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The concentrations of methionine and S-adenosylmethionine (AdoMet) in plasma and free choline and phospholipid-bound
choline in both plasma and red blood cells from individuals with isolated hypermethioninemia have been measured. The only
genetic abnormalities identified in these individuals have been inactivating mutations in MAT1A, the gene that encodes the
subunit of the isozymes of methionine adenosyltransferase (MAT), MAT |, and MAT lIl, expressed only in adult liver. These
measurements were performed to learn more about AdoMet metabolism and to test the working hypotheses that inadequate
delivery of AdoMet, or of choline or a choline derivative, from liver to brain might be a cause of the neurologic disease often
found in humans with the most severe losses of MAT I/1ll activity. In striking contrast to the elevations of plasma AdoMet
reported in control humans with hypermethioninemia resulting from methionine loading, plasma AdoMet levels were
generally below the mean reference value in the MAT I/lll-deficient hypermethioninemic patients. This is interpreted as a result
of subnormal formation of AdoMet in liver due to the deficient activity of MAT I/1ll and resultant lower-than-normal delivery of
AdoMet from liver to plasma. A low plasma AdoMet concentration in the presence of an elevated methionine provides a useful
diagnostic tool that pinpoints the cause of a case of hypermethioninemia as defective MAT I/1ll activity. Plasma-free choline
concentrations were also generally somewhat below normal in the hypermethioninemic patients. However, neither plasma
AdoMet nor plasma choline concentrations were strikingly lower in MAT I/1lI-deficient individuals with neurologic abnormali-
ties than in those without. These results thus fail to provide support for the working hypotheses in question.
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HE TERM ISOLATED persistent hypermethioninemia extent, even in adult livet explains the normal MAT activities
designates abnormally elevated plasma methionine thatound in tissues other than liver of individuals now known to be

continues beyond early childhood and is not associated wittMAT I/Ill-deficient. That defects in the MAT-dependent conver-
homocystinuria due to cystathioning-synthase deficiency, sion of methionine t&-adenosylmethionine (AdoMet) lead to
tyrosinemia type |, or severe liver disease. Since 1974, moréwypermethioninemia is in accord with other evidence that this
than 60 individuals with this abnormality have been de-step is the first in the major pathway by which mammals
scribed!1® Early assays of crude liver extracts often showedcatabolize methionin& Flux through the most important
that hypermethioninemic individuals had deficient activity of known alternative pathway for methionine degradation, initi-
methionine adenosyltransferase (MAT) in this orgdf1%1®  ated by transamination to 4-methylthio-2-oxo-butyrate, in-
MAT activities were normal in cultured skin fibroblasts, red creases as plasma methionine increases, but only after plasma
blood cells, or lymphoid cell$2°2* Subsequent molecular methionine reaches concentrations of 300 to 350 umoliL,
genetic studies confirmed and extended these results: in allimost 10 times the normal upper limit of this concentraffon.
subjects in whom the underlying mutations have been identi- Clinically, the majority of MAT I/lll-deficient individuals
fied, the hypermethioninemia is due to inactivating mutations inhave apparently been unaffected, but among those with the
MAT1A}517.2225the gene that encodes the subunit, that, asmore severe losses of activity, as judged by the type of
tetramers and dimers, form the 2 MAT isozymes, MAT | and mutation, there has been a clustering of neurologic or cognitive
MAT ”l, eXpI’essed Solely in adult mammalian ||V’§rThe pr0b|emsll7 For examp|e’ of 4 patients with proven homozy_
existence of a separate geMAT2A encoding the catalytically  gous truncating mutations iMAT1A that, when tested, are
active subunit of another MAT isozyme, MAT Il, expressed as devoid of MAT I/lll activity in expression systems, 2 have
far as is known in all nonhepatic cells, fetal liver, and to a slight cerepral demyelinatiot?1423 but 2 have normal myelina-
tion.17:25 In the only such patient to be treated with AdoMet,
magnetic resonance imaging (MRI) evidence of demyelination
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bovine and rat brain onlMAT2A is expresse@3° and the the measured concurrent concentrations of methionine and
kinetic properties of MAT activity in human brain support the AdoMet in plasma and free choline and phospholipid-bound
likelihood that this is true also for the human br&#$32The  choline in both plasma and red blood cells. A wide range of
possibility arises of an unrecognized link between defectiveelevations of plasma methionine was observed among these
synthesis of AdoMet in liver and brain disease, despite normapatients. Although it was not possible to be certain that each
activity of MAT in the latter organ. Among the potential blood sample was collected under fasting conditions, a compari-
explanations of such a link are the existence of export-importson of the 2 samples collected on successive days from Mr. C
systems that normally deliver from the liver to the brain eitherindicates that ingestion of a normal meal 3 hours before the
AdoMet itself or a methylated compound synthesized chiefly insample was drawn made a negligible difference in the plasma
liver in an AdoMet-dependent reactih Among the many  methionine. This may be due to the fact that these hypermethio-
products formed by the action of AdoMet-dependent methyl-ninemic patients carry such large body loads of (nonprotein)
transferase® at least 39 of which are known in mammétshe  methionine (estimated, for example, in Mr C to be 154 ni¥ol
choline moiety is a prime candidate to play a role in brain that ingestion of the methionine from a normal meal (perhaps 3
myelination. This moiety is formed chiefly in liver by succes- to 5 mmol) would cause only a minor percentage change.
sive AdoMet-dependent methylations of phosphatidylethanol-Similarly, although longer term, drastic limitation or increase in
amine?>38and choline derivatives in the form of phosphatidyl- dietary methionine may lower or raise plasma methionine
choline and sphingomyelin are major constituents of myelin. Asconcentrations in hypermethioninemic patiett& the present
a first step to test these possibilities and to learn more aboW§ubjects were on normal diets, so the plasma methionine
AdoMet metabolism in isolated hypermethioninemia, we as-concentrations observed should have been little affected by such
sayed concurrently methionine and AdoMet in plasma and fregjietary extremes.
choline and phospholipid-bound choline in both plasma and red |t js not possible from the expression system measurements
blood cells from individuals with isolated hypermethioninemia, reported in Table 1 to specify with certainty the MAT activity
most of whom have defined mutationsMAT1A.The results  contributed by a particular mutant allele in liver cells. Confound-
are reported here. ing effects, such as mRNA and/or enzyme stability, or alter-
ations in subunit interactions cannot definitively be taken into
account. Nevertheless, it appears that the extent of the abnormal
Patients elevations in plasma methionine in these patients most likely
The patients each have persistent isolated hypermethioninemia, d&flects to a greater or lesser degree the severity of the losses of
documented previously. Patient identifiers that permit comparison withMAT /Il activity in the patients. High elevations of plasma
previously published information about them are included in Table 1. methionine were present in patients C, Mr C, and patient 3, each
of whom were homozygous for either truncatigA\T1A351X
Methods or 185X, as well as in another girl (patient 8) homozygous for
Plasma methionine was measured by column chromatography using50X 23 Although a sample from this patient was not available
a Beckman 6300 Amino Acid Analyzer (Beckman Instruments, Palofor the present study, her previously reported plasma methio-
Alto, CA). Plasma AdoMet was determined as its fluorescent isoindolenine concentrations ranged from 1,114 to 1,629 umti851X
derivative®® Plasma- an_d red b_Iood cell-free and phospholipid-bound g 350X are devoid of activity when expressed, and although
choline were assayed in duplicate as descrliédPlasma samples yig hag not been confirmed directly, it is assumed that even
were stored at-20°C until assayed. AdoMet has been found to be stable ore severely truncated 185X is also devoid of activity.

in plasma stored in this manner for as long as 2 years. For the subjec{n I ild | i f ol thioni di
reported here, samples were stored for only a few days or for as long a: enerally milcer elevations or plasma metnionine occurred in

13 months before analysis. Occasionally, for unknown reasons, AdoMePatients with 2 proven point mutations (patients 13, 10, 11, 2,
was lost from samples stored for less than 2 years, but such artefactu@ind 14). Although each of these point mutations is inactivating,
decreases were apparent because they were much greater than 50%, &a&th contributed some activity when expressed. Very mild
the AdoMet values from these samples could be disregarded. Red blooglevation of plasma methionine was noted in patient ClI-5 (and
cell samples were stored af70°C without prior deproteinization. in all other subjects heterozygous for the R264H mutéfjon
whom as much as 20% to 25% of normal MAT I/lll activity
would be expected due to formation of dimers and tetramers
Table 1 lists the hypermethioninemic patients studied (incomposed solely of the wild-type enzyme subunit encoded by
descending order according to their plasma methionine concerthe wild-typeMAT1Aallele present in these individuals. In view
trations) and provides citations to the articles reporting the mosof this rough correlation of the extent of elevation of plasma
recent clinical information about them. Each of the 4 patientsmethionine with the expected residual MAT I/1ll activity, it
with the highest plasma methionine has neurologic abnormaliseems reasonable to postulate that patient 7 (homozygous for a
ties: patient 7 and patient C have brain demyelind&&f?3 splicing mutation, the effect of which on activity could not be
patient 9 has an 1Q in the lowest 1 perceifil@nd patient 5is  evaluated by expression studies), patient 9 (a compound
mentally slow compared with other members of her farfily. heterozygote for truncation 185X and point mutation R199C),
The remainder of the patients listed are free of clinicaland even patient 5 (a compound heterozygote for 2 point
abnormalities. Table 1 also specifies the inactiva§T1A  mutations) each has very severe loss of MAT I/lll activity.
mutations present in each subject (where known), the relative The mean plasma AdoMet concentration for control children
enzyme activity of the expressed mutations, and the publicafage 2 to 8 years) was 89.2 nmol/L with a standard deviation of
tions in which these mutations are documented. Also listed are-17.9 nmol/L (range, 71.3 to 126 nmol/L;=1 9); for adults,

PATIENTS AND METHODS

RESULTS AND DISCUSSION
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Table 1. Inactivating Mutations in MAT1A and Concurrent Measurements of the Concentrations of Plasma Methionine,
AdoMet, Free Choline, and Phospholipid-Bound Choline, and Red Blood Cell-Free Choline and Phospholipid-Bound
Choline in Patients With Isolated Hypermethioninemia

Mutation(s) Red Blood Red Blood
Plasma Plasma Plasma-Free Plasma- Bound Cell-Free Cell- Bound
Patient No.2 Allele 1 (activity); Age Methionine AdoMet Choline Choline Choline Choline
(reference)® Allele 2 (Activity)® (yr) (umol/L)d (nmol/L)e (umol/L)f (umol/L)9 (umol/L)h (umol/L)

7 292G | gt — A | gt (unk); 53 1,505 51.5 (2)k 10.59 2,107 53.5 1,656
7 292G | gt — A | gt (unk)i 6.3 1,394 93.7 6.85 NA! 20.5 NA

917.23 185X; R199C™ (11%) 6.0 1,265 87.4 7.29 NA 16.0 NA

517.23 R264C (0.3%); G336R (23%) 12 1,199 64.5 5.25 1,800 14.7 1,290
Patient C1223 351X (0%); 351X (0%) 19 795 70.9 (2) 6.84 3,220 41.7 1,480
Mr C25 185X; 185X 430 793 60.9 9.74 2,104 100.4 1,901
Mr C 43° 792 63.5 (2) 7.89 2,167 102.4 1,536
31428 185X; 185X 6.5 618 48.2 (2) 7.67 1,662 23.5 1,562
131423 R199C (11%); R199C (11%) 6.2 520 88.5(2) 10.18 3,206 40.8 1,657
101423 R199C (11%); R199C (11%) 8.4 488 775 9.39 2,320 23.0 1,110
111423 R199C (11%); R199C (11%) 12 479 75.8 (2) 9.83 2,030 17.8 1,280
2p 1422 1322M (11%); 1322M (11%) 24 346 76.0 (2) 5.46 2,844 117.1 1,511
1814 Unknown; unknown 2.8 258 89.2 12.21 1,988 48.6 1,469
141417 1322M (11%); E344A (12%) 6.4 206 88.7 9.80 2,134 88.8 1,390
Cll-524 Wild-type; R264Hd 38 64 112 NA NA NA NA

2414 Unknown; unknown 4.4 52 63.3 8.69 1,594 349 1,243

agxcept where noted the patient had not necessarily been fasting overnight at the time the blood sample was drawn. Samples are listed in
descending order of plasma methionine concentrations.

bThe citations are: first, those in which the most recent available clinical information about the patient in question is reported; and, second, those
in which the MAT1A mutation(s) in that patient and their activities in expression systems are detailed.

°The activities are listed as percent of wild-type activity when the mutation was expressed in the systems specified in the original report cited.

dreference range, 23 to 45 pmol/L.

eReference range, 92.8 + 16.2 nmol/L (mean =+ SD; n = 25) (see text).

Reference range, 11.4 += 3.7 umol/L (mean = SD).“2 Note that in the report cited,*? this range, and those for the other choline-containing
compounds, were erroneously described as “mean * standard error,” rather than the correct “mean = standard deviation.”

9Phospholipid-bound choline: reference range, 2,364 + 774 pmol/L (mean = SD).*

"Reference range, 18.1 = 10.4 pmol/L (mean = SD).*2 The values reported by Buchman et al*2 were obtained with samples of red blood cells
frozen without prior deproteinization, as were the samples used in the present study. Free choline in such red blood cell samples was found by
Miller et al*3 to increase by a mean of 1.42 times above the values measured in unfrozen cells.

iPhospholipid-bound choline: reference range, 1,667 = 331 pmol/L (mean = SD).*?

iSplicing mutation: resultant effect on enzymic activity unknown.

kValue listed is the mean of 2 duplicate determinations.

INA, not analyzed.

mMutations are specified as illustrated by the following examples: 185X = premature truncation at amino acid residue 185; R199C: a nucleotide
change that causes replacement of arginine 199 by cysteine.

"Blood sample drawn 3 hours after the patient had eaten breakfast.

°Fasting sample.

PPatient 214 is patient 1 of Gaull et al* (referred to as G1 by Ubagai et al??).

AIMAT1A*R264H is a point mutation that causes mild hypermethioninemia inherited in a Mendelian dominant mode.

95 *= 15.5 nmol/L (range, 71 to 125 nmol/L;# 16). These in plasma were not reported by these investigators, Boer&et al
means did not differ significantly. The overall group mean wasfound that after similar loads to control subjects, plasma
92.8 = 16.2 nmol/L (n= 25). The concentrations of plasma methionine peaked after 1 hour in 1 study to a mean of 942
AdoMet in the hypermethioninemic subjects were usuallypumol/L and in a second study peaked at 1,033 pmol/L in
below this group reference mean value, with a few falling morepremenopausal women and 1,063 pmol/L in rffe@apdevila
than 2 standard deviations below, and the mean for the patientand Wagnet¥ observed that after a similar load plasma methio-
75.7 = 16.9 nmol/L (n= 16) was statistically significantly nine in a control subject increased from 34 uM to 816 uM at 3
below the group mean (2-tailélvalue= .0022). These results hours, and plasma AdoMet increased from 99 nmol/L to peak at
are in striking contrast to those reported for normal human381 nmol/L at 9 hours. The kinetic properties of MAT /11l and
subjects with elevated plasma methionine concentrations afteWAT Il are such that liver is the only organ in which a marked
oral loads of methionine: Loehrer et‘ateported that after an increase in the concentration of AdoMet occurs after a methio-
oral dose of methionine of 0.1 g (0.67 mmol)/kg body weight, nine load!®4748 Loehrer et at* suggested, therefore, that the
the mean AdoMet plasma concentration of control humanincrease in plasma AdoMet after the methionine load “probably
subjects increased to a peak some 8 hours later equal to 6r@flects liver metabolism.” The present results strongly support
times the preload value. Although concentrations of methioninehis conclusion because most of the hypermethioninemic pa-
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tients studied are known to have deficient activity of MAT I/lll measurements of plasma AdoMet fall short of providing
in liver, but are provel#21or may be presumed to have normal compelling indication that a deficit in such transport causes the
MAT Il activity in other tissues. neurologic abnormalities noted among MAT I/lll-deficient
To gain further assurance that the AdoMet-like material patients with the most severe lack of this activity. Thus, the
observed in the MAT I/lll-deficient patients was indeed AdoMet plasma concentrations of AdoMet among the 4 individuals in
and not some contaminating material, advantage was taken dfable 1 who had central nervous system (CNS) disease (patients
the known heat-lability of AdoMet. Aliquots of the plasma 7,9, 5, and C) were not strikingly lower than the concentrations
samples from patients 2, 3, 5, 7, 10, 11, 13, C, and Mr C weref this compound in plasma of the other hypermethioninemic
heated for 6 minutes in a boiling water bath. In each instance, asubjects free of such abnormalities.
had occurred also with samples from normal control subjécts,  An alternative hypothetical cause of brain demyelination in
the AdoMet peak was completely removed with no fluorescentMAT I/lll-deficient patients postulates defective transport from
material eluting in the same position. liver to brain of choline or some choline derivative. A major
The failure of the patients studied to have elevated plasmaoute for de novo synthesis of the choline moiety in mammals
AdoMet in the face of their elevations of plasma methionine caninvolves the AdoMet-dependent methylation of phosphati-
be attributed to a deficit in these patients in the capacity ofdylethanolamine, catalyzed by a methyltransferase found in
increased methionine to promote increased hepatic synthesis abundance in hepatocytes, but expressed only minimally in
AdoMet. Lack of elevation of plasma AdoMet in the presenceother cells and tissué&:38 Recent experiments with mice, in
of elevated plasma methionine then becomes a useful diagnostighich the gene encoding this enzyme has been disrupted,
tool that indicates the cause of a particular case of isolateadonvincingly establish that under conditions of inadequate
hypermethioninemia is deficient MAT /11l activity. Cases of dietary intake of choline, the action of this enzyme is essetttial.
isolated hypermethioninemia have been reported in which thé®hosphatidylcholine synthesized in the liver is exported to the
available evidence suggests liver MAT activity is norpiébr serun¥233where it may be degraded to cholitfePhosphatidyl-
associated with abnormalities of fatty acid metabolfsfit choline is also a precursor in the biosynthesis of sphingomy-
would be of interest to assay plasma AdoMet in such patients. elin.>* Although there has been some controversy as to whether
The AdoMet present even in the plasma of patients withsignificant amounts of choline are taken up into the brain in
homozygous truncating mutationsMAT1A(patients C, Mr C,  lipid-bound forms3>-57it has now been clearly established that
and 3) must be formed by the action of MAT Il. Both patient C brain uptake of free choline does occur via a specific, energy-
and Mr C have normal activity dfIAT2Aencoded MAT 111221 dependent transport systéff® The K, of this system both in
Balance studies showed that Mr C does form an amount oexperimental animals and in man is thought to be poised close
AdoMet just sufficient to meet his needlsThe distribution of  to the normal concentration of free choline in the plasma, so that
such MAT IlI-dependent synthesis between tissues other thaemall increases in the free choline concentration in plasma may
liver, and liver itself, is uncertain. MAT Il is expressed in change the balance of brain uptake from negative to posttive.
hepatocytes to a small extent and more plentifully in endothelialThus, in normal humans the arteriovenous difference in choline
and Kupffer cells of the livet? Because the MAT I/1ll-deficient  concentrations across the brain shows that choline is lost from
patients generally had somewhat low plasma concentrations dhe brain after 18 hours of fastirt§,whereas after choline
AdoMet, it appears probable that the action of MAT Il alone is ingestion, choline is taken up by the br&frGiven this delicate
usually not sufficient to maintain the normal plasma concentra-balance, it might be that inadequate AdoMet-dependent hepatic
tion of AdoMet, and that AdoMet formed by MAT I/lll in the synthesis of phosphatidylcholine might chronically reduce the
liver must also contribute to plasma AdoMet, even when theplasma concentration of free choline enough so that brain
plasma concentration of methionine is normal. uptake would not be sufficient to produce and maintain normal
Thus, with respect to the possibility that defective export of myelination.
AdoMet from the liver may be causative of brain demyelin- The data for free choline and phospholipid-bound choline
ation, the present evidence strengthens the likelihood that sucteported in Table 1 indicate that free choline was generally
export does occur. A carrier-mediated nucleoside transporsomewhat below the reference mean in the hypermethioninemic
system has recently been described in rat brain endothelial celisatients. However, the patients who developed demyelination
that has an affinity for AdoMet in the same range as thefdt did not have markedly lower plasma concentrations of these
thymidine and other substratélsin addition, hypermethionin-  compounds than did the patients who did not develop demyelin-
emic patient C, who developed brain demyelination, had aration. Perhaps dietary intake of choline and choline derivatives
abnormally low concentration of AdoMet in cerebrospinal fluid is sufficient to maintain the plasma concentrations of these
despite abnormally elevated methionine in both plasma and¢ompounds at not too abnormally low levels, a possibility
cerebrospinal fluid. As mentioned above, she had a normatompatible with the observation that mice completely lacking
activity of MAT Il in red blood cell$? (and therefore, presum- phosphatidylethanolamine methyltransferase activity were clini-
ably in brain) and is homozygous for a truncating mutation in cally unaffected when fed a standard laboratory tfiet.
MAT1A. Her low cerebrospinal fluid AdoMet would be ex-  The values for erythrocyte-free choline in some subjects
plained parsimoniously by deficient transport of AdoMet from appear to fall above the reference range. However, the distribu-
liver to brain. Despite these lines of evidence compatible withtion of this variable in the normal population is markedly
the existence of a normally occurring, physiologically impor- skewed toward higher concentrations (Jenden, unpublished
tant, transport of AdoMet from liver to brain, the present data). Several investigators have pointed out that high values
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may be seen with unusual frequency in various illnesses (sesupport for the possibilities that a complete lack of MAT /11l
references cited by Jope and Jerfdgnand extremely high activity decreases delivery of either AdoMet or choline (or a
values may persist for several weeks after the administration otholine derivative) from liver to brain sufficiently to provide an
lithium®3 (although to the best of our knowledge, none of the explanation for the neurologic abnormalities that have been
patients reported on in this article had been treated withobserved in several patients with such genetic defects. How-
lithium). These observations suggest that high levels of freeever, because it has been possible to study only a few such
choline in erythrocytes may occur with significant frequency in patients and because the studies were necessarily performed
subjects who may not be recognizably abnormal in other waysafter the neurologic problems were already present, in our
Nor do the erythrocyte free choline concentrations among thepinion, these working hypotheses have not been completely
listed patients with neurologic abnormalities differ strikingly ruled out. Further studies, perhaps focusing also on other
from those in the patients free of such difficulties. possible candidate compounds formed in AdoMet-dependent
In summary, the data reported fail to provide compelling reactions in the liver and delivered to the brain, are needed.
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