activity of
59 mCi/mmol, L-[methyl-'4C]methionine(AmerSham) with a
specific activity of 55 mCi/mmol and NCS (Amersham), a

tissue solubilizer, were purchased commercially.

Tumor-Bearing Rats
Male Wistarrats,weighing200â€”250g, with a transplantable

Walker 256 carcinosarcoma were prepared by intramuscular
injection of 10@tumor cells in the left hind leg, as described
previously (19). Within 14 days after transplantation tumors
were palpable.

Measurement of Tissue Distribution and Expired â€˜4C02
The tissue level of â€˜4Cradioactivity and the expired â€˜4CO2

were measured. Each individual rat was kept in an acrylic
cylinder and injected intravenously with â€˜4C-labeledmethio
nine. Expired â€˜4CO2was absorbed in NCS solution. The rats
were killed at 5, 10, 15, 30, and 60 mm after injection. Blood
was removed using a syringe precoated with heparin and
subsequently the blood was centrifuged for 5 mm at 2,000 g
to collect plasma. Brain, heart, lung, liver, pancreas, spleen,
kidney, muscle, and tumor were dissected and washed with
physiological saline. From the tumor necrotic regions were
removed carefully. The tissue samples were dissolved in NCS
solution and the â€˜4Cradioactivity was measured. The tissue
uptake was expressed as the differential absorption ratio
(DAR), (counts/g tissue) x (g body weight/total injected
counts). Expired â€˜4CO2absorbedin the NCS solution was also
measured.

Metabolic Studies
In order to investigate the metabolism of the â€˜4C-labeled

methionines, the presence of [â€˜4C]bicarbonate,the incorpo
ration of â€˜4Cinto the protein-bound fraction, and the propor
tion of intact [â€˜4C]methioninein the protein-free fraction of
several tissues were measured. For the measurement of [â€˜4C]
bicarbonate, plasma and tissue homogenates of tumor and
brain tissue were treated with trichloroacetic acid. The gener
ated â€˜4C02was absorbed in NCS solution. Also plasma and

tissuehomogenatesof tumor, brain, pancreas,and liverwere
treated with trichloroacetic acid and the protein-bound and
protein-freefractionswere separated.

Measurement of [â€˜4C]methioninein the protein-free frac
tion was carried out by HPLC and liquid scintillation count
ing. The protein-free trichloroacetic acid solution was applied
on a Aminex A-i (BioRad Laboratories, Richmond, CA)
column (0.48 cm ID x 15 cm). The column was used at 70Â°C
and eluted with 0.2 N sodium citrate at a flow rate of 1.0 ml!
mm. The pH of the applied citrate buffer was changed step
wise: 30 ml at pH 3.00, 30 ml at pH 3.25 and 20 ml at pH
5.28. Fractions of 1.5 ml were collected and the â€˜4Cwas
measured in each fraction.

To comparethe characteristicsofthe metabolites,the pro
tein-bound and protein-free fractions of tumor, brain, pan
cress and liver tissue were treated with chloroform-methanol
(20).Tissuesamplesof 30to 100mgweretreatedwith 1ml
5% trichloroacetic acid. A separation between acid-precipita
ble (APF)and acid-solublefractions(ASF)wasachieved.The
APF was mixedthoroughlywith 1ml CHCbâ€”.-CH3OH(1:1).
This mixture was centrifuged at 3,500 g for 5 mm, to separate
the precipitate(fractionA) and the CHa@â€”CH3OHextract.
The extractionprocedurewas repeatedtwo more times. The
combined organicextractwas washedonce with 3 ml CHCb
H2O(1:1)and centrifugedas describedabove. Solid material
appeared on the border of the organic and aqueous phase.
This solid material and the aqueous layer were combined
(fraction B) and separated from the organic layer (fraction C).

The ASF was extracted with three times the volume of
CHCbâ€”CH3OH(1:1). The mixture was centrifuged to sepa
rate the aqueous phase and the organic phase. This extraction
was repeated two more times. The combined organic solutions
were extracted with an equal volume of CHChâ€”.H2O(1:1).
The mixturewas centrifugedto separatethe organicsolution
(fraction D) and the aqueous solution. The aqueous solutions
were combined (fraction E). The â€˜4Ccontent in the five
fractionsA to E was measured.

Positron Emission Tomography
Tumor-bearing rats, anesthetized with pentobarbital(6 mg/

100 g body weight), were injected intravenously with no
carrier-added L-[l-â€•C]methiornne or L-[methyl-' â€˜C]methio
nine (50â€”100@ 2â€”4MBq), and the distribution of the â€˜â€˜C
was measuredtomographicallyas a function of time using a
stationary double-headed positron camera (22). After injec
tion with L-[1-â€•Cjmethlornnethe distribution was followed
for 1 hr in order to obtain insight in the kinetic behavior of
the amino acid. After 2 hr of rest, the L-[methyl-'â€˜C]methio
nine wasinjectedand againa dynamic study lasting 1hr was
performed.A time differenceof 9 half-lives,a factor of 500
wasconsideredto be sufficientto excludeany influenceof the
former study on the latter. Aftercorrectionof the imagesfor
the physical half-life of â€˜â€˜Cthe biologic behavior of both
methionines are directly displayedby the images. In Fig. 3
both distributions in the rat are shown at 30 mm after injec
tion.

RESULTS

The results of the tissue distribution studies with L
[1-'4C]methionine in rats bearing Walker 256 carcino
sarcoma are shown in Table 1. During the first 10 mm
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1@take(DAR)
Tumor-to-tissueratio5

mmio mm1 5 mm30 mm60mm(n
= 5)â€¢(n = 5)(n = 5)(n = 5)(n =5)Blood0.73

Â±0.13
3.170.49

Â±0.04
7.490.40

Â±0.05
6.630.45

Â±0.06
6.510.67

Â±0.10
4.55Plasma0.86

Â±0.13
2.690.54

Â±0.05
6.810.44

Â±0.04
6.010.55

Â±0.12
5.480.89

Â±0.20
3.44Brain0.65

Â±0.11
3.620.57

Â±0.08
6.510.57

Â±0.04
4.580.67

Â±0.08
4.400.54

Â±0.04
5.61Heart1.50

Â±0.24
1.541.24

Â±0.23
2.971.19

Â±0.10
2.221.15

Â±0.09
2.561.06

Â±0.07
2.88Lung1.62

Â±0.41
1.421.36

Â±0.19
2.721.20

Â±0.09
2.201.35

Â±0.12
2.181.15

Â±0.16
2.64Liver3.59

Â±0.72
0.643.32

Â±0.98
1.113.51

Â±0.31
0.753.24

Â±0.73
0.912.91

Â±0.20
1.05Pancreas9.54

Â±2.10
0.248.59

Â±1.31
0.438.47

Â±1.92
0.318.71

Â±1.09
0.348.87

Â±1.98
0.35Spleen3.11

Â±0.46
0.742.72

Â±0.37
1.352.80

Â±0.47
0.943.16

Â±0.53
0.932.67

Â±0.22
1.14Kidney3.60

Â±0.69
0.643.47

Â±0.44
1.062.95

Â±0.29
0.893.05

Â±0.34
0.942.76

Â±0.33
1.10Muscle0.52

Â±0.100.65 Â±0.050.65 Â±0.150.60 Â±0.100.63 Â±0.11.4.395.704.024.874.88Tumor2.30

Â±0.83
1.003.68

Â±0.78
1.002.63

Â±0.97
1.002.94

Â±0.15
1.003.05

Â±1.09
1.00.n

= Numberofrats.Errors
are s.d.

TABLE 1
Tissue Distribution of L-[1-14C]Methionine in Rats Bearing Walker 256 Carcinosarcoma

at DifferentTimesAfter i.v. Injection

after injection of L-[1-'4C]methionine, blood clearance
was very rapid. After 15 mm the â€˜4Clevel in blood
increased gradually. In plasma the â€˜4Clevel was slightly
higher than in whole blood; the clearance proffle was
similar. The highest uptake was found in the pancreas,
in which the â€˜4Clevel was nearly constant with time.
Also the liver showed a high uptake. After 15 mm the
â€˜4Clevel in this organ decreased slightly. In brain the
â€˜4Clevel was low and nearly equal to the level in muscle.
In Walker 256 carcinosarcoma a high accumulation of
â€˜4Cwas found. In Table 1, the tumor-to-organ ratios
are also presented. Tumor-to-blood, tumor-to-brain,
and tumor-to-muscle ratios were high. Tumor-to-lung
and tumor-to-heart ratios were medium. Tumor-to
other organs ratios were low.

In Table 2, the results ofthe tissue distribution studies
with L-[methyl-'4C]-methionine are presented. Com
pared with the results seen with carboxylic-labeled me
thionine, several differences were observed. The â€˜4C
level in blood and plasma showed the same profile as
for L-[1-'4C]methionine but the uptake of the methyl
labeled methionine was lower. Again, the pancreas
showed the highest uptake; the â€˜4Clevel was lower. In
liver the â€˜4Clevel was nearly constant.

To estimate the protein incorporation of â€˜4C-labeled
methionine in the different tissues, the percentage of

the total tissue activity bound into protein of tumor,
brain, pancreas and liver was measured (Table 3). The
percentage of protein-bound â€˜4Cin these tissues in
creased with time for both â€˜4C-labeledmethionines. For
both methionines the highest incorporation rate of ra
dioactivity into protein was found for liver followed by
tumor tissue. In tumor and brain tissue for both labeled
methiomnes the PSR was similar. For both methionines
a significant difference in protein incorporation was
observed for liver and pancreas. In the liver at 5 mm
after injection of L-[methyl-'4C]methionine 71% of the
â€˜4Cwas already measured in the protein-bound fraction.
The corresponding figure for carboxylic-labeled methi
onine was only 47%. In case ofpancreas after injection
ofL-[1-'4C]methionine the percentage of protein-bound
â€˜4Cincreased with time. At 30 mm and at 60 mm after
injection ofmethyl-labeled methionine, the percentages
ofthe protein-bound â€˜4Cwere nearly equal and signifi
cantly smaller than those for L-[1-'4C]methionine. The
presence of protein-bound â€˜4Cin the plasma is also
shown in Table 3. For both labeled methionines the
percentage ofprotein-bound â€˜4Cincreased rapidly after
15 mm. The radioactivity incorporation in plasma pro
teins was higher for L-[1-'4C]methionine than for L
[methyl-'4C]methionine.

To investigate the washout of â€˜4C02-['4C]bicarbonate
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TABLE2Tissue
Distributionof L-[Methyl-'4C]MethionineinRatsBearing

Walker 256Carcinosarcomaat
DifferentTimesAfteri.v.InjectionUptake

(DAR)Tumor-to-tissue
ratio5

mm 30 mm 60mm(n
= 3)' (n = 3) (n =5)Blood

0.65 Â±0.11 0.41 Â±0.01 0.54 Â±0.061.58
5.065.02Plasma

0.73 Â±0.14 0.39 Â±0.07 0.68 Â±0.071.37
5.353.95Brain

0.53Â±0.05 0.54Â±0.02 0.57Â±0.051.89
3.794.77Heart

1.07 Â±0.13 1.01 Â±0.21 1.06 Â±0.160.94
2.032.55Lung

1.28Â±0.15 1.05Â±0.05 1.45Â±0.300.78
1.961.86Liver

3.40Â±0.20 4.81Â±O.33@ 4.96Â±0.38*0.29
0.430.54Pancreas

7.37 Â±3.08 7.92 Â±1.24 7.35 Â±2.180.14
0.260.37Spleen

2.19 Â±0.33 3.00 Â±0.33 2.80 Â±0.480.46
0.690.96Kidney

2.45 Â±0.30 2.90 Â±0.07 3.39 Â±0.370.41
0.710.80Muscle

0.46Â±0.07 0.51Â±0.05 0.63Â±0.222.19
4.024.27Tumor

1.00 Â±0.54 2.06 Â±0.59 2.70 Â±0.371.00
1.001.00.

n = Number ofratsErrors

ares.d.A
Student'st-test (comparedto Table 1), t p < 0.01,@ p<0.001

onine, the amount of expired â€˜4CO2increased linearly
with time and 6% oftotal injected â€˜4Cwas measured at
60 mm. In the case of L-[methyl-'4C]methionine the
amount was very low. The percentage of['4C]bicarbon
ate in plasma after injection of L-[l-'4C]methionine
increased during the first 15 mm, followed by a de
crease. In tumor and brain samples the [â€˜4CO]bicarbon
ate pool was found to be negligible (below 0. 1% of the
total â€˜4Clevel in these tissues). For L-[Methyl-'4C]me
thionine, the level of [â€˜4C]bicarbonate in plasma was
low.

To measure â€˜4C-labeledmethionine in plasma and
tissue samples, the protein-free fractions were applied
to an Aminex A-7 column. High performance liquid
chromatography (HPLC) chromatograms of plasma,

tumor, and brain samples at 60 mm after injection of
L-[l-'4C]methionine and L-[methyl-'4C]-methiornne re
spectively are shown in Fig. 1 and 2. In all chromato
grams radioactive peaks with the same retention times
are indicated with the same number. Peak 6 was iden
tified as methionine by comparison with authentic L
[l-'4C]- and L-[methyl-'4C]-methionine. The retention
time of peak 10 corresponded to that of S-adenosyl-L
methiomne as measured by uv. The other peaks were
not identified. The results are summarized in Table 5.
In case ofL-[1-'4C]methiomne, although HPLC profiles
of three samples are similar, the relative percentages of
metabolites were different. In plasma and tumor sam
pies about half of the protein-free â€œCwas found to be
[â€˜4C]methionine. Peaks 1 and 5 were the predominant
metabolites. In brain tissue 61% of the â€œCwas identi
fled as [â€˜4C]methionine.Peak 7 was found to be the
predominant metabolite. On the other hand, the met
abolic fate ofL-[methyl-'4C]methionine was more com
plicated. In plasma and brain, 57% and 64%, respec
tively, of the protein-free â€˜4Cwas observed in the [â€˜4C]
methionine peak. The corresponding figure in tumor

formed from decarboxylation and other minor meta
bolic pathways of labeled methionine, expired â€˜4CO2
and the [â€˜4C]bicarbonateconcentration in tissues were
measured (Table 4). After injection of L-[l-'4C]methi

TABLE 3
Percentageof TotalTissueRadioactivityIncorporatedinto Proteinsin RatTissuesAfter Injection

of L-[1-14C]Methionine or L-[Methyt-'4C]-Methionine

5mm 10mm 15mm 30mm 60mm

Tumor 1-14C-Met
Me-'4C-Met

Brain 1-14C-Met
Me-14C-Met

Pancreas I -14C-Met
Me-'4C-Met

Liver 1-14C-Met
Me-'4C-Met

Plasma 1-14C-Met
Me-14C-Met

47.5Â±8.6
42.0Â±4.6t
23.3Â±1.3

26.01 Â±2.2t
23.5Â±3.3
25.6Â±S.6t
46.9Â±53*
71 .3 Â±2.7@

I .7 Â±0.4
4.4 Â±0.7t

66.5 Â±6.8 67.4 Â±4.3 74.6 Â±3.1
72.4Â±2.@

36.8 Â±1.7 47.1 Â±2.8 58.0 Â±0.6
58.0 Â±3.St

37.1 Â±7.7 44.9 Â±9.8 63.6 Â±8.3*
44.9Â±1.lt

64.7 Â±3.3 76.7 Â±2.9 83.7 Â±0.8*
89.6Â±l.2t

3.1 Â±0.6 8.5 Â±2.1 50.1 Â±10.7
36.2Â±8.3t

79.7 Â±4.3
76.8 Â±3.9
68.5 Â±1.8
66.8Â±3.7
75.9 Â±3â€¢4*
46.1Â±3.3
87.0Â±1.3*
86.6Â±0.9
80.2Â±I .0
70.3Â±4.2

. 1-14C-Met and Me-14C-Met represent L-[1-14C]rflethiOnine and L-[methyl-14C]methionine, respectively.

Data indicate an average of fiveor three samples (i).
Errors are s.d.
A Student'st-testwas carriedout for the data of the two methionines,@ p <0.001
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14c02,%oftotalinjected14C5
mm io mm I 5 mm 30 mm60mm1-14C-Met

0.24 Â±0.09 0.71 Â±0.19 1.09 Â±0.33 2.46 Â±0.445.87 Â±2.19Me-14C-Met
0.04 Â±O.Ol@ 0.22 Â±O.OS@0.95 Â±0.70[14C]Bicarbonate,

% of total â€˜4Cinplasma5mm

10mm 15mm30mm60mm1-'4C-Met

4.1 Â±0.4 4.8 Â±1.1 11.3 Â±3.4 8.2 Â±2.63.1 Â±0.5Me-14C-Met
1.5 Â±O.7t 2.8 Â±O.3t0.6 Â±0.2.

1-14C-Met and Me-14C-Met represent L-[1-14CJmethionine and L-[methyl-14C]-fflethiOnifle.respectively.14c02

expiredandabsorbedinNCSsolutionduringindicatedperiodsaftertheinjectionofmethionmne.Data
indicatean averageof fiveor threerats(i).Errors

are s.d.

TABLE 4
Expired14C02and Levelsof [14C]Bicarbonatein Plasmaof RatsAfter Injectionof L-[1-14C]Methionine

or L-[Methyl-'4C]Methionine

samples was only 37%. In tumor tissue peak 4 was a
predominant metabolite; in plasma and brain samples
peak 4 was very small. In these samples peak 5 was the
predominant metabolite.

In Table 6 the results of chloroform-methanol frac
tionation oftissues are presented. Several characteristics
were observed. In tumor tissue the percentage of the
five fractions were similar for both labeled methiomnes.
Significant amounts of the protein-bound â€˜4Cand the
protein-free â€˜4Cwere extracted with chioroform-meth
anol. In brain tissue the percentages in the fraction B
and the fraction C in experiments with L-[l-'4C]methi
onine, were smaller than in experiments with L-[methyl
â€˜4C]methionine.Compared to other tissues, in pancreas
the percentages in the fraction C and the fraction D
were very small. The distribution pattern of the radio
activity over the five fractions depends on the position
of the label in the amino acid. In liver the percentage
in fraction A was very small, especially in the studies
with L-[methyl-'4C]methiornne and about one-half of
the â€˜4Cwas detected in the fraction C. For pancreas
tissue the percentage of fraction C was low.

In vivo distribution studies with L-[l-â€•C]methionine
and with L-[methyl-â€•C]-methionine were carried out
by PET. In Figure 3 the distribution of both labeled
amino acids in the same rat is presented. High accu
mulation of' â€˜Cwas observed in the abdominal region.
Especially in the liver with L-[methyl-1'C]methiornne
the â€˜â€˜Caccumulation was higher than with L-[l-' â€˜C]
methionine. Accumulation of â€˜â€˜Cin the brain and in
the tumor transplanted in the left hind leg, was observed
clearly with both labeled methionines. The uptake level
for brain and tumor tissue were similar for both labeled
methionines. The tumor muscle ratio, as determined
from left and right hind leg, was 2 or more for both
methionines.

DISCUSSION

Quantitative in vivo measurement of PSR or amino
acid metabolism in normal tissue like brain and pan
creas as well as in tissues with disorders, e.g., tumors, is
an objective for PET studies. From clinical point of
view, up to now most attention has been paid to L
[methyl-â€•C]methionine. Methiomne is an interesting
amino acid; it is an essential amino acid with a small
free pool in tissue. Moreover, the preparation method
is not too complex and it has a high radiochemical
yield. In brain or tumor studies, after injection of this
â€˜â€˜C-amino acid the accumulation of â€˜â€˜C radioactivity

reflects the metabolism ofmethionine, probably protein
synthesis. For quantitative in vivo measurement of the
PSR in brain tissue, Bustany et al. proposed a kinetic
model without taking into account minor metabolic
pathways, e.g., decarboxylation and transmethylation
(2). However, there are several reports describing minor
metabolic pathways (2,10,11) such as the conversion of
methyl-labeled methionine to S-adenosyl-L-methio
nine. It is expected that this pathway can be circum
vented by using â€œC-carboxyliclabeled methionine. In
this report, we compared the tissue distribution and
metabolism of carboxylic and methyl labeled methio
nines in tumor-bearing rats.

In the tissue distribution studies with these two dif
ferently labeled methionines, a significant difference of
radioactivity uptake in the liver was observed (Tables 1
and 2). After injection of methyl-labeled methionine,
the â€˜4Clevel increased with time. For carboxylic-labeled
methiomne the â€œClevel decreased. Also the protein
incorporation rate of â€˜4Cin liver tissue differed; for L
[methyl-'4C]methionine a higher rate was observed than
for L-[1-'4C]methlonine (Table 3). In plasma on the
contrary, the protein-bound fraction was higher for

Volume29 â€¢Number8 â€¢August1988 1423



FIGURE 1
HPLC analyses of protein-free 14@
metabolites in plasma, tumor and
brainat 60 mmafter injectionof L-[1-
14C]methionine.

carboxylic-labeled methionine than for methyl-labeled
methionine. These results indicate that in case of L
[methyl-'4C]methionine a part ofthe protein-bound â€˜4C
in liver tissue was retained and not excreted in plasma.
By PET studies similar liver accumulation patterns of
I ,@ were observed using two â€˜â€˜C-labeled methionines

(Fig. 3). It was interesting to follow the different fates
of the two methionines as is presented by the chloro
form-methanol fractionation (Table 6). In case of L
[methyl-'4C]methionine about a half of â€œCwas ex
tracted with chloroform-methanol. This suggests that
this â€˜4Cwas incorporated into lypophilic macromole
cules or lipids in membranes. The chloroform-metha
no! fractionation could discriminate the characteristics
of the protein-bound â€˜4Cin tissues.

In the tumors, the protein incorporation rates and
relative distributions of â€˜4Cwere similar for the two
methionines. In the case of brain tissue the rates were
similar but were lower than in tumor tissue. In brain

0 10 20 30 40

FRACTION NUMBER

tissue using chloroform-methanol fractionation, differ
ent distribution patterns were observed. The results
show that the position of the label in the molecule
determines the macromolecules labeled.

For the pancreas, the distributions measured by the
chloroform-methanol fractionation method were simi
lar for the two methionines. In case of L-[methyl-'4C]
methionine the protein incorporation rate decreased
after 30 mm and at 60 mm the amount of â€˜4Cin the
protein-bound fraction was lower than for L-[l-'4C]
methionine. This suggests that the specific activity of
the â€˜4C-labeledamino acid in the protein-free fraction
decreased after 30 mm. This assumption was confirmed
by HPLC analyses (Table 5).

In accordance with Jones et al. (11), several nonpro
tein metabolites of L-[methyl-'4C]methiOnine were ob
served. The percentages of metabolites in plasma, tu
mor, and brain samples were different. In these tissues,
the percentages of â€˜4C-labeledmethionine in the pro
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% of the protein-free14CL-[1-14C]fT)ethIOfllfleP081(1Peak5Peak6Peak7Peak9Plasma22.4

Â±2.327.9 Â±1.948.2 Â±4.41 .1 Â±0.40.4 Â±0.3Tumor14.5
Â±3.630.6 Â±3.551.1 Â±4.02.7 Â±1.91.1 Â±0.6Brain5.3
Â±0.3

Peaksl-38.5

Â±1.8

Peak461.2

Â±19.1
L-[methyl-14C]methlonlne
Peak5 Peak624.6

Â±17.3

Peak80.5

Â±0.4

PeaklOPlasma19.6Â±0.80.2Â±0.119.3Â±2.1

57.2Â±2.50.4Â±0.13.4Â±2.0Tumor40.6
Â±4.418.2 Â±2.60.6 Â±0.5 36.9Â±6.50.7 Â±0.43.3 Â±3.5Brain16.0
Â±1.40.2 Â±0.110.3 Â±1.6 64.0 Â±8.71.6 Â±1.13.5 Â±3.1Data

indicatean averageof threesamples.Errors
are s.d.

c:3

0
0

FIGURE 2
HPLCanalysesof protein-free14@
metabolitesin plasma, tumor and
brain at 60 mm after injection of L
[methyl-14C]methionmne.FRACTION NUMBER

TABLE 5
HPLC Analysis of 14C-Labeled Metabolites in the Protein-Free Fraction of Rat Tissues at 60 mm After Injection

ofL-[1-14C]MethlonineorL-[Methyl-14C]methionine
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Protein-boundfraction Protein-freefractionFraction

A Fraction B FractionC Fraction DFractionE(%)
(%) (%)(%)(%)Tumor

1-14C-Met 37.0Â±8.4 28.7Â±8.1 12.3Â±5.2 6.0 Â±0.416.0 Â±3.6Me-'4C-Met
33.9Â±6.3 30.5Â±4.3 9.5 Â±4.8 6.0 Â±I .920.0 Â±1.9Brain

1-â€˜4C-Met 25.5 Â±5.5' 34.2 Â±4.3 7.6 Â±1â€¢4* 8.1 Â±1.824.6 Â±1.4Me-'4C-Met
13.9Â±1.2 38.5Â±2.3 11.5 Â±0.9 9.4 Â±2.226.8 Â±1.8Pancreas

1-'4C-Met 26.9 Â±2.2* 41 .2 Â±10.1 1.1 Â±0.2 1.9 Â±0.428.8 Â±7.4Me-14C-Met
17.6Â±3.1 33.2Â±3.2 1.8 Â±0.6 0.9 Â±0.345.8 Â±3.6Uver

1-'4C-Met 12.7Â±3.1* 70.3Â±l.6@ 2.7Â±O.5@1.4Â±0.212.9Â±1.0Me-14C-Met
4.1 Â±0.2 32.0 Â±1.6 48.9 Â±1.9 1.1 Â±0.213.9 Â±1.0.

1-'4C-Met and Me-14C-Met represent L-[1-14Cjmethionine and L-[methyl-14C]methionine,respectively.Data

indicate an average of threesamples.Errors
ares.d.AStudant'st@testwascaffledoutforthedataofthetwomethionmnes,tp<001,*p<0.01,@p<0.02.

TABLE 6
the 14Cin Rat Tissues at 60 mm After Injection of L-[1-14C]Methionine or

L-[Methyl-14C]Methionine

tein-free fraction at 60 mm after injection were below
64%. For L-[methyl-'4Cjmethiornne, especially in tu
mor tissue, this figure was only 37%. From these results
it can be concluded that the influence of the minor
metabolic pathways have to be taken into account in
designing a kinetic model for the quantitative measure
ment of PSR. We only identified â€˜4C-labeled5-adeno
syl-L-methionine in the HPLC chromatogram. We
found a much lower percentage ofthis compound than
Jones et al. In tissue, the â€˜4C-methylgroup of this
compound is probably incorporated into the acid-pre
cipitable fraction as shown in liver and kidney (20) as
well as in tumor tissue (21). This type of â€˜4Caccumu
lation in the acid-precipitable fraction may reflect the
incorporation into macromolecules via the transmeth
ylation pathway. Although carboxyl-labeled methio
nine is a good prospect for the kinetic analysis of PSR
(15,16), the metabolism is complicated (Table 5). The
metabolism in tumor and brain tissue is different as
shown by the different percentages ofpeaks 5 and 7. In
tumor the percentage for L-[1-'4C]methionine is higher
compared to L-[methyl-'4C]methionine. The corre

sponding figures in plasma and brain tissues are similar
to the figures of L-[methyl-'4C]methionine.

The results in Tables 3, 4, and 5 were summarized
in Table 7. In our metabolic studies with L-[l-'4C]
tyrosine, the percentages of total nonprotein metabo
lites in plasma, tumor, and brain at 60 mm after injec
tion were only 3.3%, 1.9%, and 3.7%, respectively,
(unpublished data). Compared with the L-[l-'4C]tyro
sine the influence of the minor metabolic pathways,
when using L-[methyl-'4C]methionme, on the kinetic
analysis of PSR is more prominent. It is possible that,
with the combined potential of the two labeled methi
onines, insight can be obtained in the transmethylation
process, especially in the liver.

In conclusion, the metabolic fate of L-[l-'4C]methi
onine or L-[methyl-'4C]methlonine in the first 60 mm
after injection is different, especially in the liver. The
presence of several metabolites in the protein-free frac
tions for both differently labeled methionines have to
be accounted for in the kinetic model for the in vivo
quantitative measurement of protein synthesis rates by
PET.

Ip..Iâ€¢i1Câ€¢I!1UIN1@

FIGURE 3
Positronemissiontomographyof a
rat bearing Walker 256 carcinosar
coma after injection of L-[1-11C]me
thionineand after 2 hr L-[methyl-11C1
methionine.The planar image was
obtained by the positron camera
(22). The head of the rat is on the
left sideof the image.
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TABLE7
Relative Radioactivity in Plasma, Tumor, and Brain Tissues of Rats at 60 mm After Injection of L-

L-[Methyl-14C]Methionine[1
-14C]MethionineorProtein-bound

Nonproteinfraction
MethioninemetabolitesBicarbonate(%)

(%)(%)(%)Plasma

1-14C-Met 80.2 8.08.73.1Me-14C-Met
70.3 16.612.50.6Tumor

1-14C-Met 79.7 10.49.9Me-14C-Met
76.8 8.614.6Brain

1-14C-Met 68.5 14.217.3Me-14C-Met
66.8 21.212.0.

1-'4C-Met and Me-'4C-Met represent L-[1-'4C]methionine and L-[meth@d-'4CJmethionine, respectively.
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