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Abstract Cobalamin (Vitamin B12) plays an essential role
both in the conversion of methylmalonyl-CoA to succinyl-
CoA and in the synthesis of methionine (Met) from
homocysteine (Hcy). Elevations of total homocysteine
(tHcy), Met, methylmalonic acid (MMA), and 2-methyl-
citric acid (2MCA) are indicative of disorders in these
related pathways, and can clinically present as methylma-
lonic acidemia, cobalamin defects or deficiency, propionic
acidemia, homocystinuria, and hypermethioninemia. We
have developed a fast, sensitive, and simple method for the
simultaneous detection of plasma tHcy, MMA, Met, and
2MCA using liquid chromatography mass spectrometry
(LC/MS/MS). All analytes were directly determined with-
out the need of derivatization. Both positive and negative
modes were used to achieve the best sensitivity and
specificity. The two stereo isomers of 2MCA (2S, 3S) and
(2R, 3S) were successfully separated and were designated
as 2MCA1 and 2MCA2. The assays were linear up to a
concentration of 800 mMol/l for tHcy, 2,000 mMol/l for
Met, 80 mMol/l for MMA, 40 mMol/l for 2MCA1, and 40
mMol/l for 2MCA2 (80 mMol/l for total 2MCA), respec-
tively. The recovery was between 84.42 % and 120.05 %.

The intra-assay coefficient of variations (CVs) ranged from
2.1 % to 6.9 % (n = 20), and the inter-assay CVs ranged
from 2.7 % to 11.6 % (n = 20). Reference intervals were
established and verified (n = 125). A total of 15 patients
with variable disorders in related pathway were success-
fully confirmed. The assay can be performed either in
diagnostic laboratories or as second-tier, follow-up test in
newborn screening laboratories.

A fast, sensitive, and simple LC/MS/MS method
was developed successfully for the simultaneous detection
of plasma total homocysteine, methylmalonic acid, methio-
nine, and 2-methylcitric acid for diagnosis of disorders
in related pathways.

Abbreviations
2MCA 2-methylcitric acid
Cbl Cobalamin
GC/MS Gas chromatography–mass spectrometry
Hcy Homocysteine
HPLC High performance liquid chromatography
LC/MS/MS Liquid chromatography-mass spectrometry
Met Methionine
MMA Methylmalonic acid
MTHFR Methylenetetrahydrofolate reductase
SA Succinic acid
TCEP-HCL Tris 2-carboxyethyl phosphine hydrochloride
tHcy Total homocysteine

Introduction

Cobalamin (Vitamin B12) plays an essential role both in the
conversion of methylmalonyl-CoA to succinyl-CoA, and
in the synthesis of methionine (Met) from homocysteine
(Hcy) (Fig. 1). Two enzymatic reactions in mammalian
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cells require cobalamin as a cofactor. Adenosylcobalamin is
the cofactor for methylmalonyl-CoA-mutase (MUT, EC
5.4.99.2), and methylcobalamin is a cofactor for methionine
synthase (MTR, EC 1.16.1.18). Disorders of intracellular
cobalamin metabolism may impair the function of either or
both enzymes.

Acquired cobalamin deficiencies are very common
worldwide (Obeid 2012), especially in elderly subjects
(Andrès et al. 2004). Vegetarians are prone to develop
cobalamin deficiencies, which often go unrecognized
because of subtle clinical manifestations. Asymptomatic
newborns with nutritional cobalamin deficiencies secondary

to maternal cobalamin deficiencies have also been reported
(Campbell 2005; Lemieux et al. 1992). Cobalamin levels
have also been assessed in infants, children, and adoles-
cents (Monsen and Ueland 2003). Cobalamin deficiency in
infancy and childhood may cause irreversible neurologic
damage (Requejo et al. 1997, Rasmussen et al. 2001,
Garewal et al.1988). The concentration of tHcy in serum
and plasma is increased in both folate and cobalamin
deficiencies. MMA is another sensitive and specific marker
of cobalamin function. These functional measurements are
therefore useful in the identification of subclinical cobalamin
states and reflect early changes in cobalamin status. tHcy is
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Fig. 1 Metabolic pathways involving Cobalamin (Cbl) for MMA,
tHcy, and Met. The enzyme propionyl-CoA carboxylase converts
propionyl-CoA into D-methylmalonyl-CoA, which is biotin depen-
dent, and then is racemized into L-methylmalonyl-CoA and isomerized
into succinyl-CoA, a Krebs cycle intermediate. Adenosylcobalamin
(AdoCbl) is the cofactor of the methylmalonyl-CoA mutase (MUT)

reaction; methylcobalamin (MeCbl) is the cofactor of the methionine
synthase (MTR) reaction. Abbreviations used: Cbl cobalamin, OH-
Cbl hydroxycobalamin, AdoCbl adenosylcobalamin, MeCbl methyl-
cobalamin, MTR methionine synthase, MTRR methionine synthase
reductase, CBS cystathionine b synthase, S-AdoMet S-adenosylme-
thionine, S-AdoHcy S-adenosylhomocysteine
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also elevated in pathologic states such as renal failure,
thyroid dysfunction, and cardiovascular diseases (Monsen
and Ueland 2003). Elevation of MMA and 2MCA can also
be detected in end-stage renal failure patients (Henning
et al. 1999).

There are a number of inherited defects that cause
cobalamin deficiency or defects in the pathways of
cobalamin absorption, transport, metabolism, or utilization
(Fig. 1), such as congenital pernicious anemia (intrinsic
factor deficiency, OMIM 261000) and Imerslund-Gr€asbeck
syndrome (OMIM 261100); transcobalamin II deficiency
(OMIM 275350) and methylmalonic acidemia (OMIM
251000) due to methylmalonyl-CoA mutase (EC 5.4.99.2)
deficiency (mut0, mut-); and intracellular cobalamin metab-
olism, identified by complementation class as Cbl C
(OMIM 277400), Cbl D (OMIM 277410), including
Cbl D variant 1 and variant 2, Cbl F (OMIM 277380),
Cbl E (OMIM 236270), and Cbl G (OMIM 250940)
(Obeid 2012).

Disorders that can cause elevated MMA alone are
methylmalonyl-CoA mutase deficiencies (mut0, mut-),
and adenosyl-Cbl-specific deficiencies, such as Cbl A,
Cbl B, and Cbl D-variant 2 deficiencies. Combined methyl-
Cbl and adenosyl-Cbl deficiencies, such as Cbl C, Cbl D,
and Cbl F can cause elevations of both MMA and tHcy.
Imerslund-Gr€asbeck syndrome and transcobalamin II defi-
ciency can also cause elevations of both MMA and tHcy.
Disorders causing primarily hyperhomocysteinemia are
classic homocystinuria (OMIM 606664) (cystathionine
beta-synthase deficiency, CBS, EC. 4.2.1.22), and methyl-
Cbl-specific deficiencies, such as Cbl D-variant 1, Cbl E,
and Cbl G, as well as methylenetetrahydrofolate reductase
(MTHFR, EC 1.5.1.20) deficiency (OMIM 236250).

Hyperhomocysteinemia can also result from folate
deficiency, Vitamin B12 deficiency, or mutations in
enzymes in remethylation enzymes. Elevation of tHcy is
also a known risk factor for premature cardiovascular
disease.

At present, several genetic conditions leading to abnor-
mal methionine elevations are known. They are methionine
adenosyltransferase (MAT, EC 2.5.1.6) I/III deficiency
(OMIM 250850), homocystinuria due to cystathionine
beta-synthase deficiency, deficiencies of glycine N-methyl-
transferase (GNMT, EC 2.1.1.20), (OMIM #614300),
deficiencies of S-adenosylhomocysteine hydrolase (AHCY,
EC 3.3.1.1) (OMIM 613752), and deficiencies of citrin
(OMIM 605814, OMIM 603471) (Mudd 2011). Hyper-
methioninemia is also suggestive of mitochondrial dysfunc-
tion and liver diseases (Mudd 2011).

Several inborn errors of methylmalonic acid, methionine,
and cobalamin metabolism are included in the supplemental

newborn screening program recommended by ACMG
(American College of Medical Genetics). These conditions
rely on abnormal levels of propionylcarnitine (C3-acylcar-
nitine) and/or methionine. Unfortunately, these markers
lack both disease specificity and poor diagnostic sensitivity
(Turgeon et al. 2010; Ueland et al. 1993), and can
sometimes lead to false-positive results. Therefore, mea-
surement of specific markers such as tHcy, MMA, and
2MCA are more desirable. Marca G et al. (2007) reported a
rapid second-tier test for measurement of 3-OH-propionic
and MMA in dried blood spots to reduce the false-positive
rate for propionylcarnitine. Turgeon et al. (2010) also
reported a second-tier assay to determine tHcy, MMA,
and 2MCA in dried blood spots by LC/MS/MS.

Many methods have been described for measurement of
plasma MMA and/or tHcy by LC/MS/MS and GC/MS.
Blom et al. (2007) reported an assay for MMA without
derivatization by LC/MS/MS. Tomaiuolo et al. (2006)
reported a method for determination of plasma tHcy by
isotope dilution and electrospray-tandem mass spectrome-
try. Windelberg et al. (2005) reported an automated assay
for the determination of MMA, tHcy, and related amino
acids by GC/MS. Kushnir et al. (2001) reported an assay of
dicarboxylic acid including MMA by tandem mass spec-
trometry. A simultaneous determination of total homocys-
teine, MMA, and possible Met using LC/MS/MS without
derivatization was described by Hempen et al. (2008).

We therefore have developed a simple, fast LC/MS/MS
assay for the simultaneous determination of tHcy, Met,
MMA, and 2MCA in plasma or serum. Furthermore, all
analytes are directly measurable without the need for an
additional derivatization step, and both positive and
negative ion modes were used to achieve the best
sensitivity and specificity. This method consolidates all
four analytes thus allowing for the diagnosis of disorders in
related pathways. In addition, this test can also be used as a
second-tier or confirmatory test for positive newborn
screening.

Materials and Methods

Chemicals such as DL-D8-homocystine and D3-MMA
were obtained from Cambridge Isotope Laboratories.
TCEP-HCL was purchased from Thermo Scientific.
DL-homocysteine, L-Met, and MMA were purchased from
Sigma-Aldrich. 2MCA was purchased from CDN Isotope
Laboratories, Canada. Other reagents, such as HPLC grade
water, formic acid-optima LC/MS, and methanol-optima
LC/MS were purchased from Fisher Scientific.
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Preparation of Calibrators and Controls

Stock solutions of Hcy, Met, MMA, and 2MCA were
prepared in water at concentrations of 1.0, 0.2, 1.22 and 1.0
mg/ml, respectively. The combo internal standard solution
including DL-D8-homocystine and D3-MMA was prepared
at a concentration of 50 ng/100 ml. PSHM (plasma/serum/
H2O mixture solution) was prepared in V:V:V¼25:25:150.
A standard stock solution was prepared by adding 1.351 ml
of 1.0 mg/ml Hcy, 29.844 ml of 0.2 mg/ml Met, 0.097 ml
of 1.22 mg/ml MMA, and 0.410 ml of 1.0 mg/ml 2MCA,
and filled up to a volume of 50 ml with H2O. Working
standard solutions were prepared by diluting 3:4, 1:2, 1:4,
1:20, and 1:40 from stock solutions with PSHM as
calibrators. Three levels of controls were prepared by 1:4,
1:20, and 1:40 dilutions from the standard stock solution
with PSHM. The three levels of controls were also used for
the imprecision study.

Samples

Diagnosed patients’ plasma samples sent to the lab for
follow up were used to evaluate this method.

Methods

100 ml aliquots of EDTA or heparinized plasma or serum
samples were placed into 12 x 75 mm glass test tubes and
250 ml of HPLC grade water was added to each. 100 ml of
combo IS was then added to each tube and mixed gently for
3 s. Then 50 ml of TCEP-HCL (1g/34.8 ml in water) was
added and mixed gently for 3 s. The mixtures were
vortexed twice for 15 s at a medium speed and incubated
for 15 min each at room temperature. The solutions were
transferred with plastic transfer pipette into Amicon Ultra
0.5 ml 10K Da and then centrifuged at 13,500 rpm for
10 min. The filtrates were transferred into HPLC vials, and
10 ml was injected into the instrument.

MS/MS Procedures

A triple-quadrupole MS/MS system (Applied Biosystem/
MDS SCIEX API 4000 Qtrap) was coupled with a Shimadzu
HPLC system and a Leap technologies auto sampler. All MS
investigations were carried out with a turbo ion spray source
operated in both positive mode and negative mode under
multiple reaction monitoring (MRM) conditions. MRM
transition of m/z 136.1/90.1 was monitored for tHcy, m/z
140.1/94.1 was monitored for D4-homocysteine (reduced
form of D8-homocystine), and m/z 150.1/104.1 was
monitored for Met, respectively. tHcy and Met were

measured in positive ESI mode (run time 0–2.04 min)
and quantified using D4-homocysteine. MRM transition of
m/z 117.1/73.0 was monitored for MMA, m/z 204.9/125.0
for 2MCA1 and 2MCA2. MRM transition of m/z 120.1/
76.0 was monitored for D3-MMA. MMA and 2MCA were
measured in negative ESI mode (run time 2.05–6.0 min)
and quantified using D3-MMA. 10 ml was injected into the
LC column with the mobile phase flow of 0.7 ml/min. The
LC separation was carried out on a reversed-phase C18
column (Phenomenex, Kinetex 2.6u C18 100A; 100 � 4.6
mm). Gradient elution of the analytes was achieved using a
program with mobile phase A (aqueous 0.2% formic acid)
and mobile phase B (0.2% formic acid in methanol) as
follows: 3% B from 0 min to 4.4 min; 90% B from 4.5 min
to 5 min; then back to 3% B from 5 min to 6 min.

Results

Linearity and Imprecision

Plasma standards of MMA, tHcy, Met, and 2MCA at five
different concentrations of spiked analytes were used. They
were as follows: tHCy: 150, 100, 50, 10, and 5 mMol/l;
Met: 600, 400, 200, 40, and 20 mMol/l; MMA: 15, 10, 5, 1,
and 0.5 mMol/l; total 2MCA: 30, 20, 10, 2, and 1 mMol/l.
The results showed reproducible signals with a linear
response (tHcy R2 ¼ 0.9978; Met R2 ¼ 0.9962; MMA
R2 ¼ 0.9992; 2MCA1R2 ¼ 0.9973; 2MCA1R2 ¼ 0.9976.
n ¼ 3 for each analyte). The determination is linear up to a
concentration of 800 mMol/l for tHcy, 2,000 mMol/l for
Met, 80 mMol/l for MMA, 40 mMol/l for 2MCA1, and 40
mMol/l for 2MCA2 (80 mMol/l for total 2MCA), respec-
tively. If the amount is greater than the levels mentioned,
the specimen is diluted accordingly and reanalyzed for an
accurate calculation in the linear range. Intra-assay impre-
cision for tHcy, Met, MMA, and 2MCA1 and 2MCA2 was
determined by assaying the same 20 replicates of 3
concentrations in 1 day (Table 1). Inter-assay imprecision
was determined by assaying the same samples on 20
different days at 3 concentrations by 2 different technolo-
gists over a period of 2 months (Table 1).

Method Comparison

A correlation study was performed by determining tHcy
(0.06–179 mMol/l) and Met (2.07–229 mMol/l) in 40
plasma samples by means of the new LC/MS/MS method
in comparison with the HPLC assays routinely used in the
lab. An X-Y plot showed excellent correlation between the
two methods (Fig. 2).
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Recovery

Recovery was evaluated by the analysis of three different
levels of tHcy, Met, MMA, and 2MCA diluted with PSHM
(plasma/serum/H2O mixture solution) (Table 2). Recovery
was defined as follows: final concentration – endogenous
concentration/added concentration. The recoveries are
shown in Table 2. Recovery study for MMA was also
carried out by comparing the reference material (UTAK lab,
Valencia, CA) at two levels, 0.2 and 1 mMol/l. The
recoveries were 112 % and 105 %, respectively (n ¼ 5).

Limit of Detection

The detection of limit was carried out by preparing and
measuring the lowest standard solution that had been
diluted with water by factors of 1 (undiluted), 2, 4, 8, and
14. The limit of detection for tHcy, Met, MMA, 2MCA1,
and 2MCA2 was determined to be 0.3, 1.25, 0.03, 0.03, and
0.03 mMol/l, respectively.

Reference Intervals

Reference intervals were established and verified by
analyzing 125 anonymous individual male and female
plasma samples (ages 7 months to 20 years) with normal
chemistry results, and which would otherwise be discarded.
The concentration distribution in these specimens were
calculated and evaluated with EP evaluator software. The
histogram was obtained to ensure normal distribution.

Outliers were excluded. A central 95 % interval was used
as reference interval. The reference intervals are
2.47–12.51 mMol/l for tHcy, 6–53 mMol/l for Met,
0.05–0.29 mMol/l for MMA, and 0.02–0.26 mMol/l for
2MCA (total), respectively. The reference intervals were
similar to those reported by others (Obeid 2012; Rasmussen
et al. 2001; Allen et al. 1993).

Patients’ Results

Fifteen diagnosed patient specimens that were sent to the
lab for follow up were analyzed to evaluate this method
(Table 3). Two diagnosed classical homocystinuria patients

Table 1 Imprecision for tHcy, Met, MMA, and 2MCA (CV%)

Concentration
(mMol/l)

Intra-assay
precision (n ¼ 20)

Inter-assay
precision (n ¼ 20)

tHcy 50 4.9 % 7.1 %

10 4.4 % 6.8 %

5 4.1 % 6.5 %

Met 200 6.9 % 11.6 %

40 4.6 % 10.9 %

20 3.5 % 8.4 %

MMA 5 2.1 % 2.7 %

1 3.9 % 4.4 %

0.5 4.9 % 5.9 %

2MCA1 5 2.4 % 4.1 %

1 2.7 % 6.0 %

0.5 7.5 % 9.9 %

2MCA2 5 2.2 % 9.5 %

1 2.7 % 10.3 %

0.5 4.5 % 8.1 %
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showed elevations of tHcy and Met. Three methylmalonic
acidemia patients showed significant elevations of MMA
and 2MCA. Five diagnosed cobalamin C defect patients
showed elevations of MMA, tHcy, and slight elevation of
2MCA. Three diagnosed propionic acidemia patients
showed elevation of 2MCA with a normal MMA level.
One patient with MTHFR showed elevation of tHcy with
normal Met. This patient was receiving Met supplementa-

tion. One patient with Vitamin B12 deficiency showed
elevation of MMA, but normal tHcy. Figure 3 depicts
chromatograms from a patient with propionic acidemia (B),
a normal individual (C), a patient with a Cbl C defect (D),
and a standard solution (A) for comparison.

Discussion

The primary objective of this study was to develop a
simple, fast LC/MS/MS method for the simultaneous
and quantitative determination of tHcy, Met, MMA, and
2MCA. The method was developed, validated, and
successfully applied to the analysis of clinical samples.
All four analytes are directly measurable without the need
for an additional derivatization step. The simultaneous
measurement is a significant improvement in the diagnosis
of disorders in related pathways.

Analytes were measured in 6-min intervals between
injections. tHcy (m/z 136/90.1) and Met (m/z 150.0/104.1)
were quantified using D4-homocysteine (m/z 140.1/94.1) in
positive mode (0–2.04 min). MMA (m/z 117.1/73.0) and
two isomers of 2MCA (m/z 204.9/125.0) were measured in
negative mode (2.05–6.0 min) and quantified using D3-
MMA (120.1/76). Both negative and positive modes were
used to achieve the best sensitivity and specificity. The
chromatography is carried on by gradient program through
Kinetex-C18 column. All five peaks were successfully
separated. Succinic acid has the same transition with MMA
(m/z 117.1/73.0), and it appeared in negative mode (2.57
min). Because there are two isomers of 2MCA, the sum of
the two was reported.

The ACMG recommends newborn screening for pro-
pionic acid, Met, and Cbl metabolism in their panel of 29
conditions. The elevation of propionylcarnitine (C3-acyl-
carnitine) can indicate propionic acidemia (OMIM
#606054), methylmalonic acidemia, or congenital cobala-
min defect or deficiency. Increased C3-acylcarnitine and
abnormally low concentrations of Met are also observed in
newborns with Vitamin B12 deficiency (Turgeon et al.
2010). If C3-acylcarnitine is elevated in newborn screening,
then multiple tests, such as urinary organic acids analysis,
plasma tHcy, Met, and/or plasma MMA are needed for the
differential diagnosis between methylmalonic acidemia,
propionic acidemia and cobalamin defects and deficiencies.
Our assay is able to differentiate between methylmalonic
acidemia and propionic acidemia by simultaneous measure-
ment of MMA and 2MCA. This assay can also detect tHcy,
MMA, and Met simultaneously, which enables identifica-
tion of patients with remethylation defects, such as Cbl
D-Varl, Cbl E, Cbl G, and MTHFR deficiency, all of which

Table 3 Diagnosed patients and elevations of abnormal compounds
(mMol/l)

Normal level
Hcy Met MMA 2MCA
2.5–12.5 6–53 0.05–0.29 0.02–0.26

Homocystinuria
(n ¼ 2)

92.4–103 419–759 NL* NL

MMA (n ¼ 3) NL NL 439–944 8.8–32.9

Cobalamin C
defect (n ¼ 5)

17.4–114 NL 0.58–46.3 0.15–1.12

PPA (n ¼ 3) NL NL NL 9.21–34.7

Cobalamin
deficiency
(n ¼ 1)

NL NL 0.88 NL

MTHFR (n ¼ 1) 117 29.3 NL NL

*NL: Normal values

Table 2 Analytical recovery of the assay

Concentration, mMol/l

Expected
concentration

Endogenous
mean (n¼3)

Detected
mean
(n¼5)

Recovery*
(%)

tHcy 200 1.17 170.0 84.42

40 1.17 38.78 94.03

4 1.17 4.88 92.75

Met 400 4.50 478.0 118.38

80 4.50 96.60 115.13

8 4.50 13.42 111.55

MMA 20 0.04 23.76 118.61

4 0.04 4.84 120.05

0.4 0.04 0.51 118.00

2MCA1 20 0.10 18.00 89.49

4 0.10 3.78 91.95

0.4 0.10 0.49 96.00

2MCA2 20 0 18.90 94.50

4 0 3.53 88.25

0.4 0 0.35 87.75

*Recovery: Detected concentration - endogenous concentration/
expected concentration%
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are characterized by low Met and increased tHcy (Turgeon
et al. 2010).

The reference ranges were verified using 125 plasma
specimens from Children’s Hospital of Los Angeles patients
with normal chemistry values. Additionally, the reference
interval for 2MCAwas established. To our knowledge, this is

the first 2MCA reference interval using LC/MS/MS in
plasma or serum specimens, which is very similar with that
analyzed by GC/MS (Allen et al. 1993). Turgeon et al.
(2010) reported a method to measure 2MCA in dried
blood spots. We developed a LC/MS/MS method to detect
2MCA, along with MMA, which can provide additional
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diagnostic information for propionic acidemia, methylma-
lonic acidemia, and also can be used as a confirmatory test
for elevated C3 as observed in newborn screening.

A total of 15 patients diagnosed with disorders in
these pathways were reanalyzed when follow-up specimens
were received, and all were successfully reconfirmed.
One MTHFR patient showed elevated tHcy with a
normal Met level. This patient had been receiving Met
supplementation.

The assay described can be performed either in diagnos-
tic laboratories or as second-tier, follow-up test in newborn
screening laboratories. Our assay is characterized by simple

sample preparation (without derivatization), rapid chroma-
tography, high specificity, and small sample size. Simulta-
neous determination of MMA and tHcy in the same serum
or plasma specimen is useful in the diagnosis of both
cobalamin and folate deficiencies. The inclusion of methio-
nine may give additional information and can also be
diagnostic for methionine disorders. Simultaneous determi-
nation of 2MCA provides a differential diagnosis of
methylmalonic acidemia versus propionic acidemia and is
especially useful for follow-up of newborns screened with
elevations of C3-acylcarnitine. A dried blood spot method
is currently being evaluated in our laboratory.
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