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(57) Abstract: Methods of evaluating molecular isomers
of branched-chain amino acids are featured. The methods
can include: derivatizing one or more molecular isomers
of branched-chain amino acids in a sample comprising
a branched-chain amino acid labeled with one or more
heavy atoms as a first standard; adding, to the sample, after
derivatization, a nonderivatized or derivatized branched chain
amino acid that is labeled with one or more heavy atoms, as
a second standard; evaluating the sample using tandem mass
spectrometry; and detecting peaks indicative of derivatized
and nonderivatized forms of one or more branched-chain
amino acids in the sample.
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DETECTING ISOMERS USING DIFFERENTIAL
DERIVATIZATION MASS SPECTROMETRY
CROSS-REFERENCE TO RELATED APPLICATIONS
BACKGROUND
5 Mass spectrometry is a technique used to analyze the mass-to-charge ratio of ions. It can
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~ be used to provide composition of a particular analyte by generating a mass spectrum

representing components of the analyte (tandem mass spectrometry). Some of its applications

include screening biological samples for markers of specific disorders or diseases.

SUMMARY

Mass spectrometry (MS) can be used to evaluate branched-chain amino acids, and can be
used to distinguish between branched-chain amino acids that are molecular isomers, e.g., leuctne,
isoleucine, and allo-isoleucine. Methods for detecting isomeric branched-chain amino acids can
include derivatizing a sample, e.g., esterifying the sample. However, such amino acids typically
are derivatized with different efficiencies.

Different derivatization efficiencies can be utilized to improve specificity and/or
sensitivity of detection of various branched-chain amino acids. Internal standards, e.g.,
branched-chain amino acids labeled with one or more heavy isotopes, can be used to track
derivatization efficiency and thereby enhance detection and quantification of branched-chain
amino acids in a sample. In some cases, at least two internal standards are used. The standards
are 1someric with the branched chain amino acids, but have different molecular weight from one
another by virtue of having different heavy isotope labeling. In some implementations, one
standard is added prior to derivatization, and the other is added subsequent to derivatization. In
some implementations, one standard corresponds to a derivatized amino acid and the other

corresponds to a nonderivatized amino acid.
In one aspect, a method of evaluating molecular isomers of branched-chain amino acids,
e.g., leucine, 1soleucine, and allo-1soleucine, 1s featured. The method includes derivatizing one
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or more molecular 1somers of branched-chain amino acids in a sample comprising a branched-
chain amino acid labeled with one or more heavy atoms as a first standard. The first standard
can be, e.g., leucine, isoleucine, and allo-isoleucine. After derivatization, a nonderivatized or a
derivatized branched-chain amino acid that is labeled with one or more heavy atoms is added to

the sample as a second standard. The second standard can be, e.g., leucine, isoleucine, and allo-

1soleucine. The sample is evaluated using tandem mass spectrometry, and peaks indicative of

derivatized and nonderivatized forms, e.g., butylated and unbutylated forms, of one or more
branched-chain amino acids, e.g., leucine, isoleucine, and allo-1soleucine, in the sample are
detected.

The derivatized forms of the first and second standard can have different molecular
weights as a result of different heavy atom labeling. The non-derivatized forms of the first and
second standard can have different molecular weights as a result of different heavy atom
labeling.

The method can further include determining the derivatization efficiency of a branched-
chain amino acid by reference to the first and second standards. The method can further include
determining the concentration of a branched chain amino acid in the sample using the
derivatization efficiency.

The derivatizing can be esterification, e.g., carried out with an alcohol, e.g., butanol,
1sopropanol, ethanol, and methanol. The esterification step can include adjusting one or more
parameters, e.g., temperature and incubation time, to decrease the level of esterification of one or
both of 1soleucine and allo-isoleucine. Less than 100% of branched-chain amino acids can be
derivatized, e.g., esterified, e.g., about 80-94% of leucine can be esterified, about 5-20% of
1soleucine can be esterified, and about 25-40% of allo-isoleucine can be esterified.

The sample can further include a third and/or fourth standard prior to derivatization. The
third and/or fourth standard can be, €.g., leucine, 1soleucine, and allo-1soleucine. The derivatized
forms of the first, second, third, and (optionally) fourth standards can have different molecular
weights as a result of different heavy atom labeling. The non-derivatized forms of the first,
second, third, and (optionally) fourth standards can have different molecular weights as a result
of different heavy atom labeling. The method can include other features described herein.

In another aspect, a method of diagnosing a metabolic disorder is featured. The method

includes treating a sample, e.g., a sample including blood, from a subject, under conditions in
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which branched-chain amino acids, e.g., leucine, isoleucine, and allo-isoleucine, in the sample
are derivatized. The subject can be a human, e.g., a newborn human. The sample includes a
branched-chain amino acid, e.g., leucine, isoleucine, and allo-isoleucine, labeled with one or
more heavy atoms as a first standard. After derivatization, a nonderivatized or derivatized
branched-chain amino acid, e.g., leucine, isoleucine, and allo-isoleucine, that is labeled with one
or more heavy atoms 1s added as a second standard. The sample is evaluated using tandem mass
spectrometry and peaks indicative of derivatized and nonderivatized forms, e.g., butylated and
unbutylated forms, of one or more branched-chain amino acids (e.g., leucine, 1soleucine, and
allo-isoleucine) in the sample are detected. An altered level of one or more branched-chain
amino acids 1n the sample relative to the level in one or more reference samples is an indication

that the subject has, or is at risk of developing, a metabolic disorder characterized by altered

levels of one or both of branched-chain amino acids and branched-chain ketoacids.

The metabolic disorder can be, e.g., Maple Syrup Urine Disorder (MSUD), e.g., a classic
MSUD, an intermediate MSUD, an intermittent MSUD, a thiamine-responsive MSUD, and/or an
E3-deficient MSUD. The disorder can be further characterized by one or more of the following:
ketoacidosis, neurological abnormality, and developmental disturbance.

The method can further include determining the derivatization efficiency of a branched-
chain amino acid by reference to the first and second standards. The method can further include
determining the concentration of a branched chain amino acid in the sample using the
derivatization efficiency.

The derivatizing can be esterification, e.g., carried out with an alcohol, e.g., butanol,

1sopropanol, ethanol, and methanol. The esterification step can include adjusting one or more

parameters, €.g., temperature and incubation time, to decrease the level of esterification of one or
both of 1soleucine and allo-isoleucine. Less than 100% of branched-chain amino acids can be
derivatized, e.g., esterified, e.g., about 80-94% of leucine can be esterified, about 5-20% of
1soleucine can be esterified, and about 25-40% of allo-isoleucine can be esterified.

The derivatized forms of the first and second standard can have different molecular
welghts as a result of different heavy atom labeling. The non-derivatized forms of the first and
second standard can have different molecular weights as a result of different heavy atom

labeling.
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The sample can further include a third and/or fourth standard prior to derivatization. The
third and/or fourth standard can be, e.g., leucine, isoleucine, or allo-isoleucine. The derivatized
torms of the first, second, third, and (optionally) fourth standards can have different molecular
weights as a result of different heavy atom labeling. The non-derivatized forms of the first,
second, third, and (optionally) fourth standards can have different molecular weights as a result
of different heavy atom labeling. The method can include other features described herein.

In another aspect, the disclosure features a method of obtaining a metabolic profile of a
subject, e.g., a human. The method includes providing a biological sample from a subject. The
sample includes one or more molecular isomers of branched-chain amino acids, e.g., leucine,
1soleucine, and allo-isoleucine, and a branched-chain amino acid, e.g., leucine, isoleucine, and
allo-1soleucine, labeled with one or more heavy atoms as a first standard. One or more of the
branched-chain amino acids in the sample are derivatized. After derivatization, a nonderivatized
or derivatized branched-chain amino acid, e.g., leucine, isoleucine, and allo-isoleucine, that is
labeled with one or more heavy atoms is added to the sample as a second standard. The sample
1s evaluated using tandem mass spectrometry. Peaks indicative of derivatized and
nonderivatized forms, e.g., butylated and unbutylated forms, of one or more branched-chain
amino acids in the sample are detected. The presence of the branched-chain amino acids in the
sample 1s used to obtain the metabolic profile of the subject. The metabolic profile can include
information about other molecules. The method can include other features described herein.

In one aspect, this disclosure features a method of evaluating molecular isomers of small
molecules, e.g., metabolites, e.g. branched-chain amino acids. The molecular isomers are
derivatized before being evaluating using tandem mass spectrometry. A first standard is added
to the sample before derivatization; a second standard is added after derivatization. The second
standard can be derivatized or not derivatized. The first and second standards have different
molecular weights after derivatization, e.g., so that their peaks are distinguishable by mass
spectrometry. For example, they have different heavy isotopic labeling so that their peaks are
shifted from one another and from isomers in the sample. The method can include other features
described herein.

In one aspect, this disclosure features a method of evaluating molecular isomers of
branched-chain amino acids, e.g., leucine, isoleucine, and allo-isoleucine. The method includes:

derivatizing one or more molecular isomers of branched-chain amino acids in a sample; adding,

4



10

15

20

29

30

CA 02686199 2009-11-03
WO 2008/137865 Attorney’s Docket Nurp1/US2008/062685

to the sample, a nonderivatized or derivatized branched chain amino acid that 1s labeled with a
heavy atom, as a standard; evaluating the sample using tandem mass spectrometry; and detecting
peaks indicative of derivatized and nonderivatized forms of one or more branched-chain amino
acids in the sample. The method can include other features described herein.

In another aspect, a method of evaluating molecular isomers of branched-chain amino
acids 1s featured. The method includes: derivatizing one or more molecular isomers of branched-
chain amino acids in the sample; evaluating the sample using tandem mass spectrometry;
detecting peaks indicative of derivatized and nonderivatized forms of one or more branched-
chain amino acids in the sample; and determining the concentration of branched-chain amino
acids in the sample using information about the derivatization efficiency for each of the different
isomers. The method can include other features described herein.

Another aspect features a composition that includes: a first standard including
nonderivatized or derivatized branched-chain amino acid labeled with one or more heavy atoms;
and a second standard including derivatized branched-chain amino acid labeled with one or more
heavy atoms. The first and second standards are isomeric, but have different molecular weights
due to different heavy atom labeling. The branched-chain amino acid can be, e.g., leucine,
1soleucine, and allo-1soleucine. The composition can further include an experimental sample
comprising branched-chain amino acids that are isomers. The composition can include other
features described herein.

A kit for evaluating 1somers of branched-chain amino acids, e.g., leucine, 1soleucine, and
allo-isoleucine, is also featured. The kit includes: a first standard of non-derivatized branched-
chain amino acid labeled with one or more heavy atoms; and a second standard of nonderivatized
or derivatized branched-chain amino acid labeled with one or more heavy atoms. The
nondertvatized forms of the first and second standard have different molecular weights as a result
of different heavy atom labeling. The kit can include other features described herein, e.g., the kit
can further include computer software useful for detecting branched-chain amino acids.

In some embodiments, the methods herein are used to analyze a sample that has not been
processed by another separation method, i.e., it has not been processed by chromatography.

The methods described herein can be used to implement cost efficient and rapid

diagnostic assays.
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According to one aspect of the present invention, there is provided a method of
diagnosing a metabolic disorder, the method comprising: treating a sample from a subject,
under conditions 1in which branched-chain amino acids in the sample are derivatized, said
sample comprising a branched-chain amino acid labeled with one or more heavy atoms as a
first standard; adding, to the sample, after derivatization, a nonderivatized or derivatized
branched-chain amino acid that 1s labeled with one or more heavy atoms, as a second
standard; evaluating the sample using tandem mass spectrometry; and detecting peaks
indicative of derivatized and nonderivatized forms of one or more branched-chain amino acids
in the sample, wherein an altered level of one or more branched-chain amino acids in the
sample relative to the level 1n one or more reference samples is an indication that the subject
has, or is at risk of developing, a metabolic disorder characterized by altered levels of one or

both of branched-chain amino acids and branched-chain ketoacids.

According to another aspect of the present invention, there is provided a
method of detecting a presence or absence of a molecular isomer of a branched-chain amino
acid in a sample, the method comprising: providing a test sample; adding to the test sample a
first standard comprising a first amino acid that is labeled with one or more heavy atoms,
thereby providing a modified test sample, wherein the first amino acid is an 1somer of a
branched-chain amino acid; subjecting the modified test sample to esterification conditions,
thereby providing an esterified sample; adding to the esterified sample a second standard
comprising an esterified form or a non esterified form of a second amino acid that 1s labeled

with one or more heavy atoms, thereby providing a modified esterified sample, wherein the
second amino acid 1s an 1somer of a branched-chain amino acid; evaluating the modified
esterified sample using tandem mass spectrometry; and detecting signals indicative of
esterified and non-esterified forms of at least two different amino acids in the modified
esterified sample, wherein the at least two different amino acids are selected from isomers of a

branched-chain amino acid, thereby distinguishing between the at least two amino acids and
detecting the presence or absence of a molecular 1somer of a branched-chain amino acid in the

test sample.

Sa
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All patents, patent applications, and references cited herein are hereby incorporated by

reference.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic overview of oxidative degradation of branched-chain amino acids
(BCAA) leucine, isoleucine, and valine. The transamination of BCAA is catalyzed by a single
branched-chain aminotransferase (reaction 1) that exists as both the cytosolic and mitochondrial
1soforms. The oxidative decarboxylation of branched-chain ketoacids is catalyzed by the single
mitochondrial branched-chain -ketoacid dehydrogenase complex (reaction 2). The metabolic
block at the second reaction results in Maple Syrup Urine Disorder.

FIG. 2 1s a graph depicting an example of measurement of elevated levels of valine and
leucine/isoleucine/allo-isoleucine in a dried blood spot.

FIG. 3 1s a graph depicting differential butylation in dried blood spots.

FIG. 4A 1s a schematic of two types of mass spectral peaks that can be obtained from
leucine and isoleucine sample and from a first nonderivatized standard.

FIG. 4B 1s a schematic of five types of mass spectral peaks that can be obtained after
processing the samples from Fig. 4A.

FIG. 5A 1s a schematic of two types of mass spectral peaks that can be obtained from
leucine and 1soleucine sample and from a first nonderivatized standard.

FIG. 5B 1s a schematic of five types of mass spectral peaks that can be obtained after

processing the samples from Fig. SA.

DETAILED DESCRIPTION
It 1s frequently important to distinguish between or among different molecular isomers.
The methods described herein can be used to detect one or more molecular isoforms, e.g., of
branched-chain amino acids, e.g., leucine, isoleucine, and allo-isoleucine, in a manner that
uniquely identifies each isomer with the use of a tandem mass spectrometer. The inclusion of
one or more standards in a sample can be used to determine the concentration of a particular
1somer in a sample. In addition, inclusion of one or more standards can be used to determine

differential derivatization efficiencies of various isoforms. In some implementations,
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derivatization efficiencies can be determined for various isoforms prior to analysis of a desired
sample. The methods described herein are applicable to other isomers that have differential
derivatization properties.

In some implementations, samples are evaluated to detect both derivatized and
nonderivatized forms of molecular isomers (e.g., by acquiring data on MS with scans appropriate
for derivatized and nonderivatized forms). Then, information about the derivatization rate of the
1somers (obtained during the same evaluation process or in a separate analysis) can be used to
infer the original concentration of each isomer. This is particularly important in cases where, for
example, the nonderivatized forms cannot be separately detected, for example, where they
produce the same peaks in tandem mass spectrometry (MS). Information about derivatization
rates can be determined by using standards, e.g., an internal standard for one or more of the
derivatized and/or nonderivatized isomers. The internal standard can be labeled with one or
more heavy isotopes so its peaks are shifted from those of the isomers in a sample (e.g., from a
natural source). Alternatively, external standards or parallel samples containing such standards
can be used to determine derivatization rate (see, e.g., Table 1 in Example 2).

In one implementation, two internal standards are used to evaluate the concentration of
leucine (Leu), isoleucine (Ile), and/or allo-1soleucine (allo-Ile) in a sample. Leu, Ile and allo-Ile
are all structural isomers and thus when they are butyl esters all appear at the same m/z (+188) in
the MS/MS experiment (see, e.g., Fig. 2). For example, to evaluate these isomers in a sample,
the sample 1s derivatized with an alcohol (e.g., butanol) in acid (e.g., 3N HCI) to generate n-butyl
esters of the analytes of interest. The sample can include a first standard with a derivatized form
of an 1somer (or with a nonderivatized form that is derivatized upon processing of the sample).
Using alcohols of different alkyl chain lengths (e.g., ethanol, methanol, butanol, isopropanol)
may improve the specificity of the separation. For example, the discrimination of Ile during
esterification may be even more pronounced when isopropanol is used as the derivatizing
reagent.

The derivatized sample is reconstituted in a solvent amenable for tandem mass
spectrometry (MS/MS) analysis and a second standard (e.g., a nonderivatized internal control, or
a derivatized internal control) for one of the isomers (e.g., for Ile or allo-Ile) can be added. Peaks
detected by tandem MS (e.g., using scans appropriate for derivatized and nonderivatized forms)

can then be analyzed. The combination of the internal controls (e.g., first derivatized standard
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and second nonderivatized or derivatized standard) can be used to identify and quantitate the
concentration of unbutylated and butylated forms.

The combination of the internal standards can also be used, e.g., to provide information
about the relative derivatization rates, from which one can compute the actual concentration of
an 1somer 1n the original sample. Alternatively, information disclosed herein can be used as the
relative derivatization rates.

In some embodiments, the sample includes Leu internal standard in butylated form and
[le internal standard in non-butylated form. In one implementation, at least one (either Leucine,
[soleucine and/or Allo-Isoleucine) of internal standards is esterified using an alcohol (as part of

the assay or as part of the assay component (i.e., pre-esterified internal standard)) and at least one

of the internal standards (Leucine, Isoleucine or Allo-Isoleucine) is added to the assay reaction

mixture 1n non-esterified form after the esterification step. The internal standards for Leu, Ile
and allo-Ile may or may not have same isotopic labels. The isotopic label can be any of the
stable 1sotopes potentially allowing for differentiation between or among species with the same
molecular weight via MS/MS acquisition.

The methods and compositions described herein can include the use of various
combinations of internal standards. For example, they can include one, two or three internal
standards (each including one of Leu, Ile, or allo-Ile) that are nonderivatized and become
derivatized upon processing of the sample. Another internal standard can be added after
derivatization. The added standard can be a nonderivatized Leu, Ile, or allo-Ile or a derivatized
Leu, Ile, or allo-Ile. The combination of the standards can be used to calculate derivatization
efficiencies and/or concentrations of isomers in a particular sample (see, e.g., Example 3).

The methods described herein can be used widely, for example, in any application that
requires the separate measurement of Leu and Ile/ allo-Ile. For example, these techniques can be
used to quantitate the yields of an organic chemistry reaction, (including industrial or other
commercial scale synthetic reactions). By measuring a mixture of Leu and Ile with a non-
derivatized assay one can obtain the full complement of the combined concentrations (Leu + Ile).
Measuring the mixture after butylation one will obtain mainly the concentration of Leu in the
mixture. Therefore, subtracting the concentration obtained with the derivatized assay from that

obtained from the nonderivatized assay the concentration of Ile will be obtained.
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Exemplary Applications

The methods described herein have a variety of applications, including, inter alia,
screening for various metabolic disorders, e.g., maple syrup urine disorder (MSUD), quantitating
the yields of organic reactions, obtaining metabolic profiles, and identifying compounds that

modulate levels of branched-chain amino acids that are isomers.

Maple Syrup Urine Disorder

Maple Syrup Urine Disorder (MSUD) is an inborn error of metabolism that can be
screened using tandem mass spectrometry (MS/MS).

MSUD 1s caused by a deficiency in the branched-chain a-ketoacid dehydrogenase
(BCKDH) complex. Accumulations of branched-chain amino acids (BCAAs) and branched-
chain a -ketoacids (BCKAsS) in patients with MSUD induce ketoacidosis, neurological disorders,
and developmental disturbance. BCAAs’ and BCKAs’ influence on the nervous system can
cause clinical problems derived from impaired function of the central nervous system. Damage
to neuronal cells found in MSUD patients occurs presumably because of higher concentrations of
both blood BCAAs or BCKAs (Indo and Matsuda, Patel, M. S. Roche, T. E. Harris, R. A. eds.
Alpha-Keto Acid Dehydrogenase Complexes 1996:227-247 Bilkhauser Basel, Switzerland, 1996;
Chuang and Shih, Scriver, C. R. Beaudet, A. L. Sly, W. S. Valle, D. eds. The Metabolic and
Molecular Bases of Inherited Disease 8th ed. 2001:1971-2005 McGraw-Hill New York, NY,
2001; Westall et al., Am. J. Dis. Child. 94:571-572, 1957). The metabolic pathway causing
MSUD is depicted in Fig. 1 (Chuang and Shih).

MSUD 1s classified into several forms. Among these forms, the classic form has the
earliest onset and 1s the most severe (Chuang and Shih). The five forms of MSUD are as
follows.

l. Classic MSUD. In classic MSUD, the most common form of the disorder,
activity of the BCKDH complex is <2% of normal subjects, and 50% or more of the keto acids
are derived from leucine. Affected newborns appear normal at birth, with symptoms developing
between 4 and 7 days of age. The infants show lethargy, weight loss, metabolic derangement,
and progressive neurologic signs of altering hypotonia and hypertonia, reflecting severe
encephalopathy. Odor of the urine resembles maple syrup. Seizures and coma usually occur,

followed by death if untreated. Early treatment significantly improves the intellectual outcome

9



10

15

20

25

30

CA 02686199 2009-11-03
WO 2008/137865 Attorney’s Docket Nutpc1/1S2008/062685

but poor biochemical control may adversely affect performance. Blood levels of leucine increase
before presentation of symptoms (Chuang and Shih).
Two other forms, usually with milder symptoms that appear after the neonatal period, are

intermediate and intermittent MSUD.

2. Intermediate MSUD. Patients with this form have no severe ketoacidosis
attack but fail to thrive, and have mild systemic acidosis and developmental delay. The levels of
plasma BCAAs and BCKAs are persistently increased. Protein restriction is an effective
treatment but thiamine administration is not. These patients have 3 to 30% residual BCKDH
activity (Schulman et al., Am. J. Med. 49: 118-124, 1970; Schadewaldt et al., Pediat. Res. 49
627-635, 2001).

3. Intermittent MSUD. Patients with this form have recurrent episodic
ataxia, lethargy, semicoma, and occasional elevated plasma BCAAs and BCKAs after infections
or other acute illnesses. They usually have normal intellect, although in some cases with
repeated ketoactdosis attacks, intellect is borderline or less. Dietary protein restriction is an
eftective treatment. The levels of BCKDH activity are higher than in the classic form of the
disease (Morris ef al., Pediatrics 28: 918-923, 1961).

4, Thiamine-responsive MSUD. Patients with this form have
hyperaminoacidemia similar to the intermediate form, but can be successfully treated with
thiamine administration. The BCKDH complex activity in the thiamine-responsive MSUD
patient is 2 to 40% of normal subjects. Further studies showed that the primary defect in
thiamine-responsive MSUD is reduced affinity of the mutant BCKDH for TPP because of a
mutation in the E2 protein (Chuang et al,, J. Biol. Chem. 279:17792-17800, 2004).

5. E3-Deficient MSUD. E3-deficient MSUD, or MSUD type III, presents a
combined deficiency of BCKDH, pyruvate dehydrogenase, and -ketoglutarate dehydrogenase
complexes. This 1s the result of E3 being a common component of all 3 mitochondrial
multienzyme complexes. Patients with this form show failure to thrive, hypotonia, lactic

acidosis, and developmental delay. Lactate, pyruvate, and -ketoglutarate are elevated as well as
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BCAAs and BCKAs. The prognosis of this form varies with levels of residual enzymatic
activity. Neuropathological studies showed Leigh encephalopathy. In some cases, treatments

with biotin, lipoic acid, and dichloroacetate are effective (Chuang and Shih).

The biochemical markers for MSUD are L-Leucine (Leu), L.-Valine (Val), L-Isoleucine
(Ile) and L-Allo-Isoleucine (allo-Ile). The presence of L-Allo-Isoleucine in MSUD patients is a
diagnostic marker of MSUD (Snyderman et al., Pediatrics 34:454-72, 1964).

The separation of Allo-Isoleucine from its enantiomer Isoleucine can be readily achieved
by gas chromatography—mass spectrometry (GSMS). The mechanism of conversion from
Isoleucine to Allo-Isoleucine is through an enol-keto tautomerization as confirmed by N'°-
1sotopic studies (Matthews et al., Pediatr Res. 14:854-7, 1980). In a normal individual, one of
the intermediates in the pathways, i.e., (+)-keto-B-methyl-valeric acid, is a substrate for BCKDC,
which prevents its accumulation, thereby thwarting the conversion of L-Isoleucine to L-Allo-
Isoleucine (Matthews ef al.). In MSUD positive patients, conversion from L-Isoleucine to L-
Allo-Isoleucine takes place.

The methods described herein can be used to obtain specific and distinct measurements

of Leu, Ile and allo-Ile.

Metabolic Profiling
The methods described herein can also be used to obtain a molecular profile for a sample

and thus for a subject (e.g., a human, e.g., a newborn human). The profile can include

information that indicates whether a particular molecular isomer of a branched-chain amino acid

(¢.g., leucine, isoleucine, allo-isoleucine and/or valine) is present and typically includes
information about the presence (either qualitative or quantitative) of each isomer of a particular
set.

Profiles can include the level of leucine, isoleucine, allo-isoleucine, and/or valine in a
subject (e.g., a human patient, e.g., a newborn human patient). Other biomolecules can also be
detected, quantitated, and/or evaluated, in a biological sample using tandem mass spectrometry.
The resulting metabolic profile can be used for assessing the health of a subject (e.g., a human
patient, ¢.g., a newborn human patient), such as presence or absence of a disorder, e.g., metabolic

disorder, or for evaluating risk for a disorder.
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A metabolic profile obtained by the methods described herein can be used in diagnosing
or predicting susceptibility to a variety of metabolic disorders (e.g., MSUD) because the
biochemical indicators (e.g., leucine, isoleucine, allo-isoleucine, and/or valine) examined can be
indicative of such disorders, whether or not overt symptoms (e.g., physiologic or behavioral
symptoms) of the disorder have become apparent.

A metabolic profile as described herein can be useful for monitoring the metabolism of a
subject (e.g., a mammal such as a human), such as one undergoing treatment for a metabolic
disorder. For example, the methods can be used for determining therapeutic efficacy of a
particular treatment. Based on this determination, the subject can be offered additional or
alternative therapeutic options. The metabolic profile can also be useful for assessing patient
compliance with a particular treatment, such as a dietary restriction.

The methods described herein involve determining the presence or amount of at least one
molecular isomer of a branched-chain amino acid, where the presence or amount of at least one
amino acid correlates with the presence or absence of a metabolic disorder. The methods
described herein can be used quantitatively, if desired, to allow comparison of test sample results
with known or a pre-determined standard amount of a particular analyte(s) (e.g., by using an
internal standard as described herein). In addition, or alternatively, the methods can be used
qualitatively when a test sample is compared with a reference sample, which can be either a
normal reterence or metabolic disorder reference. In this format, the relative amount of amino
acids can be indicative of a metabolic disorder. A reference sample, for example, can be from a

subject that does not have the metabolic disorder in question.

Chemical Reaction Yields

The technology described herein can also be used in any application that requires
separate measurement of Leu, Ile, or allo-Ile. For example, these techniques can be used to
quantitate the yields of a synthetic reaction, e.g., to measure the concentration of one or more
Leu, Ile, and allo-Ile.

By measuring a mixture of, e.g., Leu and Ile with a non-derivatized assay one can obtain
the full complement of the combined concentrations (Leu + Ile). Measuring the mixture after

derivatization, e.g., butylation, one obtains mainly the concentration of Leu in the mixture.
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Theretore, subtracting the concentration obtained with the derivatized assay from that obtained

from the nonderivatized assay, the concentration of Ile can be obtained.

Methods of Identifying Compounds that Modulate Branched-Chain Amino Acid Levels

Also provided herein are methods of identifying compounds that modulate (e.g.,
decrease) the levels of molecular isomers of branched-chain amino acids, e.g., leucine,
1soleucine, allo-isoleucine, and/or valine in vitro or in a cell or organism. Because disregulated
levels of these amino acids are associated with increased risk of certain disorders (e.g., MSUD),
compounds so identified could be useful in treating MSUD. Cells that can be contacted with the
candidate compound can be of any species such that the cells produce leucine, isoleucine, allo-
leucine, and/or valine (either synthetically or naturally). The cells can be primary cells or cell
lines and can be of any histological type, e.g., without limitation, epithelial cells, fibroblasts,
lymphoid cells, macrophages/monocytes, granulocytes, keratinocytes, neuronal cells, or muscle
cells. The cells can be cultured in tissue culture dishes. Often it is preferable to grow the cells in
multiwell assay plates (e.g., 96 well or 384 well assay plates) such that multiple candidate
compounds can be evaluated at one time. The candidate compound (optionally at various
concentrations ranging, €.g., from 0.001 nM to 10 mM) can be added to a solution (e.g., culture
medium) containing the cells or, where the compound is a protein, the cells can recombinantly
express 1it. Following incubation of cells expressing leucine, isoleucine, allo-leucine, and/or
valine, the presence or level of leucine, isoleucine, allo-leucine, and/or valine can be determined
using the mass spectrometry methods described herein. Prior to detection, the cells can be lysed
and a sample 1s prepared from the lysate for tandem mass spectrometry. Often, a control
compound can be added to a set of cells as either a positive or negative control, and evaluated in
parallel.

The compounds identified in any of the methods described herein include various
chemical classes. Compounds can be biomolecules including, but not limited to, proteins (e.g.,
enzymes), peptides, polypeptides, peptidomimetics (e.g., peptoids), amino acids, amino acid
analogs, saccharides, fatty acids, steroids, purines, pyrimidines, derivatives or structural
analogues thereof, polynucleotides, and polynucleotide analogs. Identification of test

compounds through the use of the various libraries described herein permits subsequent
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modification of the test compound “ hit” or “ lead” to optimize the capacity of the “ hit” or ©

lead” to modulate the levels of leucine, isoleucine, allo-leucine, and/or valine in a cell.

Mass Spectrometry

Tandem mass spectrometry can be used to distinguish and/or measure isomers.

T'ypically, 1n tandem mass spectrometry, two mass analyzers are linked in series via a collision
cell. The first mass analyzer (MS-1) is used to select an ion of interest (e.g., an ion of a
particular mass-to-charge ratio (m/z)). The selected ions are then transferred to a collision cell
where they are fragmented by collisions with an inert gas. Once the parent (sometimes referred
to as precursor) 1ons have fragmented, the second mass analyzer (MS-2) is used to either scan
and detect all of the produced daughter ions or to select and detect particular fragment ions.
There are a number of mass analyzers available, e.g., quadrupoles, times-of-flight (TOF)
analyzers, magnetic sectors, and both Fournier transform and quadrupole ion traps. Exemplary
tandem mass spectrometers are available from: Waters Corporation, Thermoelectron, and Sciex.
T'he most commonly used tandem mass spectrometers are electrospray triple quadrupoles.

Many mass spectrometers have mass accuracies to high resolution. For example, in the
case of a singly charged ion, this range corresponds to 0.6 m/z. Minor variations (e.g., variations
In the calibration) in a mass spectrometer may result in ion m/z signals that do not coincide with
the ones stated herein, but the m/z signal corresponding to those disclosed can be easily identified
and used, e.g., by compensating for offset in calibration.

Suitable samples for the methods described herein include any biological fluid, cell,
tissue, or fraction thereof, that includes biomolecules, e.g., molecular isomers of branched-chain
amino acids, indicative of a metabolic state. A sample can be, for example, a specimen obtained
from a subject (e.g., a mammal such as a human) or can be derived from such a subject. For
example, a sample can be a tissue section obtained by biopsy, or cells that are placed in or
adapted to tissue culture. Exemplary samples therefore include cultured fibroblasts, cultured
amniotic fluid cells, and chorionic villus sample. A sample can also be a biological fluid
specimen such as urine, blood, plasma, serum, saliva, semen, sputum, cerebral spinal fluid, tears,
mucus, and the like. A sample can be further fractionated, if desired, to a fraction containing

particular cell types. For example, a blood sample can be fractionated into serum or into
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fractions containing particular types of blood cells such as red blood cells or white blood cells
(leukocytes). If desired, a sample can be a combination of samples from a subject such as a
combination of a tissue and fluid sample, and the like. Methods for obtaining samples that
preserve the activity or integrity of molecules in the sample are well known to those skilled in
the art. Such methods include the use of appropriate buffers and/or inhibitors, including
nuclease, protease and phosphatase inhibitors, which preserve or minimize changes in the
molecules in the sample. Such inhibitors include, for example, chelators such as ethylenediamne
tetraacetic acid (EDTA), ethylene glycol bis(Paminoethyl ether)N,N,N1,Nl-tetraacetic acid
(EGTA), protease inhibitors such as phenylmethylsulfonyl fluoride (PMSF), aprotinin, leupeptin,
antipain and the like, and phosphatase inhibitors such as phosphate, sodium fluoride, vanadate
and the like. Appropriate buffers and conditions for isolating molecules are well known to those
skilled in the art and can be varied depending, for example, on the type of molecule in the sample
to be characterized (see, for example, Ausubel et al. Current Protocols in Molecular Biology
(Supplement 47), John Wiley & Sons, New York (1999); Harlow and Lane, Antibodies: A
Laboratory Manual (Cold Spring Harbor Laboratory Press (1988); Harlow and Lane, Using
Antibodies: A Laboratory Manual, Cold Spring Harbor Press (1999); Tietz Textbook of Clinical
Chemistry, 3rd ed. Burtis and Ashwood, eds. W.B. Saunders, Philadelphia, (1999)).

A sample also can be processed to eliminate or minimize the presence of interfering
substances. For use in the methods described herein, a sample can be in a variety of physical
states. For example, a sample can be a liquid or solid, can be dissolved or suspended in a liquid,
can be in an emulsion or gel, and can be absorbed onto a material. As a non-limiting example, a
sample can be a liquid blood sample, liquid serum sample, liquid white blood cell sample, dried
blood, serum, or white cell sample, or such a sample absorbed onto a paper or polymer substrate.
Prior to performing mass spectrometry, a sample can be extracted using an extraction solution
(see below). As further described below, the technology described herein requires some samples
to be derivatized, e.g., esterified, e.g., to butyl-esters, prior to analysis using tandem mass
Spectrometry.

It 1s understood that modifications that do not substantially affect the activity of the
various embodiments of this invention are also included within the definition of the invention
provided herein. Accordingly, the following examples are intended to illustrate not to limit, the

present invention.
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Example 1. Discrimination Against One Isomer in a Leucine/Isoleucine Mixture

The following experiment demonstrates that there is a significant degree of differential
butylation between leucine (Leu), and isoleucine (Ile).

Reference amino acid solutions containing Leu and Ile whose concentrations have been
certified by the National Institutes of Standards and Technology were used to prepare solutions
for analysis by MS/MS. A solution containing Leu and Ile at 2.31 +/- 0.09 and 2.24 +/- 0.07 uM
concentrations, respectively, was processed according to the current practice by drying down the
solution and exposing it to n-butanol in 3-N HCI to generate the corresponding butyl esters. The
butyl esters from this solution were measured by tandem mass spectrometry. The experimental
concentrations for the Leu/Ile mixture were determined with the aid of an internal standard
(*H;Leu) already present in the solution at known concentration (4.55 +/- 0.19 uM).

[t Leu and Ile were both completely butylated, the expected value for the concentration of
the Leu/Ile mixture would be 4.55 +/- 35 uM. This value would be determined by the abundance
of the peak at m/z+188 with reference to the internal standard peak. The result obtained,
however, was a concentration of 2.8 +/-0.03 uM, indicating a significant difference between the
expected and the experimental results. In fact, the result represented only 62% of the expected
value, which 1s outside the expected experimental error.

The same solutions were tested by MS/MS using a method that does not require the
butylation step. In this case, L.eu and Ile appeared at m/z +132 and the internal standard at m/z
+135. The results from this experiment indicated a concentration for the mixture of 4.1 +/- 0.05
uM, within the expected experimental error and representing 90% accuracy. This result
demonstrated that the substantial deviation from expectation in the first experiment is attributed
to the butylation reaction and led to the conclusion that butylation discriminates against one of

the two amino acids in the mixture.

Example 2. Differential Esterification Efficiencies for Leucine, Isoleucine, and Allo-Isoleucine

In order to elucidate which amino acid is discriminated during butylation, individual
solutions of Leu, Ile, and allo-Ile were prepared each at 5 uM concentration. These solutions
were analyzed by dispensing 100 pL of each solution in separate micro titer plate wells (six

replicates of each) and dried down. Each of these wells then received 60 uL of a solution of n-
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butanol in 3 N HCI and the plate was incubated at 60°C for 30 minutes. After incubation, the
excess butanol and HCl were evaporated and the dried samples were reconstituted with 100 uL
of a solution of acetonitrile and water (with 0.1% acetic acid) containing a 5 uM concentration of
the internal standard “HsLeu. The samples were injected into a tandem mass spectrometer (ESI-
Triple Quadrupole) and analyzed by a neutral loss scan of 46. This scan detects the amino acids
that have not been esterified (i.e., non-reacted). Therefore, the use of this experiment in
combination with the presence of the unesterified “H;Leu internal standard allowed the
quantitation of the unesterified Leu, Ile, and allo-Ile independently.

The results of this experiment are presented in Table 1 below. As can be seen from this
Table, there 1s significant evidence for differential butylation between these three amino acid
isomers. In this experiment, the amount of unesterified amino acid was an indication of the
degree of butylation. In the case of Leu, the presence of unesterified amino acid was 0.7 uM.
This result indicated that Leu butylates very effectively and that approximately 86% of the Leu
was butylated. In contrast, the amount of unesterified Ile determined in this experiment was 4.4
uM. This amount represents 88% of the original 5 uM Ile concentration. Therefore, only 12%
of the initial Ile was butylated. Further, the quantitation of the unesterified allo-Ile in this
experiment resulted 1n a concentration of 3.3 uM representing 66% of the original allo-Ile
concentration. Thus only 34% of the original allo-Ile was butylated.

These results clearly indicate that there is significant differentiation in the butylation rates
between these three amino acids and thus esterification can be used as a means for the

differentiation of these three isomers by mass spectrometry.

Table 1. Butylation efficiencies of Leu, lle and allo-Ile.

, : non butylated butylated butylation
Solution portion pM portion uM efficiency
(total - unbutylated)
2 . .
Hjl.eu aﬁgubuWIated 0.7 413 870,
*H;Leu and butylated lle 4.4 0.6 12%
HsLeu ;‘;‘illl’:tylated 3.3 1.7 34%

17



10

15

20

29

30

CA 02686199 2009-11-03
WO 2008/137865 Attorney’s Docket Nurp c1/1192008/062685

Having determined that butylation does not occur at the same rate for all Leu isomers, the
clinical impact of this differentiation was evaluated by measuring newborn dried blood spots
with the derivatized assay. For this experiment, three identical sets of 288 samples each were
processed as follows: set 1 — derivatized assay; butylated Leu/Ile/allo-Ile were quantified; set 2 —
derivatized assay; internal standards were added during the reconstitution step; non-reacted
Lew/lle/allo-Ile were quantified; set 3 — non-derivatized assay; non-derivatized Leu/Ile/allo-Ile
were quantified. The results are shown in Fig. 3.

The box plots shown in Fig. 3 demonstrate that there was a significant difference between
the derivatized and non-derivatized assays. The derivatized results were 84% of the non-
derivatized values. Based on the butylation efficiencies, the difference can be accounted for by
the non-reacted Ile/allo-Ile during the butylation step of the derivatized assay. Overall, these
results demonstrated that when using the derivatized assays, there is a high potential for
discriminating against Ile and Allo-Ile. It is also noted that some samples, e.g., blood samples,
usually contain a small amount of hydroxyproline, which is isobaric with the Leu isomers. The

small amount of hydroxyproline, however, only contributes to the baseline of measurements.

These differential esterification efficiencies for Leu, Ile and allo-Ile have not been
reported betfore. These differential efficiencies can be used to evaluate Leu, Ile and allo-Ile in a
sample, e.g., in analytical applications that require the separate measurement of Leu from Ile, of

Leu from allo-Ile, or of Ile from allo-Ile.

Example 3. Improved Separation of Leucine and Isoleucine

One 1mplementation includes evaluating a sample from a newborn human. A dried
blood spot sample can be obtained from a newborn. Dried blood spots from newborns are
extracted with a methanolic solution and the extract is dried down. The sample can also include
a standard with a non-derivatized amino acid, e.g., Leu. The dried extract and the internal
standard are exposed to butanol in 3N HCl to generate n-butyl esters of the analytes of interest
and of the standard. The excess n-butanol and HCI are evaporated and the derivatized sample is
reconstituted in a solvent amenable for tandem mass spectrometry (MS/MS) analysis. The
MS/MS analysis relies on the different mass-to-charge ratios (m/z) of analyte ions for their

1dentification. In this approach, Val (m/z = +174, protonated molecular ion of Valine) is clearly
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distinguished from Leu, Ile and allo-Ile. However, Leu, Ile and allo-Ile are all structural isomers
and thus all appear at the same m/z (+188) in the MS/MS experiment (see, e.g., Fig. 2).
Theretfore, when the blood sample from a newborn shows an elevated peak at m/z +188 it is
assumed as a presumptive positive for MSUD, despite the fact that no indication is given by the
assay regarding which of these three amino acids caused the elevation. Additionally, a
brochemical MSUD indicative elevation of one of these three markers (e.g., Ile), might be
artificially masked by high, but not disorder-indicative levels of another marker (e.g., Leu).
Therefore, when MSUD screening results are based on the aggregate of Leu, Ile and allo-Ile
appearing at +188m/z transition, a false negative determination can be made.

After derivatization, e.g., butylation, an internal non-derivatized standard for Ile (e.g. “Hyo
[le) is added. Additionally, data is acquired from the MS/MS scan known as neutral loss of 102
(the scan mode used to detect the amino acid butyl esters) and from a neutral loss scan of 46 (the
scan mode used to detect the unbutylated amino acids) from the same sample.

Taking into consideration that upon butylation about 87% of Leu is transformed and that
only about 12 % of Ile and about 34% of allo-Ile are transformed, one expects to see in the non-
derivatized scan about 13% of the original Leu in the sample plus about 88% of the original Ile
and about 66% of the original allo-Ile in the sample. The non-derivatized Ile internal standard,
provides a reference to quantitate the non-butylated species of these amino acids, while the
derivatized Leu internal standard provides a reference to quantitate the butylated species. This
method, theretfore, effectively separates Ile/allo-Ile from Leu and thus provides a more accurate
measurement.

Because Leu 1s the analyte of highest contribution to the endogenous levels, the ability to

reduce 1ts contribution to the signal increases sensitivity for detecting changes in Ile/allo-Ile

concentration. Changes in Ile and allo-Ile concentrations are thus more noticeable by measuring
the non-butylated species. At the same time, the butylated species are generally free of Ile/allo-
Ile and therefore provide a more accurate measurement of Leu and its changes.

These techniques can utilize various combinations of internal standards to quantify the
derivatized and nonderivatized isoforms. Referring now to the example in Fig. 4A, a first
nonderivatized internal standard of Leu, Ile, or allo-Ile is added to the sample to be analyzed. A
schematic of the mass spectra of the sample and the first standard is shown in Fig. 4A. In some

implementations, two or more nonderivatized standards are added, e.g., a standard of Leu, a
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standard of Ile, and/or a standard of allo-Ile (each labeled with a different heavy atom isotope).
After processing, a second derivatized internal standard (including leucine, isoleucine or allo-
1soleucine) is added. A schematic of mass spectra that are obtained after addition of the second
standard 1s shown in Fig. 4B. (Figs. 4A and 4B (as well as 5A and 5B below) are schematics,
and were not based on an actual implementation). Known concentration of the first and second
standards are used to quantitate the concentrations of derivatized and nonderivatized forms of the
first standard after processing to obtain derivatization efficiency. Derivatization efficiency is
then used to obtain concentrations of derivatized and non-derivatized leucine and isoleucine in
the processed samples.

In another implementation, a first nonderivatized internal standard of Leu, Ile, or allo-Ile
1s added to the sample to be analyzed. A schematic of the mass spectra of the sample and the
first standard 1s shown in Fig. 5A. In some implementations, two or more nonderivatized
standards are added, e.g., a standard of Leu, a standard of Ile, and/or a standard of allo-Ile (each
labeled with a different heavy atom isotope). After processing, a second non-derivatized internal
standard (including Leu, Ile, or allo-Ile) is added. A schematic of mass spectra that can be
obtained after addition of the second standard is shown in Fig. 5B. Known concentrations of the
first and second standards are used to quantitate the concentrations of derivatized and
nonderivatized forms of the first standard after processing and obtain derivatization efficiency.
Derivatization efficiency is then used to quantitate the concentrations of derivatized and non-
derivatized leucine and isoleucine in the samples.

The methods described herein can include the use of not only one, but at least two, e.g.,
two to five internal standards. It is possible to use one, two or three nonderivatized standards
(each including one of Leu, Ile, and/or allo-Ile) that are added prior to derivatization of a sample,
a derivatized internal standard that is added after derivatization (including Leu, Ile, or allo-Ile),
and/or a non-derivatized internal standard that is added after derivatization (including Leu, Ile, or
allo-Ile). Generally, each standard is added at a known concentration and each is labeled with a
different heavy atom isotope. If multiple standards are used, they can be distinguished from one
another by the incorporation of different isotopic labeling, so that their resulting masses are
distinguishable.

These techniques can be further optimized, e.g., by changing the temperature of

incubation during the esterification step or changing the incubation time. Conditions can be
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selected to further impair esterification of one isomer relative to another, e.g., to impair
esterification of Ile and thus obtain an even more specific measurement of Leu. Additionally,
changing the concentration of acid in the esterification reagent can be used to increase the

resolution between these isomeric species.
A number of embodiments of the invention have been described. Nevertheless, it will be

understood that various modifications may be made without departing from the spirit and scope

of the invention. Accordingly, other embodiments are within the scope of the following claims.
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CLAIMS:

1. A method of diagnosing a metabolic disorder, the method comprising:

treating a sample from a subject, under conditions in which branched-chain
amino acids 1n the sample are derivatized, said sample comprising a branched-chain amino

acid labeled with one or more heavy atoms as a first standard;

adding, to the sample, after derivatization, a nonderivatized or derivatized
branched-chain amino acid that 1s labeled with one or more heavy atoms, as a second

standard;
evaluating the sample using tandem mass spectrometry; and

detecting peaks indicative of derivatized and nonderivatized forms of one or

more branched-chain amino acids in the sample,

wherein an altered level of one or more branched-chain amino acids in the
sample relative to the level in one or more reference samples 1s an indication that the subject
has, or is at risk of developing, a metabolic disorder characterized by altered levels of one or

both of branched-chain amino acids and branched-chain ketoacids.

2. The method of claim 1, wherein the metabolic disorder 1s Maple Syrup Urine
Disorder (MSUD).

3. The method of claim 1, wherein the subject 1s a human.

4, The method of claim 1, wherein the subject 1s a newborn human.

5. The method of claim 1, further comprising determining the derivatization

etficiency of a branched-chain amino acid by reference to the first and second standards.

6. The method of claim 5, further comprising determining the concentration of a

branched chain amino acid in the sample using the derivatization efficiency.
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7. The method of claim 1, wherein the 1somers of branched-chain amino acids

include one or more of: leucine, i1soleucine, and allo-isoleucine.
8. The method of claim 1, wherein the derivatizing comprises esterification.

9. The method of claim 1, wherein the derivatized forms of the first and second

standard have different molecular weights as a result of different heavy atom labeling.

10. The method of claim 1, wherein the non-derivatized forms of the first and

second standard have different molecular weights as a result of different heavy atom labeling.

11. A method of detecting a presence or absence of a molecular 1somer of a

branched-chain amino acid in a sample, the method comprising:
providing a test sample;

adding to the test sample a first standard comprising a first amino acid that i1s
labeled with one or more heavy atoms, thereby providing a modified test sample, wherein the

first amino acid 1s an 1somer of a branched-chain amino acid;

subjecting the modified test sample to esterification conditions, thereby

providing an esterified sample;

adding to the esterified sample a second standard comprising an esterified form
or a non esterified form of a second amino acid that 1s labeled with one or more heavy atoms,
thereby providing a modified esterified sample, wherein the second amino acid is an isomer of

a branched-chain amino acid;

evaluating the modified esterified sample using tandem mass spectrometry; and

detecting signals indicative of esterified and non-esterified forms of at least
two different amino acids in the modified esterified sample, wherein the at least two different

amino acids are selected from isomers of a branched-chain amino acid, thereby distinguishing
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between the at least two amino acids and detecting the presence or absence of a molecular

isomer of a branched-chain amino acid in the test sample.

12. The method of claim 11, wherein the esterification conditions provide an
esterified form of the first standard, wherein the second standard comprises the esterified from
of the second amino acid, and wherein the esteritied form of the first standard and the second

standard have different molecular weights as a result of different heavy atom labeling.

13. The method of claim 11, wherein the second standard comprises the non-
esterified form of the second amino acid, and wherein the first standard prior to the
esterification conditions and the second standard have different molecular weights as a result

of different heavy atom labeling.

14. The method of claim 11, further comprising determining an esterification
efficiency of an 1somer of a branched-chain amino acid by reference to the first standard and

the second standard.

13. The method of claim 14, further comprising determining a concentration of the

isomer of a branched-chain amino acid 1n the test sample using the esterification efficiency.

16. The method of claim 11, wherein the at least two different amino acids include

at least two of leucine, 1soleucine, and allo-1soleucine.

17. The method of claim 11, wherein the esterification conditions are carried out

with an alcohol.

18. The method of claim 17, wherein the alcohol is selected from the group

consisting of butanol, 1sopropyl alcohol, ethanol, and methanol.

19. The method of claim 11, wherein during the esterification conditions, less than

100% of the first amino acid is esterified.

20. The method of claim 11, wherein the first standard is selected from the group

consisting of labeled leucine, labeled 1soleucine, and labeled allo 1soleucine.
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21. The method of claim 11, wherein the second standard 1s selected from the

group consisting of labeled leucine, labeled 1soleucine, and labeled allo isoleucine.

22. The method of claim 11, wherein the detecting signals comprises acquiring

data signals representing butylated and unbutylated forms of an isomer of a branched-chain

amino acid.

23. Use of a first standard comprising a non-esterified form of a first molecular

isomer of a branched-chain amino acid labeled with one or more heavy atoms; and

a second standard comprising an esterified or non-esterified form of a second
molecular 1somer of a branched-chain amino acid labeled with one or more heavy atoms,
wherein the esterified forms of the first standard and the second standard, if present in
esterified torm, have difterent molecular weights as a result of different heavy atom labeling,
and wherein the unlabeled first and second molecular isomers of a branched-chain amino acid

have the same molecular weight;
in a method according to any one of claims 11 to 22.

24. The use of claim 23, wherein the molecular 1somers of: the branched-chain

amino acids include one or more of leucine, isoleucine, and allo-i1soleucine.
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