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2-Ethylhydracrylic Aciduria in
Short/Branched-Chain Acyl-CoA Dehydrogenase
Deficiency: Application to Diagnosis
and Implications for the R-Pathway of
Isoleucine Oxidation
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Background: Isolated excretion of 2-methylbutyrylgly-
cine (2-MBG) is the hallmark of short/branched-chain
acyl-CoA dehydrogenase deficiency (SBCADD), a re-
cently identified defect in the proximal pathway of
L-isoleucine oxidation. SBCADD might be underdiag-
nosed because detection and recognition of urine acyl-
glycines is problematic. Excretion of 2-ethylhydracrylic
acid (2-EHA), an intermediate formed in the normally
minor R-pathway of L-isoleucine oxidation, has not
previously been described in SBCADD.

Methods: Samples from four patients with 2-MBG ex-
cretion were analyzed by gas chromatography-mass
spectrometry for urine organic acids, quantification of
2-MBG, and chiral determination of 2-methylbutyric
acid. Blood-spot acylcarnitines were measured by elec-
trospray-tandem mass spectrometry. Mutations in the
ACADSB gene encoding SBCAD were identified by
direct sequencing.

Results: SBCADD was confirmed in each patient by
demonstration of different ACADSB gene mutations. In
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multiple urine samples, organic acid analysis revealed a
prominent 2-EHA peak usually exceeding the size of the
2-MBG peak. Approximately 40-46% of total 2-methyl-
butyric acid conjugates were in the form of the R-
isomer, indicating significant metabolism via the R-
pathway.

Conclusions: If, as generally believed, SBCAD is re-
sponsible for R-2-MBG dehydrogenation in the R-path-
way, 2-EHA would not be produced in SBCADD. Our
observation of 2-ethylhydracrylic aciduria in SBCADD
implies that a different or alternative enzyme serves this
function. Increased flux through the R-pathway may act
as a safety valve for overflow of accumulating S-path-
way metabolites and thereby mitigate the severity of
SBCADD. Awareness of 2-ethylhydracrylic aciduria as a
diagnostic marker could lead to increased detection of
SBCADD and improved definition of its clinical

phenotype.
© 2005 American Association for Clinical Chemistry

Catabolism of the branched-chain amino acid r-isoleucine
occurs predominantly via the S-pathway, but also via the
minor R-pathway (Fig. 1). Short/branched-chain acyl-
CoA dehydrogenase deficiency (SBCADD;> OMIM
+600301) is an autosomal recessively inherited defect in
isoleucine catabolism. The first identified patient with
SBCADD was reported only in the year 2000 (1). An
additional patient and his affected asymptomatic mother

5 Nonstandard abbreviations: SBCADD, short/branched-chain acyl-CoA
dehydrogenase deficiency; 2-MBG, 2-methylbutyrylglycine; 2-EHA, 2-ethylhy-
dracrylic acid; TMS, trimethylsilyl; and GC-MS, gas chromatography-mass
spectrometry.
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were reported in the same year (2). The diagnosis in these
patients was first suspected after analysis of organic acids
in urine revealed an isolated increase in excretion of
2-methylbutyrylglycine (2-MBG). This metabolite is de-
rived from 2-methylbutyryl-CoA, the substrate of SBCAD
(Fig. 1). Since the reports of these two initial families, the
only other description of patients with this disorder has
been in the Hmong communities in Minnesota and Wis-
consin (3). In these cases, however, the disorder was
identified not by urine organic acid analysis but by

detection of increased blood-spot C5 carnitine within the
framework of a universal newborn-screening program.

Judging by the number of diagnosed patients, SBCADD
would appear to be a rare disorder. Nevertheless, we have
diagnosed SBCADD in four unrelated individuals, suggest-
ing that the disorder might be more common than is
currently appreciated. The detection of acylglycines in urine
is problematic (4), and it is possible that additional cases are
being missed because of failure to identify or appreciate the
characteristic 2-methylbutyrylglycinuria.
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In this report we show that increased excretion of
2-ethylhydracrylic acid (2-EHA) is a prominent and easily
recognized abnormality on analysis of organic acids in
urine from patients with SBCADD. Awareness of 2-ethyl-
hydracrylic aciduria as an indicator of SBCADD may lead
to increasing diagnosis of this disorder and further defi-
nition of its phenotype. Furthermore, our observation of
the excretion of 2-EHA and other metabolites in SBCADD
raises questions regarding the presumed role of SBCAD
in the R-pathway of isoleucine oxidation.

Patients and Methods

PATIENTS AND GENOTYPING

Patient 1 with SBCADD was identified by newborn
screening and is healthy with normal development,
whereas patients 2-4 were identified after metabolic
studies performed for evaluation of clinical disease. In
each case, the diagnosis of SBCADD was confirmed by
demonstration of homozygosity or compound heterozy-
gosity for ACADSB gene mutations by direct sequence
analysis of the entire coding region from the patients and
available family members (genotypes summarized in Ta-
ble 1). PCR amplification of genomic DNA and sequence
analysis were performed as described previously (2).
Patient 1 (5) and patients 3 and 4 (6) have been reported
previously in abstract format.

ORGANIC ACID, AMINO ACID, AND ACYLCARNITINE
ANALYSIS
Organic acids were extracted from random urines by a
standard ethyl acetate—diethyl ether procedure, converted
to their trimethylsilyl (TMS) derivatives, and analyzed on
a Varian/Finnigan™ or an Agilent 5971™ gas chroma-
tography-mass spectrometry (GC-MS) system.
Dried-blood-spot and urine acylcarnitines were mea-
sured by electrospray—-tandem MS (7,8), and plasma

amino acids were measured by ion-exchange chromatog-
raphy with postcolumn ninhydrin derivatization.

MEASUREMENT OF 2-MBG BY GC-MS

2-MBG and 2-methylbutyryl-’H,-glycine (*H,-2-MBG)
were synthesized from 2-methylbutyric acid, glycine, and
*H,-glycine as described previously (9). Briefly, 1 mL of
urine was mixed with 100 uL of 100 umol/L *H,-2-MBG,
acidified with 100 pL of 6 mol/L hydrochloric acid,
saturated with sodium chloride, and extracted with 5 mL
of ethyl acetate. The organic layer was removed, dried
under an air stream, and derivatized with 20 pL of
pyridine and 80 uL of N-(tert-butyldimethylsilyl)-N-meth-
yltrifluoroacetamide by heating at 100 °C for 30 min. The
GC oven was held at 120 °C for 1 min after injection,
followed by ramping at 10 °C/min. Selected-ion monitor-
ing was performed for m/z 330 and m/z 332, the
[M—CH,]" fragments of the N-(tert-butyldimethylsilyl)-
N-methyltrifluoroacetamide derivatives of 2-MBG and
*H,-2-MBG, respectively.

CHIRAL DETERMINATION OF 2-METHYLBUTYRIC ACID

BY GC-MS

2-Methylbutyric acid was released from glycine and car-
nitine conjugates by alkaline hydrolysis, and the R- and
S-isomers were separated by GC-MS after preparation of
L-valine/TMS derivatives. We mixed 1 mL of urine with
100 puL of 1 mmol/L (R,S)-2-methylvaleric acid (internal
standard) and 900 uL of 6 mol/L sodium hydroxide and
heated the mixture at 100 °C for 60 min. The mixture was
acidified with 1 mL of 6 mol/L hydrochloric acid, satu-
rated with sodium chloride, and extracted with 2 mL of
n-hexane. The n-hexane layer was removed, mixed with
75 pL of thionyl chloride, and heated at 60 °C for 1 h.
After cooling on ice, 1 mL of 0.67 mol/L r-valine in 3
mol/L sodium hydroxide was added with vortex-mixing.

Table 1. Genotypes and metabolite concentrations in four SBCAD-deficient patients.

Results?
Reference
Patient 1 Patient 2 Patient 3 Patient 4 interval
Genotype 1165A>G/848A>G"” 908G>C/908G>C° 443C>T/443C>T 1102T>C/1102T>C
Dried-blood-spot C5 1.2;2.5;1.1 0.97 1.75 0.5; 0.55 <0.46
carnitine, uwmol/L
Plasma alloisoleucine, 2.6 1.5 ND? ND <2.1
mumol/L
Urine C5 carnitine, umol/ 84.4; 58.1; 64.8 35.3; 80.6 2.7 ND <3.0
mmol creatinine
Urine 2-EHA, arbitrary units® 36; 31; 22 116; 132 32; 8; 15 152; 19; 43 <5
Urine 2-MBG, pmol/mmol creatinine 36.3; 29.3; 35.2 20.2; 36.7 14.5 ND <2.3
Urine 2-methylbutyric acid 45; 40 45; 43 46 ND 43-56"

conjugates as R-isomer, %

?Values separated by semicolons indicate results of analyses of samples collected at different times.

b Compound heterozygote.
¢ This patient was also homozygous for a neutral polymorphism, 38G>A.
9ND, not done because suitable samples were not available for assay.

€ Ratio of the peak areas for 2-EHA and the internal standard, corrected for creatinine concentration.

n=5.
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The mixture was left on ice for 20 min, then at room
temperature for 20 min with occasional vortex-mixing.
The mixture was acidified with 500 pL of 6 mol/L
hydrochloric acid, saturated with sodium chloride, and
extracted twice with 3 mL of ethyl acetate. The extracts
were combined, dried under an air stream at 60 °C, and
derivatized with 20 uL pyridine and 80 wL of N,O-
bis(trimethylsilyl)trifluoroacetamide containing 10 mL/L
trimethylchlorosilane by heating at 80 °C for 30 min. The
GC oven was held at 100 °C for 1 min after injection,
followed by ramping at 5 °C/min. Selected-ion monitor-
ing was performed for m/z 258 and m/z 272, the
[M—CHg]" fragments of the TMS/valine derivatives of
2-methylbutyric and 2-methylvaleric acids, respectively.
By running standards of (R,S)-2-methylbutyric acid and
(5)-2-methylbutyric acid, we determined that the deriva-
tives of the S- and R-isomers of 2-methylbutyric acid
eluted at 14.19 and 14.31 min, respectively. The deriva-
tives of (R,S)-2-methylvaleric acid eluted at 15.86 and
16.04 min.

Results

Organic acids were analyzed in 12 separate urine samples
from the four patients. Illustrative total-ion chromato-
grams from patients 2, 3, and 4 are presented in Fig. 2
(panels A, B, and C, respectively), with a chromatogram
from a healthy control for comparison (panel D). In all
samples there was increased excretion not only of 2-MBG,
as expected in SBCADD, but also of 2-EHA. The metab-
olite concentrations are summarized in Table 1. Quantifi-
cation of urine 2-MBG by stable-isotope-dilution GC-MS
showed concentrations in the range 14.5-36.7 umol/
mmol creatinine compared with a reference interval of
<2.3 pmol/mmol creatinine. 2-EHA could not be quanti-
fied because there is no commercially available standard
and attempts to synthesize it were unrewarding. 2-EHA is
therefore expressed qualitatively as arbitrary units reflect-
ing the ratio of the area under the curve of its peak to that
of the internal standard, corrected for creatinine concen-
tration.

In the healthy individual (Fig. 2D), only a trace of
2-EHA is visible on the chromatogram and no 2-MBG
peak is detectable. To gauge the relative prominence of
2-EHA and 2-MBG excretion and their consequent ease of
detection by visual inspection of the chromatograms, we
compared their peak heights. In the samples from the
SBCADD patients, the height of the 2-EHA peak always
exceeded that of the 2-MBG peak, with the exception of
patient 4 (Fig. 2C). The mean ratio of 2-EHA to 2-MBG
peak heights for nine samples was 3.8, with a range of
0.5-10.8. Whereas the 2-EHA peak was clearly increased
in all SBCADD samples, the 2-MBG peak was sometimes
relatively small and might easily be overlooked (Fig. 2B).

Urine C5 carnitine (Table 1) was significantly increased
in patients 1 and 2 but within the reference interval in
patient 3. The C5 carnitine measurement, however, in-
cludes both 2-methylbutyrylcarnitine and isovalerylcarni-

tine. It is therefore possible that a slight increase in
2-methylbutyrylcarnitine in this patient could be masked
by background concentrations of isovalerylcarnitine
within the reference interval. C5 carnitine concentrations
in dried-blood-spot samples were mildly to moderately
increased in all individuals. Again, the actual increase in
2-methybutyrylcarnitine may be underestimated because
of masking of 2-methylbutyrylcarnitine by isovalerylcar-
nitine, which also contributes to this signal. It is notewor-
thy that the blood-spot C5 carnitine concentration was
within the reference interval in one of the first reported
SBCADD patients (2).

Chiral analysis of 2-methylbutyric acid released from
urine conjugates in patients 1-3 showed that 40-46% was
in the form of the R-isomer, similar to that measured in
controls albeit at much higher absolute concentrations.
Plasma alloisoleucine was slightly increased in patient 1
(although this was against a background of slight in-
creases in other branched-chain amino acids) and within
the reference interval in patient 2.

Discussion

Deficiency of SBCAD leads to accumulation within the
mitochondrion of its substrate, 2-methylbutyryl-CoA.
This is transesterified with glycine by the mitochondrial
enzyme acyl-CoA:glycine-N-acyltransferase (glycine-N-
acylase) to form 2-MBG (9). Detection of abnormal excre-
tion of 2-MBG in the urine led to the discovery of
SBCADD in the first patients identified with this disorder.

2-MBG and other biologically important acylglycines
can be detected in urine by routine organic acid analysis,
based on the GC retention times and mass spectra of their
TMS derivatives (10, 11). However, inadequate sensitivity
of acylglycine detection (because of variable extraction,
chromatographic instability, or failure of spectrum recog-
nition) is a major cause for missed diagnosis of fatty acid
oxidation and organic acid defects (4). To overcome this
problem, techniques have been developed for the specific
determination of acylglycines based on stable-isotope
dilution with chemical (12) or negative chemical ioniza-
tion (13) GC-MS with selected-ion monitoring, and elec-
trospray—tandem MS (14). Because these techniques are
not available or practicable for widespread routine use,
the isolated 2-methylbutyrylglycinuria of SBCADD may
be easily overlooked.

In this context, our observation of prominent 2-ethyl-
hydracrylic aciduria in SBCADD may have important
practical implications in the diagnosis of this disorder.
Unlike 2-MBG, 2-EHA is easily detected on routine
GC-MS examination of urine organic acids. It is present in
small amounts in the urine of healthy individuals. Exces-
sive 2-EHA excretion may thus serve as an important
marker for SBCADD. Although 2-ethylhydracrylic acid-
uria was not mentioned in the previous reports of this
disorder, it is unlikely that this phenomenon is peculiar to
our patients because they were genetically heterogeneous.

2-EHA was first identified in the urine of a patient with
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Fig. 2. Total-ion chromatograms of urine organic acids analyzed by GC-MS.

Shown are samples from patients 2 (A), 3 (B), and 4 (C) and a healthy control (D); a chromatogram from patient 1 is not presented because the samples were analyzed
on a different GC-MS system and are therefore not directly comparable. The peaks for 2-EHA and 2-MBG are indicated. * denotes the internal standard C17:0 (margaric
acid). For orientation, additional peaks without diagnostic significance are labeled as follows: peak 1, lactic acid; peak 2, glycolic acid; peak 3, 3-hydroxybutyric and
3-hydroxyisobutyric acids; peak 4, 3-hydroxyisovaleric acid; peak 5, succinic acid; peak 6, glutaric acid; peak 7, adipic acid; peak 8, a-ketoglutaric acid; peak 9,
4-hydroxyphenylacetic acid; peak 10, suberic acid; peak 11, aconitic acid; peak 12, citric acid; peak 13, hippuric acid; peak 14, sebacic acid; peak 15, phenobarbitone
metabolite; peak 16, palmitic acid; peak 17, 4-hydroxyhippuric acid.
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B-ketothiolase (2-methylacetoacetyl-CoA thiolase) defi-
ciency (15). This led to the realization that it is an
intermediate in a previously unrecognized minor path-
way of isoleucine oxidation, the R-pathway (16). Because
both the second and third carbons of isoleucine are chiral
centers, it has four possible enantiomers. The predomi-
nant enantiomer is L-(+)-isoleucine (2S5-amino-3S-meth-
ylpentanoic acid). Transamination of L-(+)-isoleucine
produces (S)-2-keto-3-methylvalerate, which is subse-
quently oxidized via the S-pathway (Fig. 1, left pathway).
The next most common enantiomer is L-(+)-alloisoleucine
(25-amino-3R-methylpentanoic acid), which is oxidized
via the minor R-pathway (Fig. 2, right pathway). Loading
studies have demonstrated interconversion between the
S- and R-pathways (16). This was presumed until recently
to occur by keto-enol tautomeric racemization of the S-
and R-enantiomers of 2-keto-3-methylvaleric acid. It is
now believed that the interconversion actually occurs by
tautomerization of an enamine intermediate formed dur-
ing the transamination of L-(+)-isoleucine (17-19).

This interconversion between the S- and R-pathways is
the basis for the observation that excretion of 2-EHA, an
R-pathway intermediate, is increased when the S-path-
way for isoleucine oxidation is either overloaded or
interrupted. In such situations, the flux through the
R-pathway increases, leading to increased formation and
excretion of 2-EHA. Intuitively, one might expect the
increased flux through the R-pathway to lead to increased
excretion of ethylmalonic acid, the terminal metabolite in
the R-pathway, rather than the intermediate metabolite
2-EHA. However, loading studies with 1-(+)-alloisole-
ucine and R-pathway metabolites have clearly shown that
2-EHA, and not ethylmalonic acid, is the predominant
metabolite excreted (16). It would appear that the cata-
bolic steps beyond 2-EHA are attenuated relative to those
that precede it and to the corresponding steps in the
S-pathway.

Whereas the origin of the 2-ethylhydracrylic aciduria
in distal defects of the S-pathway (such as p-ketothiolase
deficiency) is readily apparent, this is not the case for
SBCADD, a proximal defect of the S-pathway. It is be-
lieved that SBCAD functions not only in the S-pathway to
dehydrogenate (S)-2-methylbutyryl-CoA, but also in the
R-pathway to dehydrogenate (R)-2-methylbutyryl-CoA
(17,20). Indeed, SBCAD is active in vitro against both
enantiomers, the relative activity of SBCAD for the R-
enantiomer compared with the S-enantiomer being 22%
for the purified enzyme from rat liver (21), 61% for the rat
enzyme expressed in Escherichia coli (22), and 64% for the
expressed human enzyme (23). This is in contrast to the
situation for human very long-chain, long-chain, and
medium-chain acyl-CoA dehydrogenases, which are ste-
reospecific for the S-enantiomers only of their methyl
branched-chain substrates (24).

Further evidence for the role of the R-pathway was
provided by the chiral analysis of 2-methylbutyric acid
released from urine conjugates. This showed that a sub-

stantial proportion (40-46%) was present as the R-isomer.
Plasma alloisoleucine, the first intermediate of the R-
pathway, was also slightly increased in one patient, but
this was an inconsistent finding because the concentration
was within the reference interval in another patient.

If SBCAD were indeed the enzyme responsible for the
dehydrogenation of (R)-2-methylbutyryl-CoA to 2-ethyl-
hydracryl-CoA in the R-pathway, then 2-EHA would not
be produced in SBCADD. Our observation that 2-EHA
excretion is actually increased in SBCADD implies either
that a different enzyme is responsible for the dehydroge-
nation of (R)-2-methylbutyryl-CoA or that an alternative
enzyme performs this function when SBCAD is deficient.
There are several enzyme systems with the potential to fill
this role, such as isobutyryl-CoA dehydrogenase in the
valine pathway, or the omega hydroxylation system. This
being the case, the R-pathway remains functional in
SBCADD and may therefore act as a safety valve for
overflow of accumulating toxic S-pathway intermediates.
Indeed, SBCADD has been contrasted with isovaleric
acidemia, in which the analogous enzyme in the leucine
catabolism pathway (isovaleryl-CoA dehydrogenase) is
deficient. Isovaleric acidemia is characterized by a more
severe clinical course and higher concentrations of metab-
olites, whereas a substantial proportion of SBCAD-defi-
cient patients appear to be asymptomatic (1-3, 25, 26). It
has been speculated that alternative pathways might
account for the milder clinical and biochemical phenotype
of SBCADD (1). Our results support this notion, indicat-
ing that the severity of the disorder may be modulated by
the R-pathway. In this context, it is noteworthy that the
only case in which the 2-MBG peak exceeded the 2-EHA
peak (suggesting less efficient clearance of toxic metabo-
lites via the R-pathway) was from patient 4, who pre-
sented neonatally with acute metabolic decompensation
and neurologic dysfunction.

Interestingly, 2-EHA was not listed in a recent review
of abnormalities of urinary organic acid excretion (27).
Nevertheless, it is an important metabolite of diagnostic
significance in several disorders, all of which can be
differentiated from SBCADD by identification of addi-
tional diagnostic metabolites. Increased 2-EHA excretion
may be observed when the S-pathway is overloaded
during ketosis, isoleucine being a ketogenic amino acid
(28). None of our patients was ketotic when samples were
taken. 2-Ethylhydracrylic aciduria has also been reported
in several defects at distal steps in the S-pathway, includ-
ing B-ketothiolase deficiency (15), 2-methyl-3-hydroxybu-
tyryl-CoA dehydrogenase deficiency (29), propionic aci-
demia (30), and methylmalonic acidemia attributable to
deficiency of mutase or its cofactor vitamin B,.

2-Ethylhydracrylic aciduria may also be observed in
two disorders outside the S-pathway. Ethylmalonic en-
cephalopathy is a rare infantile metabolic disorder with a
distinctive clinical presentation characterized by hypoto-
nia, developmental delay and regression, orthostatic ac-
rocyanosis, relapsing petechiae, chronic diarrhea, and
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progressive pyramidal and extrapyramidal signs (31). As
in SBCADD, patients with ethylmalonic encephalopathy
have increased urinary excretion of 2-EHA and 2-MBG.
Unlike SBCAD-deficient individuals, however, they also
excrete ethylmalonic acid in large amounts, as well as
isobutyrylglycine. L-Isoleucine loading studies suggested
an abnormality in the pathway of isoleucine metabolism
(32), although more recent studies have indicated that
methionine rather than isoleucine is the precursor of
ethylmalonic acid in this disorder (33). However, addi-
tional findings of lactic acidemia and muscle cytochrome
¢ oxidase deficiency implied a mitochondrial origin for
this disorder. Indeed, it was recently shown to be caused
by mutations in the ETHET gene, which encodes a mito-
chondrial matrix protein with a central but as yet defined
role in mitochondrial homeostasis and energy metabolism
(34).

Barth syndrome is an X-linked disorder characterized
by dilated cardiomyopathy, growth retardation, and neu-
tropenia (35). Affected patients excrete increased amounts
of 3-methylglutaconic and 3-methylglutaric acids (usually
metabolites of leucine) as well as 2-EHA (36). In this
disorder, the 3-methylglutaconic and 3-methylglutaric
aciduria appear to arise not from the metabolism of
leucine but rather from isoprenoid metabolism via the
methylglutaconate shunt. Mutations in the taffazin gene
are responsible for this disorder and lead to a deficiency
of cardiolipin, a component of the inner mitochondrial
membrane necessary for proper functioning of the elec-
tron transport chain (37).

In the few cases of SBCADD that have been reported to
date, the clinical phenotype seems to be quite heteroge-
neous, ranging from asymptomatic individuals to patients
with various neurologic manifestations and acute meta-
bolic presentations. Individuals with SBCADD are now
being increasingly identified through routine newborn-
screening programs by detection of increased blood-spot
C5 carnitine (3, 26). However, because many such indi-
viduals are being prospectively treated with a protein-
restricted diet and/or L-carnitine supplementation, the
natural history of the untreated disorder might remain
unclear. Awareness of 2-EHA excretion as a marker of
SBCADD may lead to increasing diagnosis of this disor-
der during selective screening of symptomatic patients
and contribute to the definition of its clinical phenotype.

We are grateful to Avantika Mishra and Mary Eggington
for their excellent technical assistance and to Michael
Mayer for critical reading of the manuscript and construc-
tive suggestions.
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