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Abstract

Objectives: Transferrin isoelectrofocusing (Tf-IEF) is widely used to screen for Congenital Disorders of Glycosylation (CDG), but it is

laborious, time-consuming, and not suitable for automation or accurate quantification. We present our experience and advantages of the

implementation of Tf-HPLC.

Methods: Sera were iron saturated, lipid precipitated and filtrated on Microcon-YM10. Glycoforms were separated by HPLC on a SOURCE

15Q anion-exchange column. Detection was at 470 nm.

Results: We established reference values and validated the HPLC method by analysing samples with abnormal Tf-IEF. Comparison between

both methods is described.

Conclusions: HPLC is useful for CDG screening, especially for laboratories that deal with great number of samples, due to its easy sample

processing, the possibility of performing long series of analysis and the advantage of peak quantification, which allows objective interpretations.

© 2008 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.

Keywords: Congenital Disorders of Glycosylation (CDG); Sialotransferrin isoforms; HPLC; Isoelectric focusing (IEF)

Introduction

Congenital Disorders of Glycosylation (CDG) are a growing

group of inherited defects in the synthesis (CDG-I) and

processing (CDG-II) of the linked glycans of glycoproteins

and glycolipids [1,2]. Over 25 different disorders of N-

glycosylation have been identified. However, there are very

few identified cases in each subgroup, except for PMM2

deficiency (CDG-Ia) (over thousand patients) and MPI

deficiency (CDG-Ib) and ALG6 deficiency (CDG-Ic) [3].

CDG are multisystem diseases, with several levels of

severity [4]. Patients may present a wide spectrum of clinical

features, from severe mental retardation with dysmorphic

features to slight retardation or even asymptomatic [5] [6] [7].

Due to the different clinical presentations and the fast

publication of new types of CDG, a broad screening of these

inherited defects is necessary [8].

Transferrin (Tf) is an abundant glycosylated protein in serum

broadly studied for CDG screening. Most serum transferrin is

tetrasialotransferrin because most molecules of this protein carry

two N-linked disialylated biantennary oligosaccharide chains

that result in a total of four terminal sialic acids; in addition, some

of those oligosaccharide chains may be triantennary or even

tetraantennary, which explains the constant presence of penta
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and hexasialo forms. Any defect in the synthesis or processing of

these glycans results in an alteration of the sialotransferrin forms,

which is detectable because the sialotransferrins can be

separated according to their different charges [9].

Several analytic procedures have been developed for the

analysis of carbohydrate-deficient transferrin, as it has been

extensively used for the follow-up of chronic alcoholic abuse

[10]. Transferrin isoelectric focusing (TF-IEF) is the most

widely used method to screen for Congenital Disorders of

Glycosylation, but it is a laborious and time-consuming

technique neither suitable for automation [11] nor for accurate

quantification. Other laboratory techniques such as capillary

zone electrophoresis (CZE) [11] and high pressure liquid

chromatography (HPLC) [12] [13] are suitable for detection of

the different sialotransferrins allowing a rapid processing and

quantitation of the forms.

The present study aims to explain our experience with the

implementation of Tf-HPLC for CDG screening in our

laboratory, the comparison with IEF and the divergences we

observed between these two methods.

Materials and methods

Sample collection and patients

The procedures followed were approved by the ethics

committee at the Hospital Clínic of Barcelona and were in

accordance with the Helsinki Declaration.

Controls

For the HPLC procedure, reference values were established

in 122 serum samples without abnormalities in the Tf-IEF

pattern. We prepared a control pool with 23 sera randomly

chosen between those 122 control samples. This pool was used

as internal control in all the series.

Patients with abnormal Tf-IEF

To prove the correlation between Tf-IEF and Tf-HPLC, we

analysed by HPLC available sera from several patients: 5 PMM2

deficiencies (CDG-Ia), 1 MPI deficiency (CDG-Ib), 1 DPM1

deficiency (CDG-Ie), 1 COG8 deficiency (CDG-IIh), 7 CDG-

IIx, 2 fructosaemia, 3 classical galactosaemia and 1 alcoholic

abuser, with altered sialotransferrin patterns previously demon-

strated by IEF and also sera with transferrin variants demon-

strated by IEF and neuraminidase treatment [14].

We also included a patient of particular interest because of

her very mild Tf-IEF pattern. She is a 12 year-old girl with some

learning and speaking difficulties, and mild strabismus, ataxia

and trembling, with cranial studies showing cerebellar hypo-

plasia. She was diagnosed with CDG-Ia at age 5 years together

with her double cousins (sons of a maternal sister and a paternal

cousin), who have similar but severer clinical features. Her

phosphomannomutase (PMM) activity in leucocytes was

clearly deficient (0.32 mU/mg protein; control media

2.19 mU/mg protein), and she is compound heterozygous for

mutations p.R141H and p.C241S in the PMM2 gene ([15],

patient 3).

Reagents

Dextran sulphate sodium salt and sorbitol were obtained

from USB Corporation (Cleveland, USA); agarose for IEF was

from GE Healthcare; nitrilotriacetic acid trisodium salt mono-

hydrate (NTA) and preblended Ampholines pH 4.0–6.5 were

from Amersham Biosciences; iron (III) citrate hydrate, bis(2-

hydroxyethyl)imino-tris/hydroxymethyl)methane (Bis-Tris),

calcium chloride dehydrate (CaCl2 · 2H2O) and iron (III)

chloride hexahydrate (FeCl3 · 6H2O) were from Sigma-Aldrich

(Steinheim, Germany); sodium hydrogen carbonate (NaHCO3)

and sodium chloride (NaCl) were from Merck (Darmstadt,

Germany); rabbit anti-transferrin antibodies were from Dako

(Glostrup, Denmark); and Comassie Brillant Blue R-250 was

from Bio-Rad (Hercules, USA).

All chemicals were of analytical grade, and the water was of

HPLC grade (N18 MΩ).

Methods

Tf-IEF analysis was based on the method described by Van

Eijik et al., (1983) [16]; 0.2 g of agarose and 2.4 g of sorbitol

were mixed with 18 mL of cold water, heated in microwave

oven until all agarose was completely dissolved and then cooled

in water bath to 73 °C. At this point, 1.3 mL of preblended

Ampholines pH 4.5–6.0 were added and the mixture was

poured between two glass plates with Gel-Fix for Agarose

(SERVA, Heidelberg, Germany) stuck on one glass, left for

15 min at room temperature, and left at least for 1 h in the

refrigerator (4–8 °C). For sample preparation 50 μL of serum

were mixed with 5 μL of 10 mmol/L Fe (III) citrate and 5 μL of

0.1 mmol/L sodium hydrogen carbonate, and diluted with 50 μL

of 0.9% NaCl. This solution was left for 30 min at room

temperature and then further diluted 1:2 with 0.9% NaCl.

Sialotransferrin isoforms were separated using 2117 Multiphor

(LKB, Stockholm, Sweden) and detected after immunofixation

with rabbit anti-human transferrin antibody and staining with

Coomassie blue.

Tf-HPLC analysis was based on the method described by

Helander et al., (2003) [12]. We used 100 μL of serum samples,

which were iron saturated with 20 μL of FeNTA 10 mmol/L and

lipid precipitated with 20 μL of a solution prepared by mixing

equal volumes of 2% dextran sulphate and 1 mol/L CaCl2. After

mixing, the samples were left at 4 °C during 30 min and then

centrifuged at 14,000 g for 5 min at 5 °C; 130 μL of supernatant

were collected and centrifuged through a Microcon YM-10 filter

(Millipore, Bedford, USA) during 30 min at 14,000 g at 5 °C in

order to eliminate small molecules. The fraction retained on the

filter was recovered in a new Eppendorf by centrifugation at

1000 g 10 min and water was added to a final volume of 260 μL.

Separation of the transferrin glycoforms was performed by

HPLC (Agilent 1100 Series Liquid Chromatograph) on a

SOURCE 15Q PE 4.6/100 anion-exchange column (Amersham

Bioscience); 100 μL of sample were injected into the HPLC

system and isoform separation was performed using salt

gradient elution; detection relied on the measurement of the

absorbance of the iron-transferrin complex at 470 nm. The
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relative distribution of each isoform to total transferrin was

measured by the percentage of area under the curve (%AUC).

Results

Reference values for our population and within-run and

between-run coefficients of variation of each sialotransferrin for

the HPLC procedure are shown in Table 1. The samples used to

determine the coefficients of variation were the pool of control

sera and serum from a PMM2 deficient (CDG-Ia) patient.

Studies of sensitivity were made by progressively adding

serum from a PMM2 deficient (CDG-Ia) patient to a pool of

control sera. At 5% of CDG-Ia serum, although we detected an

increase of the %AUC of disialotranferrin of 73%, the

disialotransferrin percentage was still in the control range

(2.5%, reference values: 0.7–2.8); at 15% of CDG-Ia serum, the

increase of disialotranferrin was 132%, and the pattern was

clearly type I. Carry over studies were also performed without

any alteration in the transferrin profile of the control pool when

run after a pathologic sample.

Comparison between Tf-IEF and Tf-HPLC

Validation

Samples with abnormal Tf-IEF pattern (PMM2 deficiency

(CDG-Ia), MPI deficiency (CDG-Ib), DPM1 deficiency (CDG-

Ie), COG8 deficiency (CDG-IIh), CDG-IIx, untreated fructo-

saemia, classical galactosaemia and alcoholism) were analysed

by HPLC in order to confirm detection ability. The alterations of

sialotransferrin were confirmed by HPLC in all patients (Table 2

and Fig. 1); and HPLC was also able to clearly distinguish

transferrin variants BC (Table 2 and Fig. 1) and CD (not shown),

but for transferrin variants C1C2 (not shown) and C1D4-5 (Fig. 1)

[17,18] the pattern obtained by HPLC did not differ from

controls.

Fig 2 shows the HPLC results for patient 1, who brought

about great difficulties in the interpretation of her Tf-IEF

patterns. She presented a very slightly altered pattern almost

undistinguishable from controls by IEF, because it only showed

a mild increase of disialotransferrin difficult to discern by visual

exploration in the IEF gel. But when we analysed this sample by

HPLC, the %AUC of disialotransferrin was clearly altered

(4.2%; reference values: 0.7–2.8; n=122) (Fig. 2).

EDTA samples

The differences observed between both methods concerning

samples with EDTAwere also remarkable. It has been reported

that EDTA samples disrupt the sialotransferrin profile by IEF

[19] and also by other techniques such as carbohydrate-deficient

transferrin (%CDT) [20] showing a shift towards the unsialy-

lated forms. When EDTA samples were analysed by HPLC, an

extra-peak was detectable at the beginning of the transferrin

chromatogram but without alteration of the other isoforms

(Fig. 3B). This extra-peak did not overlap with asialotransferrin:

when analysing EDTA plasma from a CDG-Ia patient, two

peaks appeared at the level of asialotransferrin (Fig. 3D); one of

them was due to EDTA. In addition EDTA samples show a loss

of absorbance after the tetrasialotransferrin peak (Figs. 3 B and

Table 1

Tf-HPLC: reference values and coefficient of variation (CV) of each sialotransferrin in intraday and interday assays of a pool of control sera and of a PMM2 deficient

(CDG-Ia) patient serum

aAsialo aMonosialo Disialo Trisialo Tetrasialo Penta+Hexa

Reference values (n=122) nd 0–0.7 0.7–2.8 1.4–8.7 60.0–84.6 10.3–25.0

Intraday CV% in control sera (n=10) – – 12.3 4.2 0.9 3.0

Interday CV% in control sera (n=10) – – 21.8 15.3 2.5 14.5

Intraday CV% in a PMM2 def serum (n=6) 14.9 – 5.1 16.8 1.3 3.3

Interday CV% in a PMM2 def serum (n=6) 7.1 – 2.8 20.5 1.6 9.0

nd: not detectable; def: deficiency.
a Asialo and monosialotransferrin are not usually detectable in controls; therefore it is not possible to calculate the CV.

Table 2

HPLC validation

Type of patient HPLC quantitative results (%AUC of total transferrin)

Asialo Mono- Di- Tri- Tetra- Penta+Hexa -

Controls (n=122) nd nd–0.7 0.7–2.8 1.4–8.7 60.0–84.6 10.3–25.0

PMM2 def (n=5) nd–24.0 nd–3.5 4.2–39.0 2.6–6.1 30.8–76.0 nd–18.5

MPI def (n=1) 23.9 1.6 42.0 2.1 21.7 8.7

DPM1 def (n=1) 1.3 nd 26.7 4.6 58.3 9.1

COG8 def (n=1) nd 1.7 4.9 21.4 64.6 7.4

CDG-IIx (n=7) nd nd–10.7 7.0–18.6 18.2–30.3 36.3–59.0 5.4–14.7

Untreated HFI (n=2) 19.3/30.2 nd/nd 13.3/20.7 5.6/6.8 40.2/25.9 21.6/16.4

Untreated galactosaemia (n=3) 3.9–22.5 nd 7.4–27.2 nd–8.9 37.1–68.1 9.2–18.5

Alcohol abuser (n=1) 0.4 nd 5.8 3.8 73.0 17.0

Prot. variant (BC) (n=1) nd nd 1.0 2.6 41.4 55.0

Relative distribution of each sialotransferrin in %AUC in controls and in different transferrin altered patterns.

nd: not detectable; n: number of patients analysed; def: deficiency.
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D). But the %AUC of each transferrin isoform remained

unaltered in EDTA samples as compared to sera (see the table in

Fig. 3, where the calculated percentages are similar for A and B

or for C and D).

Economical evaluation

We performed an economical approach regarding the

comparison of costs for both methods. It is clear that HPLC

equipments are more expensive than those for IEF (about three

times more as compared to the Multiphor equipment that we

use), but on the other hand, the Tf-IEF technique needs antibody

anti human transferrin, which is an expensive reagent. We

estimated the price/sample with 1000 analysis/year by both

methods: We took into account the prices of reagents and

apparatus (for a depreciation period of 7 years), but summing

only 2/5 of the HPLC system costs, as it is not used more than

2 days a week for CDG analysis. In such case, the price for IEF

is about 10% more expensive than for HPLC. For 2008, the

Fig. 1. Transferrin glycoform patterns by IEF and by HPLC in serum samples. (A) Serum from a control; (B) PMM2 deficient (CDG-Ia) patient; (C) COG8 deficient

(CDG-IIh) patient; (D) Untreated HFI patient; (E) Untreated classical galactosaemia patient; (F) Alcohol abuse patient; (G) Protein variant BC sample; (H) Protein

variant CD4–5.
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prices are 6€ (IEF) and 5.5€ (HPLC). To this, we must add the

costs of laboratory staff. With HPLC there is no limitation in the

number of samples to be analysed/series; we usually run series

of 30 sera, which occupies 6.5 h of personal work including

preparation, performing and result analysis (therefore 13 min/

sample). For IEF the number of analysed samples is limited by

the size of the gel; we can run 12 different samples in each gel,

which takes a total of 5.5 h of work (27.5 min/sample).

Tf-HPLC for dietary control of HFI and galactosemia

Hereditary fructose intolerance (HFI, MIM# 229600) is a

known cause of secondary type I transferrin pattern. With a diet

free of fructose, the transferrin pattern normalises. We used

HPLC to control dietary compliance in HFI patients, and we

could detect poor compliance by means of slightly altered

pattern of sialotransferrin in a serum sample (Fig. 4), even

though fructose was undetectable by enzymatic methods.

Untreated patients of classical galactosaemia (MIM#

230400) also present transferrin type I pattern that becomes

normal with galactose-free diet. For the follow up of classical

galactosaemia patients we determine their erythrocyte galactose-

1-phosphate concentration. We analysed Tf-HPLC isoforms in

galactosaemic patients with N0.6 μmol galactose-1-phosphate /

gr Hb (which is the highest limit acceptable for galactosaemic

patients) and did not detect any alteration (data not shown).

Discussion

Tf-IEF is the reference procedure to screen for CDG patients

because it is the most widely used method and because the use

of antibody fixation provides high selectivity for transferrin

[21]. Nevertheless, it is a laborious technique that does not

permit analysing a lot of samples together, while a wide

screening for CDG is important in order to detect new clinical

presentations and new CDG types [22].

In addition, Tf-IEF pattern interpretation is often subjective.

In order to get a more objective interpretation, quantification of

the bands using densitometric methods has been proposed, but

the results can be misinterpreted due to saturated staining when

there is a high amount of transferrin or to irregular staining

along the band and the lane. Usually, the observation of the full

isoform pattern allows an easy interpretation of the results, but

for some slightly abnormal patterns it is difficult to discern

visually whether they are normal or altered.

HPLC has been proposed as a useful method to screen for

CDG [12]. Detection is performed at 470 nm in order to have a

selective absorbance of the iron-transferrin [23]. A valuable

feature of this method is the quantification system of the HPLC

with measurement of the %AUC of each isoform, which allows

an objective interpretation of the profile. HPLC does not use a

specific antibody and therefore it is not as selective as IEF but,

otherwise, it allows the separation of glycoforms based on

structural differences of the glycans. In addition, HPLC system

equipped with autosampler facilitates the possibility of proces-

sing long series of samples for screening purposes.

The cost of the HPLC equipment is indeed much higher than

that of IEF; but taking into account that HPLC can be used for

other determinations, that Tf-IEF needs more expensive reagents,

and that HPLC is less time consuming, the estimate price/sample

by HPLC is finally about 50 % cheaper than by IEF.

Another semi-automated method that is used for CDG

screening is capillary electrophoresis (CZE), which is similar to

HPLC because also permits a quantification of the peaks and

analysis of long series of samples [11], although the cost of CZE

system is still higher than HPLC.

Reference values and validation

We have established our reference values and determined the

coefficients of variation (CV), which were acceptable for the

tetra and penta+hexasialotransferrin peaks (Table 1). For the

Fig. 2. Transferrin glycoform patterns by IEF and HPLC in serum samples from a patient 1, PMM2 deficient (CDG-Ia) patient with very slightly altered type I pattern.

412 E. Quintana et al. / Clinical Biochemistry 42 (2009) 408–415

81



control pool, between-run coefficients of variation of disialo-

transferrin and trisialotransferrin showed high values that we

considered acceptable because the small areas of these peaks are

difficult to delimitate. When we analysed the coefficients of

variation with serum of a PMM2 deficient (CDG-Ia) patient,

with high values of disialotransferrin, its coefficient of variation

decreased to 5% (Table 1).

Samples with abnormal Tf-IEF pattern were analysed by

HPLC in order to confirm detection ability, and in all cases the

alterations of sialotransferrin were also detected by HPLC. In

our experience HPLC has proven to be very useful in difficult or

unsolved cases like patient 1, where the only detectable Tf-IEF

abnormality was a very slight increase in disialotransferrin. Her

abnormal pattern was difficult to detect in IEF gel (Fig. 2A), but

with the introduction of the HPLC method, we could clearly

distinguish the altered %AUC of disialotransferrin.

EDTA samples

It is noteworthy that with HPLC, EDTA samples were as

useful for diagnosis as serum, because the EDTA peaks did not

overlap with the transferrin isoforms, and therefore the

percentage of each transferrin peak could be accurately

calculated (Fig. 3). This is important because many of the

samples that we receive for diagnosis of metabolic disease are

EDTA plasma, and sometimes are the unique samples available.

Tf-HPLC for dietary control of HFI and galactosemia

Tf-HPLC has proven to be useful for controlling the

compliance of a diet free of fructose in HFI patients, where

the intake of fructose causes defective glycosylation. As in the

case of alcoholic patients, the sialotransferrin profile reflects the

Fig. 3. Comparison between serum and EDTA plasma. (A) control serum; (B) EDTA plasma from a control; (C) serum from a PMM2 deficient (CDG-Ia) patient; (D)

EDTA plasma from a PMM2 deficient (CDG-Ia) patient. In samples with EDTA there is an extra narrow peak at the beginning of the chromatogram (open arrow) but it

does not overlap with the asialotransferrin peak. In addition, a loose of absorbance (filled arrow) is detected after the tetrasialotransferrin peak.

413E. Quintana et al. / Clinical Biochemistry 42 (2009) 408–415
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compliance of the diet during a period of time. HPLC permits us

to detect slight alterations in the Tf-pattern due to poor dietary

compliance (Fig. 4C).

On the other hand, for galactosemic patients, evaluation of

galactose-1-P is a better parameter for biochemical control. Tf-

HPLC is not so sensitive, as we failed to detect alterations in

serum transferrin in patients with high levels of erythrocyte

galactose-1-phosphate.

Protein variants

We analysed transferrin variants because they alter the Tf-

IEF pattern without any glycosylation defect, and therefore

might induce false diagnosis. By Tf-IEF we could clearly

distinguish transferrin variants C1C2, BC, CD and CD4–5, but

by HPLC we were unable to detect C1C2 and CD4–5.

Therefore, although in our hands HPLC has proven to be

useful for CDG screening, its failure to detect these variants

suggests that our HPLC method has less resolution than IEF

to distinguish transferrin forms. We want to remark that the

difference between the C2 variant and the C1 normal protein

are very subtle; in our experience they can easily be

distinguished with PAGE-IEF (polyacrylamide gel electro-

phoresis), but not so easily with agarose (data not shown) and

with HPLC we have been unable to detect this very frequent

polymorphism.

Fig. 4. Tf-HPLC profile from HFI patients. (A) Untreated HFI patient; (B) HFI patient after correct treatment; (C) HFI patient with poor dietary compliance.
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For variant D4–5, the differences with C1 by IEF (PAGE or

agarose) are very clear: a band appears at the asialotransferrin

position; this variant must have very different charge. But we

could not observe differences by our HPLC method. Perhaps

the substitution introduced by the polymorphism causes a gain

of mass that counteracts the loss of charge. This hinders us of

distinguishing this variant.

Nevertheless, this represents the unique clear divergence that

we have found between IEF and HPLC patterns, and the fact

that we do not detect these protein variants does not interfere in

our diagnostic purpose of detecting patients with Congenital

Disorders of Glycosylation.

We conclude that HPLC is useful for CDG screening,

especially for laboratories that deal with great number of

samples, due to its easy sample processing, the possibility of

performing long series of analysis and the advantage of peak

quantification, which allows objective interpretations.
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a b s t r a c t

Transferrin isoelectric focusing (IEF) is the most widely used method to screen for congenital disorders

of glycosylation (CDG). Our aim was to compare high performance liquid chromatography (HPLC) and

capillary zone electrophoresis (CZE) procedures for serum sialotransferrin analysis. 58 serum samples

were processed both by CZE and HPLC: 35 were from paediatric controls, 18 from patients with an altered

sialotransferrin IEF pattern and 5 were transferrin variant samples. HPLC analysis was performed with

an anionexchange column with spectrophotometric detection at 470 nm. CZE analysis was done using

the commercial CEofixCDT kit with spectrophotometric detection at 200 nm. PassingBablok regres

sion analysis showed good agreement for tri, tetra and pentasialotransferrin by both procedures. But

for disialotransferrin, higher values were observed by the HPLC procedure. The HPLC and CZE methods

allowed reproducible separation and analysis of single transferrin glycoforms with similar peak patterns.

All patients presented values outside the range established in our control population either by HPLC or by

CZE, even in patients with moderate forms of CDG that had been difficult to detect by IEF. In conclusion,

measurement of sialotransferrin isoforms and interpretation using methodspecific reference values may

offer some advantages for the diagnosis of CDG as compared with the standard IEF procedure.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Congenital disorders of glycosylation (CDG) are a growing group

of genetic diseases caused by deficiencies in the carbohydrate moi

ety of glycoproteins and other glycoconjugates [1]. The clinical

spectrum is highly heterogeneous, with different levels of sever

ity [2]. Patients may present a wide spectrum of clinical features

that often imply multiorgan involvement [3,4].

Nglycosylation defects are the result of abnormal synthesis

(CDGI) or incorrect processing (CDGII) of the Nglycans, which

results in deficient incorporation of sialic acid, the terminal nega

Abbreviations: CDG, congenital disorders of glycosylation; Tf, transferrin; CDT,

carbohydrate deficient transferrin; IEF, isoelectric focusing; HPLC, high performance

liquid chromatography; CZE, capillary zone electrophoresis.
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de Déu, Passeig Sant Joan de Déu, 2, 08950 Esplugues, Barcelona, Spain.

Tel.: +34 932806169; fax: +34 932803626.

Email address: rartuch@hsjdbcn.org (R. Artuch).

tively charged sugar. To date, over 25 disorders of Nglycosylation

have been identified. The incomplete addition of sialic acid to trans

ferrin (Tf) molecules is the most commonly used marker for initial

screening of a CDG [5]. As the evaluation of carbohydrate defi

cient transferrin is also used as a diagnostic test for alcohol abuse,

several analytical procedures have been developed including iso

electric focusing (IEF), IEF in combination with immunofixation,

zone immunoelectrophoresis, Western blotting, anionexchange

chromatography followed by immunochemical determinations,

high performance liquid chromatography (HPLC) and capillary zone

electrophoresis (CZE) [6,7]. Transferrin isoelectric focusing is the

most widely used method to screen for CDG, but it is a laborious

and timeconsuming technique neither suitable for automation [6]

nor for accurate quantification. For this reason, nowadays some lab

oratories have turned to semiautomated methods such as HPLC

and CZE. Assays based on HPLC and CZE have the advantage of pro

viding reproducible separation and measurement of the relative

percentages of the different transferrin isoforms.

Our aim was to compare HPLC and CZE procedures for

serum sialotransferrin analysis. We also assessed their diagnostic

15700232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.jchromb.2009.06.031
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efficiency as compared to IEF in patients with altered sialotransfer

rin patterns.

2. Materials and methods

2.1. Samples

For the comparison study, a total of 53 serum samples were

processed both by CZE and HPLC: 35 of them were serum sam

ples from paediatric controls (age range: 2 months–18 years)

admitted to our hospital for minor surgical interventions; exclu

sion criteria were the presence of acute or chronic diseases

or pharmacological treatments. The other 18 samples were

from patients with an altered sialotransferrin IEF pattern (age

range: 3 days–35 years). This group consisted of 11 patients

presenting type I pattern (5 PMM2 deficiency (CDGIa; OMIM

601785), 1 PMI deficiency (CDGIb; OMIM 154550), 1 DPM1

deficiency (CDGIe; OMIM 603503), 1 untreated galactosaemic

(OMIM 230400), 2 untreated inherited fructose intolerance (OMIM

229600) and 1 alcohol abuser), and 7 patients presenting type

II pattern (1 COG8 deficiency (CDGIIh; OMIM 606979) and 6

CDGIIx patients with impaired Tf glycosylation of unknown

origin). We also analyzed 5 transferrin variant samples caus

ing anodal (B) or cathodal (D) shift of the protein bands by

IEF, as compared to the common Tf variant (C): 1 BC sample

(decreased isoelectric point), 2 CD and 1 CD4–5 (increased isoelec

tric point) and 1 C1C2 (with a very mildly increased isoelectric

point).

Informed written consent was obtained for biochemical and

genetic investigations, which were performed following diagnostic

protocols approved by the Ethics Committee of Hospital Sant Joan

de Déu and Hospital Clínic (Barcelona) and were in accordance with

the Helsinki Declaration.

2.2. Analytical procedures

HPLC analysis of transferrin glycoforms: TfHPLC analysis was

based on the method described by Helander et al. [8] as modified

by Quintana et al. [9]. After iron saturation, lipid precipitation and

filtration (Microcon 10YM, Millipore, Bedford, USA) of serum sam

ples, separation of transferrin glycoforms was performed by HPLC

(Agilent 1100 Series Liquid Chromatograph) on a SOURCE 15Q PE

4.6/100 anionexchange column (Amersham Bioscience, Barcelona,

Spain) by a linear gradient salt elution at a flow rate of 1 mL/min.

Mobile phase A consisted of 100% Bis–TRIS buffer 10 mmol/L, pH

6.2, starting at 100%. Mobile phase B (Bis–TRIS buffer 10 mmol/L, pH

6.2 plus 0.5 mol/L NaCl) was added, reaching 20% (V/V) in 29 min.

Detection relied on the measurement of the absorbance of the

iron–transferrin complex at 470 nm.

CZE analysis of transferrin glycoforms: TfCZE analysis was

based on the method described by Carchon et al. [6], using the

commercial CEofixCDT kit (Analis, Suarleé, Belgium). The elec

trophoretic system consisted of an automatic P/ACE 5000 system

(BeckmanCoulter, Fullerton, CA, USA) equipped with a ultraviolet

absorbance detector. 45 ml of kit iron solution was added to 15 ml of

serum for iron saturation. Separation of glycoforms was carried out

with a 67 cm×50 mm ID fusedsilica capillar (Analis, Suarleé, Bel

gium), at a voltage of 28 kV for 10 min in alkaline borate buffer. The

transferrin isoforms were detected by measurement of absorbance

at 200 nm.

In both methods, the relative amounts of the transferrin gly

coforms were measured by their respective areas under the curve

(AUC) and expressed as the percentage of each isoform respect to

total transferrin.

Isoelectric focusing analysis of serum transferrin (TfIEF) was

run in agarose gels as previously reported [9]; the glycoforms were

separated using the 2117 Multiphor (LKB, Stockholm, Sweden) sys

tem and detected after immunofixation with rabbit antihuman

transferrin antibody and staining with Coomassie blue.

2.3. Statistical analysis

Data distribution was assessed with the Kolmogorov–Smirnov

test (SPSS 17.0 program). Since the data followed a Gaussian dis

tribution, control values were calculated as average ±2 standard

deviations.

PassingBablok regression analysis and Bland–Altman Plot

(MedCalc Software, Mariakerke, Belgium) were applied to compare

both procedures in 53 serum samples from controls and patients

(polymorphic variants were not included). The HPLC procedure was

considered the reference method.

3. Results

3.1. Comparison study

Fig. 1 shows the comparison of the percentage of each glycoform

by HPLC and CZE using the PassingBablok regression analysis and

the Bland–Altman plot. These plots showed a strong linear correla

tion between the two methods for all isoforms studied (p < 0.001).

The slopes and intercepts obtained for each isoform in Passing

Bablok regression analysis are shown in Fig. 1. The results suggested

good agreement for tri, tetra and pentasialotransferrin. But in

spite of the strong correlation for disialotransferrin, the two meth

ods were not transferable for the measurement of this isoform.

The intercept obtained was significantly different from 0 (−0.30;

95% CI −0.42 to −0.10) and the slope was significantly different

from 1 (0.88; 95% CI 0.77–0.93), and consequently the two meth

ods showed constant and proportional differences (higher values

were observed for the HPLC procedure).

We established reference values with 35 paediatric serum sam

ples by both procedures in order to compare the percentage of each

sialotranferrin obtained in patients (Table 1). Since the agreement

test showed transferable results, a unique reference interval was

established for tri, tetra and pentahexasialotransferrin for both

methodologies (Table 1), while two different reference ranges had

to be distinguished for disialotransferrin. No reference values were

calculated for mono or asialotransferrin since both forms were

undetectable in the control population.

3.2. Patient sample analysis

The HPLC and CZE methods allowed reproducible separation and

evaluation of the transferrin patterns. Fig. 2 shows the HPLC and CZE

transferrin pattern of 2 PMM2 deficient (CDGIa) patients (a severe

case and a moderate one) and a CDGIIx patient. Results for the

18 patients are summarized in Table 1. All cases presented values

outside the ranges established in our control population by both

methods; even patients with moderate forms of CDGIa that were

difficult to discern by IEF, were clearly detectable both by HPLC

and CZE: e.g. for 2 patients whose only altered isoform was disialo

transferrin, its respective percentages were 4.2 and 4.3% by HPLC

(control range 1.3–2.2%), and 3.2 and 3.4% by CZE (control range

0.89–1.5%).

3.3. Transferrin variants

Several polymorphisms were analyzed by HPLC and CZE. Com

parable results by both methodologies were obtained for protein

variants BC, CD4–5 and C1C2; these latter two were not detectable
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Fig. 1. Scatter diagrams with the regression line (solid line), including 95% confidence interval for the regression line (dashed lines) and identity line (x = y, dotted line) and

PassingBablok regression equations. Bland–Altman plot shows differences between both methods expressed as percentage of the averages.

either by HPLC or by CZE (data not shown). Concerning two protein

variants CD with identically altered patterns by IEF (Fig. 3 A2 and

B2), two different profiles were detected by the two procedures.

By HPLC, one of them showed two nearly overlapping peaks at the

level of tetrasialotransferrin (Fig. 3 A1) while the other showed a

clearly polymorphic pattern (Fig. 3 B1), similar to those obtained

by CZE for both samples (Fig. 3 A3 and B3). When these two vari

ant CDs were treated with neuraminidase, two different transferrin

forms were detected both by IEF (Fig. 3 A2n and B2n) and CZE

(Fig. 3 A3n and B3n); by HPLC we could clearly distinguish two

peaks in one CD polymorphism (Fig. 3 B1n), but for the CD vari

ant that presents an almost normal TfHPLC pattern, two nearly

overlapping peaks were observed (Fig. 3 A1n). Moreover, in our

hands, this latter CD variant showed a completely normal pattern

following the HPLC methodology as described by Helander et al. [8],

for which no filtration with Microcon YM10 tubes was performed

(Fig. 4 A).

4. Discussion

In this study, we compared the suitability of TfHPLC and TfCZE

as methods to screen for CDG in a paediatric population. Compari

son studies for these two procedures have already been reported for

diagnosis of chronic alcohol abuse [10], where correlations of the di

, tri, tetra and penta + hexasialotransferrin forms were evaluated.

We found a strong linear correlation between the two meth

ods for all sialoforms analyzed; results for tri, tetra and

penta + hexasialotransferrin can be considered transferable and a

unique reference range is applicable for CDG screening. Disialo

transferrin values measured by HPLC were generally higher than

Table 1

Sialotransferrin isoforms. Control values for a paediatric population (n = 35) measured by HPLC and CZE and results for 18 patients (range: minimum and maximum) presenting

sialotransferrin type I and II patterns. Results are expressed as the percentage of each isoform referred to total transferrin.

ASTf MonoSTf DiSTf* TriSTf TetraSTf Penta + HexaSTf

HPLC CZE

Control interval (n = 35) nd nd 1.3–2.2 0.89–1.5 2.1–6.6 75.8–83.7 10.1–16.1

Type I pattern (n = 11) nd–32.8 nd–2.1 4.2–42.0 3.1–42.8 2.0–6.7 15.9–74.7 2.9–21.6

Type II pattern (n = 7) nd nd–10.8 1.0–18.6 0.6–18.0 16.0–30.3 36.3–63.6 7.0–16.8

nd: not detectable.
* Since data of tri, tetra and penta–hexasialotranferrin were transferable, a unique reference interval was established for both procedures.
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Fig. 2. Sialotransferrin patterns by HPLC (left panels), IEF (middle panels) and CZE procedures (right panels). Several serum samples presenting different sialotransferrin

patterns are presented: (A) type I pattern (CDGIa, severe form); (B) type II pattern (CDGIIx); (C) type I pattern (CDGIa, mild form); (D) control.

those obtained by CZE and this difference was statistically signifi

cant. Several studies have reported a similar linear relationship in

the comparison of disialotransferrin levels obtained by HPLC and

CZE [10]. In those reports, this isoform determination was used as a

marker for detection of alcohol abuse, and therefore, the recruited

population for the study was different from our paediatric patients.

Even so, the bias obtained was similar, and our results support the

idea that a semiquantitative measurement of disialotransferrin is

particularly important for identification of slightly abnormal CDG

patterns.
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Fig. 3. Sialotransferrin patterns of two CD transferrin variants (A and B) as compared to a control sample (C). Subfigures 1, 2 and 3 refere to HPLC, IEF, and CZE, respectively. In

the corresponding subfigures, the letter n refers to neuraminidasetreated samples. After neuraminidase treatment, the appearance of 2 peaks/bands with similar intensity

confirms the presence of a transferrin variant. TfIEF panels: The numbers indicate the number of sialic acid residues in the corresponding type of sialotransferrin form (0, 1,

2, 3, 4 and 5 correspond to a, mono, di, tri, tetra and pentasialotransferrin, respectively).

Other authors have previously established control values for

the diagnosis of CDG syndromes in paediatric and adult con

trols [6,11], concluding that there were no marked age or

sexrelated differences in the relative amounts of transferrin

glycoforms. The values obtained in our paediatric population

were very similar to those previously published by those

authors.

TfIEF remains the cornerstone for the diagnosis of N

glycosylation defects, although it is a laborious and time

consuming technique not suitable for automation [6]. Further

more, sensitivity problems may arise, especially for detecting

slightly altered patterns. In our experience, we easily detected

all the altered patterns both by HPLC and CZE, and even

some slightly abnormal patterns that might be missed by Tf

Fig. 4. HPLC analysis of a CD transferrin variant serum without sample filtration (panel A) and after filtration (panel B).
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IEF were clearly discriminated by these procedures (Fig. 2,

Table 1).

Protein variants have been a cause of diagnosis pitfalls with some

techniques such as percentage of CDT (%CDT TIA), which expresses

the sums the Tf variants carrying two or less sialic acid residues

in relation to the amount of total Tf. We have analyzed several

polymorphisms in order to verify that they do not interfere in our

diagnostic tasks. Reproducible results were observed by HPLC and

CZE for the detection of variant BC, and the pattern was undistin

guishable from controls for variants CD4–5 and C1C2 by the two

procedures. But the analysis of two sera with the CD polymor

phism that had presented the same altered TfIEF pattern (highly

increased trisialo band), showed very slight differences between

both samples by CZE, while it was difficult to detect the CD poly

morphism in one of those sera by HPLC (Fig. 3). Filtration of this

latter serum with Microcon YM10 increased the resolution and

allowed us to identify this polymorphic variant (Fig. 4). These two

different polymorphisms may equally change the total charge of

the transferrin polypeptide, and for this reason they present the

same IEF profile. In addition, in one of them a change in the final

structure due to the polymorphism of transferrin possibly counter

acts the change of charge; this would make difficult its detection by

HPLC, where the separation of transferrin glycoforms is based not

only on the net charge of the molecules but also on their structural

differences [11].

5. Conclusions

The data from this study indicate that both HPLC and CZE allow

the separation and semiquantitative evaluation of the transferrin

glycoforms. Consequently, both are good procedures to screen for

CDG. Moreover, interpretation of the results using methodspecific

reference values may offer some advantages as compared with the

standard TfIEF technique.
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Summary Adamowicz and colleagues raised the alert in

2007 about patients with atypical hereditary fructose

intolerance (HFI) primarily misdiagnosed as CDG Ix.

We describe a girl with neonatal hypertonia, facial

trismus, absent swallowing and coughing reflexes,

gastro-oesophageal reflux and sporadically elevated

Krebs cycle metabolites and lactate. At 14 months

microcephaly and hepatomegaly were noted, with hyper-

transaminasaemia but normal blood coagulation, glucose,

phosphate, and absent urinary reducing substances.

Neurological impairment persisted. Because of hepatic

and neurological abnormalities with developmental delay,

Tf IEFwas performed and showed a severe type 1 pattern,

resulting in a wrong diagnosis of CDG. Subsequently, an

aversion to fruits suggested HFI, confirmed by the finding

of ALDOB mutations (p.A150P/p.N335K). The girl

improved with fructose-free diet, but liver cirrhosis led

to hepatic transplantation. She is now 7 years old with

good evolution; facial trismus and hypertonia reversed,

but microcephaly persists. Transferrin MALDI-TOF MS

characterization revealed underoccupation of glycosyla-

tion sites and glycan abnormalities, which reversed with

dietary treatment. High maternal fructose concentrations

might have caused neonatal abnormalities. Although in
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our patient_s mother there is no fructose accumulation at

present, it is possible that increased ingestion of fruits and

vegetables during pregnancy, together with her heterozy-

gosity, caused an accumulation of fructose that finally

affected the fetus. We also describe slightly abnormal

transferrin isoelectric focusing and MALDI-TOF MS

patterns of intact transferrin and N-glycans in a fructose-

1,6-bisphosphatase (FBP1)-deficient patient. While HFI

is a well-known cause of secondary CDG, we found no

reports of abnormal transferrin isoelectric focusing

patterns in FBP1 deficiency and we introduce this

condition as a possible secondary cause for altered

transferrin isoelectric focusing.

Abbreviations

apoC-III apolipoprotein C-III

CDG congenital disorder(s) of glycosylation

FBP1 fructose-1,6-bisphosphatase

GC/MS gas chromatography-mass spectrometry

HFI hereditary fructose intolerance

IEF isoelectric focusing

LLO lipid-linked oligosaccharides

MALDI-TOF matrix-assisted laser desorption/

ionization time-of-flight

MRI magnetic resonance imaging

MS mass spectrometry

PMI phosphomannose isomerase

PMM phosphomannomutase

Tf transferrin

TLC thin-layer chromatography

Introduction

Hereditary fructose intolerance (HFI, OMIM# 229600)

is caused by deficiency of aldolase B (EC 4.1.2.13), and

usually presents at the time of weaning with episodes of

hypoglycaemia and vomiting after the intake of fructose

or related sugars; if untreated, HFI may lead to death

from severe liver and kidney failure. The clinical

presentation of fructose-1,6-bisphosphatase (FBP1; EC

3.1.3.11) deficiency (OMIM 229700) is also triggered or

worsened by ingestion of fructose; a defect of this

gluconeogenic enzyme can be life-threatening and

manifests with hypoglycaemia and lactic acidosis on

fasting, and increased urinary excretion of glycerol and

glycerol 3-phosphate (Steinmann et al. 2001).

Congenital disorders of glycosylation (CDG) are

genetic disorders due to defects in the synthesis or

processing of glycan moieties of glycoproteins (Jaeken

et al. 2001). CDG are usually multisystemic, but with

wide clinical heterogeneity, and therefore it is advisable

to include CDG in the routine screening of metabolic

disease. The analysis of serum sialotransferrin pattern

by isoelectric focusing (Tf IEF) is used for screening of

CDG due to a sialic acid-deficient N-glycosylation

defect. Alterations of Tf IEF patterns may point to

defects in the synthesis/assembly (type 1) or processing

(type 2) of the glycans (Jaeken et al. 2001). Neverthe-

less, when finding an altered pattern in a patient, it is

essential to discard secondary glycosylation disorders

before initiating laborious investigations. In particular,

patients with untreated galactosaemia or HFI present a

Tf IEF type 1 pattern (Jaeken et al. 1996; Sturiale et al.

2005), and some of them may present atypical features,

and be misdiagnosed as CDG (Adamowicz et al. 2007).

We report here our experience with the difficult

diagnosis of HFI in a girl with neonatal neurological

alterations; her unusual presentation delayed the

diagnosis and led to investigations for CDG. We also

report that patients with FBP1 deficiency may show a

mildly abnormal Tf IEF pattern. The glycosylation

defects in both diseases were further investigated by

MALDI MS of serum native intact Tf and Tf N-glycan

before and after dietary treatment.

Methods

Transferrin isoforms were detected after IEF, immuno-

fixation with antihuman transferrin (Dako, Glostrup,

Denmark) and Coomassie Brilliant Blue staining

(Colomé et al. 2000). Isoforms of apolipoprotein C-III

(apoC-III) were analysed as described by Wopereis et al.

(2003) after IEF separation on CleanGel with Ampho-

lines Preblended pH 3.5–5.0 (Amersham Biosciences,

Piscataway, USA), Western blot and incubation with

anti human apoC-III (BioTrend, Köln, Germany) and

detection with the OPTI-4CN detect kit, GAM (Bio-

Rad Laboratories S.r.l., Milan, Italy). Tf purification and

enzymatic release of the N-linked Tf glycans and their

MALDI-TOF mass spectrometry were performed as

described by Sturiale et al. (2005). Ions were assigned on

the basis of the observed masses of the calibrated

spectra, which correspond to predicted structures with

known theoretical molecular weight.

Case reports

Patient 1 was born at term after an uneventful 38-week

pregnancy with weight 2650 g (10th centile), length 50 cm

(62nd centile), head circumference 34 cm (52nd centile).

Apgar score was 7 at 1 min, 9 at 5 min. She presented with

neonatal hypertonia, crisis of bradycardia and hyperventi-
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lation, facial trismus, intense salivation with absence of

swallowing or coughing reflexes, and gastro-oesophageal

reflux. There was moderate hypertransaminasaemia (AST

normal, ALT 123 U/L), sporadic hyperlactataemia,

decreased plasma carnitine, and increased urine succinate,

fumarate and a-ketoglutarate. Cerebral MRI was normal.

She was discharged, fed with adapted milk, with introduc-

tion of fruits and vegetables at 4–6 months. Repetitive

respiratory infections occurred after 1 year, when hepato-

megaly was first noticed, with elevated aminotransferases

(AST ranging from 39 to 127 U/L; ALT 86–1219 U/L) but

normal coagulation factors, glycaemia, phosphataemia and

absence of urinary reducing substances. The neonatal

clinical abnormalities persisted and there was also micro-

cephaly (head circumference 44 cm, <3rd centile; length

82 cm, 90th centile). The co-existence of liver impairment,

neurological abnormalities and motor developmental

delay (she could not walk without support) prompted us

to investigate CDG, and Tf IEF was performed at 3 years

of age, which showed severe type 1 pattern (Fig. 1).

Fibroblast phosphomannomutase (PMM) and phospho-

mannose isomerase (PMI) activities, and lipid-linked

oligosaccharides (LLOs) were all normal. Due to her

severe and progressive hepatopathy, and aversion to fruit,

HFI was investigated, and the presence of mutations p.

A150P and p.N335K in the ALDOB gene led to the

diagnosis at almost 4 years of age. A liver biopsy

performed at that time showed severe cirrhosis, and

though the hepatopathy and motor symptoms improved

on a diet free of fructose, the presence of oesophageal

varices, hypersplenism and cirrhosis led to hepatic

transplantation. The girl is now 7 years old and the

evolution is very good, with normal mental development.

The facial trismus and hypertonia have disappeared; she

attends normal bilingual school and walks and eats

correctly, but microcephaly (<2nd centile) persists.

Patient 2 is a girl with FBP1 deficiency. Gastric

reflux was noticed from the second month of life, and

chronic vomiting worsened with the introduction of

fruit, which was removed from the diet. She became

severely ill at 13 months, in the course of a banal upper

respiratory tract infection, with vomiting, hypoglycaemia,

lactic acidosis, moderate hypertransaminasaemia, and

increased glycerol and glycerol 3-phosphate in urine,

which led to the diagnosis of FBP1 deficiency. Prelimi-

nary screening for mutations in FBP1 showed only the

silent change (c.651T>C; pA217A) in heterozygosis;

cDNA was not available to complete the study. The

symptoms improved with adequate carbohydrate intake,

excluding fructose and sucrose. Retrospectively, we

wondered whether FBP1 deficiency might also second-

arily alter glycosylation. We therefore investigated her

serum Tf IEF, which showed a mild type 1 pattern

normalizing with treatment (Fig. 1).

Results

For the Tf IEF analysis (Fig. 1) the pattern was

abnormal (type 1) in both patients, more severe in

patient 1 and milder in patient 2. Both normalized with

adequate dietary treatment.

As expected for CDG I, apoC-III IEF isoform

patterns in both patients did not differ from those of

controls (data not shown).

MALDI-MS analyses of intact serum Tf in both

patients, before and after the introduction of dietary regi-

men (Fig. 2), were in full accordance with the IEF findings.

In the HFI patient, MALDI analyses of intact serum Tf

before treatment (Fig. 2A) showed fully glycosylated

isoforms which bear two biantennary complex-type glycan

(diglycosylated Tf), as well as additional Tf species each

lacking one (monoglycosylated) or both (aglycosylated)

entire glycan chains. After treatment, the Tf profile was

almost restored (Fig. 2B). Interestingly, intact serum Tf in

FBP1 deficiency (Fig. 2C) showed a type 1 hypoglycosy-

lated pattern, with a milder glycosylation deficiency with

respect to the HFI patient. Also in this case the dietary

treatment led to normalization of Tf MS (Fig. 2D).

Results of MALDI-TOF MS for Tf glycan analyses

are reported in Fig. 3. Before treatment, in HFI the

acidic N-glycan pool showed prominent heterogeneity

(15 glycan species) with respect to the control sample

(8 glycan species). There were traces of tetra-antenn-
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Fig. 1 Transferrin IEF patterns of serum from patients 1 and 2
before and after treatment, as compared to one control, and to
patients with altered glycosylation: galactosaemia, PMM2 defi-
ciency (CDG Ia) and CDG X patients
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ary structures, increased biantennary and triantennary

hyposialylated glycoforms and even more significantly

increased fucosylated species including biantennary

monofucosylated (m/z 2077.9, 2369.2) and triantennary

monofucosylated (m/z 2734.5, 3025.8), with traces of

difucosylated triantennary glycans. After treatment,

the N-glycan pattern nearly normalized, with the

exception of still slightly increased fucosylation.

In untreated FBP1 deficiency, the MALDI mass

spectrum of serum Tf glycans was also heterogeneous

(15 glycan species) with a small amount of abnormal

structures: traces of truncated biantennary species at

low molecular masses and slight increase of under-

sialylated species were observed, without hyperfucosy-

lation. Dietary treatment resulted in a decreased

overall heterogeneity of the glycosylation profile.

Discussion

HFI is a well-known cause of secondary Tf IEF alterations

(Jaeken et al. 1996), starting after the 4th–6th months of

life, when fruits are introduced into the diet. The neonatal

clinical features of our patient 1, unusual in this disease,

wrongly directed the laboratory investigations and led to

a late diagnosis. Our aim is to stress the importance of

investigating secondary causes of Tf IEF alterations

before undertaking more sophisticated studies.

One might think that the abnormal neonatal features

in our patient were independent of her HFI. They

apparently cannot be attributed to singularities in her

ALDOB genotype, since mutation p.A150P is the most

frequent in Europe, accounting for 67.4% of Spanish

HFI alleles, and p.N335K is the fourth most frequent

mutation (2.3% in Spain, 7.2% in Europe) (Sánchez-

Gutiérrez et al. 2002). Nevertheless, it is possible that

the clinical alterations were really due to fructosaemia.

In fact, tone abnormalities, gait difficulties and swallow-

ing problems with intense salivation were also present in

the patients reported by Adamowicz et al. (2007), and

the symptoms reverted with fructose-free diet. In our

patient liver transplantation was necessary because the

cirrhosis was advanced and irreversible; the acquired

microcephaly was also irreversible but the other clinical
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Fig. 2 MALDI-TOFmass spectra of intact serum transferrin from
patient 1 (aldolase B deficiency; HFI) and patient 2 (fructose-1,6-
bisphosphatase deficiency; FBP1 deficiency). (a, b) HFI before (a)

and after (b) treatment, (c, d) FBP1 deficiency before (c) and
after (d) treatment
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features had clearly ameliorated before transplantation.

One might hypothesize that the neonatal abnormalities

were due to high maternal fructose levels during

pregnancy. As reported by Adamowicz et al. (2007) for

one of their patients during lactation, the mother of our

patient increased her ingestion of fruits and vegetables

during pregnancy, and this increase associated with her

heterozygosity might have produced an accumulation of

fructose that finally affected the fetus. Unfortunately, we

could not analyse those levels while she was pregnant

but, at present, they are not significantly elevated in the

mother (data not shown).

To give an insight into glycosylation abnormalities

associated to inborn errors of fructose metabolism,

MALDI characterization of serum native Tf and of Tf

glycans in the HFI patient showed findings in line with

the type 1 Tf IEF pattern, pointing to an N-linked

glycan assembly defect (Wada et al. 1992). An increase

of undersialylated species and of total fucosylation was

observed, which is consistent with liver impairment.

This might reflect the increased expression of process-

ing enzymes and serum fucosyltransferase activity

occurring in hepatic inflammation and cancer (Comunale

et al. 2006; Morelle et al. 2006). It is noteworthy that

before treatment, HFI as a secondary glycosylation

disorder shares some findings with untreated classic

galactosaemia in that they both show under-occupancy

of N-glycosylation sites, increased fucosylation and

slightly increased glycan branching (Sturiale et al.

2005).

In contrast to HFI, which is a well-known cause of

secondary CDG (Jaeken et al. 1996), abnormal protein

glycosylation in FBP1 deficiency has never been

reported before. The defective glycosylation might be

explained by the fact that FBP1 deficiency causes a

secondary increase of fructose 1-phosphate (Steinmann

et al. 2001) which, as in HFI, would inhibit phospho-

mannose isomerase (Jaeken et al. 1996). In the present

patient with FBP1 deficiency the glycosylation defect

appeared milder than in HFI, as judged by Tf IEF

changes and MALDI MS characterization of intact Tf

and N-glycans. The diagnosis of FBP1 deficiency in this

girl was based on the clinical data and the presence of

glycerol and glycerol 3-phosphate in urine; mutation

analysis was normal but the study was performed on

genomic DNA and therefore intron mutations leading to

splice site alterations were not excluded.

In a non-classical CDG patient it is advisable to

perform a basic metabolic study, including GC-MS

analysis of urine organic acids and TLC of sugars to
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discard secondary causes, before undertaking more

complicated investigations.
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4.4.1. Estudi molecular del gen PMM2 

En tots els pacients seleccionats amb malformacions ecogràfiques i nadons o fetus inviables 

dels quals hem pogut disposar de DNA, hem realitzat una cerca de mutacions del gen PMM2 

per tal de descartar la forma més freqüent de CDG (CDG-Ia). El treball anava orientat a 

detectar pacients afectes de les formes greus de CDG, portadors d’alguna de les mutacions 

més severes i freqüents: p.R141H, p.R123Q i p.T237R. El cribratge de mutacions es va fer en 

els exons 3, 5 i 8. Els exons 5 i 8 es van escollir pel fet de ser on s’acumulen més mutacions 

descrites i amb una freqüència més gran, i perquè en aquests es troben les mutacions 

conegudes com a més severes. Pel que fa l’exó 3 el vam escollir perquè és on es troben 

algunes de les mutacions d’origen espanyol i que són freqüents entre els nostres pacients 

(p.D65Y i p.Y64C) (Fig. 39). 

                   

 

 

 

 Per realitzar el cribratge de mutacions en aquests exons, buscàvem una tècnica ràpida que ens 

permetés analitzar moltes mostres alhora i per això vam posar a punt la detecció de canvis a 

nivell de DNA mitjançant corbes de punt de fusió o melting treballant amb PCR a temps real i 

utilitzant SYBR Green I (Applied Biosystems, UK) com a intercalador.  

Els estudis de melting d’alta resolució s’utilitzen per detectar diferències entre dobles cadenes 

de DNA. Consisteix en una amplificació per PCR, per tal d’aconseguir moltes copies del 

fragment a estudiar, seguida d’un escalfament gradual de les mostres des de 60ºC fins a 95ºC. 

Durant aquest escalfament les dobles cadenes de DNA es separen donant lloc a cadenes 

simples, on ja no s’uneixen els intercaladors de DNA. La temperatura en la qual el 50% de les 

cadenes estan separades s’anomena temperatura de melting (Tm). Una seqüència de DNA  

Figura 39. Freqüència i posició de les mutacions descrites en el gen PMM2. La llargada de la barra és 

representatiu de la freqüència de la mutació. Extret de Matthijs i col 2000. 
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ABSTRACT 

We screened for PDHA1 mutations in forty patients with biochemically demonstrated 

PDHc deficiency or strong clinical suspicion, and found changes with probable 

pathological significance in twenty. Five patients presented new mutations: p.A169V, 

c.932_938del, c.1143_1144 ins24, c.1146_1159dup and c.510-30G>A, this latter is a 

new undescribed cause of exon 6 skipping. Another four mutations have been found, 

and previously reported, in our patients: p.H113D, p.P172L, p.Y243del and p.Y369Q. 

Eleven patients presented seven known mutations: p.R127Q, p.I166I, p.A198T, 

p.R263G, p.R302C, p.R378C and c.1142_1145dup. The latter three were found in 

more than one unrelated patient: p.R302C was detected in a heterozygous girl and a 

mosaic male, p.R378C in two males and finally, c.1142_1145dup in three females; 

only one in twenty mothers was found to be a carrier (p.R263G).  

Apart from those twenty patients, the only alteration detected in one girl with clear 

PDHc and PDH-E1 deficiency, was the silent change c.396A>C (p.R132R); and other 

eight PDHc deficient patients carry combinations of known infrequent polymorphisms 

that are overrepresented among our twenty unsolved patients. The importance of 

these changes on PDH activity is unclear.  

Investigations in the other PDHc genes are in course in order to elucidate the genetic 

defect in the unresolved patients. 

Keywords:

Mosaicism; mutation analysis; PDHA1 gene; PDH activity; PDHc deficiency. 
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1. Introduction 

�

Pyruvate dehydrogenase complex (PDHc) catalyzes the oxidative decarboxylation of 

pyruvate forming acetyl-CoA, with a key regulatory role in mitochondrial energy 

metabolism. Most PDHc deficiencies result from mutations in the E1 component (EC 

1.2.4.1), and specifically in the E1α subunit gene (PDHA1) which is X-linked, but they 

may also be due to defects in the other components of the complex: E2 (EC 

2.3.1.12), E3 (EC 1.8.1.4), or E3BP (E3 binding protein, X-lipoate) or in PDH 

phosphatase (EC 3.1.3.43) that activates the enzyme (1-5). PDHc defects are an 

important cause of primary lactic acidosis, frequently with encephalopatic effects. 

The central nervous system is highly dependent on glucose, and PDHc is a limiting 

enzyme in the pathway. For this reason, slight changes in PDHc activity can have 

pathologic significance (6- 8). 

PDHA1 is mapped to Xp22.1. In spite of its location on the X chromosome, equal 

numbers of affected males and females have been identified, with a wide spectrum of 

clinical features, ranging from fatal neonatal lactic acidosis to mild ataxia or 

neuropathy, including Leigh syndrome, or different degrees of congenital brain 

malformations (9). 

The clinical presentations differ between sexes. Neonatal lactic acidosis 

predominates in males, where cells are affected and the degree of residual PDHc 

activity depends on the PDHA1 mutation. Very severe mutations are not found in 

males, probably because they are not compatible with life. But in heterozygous 

females, the residual PDHc activity in females is both related to the mutation and to 

the random pattern of X-inactivation, which leads to variable expression of the mutant 

and normal genes in different tissues (10).  Females however can have a severe 

clinical picture with early onset microcephaly, spastic quadriplegia, severe epilepsy 

and cortical /subcortical atrophy (11).  

The first clue for recognition of a possible PDHc deficiency is the finding of elevated 

lactate and pyruvate in blood and cerebral spinal fluid, with normal or low lactate to 

pyruvate ratio. Measurement of enzyme activity, usually in cultured skin fibroblasts or 

muscle, is essential for diagnosis. However, enzyme activity results are not always 

unequivocal since some affected males present high residual PDHc activity; 

moreover, female patients may present clinical features suggestive of PDHc 

deficiency but normal levels of enzymatic activity in fibroblasts (10, 12). Therefore, 

mutational analysis is usually essential to confirm the diagnosis. 
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Our aim is to describe our experience on the study of forty patients with 

demonstrated or strongly suspected PDHc deficiency.  

2. Methods 

�

2.1. Enzyme studies 

PDHc and E1 activities were determined in cultured fibroblasts or muscle tissue by 

measuring the 14CO2 production from [1-14C]-labelled pyruvate after activation with 

Ca++ and Mg++ and addition of carnitine and cytochrome C (13, modified as 

described in 14). Muscle activities were related to the mitochondrial content as 

expressed by the citrate synthase activity, which was analysed 

spectrophotometrically (15). Fibroblast activities were given as mU per milligram 

protein. One unit (U) corresponds to one millimol of substrate transformed per 

minute.  

As a global measurement of the pyruvate pathway through PDHc we evaluated 1-14C 

pyruvate oxidation rates by intact fibroblasts (16).  

For Western blotting, proteins was separated in 10% acrylamide/SDS gel, transferred 

to a nitrocellulose membrane, incubated with primary rabbit polyclonal antibody 

against subunits of PDH complex (donated by Dr. Ruitenbeek, Nijmegen), and 

detected with chemiluminiscence (ECL system, Amersham Biosciences, Piscataway, 

USA) (14). 

2.2 Molecular analysis 

Genomic DNA was extracted from whole blood, cultured skin fibroblasts or tissues 

using standard protocols. Each of the eleven exons and intron boundaries of the 

PDHA1 gene was PCR-amplified and analysed by SSCP (Single Strand 

Conformation Polymorphism) according to standard protocols. PCR products with 

shifted mobility were sequenced using the dye-terminator technology, following the 

protocol supplied by the manufacturer (Perkin Elmer, Massachusetts, USA). In case 

of negative pre-screening of mutations, all eleven exons and intron boundaries were 

sequenced. 

Total RNA was isolated from cultured fibroblasts using QIAshredder and RNeasy kits 

(Qiagen, Hilden, Germany) and cDNA was synthesized using standard protocols. We 

also isolated RNA from fibroblasts treated during 7 h with a solution containing 500 

µg/ml cycloheximide (CHX), to inhibit mRNA degradation by the nonsense mediated 



����

decay (NMD) process. Overlapping segments of the PDHA1 cDNA were amplified by 

PCR and sequenced.  

All oligonucleotides used for PCR were self-designed and available on request. 

The protocol of study has changed along the years. Initially, the search for mutations 

in our laboratory was performed in genomic DNA. During the last four years, we 

revised the unsolved patients, and prepared cDNA from their fibroblasts when 

available, for screening of mutations.  Nowadays, we start the analysis of new PDHc 

deficient patients with cDNA extracted from fibroblasts treated with cycloheximide.  

Gene nucleotide numbering is according to reference sequence RefSeq NM_000284, 

with the A of the ATG start codon as position +1. The ATG codon represents position 

+1 for the amino acid numbering according to PDHE1-A preprotein sequence 

NP_000275. 

3. Results and discussion 

�

3.1. Selection of patients and general results 

During the last twenty years, multiple samples from patients suspected of primary 

lactic acidemia were remitted for metabolic investigation, which included analysis of 

urine organic acids (GC/MS), and plasma, urine and/or CSF aminoacids (HPLC or 

ion exchange chromatography with ninhydrin detection), followed by enzymatic 

studies.  

40 patients were selected for study of the PDHA1 gene, all them were Spanish from 

origin except 3 (2 Portuguese and 1 Brazilian): 

34/40 patients presented decreased PDHc activity in muscle (0.5–7.6 mU/U CS; 

control mean 16.2, range 9.1–35.5 mU/U CS) and/or fibroblasts (undetectable-0.31 

mU/mg prot; control mean 0.87, range 0.34-2.41 mU/mg prot).  

32/34 patients showed specific deficiency of the PDH-E1 component in muscle 

(0.037-0.38 mU/U CS; control mean 1.18, range 0.5-3.1 mU/U CS) and/or in 

fibroblasts (0.012-0.035 mU/mg prot; control mean 0.086, range 0.04–0.28 mU/mg 

prot). 17/32 patients showed mutations in the PDHA1 gene (tables 1 A and B); 1/32 

patient showed only a previously unreported synonymous change without apparent 

pathological importance; 7/32 presented infrequent polymorphisms; and no changes 

were found in the other remaining 7/32 (though cDNA has not been available for 

study in six of these latter). 
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The other 2/34 PDHc deficient patients showed normal E1 activity, even so they were 

also included for PDHA1 investigation because it is the most probable gene to cause 

PDHc deficiency, but no changes were found in their cDNA.  

In addition, 4/40 patients were also included in the mutational study because, 

although their measured PDHc activity was in the control range, the rates of 1-14C 

pyruvate oxidation by their fibroblasts were decreased (3.8 – 7.6 nmol/hour.mg prot, 

control mean 14, range 8 - 34 nmol/hour.mg prot). We also investigated 2/40 patients 

with normal results for both PDHc activity and pyruvate oxidation rates, because their 

clinical features were very suggestive of PDHc deficiency.  For these latter six 

patients with normal PDHc activity, we found PDHA1 mutations in three girls: two of 

them had shown decreased pyruvate oxidation in their fibroblasts (patients F-8 and 9, 

table 1B), but the third one did not show deficiencies in muscle or fibroblasts (patient 

F-4, table 1B). One male patient with decreased pyruvate oxidation presented an 

infrequent PDHA1 polymorphism, and in the other two patients we did not detect 

changes, although cDNA was not available in one of them. 

�

3.2. Clinical features of our patients with mutations in PDHA1 

Tables 1 A and B summarize the main features of the twenty patients with changes in 

PDHA1 gene suggestive of being disease-causing mutations.  

As described in other series (6, 7), about half of our patients were males and half 

females, though males were more severely affected, with exitus in four of nine. The 

clinical spectrum is very wide for both sexes, from fatal neonatal lactic acidemia in 

two of the males, to much milder presentation in patients M-8 and M-9. Leigh 

syndrome, that is usual in PDH-E1 deficiency (6), was the clinical presentation in four 

of the males, but curiously, none of the eleven females showed this presentation. 

Patient M-8, with slight mental retardation, dystonia and symmetric necrotic lesions in 

the globus pallidus and substantia nigra, suggesting also a Leigh syndrome, 

resembles the patients described by Head et al (4) with dihydrolipoamide 

acetyltransferase (E2) deficiency. 

Although, all the eleven girls are alive, they present very diverse clinical symptoms, 

with variable psychomotor retardation including cases with severe encephalopathy. 

Cerebral malformations of different degree were present in nine of them.  

Eight patients of both sexes presented facial dysmorphism, including hypertelorism 

and long narrow prominent forehead, and in some cases long philtrum, thin lips or 

scarce eyelashes. Cranial asymmetry was remarkable in patients F-6 and 10, and 
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other physical dysmorphisms included small hands and feet (patient F-7), short 

inferior limbs (F-10) and hypospadias (M-1). 

It is to note that patient F-4, with dysmorphy, cerebral malformations and severe 

psychomotor retardation (17), presented normal PDHc activities (both in muscle and 

fibroblasts) and pyruvate oxidation rates. In spite of that, mutations in PDHA1 were 

investigated, due to the clear clinical suspicion, which led to the finding of the 

p.P172L mutation. Patients F-8 and F-9 did neither present clear PDHc deficiency in 

fibroblasts, but they were investigated because of diminished pyruvate oxidation 

rates. These three cases are new examples of the difficult challenge of diagnosis of 

PDH-E1 deficiency in females (6, 9, 10, 18). We would like to stress the utility of 

measuring 14C-pyruvate oxidation rates. In our hands, this test has been the clue for 

the diagnosis in these two latter patients, and has helped to reinforce the diagnosis of 

PDHc deficiency in other doubtful cases with high PDHc residual activity.  

Treatment with thiamine, carnitine and ketogenic diet has resulted in variable, usually 

mild, clinical response. 

3.3 Molecular analysis 

Molecular analysis of PDHA1 in forty PDHc deficient patients allowed the 

identification of 16 different changes in twenty patients (Tables 1 A and B). Changes 

c.506C>T (p.A169V), c.510-30G>A (p.V171_Q201del), c.932_938del 

(p.R311TfsX11), c.1143_1144ins24 (p.381_382insPFEVRGAN) and 

c.1146_1159dup (p.K387TfsX6) are first reported here. Mutations p.H113D, p.P172L, 

p.Y243del and p.Y369Q have only been found in our patients, though they have 

been reported previously (19, 20, 17). None of the new changes was found in 100 

normal chromosomes. Eleven patients presented with seven previously described 

mutations: p.R127Q, p.I166I, p.A198T, p.R263G, p.R302C, p.R378C and 

c.1142_1145dup. Mutation p.A198T is present in a girl (F-5) who is also a carrier of 

UTR5’-98C>T; this latter is an unreported change absent in 100 control alleles which 

is also present in the patient’s mother 

As previously reported for other PDH-E1 deficient patients (6, 20), molecular results 

in our patient series show a broad spectrum of disease causing mutations in the 

PDHA1 gene, and few of them are present in more than one patient. In fact, we only 

detected three such recurrent mutations: p.R278C, p.R302C and c.1142_1145dup, 

that had been reported in other populations (19, 20). As described for other patients 

(6, 20), the majority of our cases – eighteen out of twenty - carry mutations located in 
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the last half of the PDHA1 gene, exons 5 to 11; and only two (girls) present changes 

in exon 4. Most of the mutations are “de novo” as only in one case (p.R263G; patient 

M-3) the mother was a carrier. This is an expected trait as PDHA1 is an X-linked 

gene, and it is well established that X-linked diseases are usually caused by a high 

percentage of “de novo” mutations (6, 8, 20). Nevertheless, this is especially marked 

in our patients (only 5% inherited), as the percentage of inherited mutations reported 

for PDHA1 is about 25 % (20). In order to detect possible mosaicism in germinal 

maternal cells, new pregnancies were monitored in nine families with normal results 

in all cases. 

The fact that alanine 169 is highly conserved through evolution and is situated in the 

TPP binding region supports the presumption pathogenicity of the new missense 

mutation p.A169V.  The patient died before diagnosis had been established and 

therefore he did not benefit of the possible treatment with thiamine. 

Patient M-8, with an insertion of 8 amino acids (p.381_382insPFEVRGAN), presents 

a mild affectation – who is now 10 years old – but his immunoblot reveals absent E1α

subunit. Other patients have been reported with mutations in C-terminal, and all of 

them showed a high decrease of E1α. Marsac et al (21) proposed that the last amino 

acids are very important for the conformation of the tetrameric PDH-E1 enzyme, 

causing a deficiency in the immunoblot.  

In case M-2 no alterations were present in his 11 PDHA1 exons and intron 

boundaries, but, as activity of the PDH-E1 component was clearly diminished and the 

Western Blot results showed moderate decrease of the E1α protein (Fig 1A), PDHA1

cDNA was analysed, which showed two bands (Fig. 1B), one corresponding to the 

normal sequence, and a second shorter species with complete deletion of exon 6 

(Fig. 1C). After that, we analysed intron 5 and found the change c.510-30G>A (IVS5-

30G>A) (Fig. 1D), which was not found in 100 normal chromosomes and is 

presumably the cause of the loss of exon 6.  

In silico studies of ESE motif prediction tool (ESE finder

www.rulai.cshl.edu/tools/ESE.html) showed that the SF2/ASF and SC35 binding 

motives were lost and the overlapping SRp40 binding site showed a little decrease of 

its score. It is reported that a significant enrichment of ESE is associated with weak 

splice acceptor sites (22), and the exon 6 acceptor splice site has a low Shapiro and 

Senapathy score (23, 24). It has been demonstrated that the intron 5 splice acceptor 

site is very weak due to the poor homology with the splice acceptor site consensus 
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sequence (25). The intronic change in our patient (c.510-30G>A), creates a weak 

novel splice acceptor site that is as weak as the natural acceptor of intron 5. The 

presence of such two weak and close acceptors may induce the splicing machinery 

to ignore both and search for the next stronger splice acceptor site, i.e. that of intron 

6. This might be an explanation for the loss of exon 6 identified in our patient, 

however, further studies are necessary to confirm this hypothesis. Several other 

mutations causing exon 6 loss have been reported (26-29); two of them are exonic 

and they each create SRp40 specific exonic splice enhancer sites that lead to the 

loss of exon 6 (26, 27). That is the case of mutation p.A198T present in our patient F-

5 and previously reported in another patient by Okajima et al (26). The easiness for 

exon 6 to be skipped reinforces our observation that the acceptor site in intron 5 is 

weak, and that any mutation that minimally changes the splicing conditions, is taken 

into account by the splicing machinery causing the partial or entire loss of this exon. 

The skipping of exon 6 causes the in-frame deletion of 31 amino acids 

(p.V171_Q201del).  

Case M-4 was found to present somatic mosaicism for mutation p.R302C, which was 

detected by the finding of coexisting wild type and mutated species both in fibroblasts 

and blood (Fig. 1E and 1F). It was surprising that DNA extracted from muscle did not 

show the mutation in spite of clear PDHc deficiency in this tissue. This might also be 

explained by mosaicism, as the enzymatic study and the DNA extraction were made 

in two different pieces of muscle. Other cases of somatic mosaicism in PDHc 

deficiency patients have previously been reported (26, 30). Mutation p.R302C had 

been detected only in females with variable psychomotor retardation (20), and is also 

present in our patient F-7, with severe encephalopathy. Its presence in patient M-4, a 

male with long survival, is probably possible because of his mosaicism. 

Other recurrent mutations are p.R263G, present in our patient M-3, that had already 

been reported in other male patients presenting Leigh syndrome (20); and also the 

c.1142_1145dup, that we have found in three unrelated females (F-9, 10 and 11) and 

had already been described in females with variable degree of encephalopathy. 

In two female patients with low PDHc and E1 activities we only found the 

synonymous changes p.I166I and p.R132R, respectively; p.I166I has been described 

as a variant causing exon 5 skipping (31). The other change p.R132R (c.396A>C) 

was not found in 100 control chromosomes. After splice site prediction programs 

BDGP (www.fruitfly.org/seq_tools/splice.html) and Splice Sites Score Calculation 

(rulai.cshl.edu/new_alt_exon_db2/HTML/score.html), this change does not seem to 
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create a new splicing site. On the other hand, studies with ESE finder 

(www.rulai.cshl.edu/tools/ESE.html) showed that the mutation causes the disruption 

of a SF2/ASF binding motif and decreases the score of another overlapping SF2/ASF 

binding motif. Nevertheless, studies on cDNA extracted from fibroblasts grown with 

and without cycloheximide showed normal sequences. Moreover, when DNA from 

patient’s parents was studied, the change was detected on the paternal DNA. 

Therefore, we had to conclude that most probably the change is not pathologic.  

3.4 Polymorphisms and haplotype analysis 

We have identified one exonic and four intronic polymorphisms in our patient series. 

These changes are UTR5’-88G/A polymorphism (rs5955751 in the dbSNP database 

http://www.ncbi.nlm.nih.gov/SNP/index.html), the previously reported c.58-84C/T 

(32), the change c.760-15A/C (rs7058209) localized in intron 7, and the exonic 

change c.795G/A (rs1126565) (20). In addition, concerning the previously described 

short sequence repeat in/del c.759+26GGCCAA(2_3) (rs11278403), we found it also 

as c.759+26GGCCAA(4).  We observed that the alleles for the three variants 

[c.759+26GGCCAA(2_4), c.760-15A>C; c.795G>A] conform four minihaplotypes. We 

have established the frequencies of these and the UTR5’-88G>A variants in control 

Spanish population and in our twenty patients without demonstrated PDHA1 mutation 

(Table 2), showing a significantly higher presence in those patients for the less 

frequent minihaplotypes (2AG: [c.759+26GGCCAA[2]; c.760-15A; c.795G] and 4CA: 

[c.759+26GGCCAA[4]; c.760-15C; c.795A]) (p<0.5) and for the UTR5’-88G>A 

change (p<0.5), but those frequencies did not differ between controls and the twenty 

patients with mutations in PDHA1 (data not shown). It would be interesting to 

investigate to what extent these combinations of polymorphisms affect PDH-E1 

activity. 

For the moment, investigations in the other PDHc genes are in course in order to 

elucidate the genetic defect in the unresolved patients. 
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Figure captions 

Fig 1  A) Western blot with moderate decrease of subunit E1α in patient M-2 and absence 

in patient M-8. B) cDNA electrophoresis of patient M-2 and a control; the arrow points to 

the fragment with the exon 6 skipped. C) Patient M-2: cDNA sequence from the band 

lacking exon 6. D) Patient M-2: intron sequence with the change c.510-30G>A. E) 

Mosaicism: molecular sequence shows the mutation p.R302C apparently in heterozygous 

form in DNA extracted from blood. F) SSCP analysis of DNA extracted form different 

tissues (c:control; F:fibroblast; M:muscle; B:blood;) 
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Table 2 Frequency of polymorphisms detected in PDHA1 gene in controls and PDHc 

deficient patients without mutations in PDHA1

Exon 1 Intron7-exon8 minihaplotypes

UTR5’-88G>A 2AG 3CA 3CG 4CA 

Controls (n=137) 3.0% 9.5% 86.1% 0.7% 3.6% 

Patients (n=20)  9.1% 18.2% 75.5% 0% 6.0% 

Intron7-exon8 minihaplotypes:  

2AG: [c.759+26GGCCAA[2]; c.760-15A; c.795G]  

3CA: [c.759+26GGCCAA[3]; c.760-15C; c.795A] 

3CG: [c.759+26GGCCAA[3]; c.760-15C; c.795G]  

4CA: [c.759+26GGCCAA[4]; c.760-15C; c.795A] 
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ABSTRACT 

Most cases of pyruvate dehydrogenase complex (PDHc) deficiency are attributable 

to mutations in the PDHA1 gene which encodes the E1� subunit, with only a few 

cases of mutations in the genes for E3, E3BP, E2 and E1-phosphatase being 

reported. Only seven patients with deficiency of the E1� subunit have been 

described, with mutations in the PDHB gene in six of them. Clinically they presented 

with a non-specific encephalomyopathy.   

We report two patients with new mutations in the PDHB gene and Leigh syndrome. 

Patient 1 was a boy with neonatal onset of hyperlactatemia, corpus callosum 

hypoplasia and a convulsive encephalopathy.  After neurologic deterioration, he died 

at age 5 months.  Autopsy revealed the characteristic features of Leigh syndrome.  

Patient 2, also a boy, presented a milder clinical course. First symptoms were noticed 

at age 16 months with muscular hypotonia, lactic acidosis and recurrent episodes of 

somnolence and transient tetraparesis.  MRI revealed bilateral signal hyperintensities 

in the globus pallidus, midbrain and crura cerebri.

PDHc and E1 activities were deficient in fibroblasts in patient 1; in patient 2 PDHc 

deficiency was found in skeletal muscle.  Mutations in PDHA1 were excluded.  

Sequencing of PDHB revealed a homozygous point mutation (c.302T>C), causing a 

predicted amino acid change (p.M101T) in patient 1.  Patient 2 is a compound 

heterozygote for the mutations c.301A>G (p.M101V) and c.313G>A (p.R105Q). All 

three mutations appear to destabilize the E1 enzyme with a decrease of both E1�

and E1� subunits in immunoblot analysis. To our knowledge, these patients with 

novel PDHB mutations are the first reported with Leigh syndrome.  

Sentence to take-home message: PDH E1� deficiency should be considered in the 

differential diagnosis of Leigh syndrome 

Abbreviated title:  PDH E1ß deficiency and Leigh syndrome. 

Reference to electronic database: PDHbeta deficiency, OMIM 179060; PDH-E1, EC 

1.2.4.1; PDHE2, EC 2.3.1.12; PDH-E3, EC 1.8.1.4; E3BP, EC 3.1.3.43  

Abbreviations: PDHc: Pyruvate dehydrogenase complex  

E3BP: E3 binding protein  

MRI: magnetic resonance imaging   
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INTRODUCTION 

Pyruvate dehydrogenase is a multienzyme complex (PDHc) with a key regulatory 

role in the mitochondrial oxidative metabolism of carbohydrate, catalyzing the 

irreversible decarboxylation of pyruvate and formation of acetyl-CoA and NADH. 

Although PDHc is located in the mitochondrion, its subunits are encoded by nuclear 

genes. It is composed of multiple copies of three catalytic components: E1 (EC 

1.2.4.1), which includes subunits � and � forming a heterotetramer with thiamine 

pyrophosphate as a cofactor; dihydrolipoamide acetyltransferase (E2, EC 2.3.1.12) 

and dihidrolipoamide dehydrogenase (E3, EC 1.8.1.4). A fourth component, E3-

binding protein (EC 3.1.3.43), plays a role in the attachment of E3 to the E2 core. 

Activity of PDHc is subject to a complex regulation; in the short term, it is regulated 

by phosphorylation/dephosphorylation of three serine residues on the E1� subunit. 

These reactions are catalyzed by specific kinases which phosphorylate and 

inactivate the complex and phosphatases which remove the phosphates and 

reactivate it (Robinson 2001; Patel and Roche 1990; Patel and Korotchkina 2006).  

PDHc is particularly important in the brain in which, under normal conditions, 

essentially all the energy is derived from aerobic glucose oxidation. For this reason, 

slight changes in PDHc activity have pathologic significance (Brown et al 2004).   

PDHc deficiency is a well defined biochemical defect that is clinically highly 

heterogeneous (Brown et al 1994; Robinson 2001). It is an important cause of 

primary lactic acidosis in the newborn period and infancy, but it can also present as a 

more chronic neurodegenerative disease with extensive cerebral atrophy and 

structural anomalies in the brain, as Leigh syndrome, or as episodic ataxia (Brown et 

al 2004).  

The great majority of cases with PDHc deficiency are attributable to mutations in 

PDHA1, the X-linked gene for the E1� subunit, where more than a hundred different 

mutations have been identified (Lissens et al 2000, Brown et al 2004). Few cases of 

mutations in E3, E3BP, E2 and E1phosphatase have been described. Only seven 

E1� deficient patients have been described, with mutations in the PDHB gene in six 

of them (Brown et al 2006, Okajima et al 2008). The deficiency in the seventh patient 

was due to an increased proteasome-mediated degradation of the ubiquinated E1�

subunit (Han et al 2008).  

In this report, we describe two patients with Leigh syndrome who have PDHc 

deficiency attributable to new mutations in PDHB. 
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MATERIAL AND METHODS 

Patients:  

Patient 1 was a boy, the second child of healthy parents who are consanguineous in 

the 2nd degree; a previous miscarriage was reported. His older sister was monitored 

during the first year of life because of hypotonia, but she is now healthy with normal 

development. During pregnancy the mother had bleeding and she developed 

eclampsia. Birth weight was 2,660 g, Apgar score was 7 at one minute and 8 at five 

minutes and he needed resuscitation. He was hospitalized soon after birth because 

of respiratory distress, severe hypotonia and encephalopathy.  He was lethargic, 

hyporeactive and did not fix visually. He developed seizures that were treated with 

phenobarbital. Biochemical studies showed metabolic acidosis, hyperlactatemia 

(ranging from 3.2 to 10.4 mmol/L) with normal lactate/pyruvate ratio (20.4) and high 

levels of plasma alanine and urinary lactate. Magnetic resonance imaging (MRI) 

showed hypoplasia of the corpus callosum. Subsequently, he suffered from 

progressive neurologic deterioration, with signs of brain stem damage: supranuclear 

ophthalmoparesis, nystagmus, abnormal conjugated eye movements and central 

respiratory failure, leading to deep coma. He died at 5 months of age and necropsy 

revealed characteristic features of Leigh syndrome with severe brain stem 

involvement (Figure 1A-C). 

Patient 2 was a boy, second child of healthy non consanguineous parents, born at 

term after an uneventful pregnancy. A sister is healthy at age 7 years.  His mother 

had suffered from one stillbirth and two uncles on the paternal side had died in the 

neonatal period from unknown causes. There was initially normal development until 

first symptoms were noticed at age 16 months with muscular hypotonia and 

hyperlactatemia. In the subsequent course there were recurrent episodes of 

metabolic acidosis, vomiting, transient tetraparesis and fever associated with upper 

respiratory tract infections. Lactate in plasma ranged between 2.8 and 8.5 mmol/L, 

alanine was elevated (759 µmol/L), lactate/pyruvate ratio was normal. At an age of 

30 months ptosis and strabismus were noted. MRI of the brain revealed signal 

hyperintensities in a distribution compatible with Leigh syndrome (Fig 1 D). A muscle 

biopsy performed at 3 years to exclude a mitochondrial defect showed normal 

respiratory chain enzyme activities. Six months later, the patient was re-evaluated for 

PDHc deficiency . After the diagnosis was established, treatment with ketogenic diet 

(4:1) and thiamine (300 mg/day) was started. The patient was clinically stable 
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thereafter without any neurometabolic decompensation. He is now aged 6 years and 

has psychomotor retardation and moderate ataxia. 

Enzyme studies:  

PDHc activity was determined in muscle and/or fibroblasts by measuring 14CO2 

production from (1-14C)-labelled pyruvate after activation with Ca2+ and Mg2+ and 

addition of carnitine and cytochrome c (Sperl et al 1990, modified as described in 

Guitart et al 2009).  

Western blotting:  

Western blotting was performed to test for the presence of the PDHc subunits. 

Protein homogenate was separated on 10% acrylamide/SDS gel, and then 

transferred to a nitrocellulose membrane, incubated either with primary rabbit 

antibody against subunits of the complex (kindly provided by Dr Ruitenbeek, 

Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands), and 

finally detected with chemiluminiscence using the ECL system (Amersham 

Biosciences, Piscataway, USA), or with pyruvate dehydrogenase Western blot 

antibody cocktail (Mitosciences, Eugene, USA) and detection with Lumi-LightPLUS 

POD substrate (Roche).  

Molecular analysis: 

Total RNA was extracted from patient and control fibroblasts using QIAshredder and 

RNeasy kits (Qiagen, Hilden, Germany). Single-stranded cDNA was obtained using 

oligo-dT primers and MMLV reverse transcriptase, RNase H minus, point mutant 

(Promega, Madison, WI, USA) according to the manufacturer’s protocol.  

Standard PCR techniques were employed with self-designed specific primers 

(sequences available on request). The amplified products were analysed by 

electrophoresis in 2% agarose gels. The same PCR primers were used for 

sequencing.  

In order to confirm the change observed in cDNA, we also sequenced the 

corresponding sections of the gene in genomic DNA. Gene nucleotide numbering is 

according to sequence RefSeq NM_000925.  
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RESULTS AND DISCUSION  

There are six reported patients with mutations in PDHB, and between them there are 

seven different mutations (Brown et al 2004, Okajima et al 2008). All these patients 

presented with typical clinical, biochemical and neuroradiological features of PDHc 

deficiency: encephalopathy, hypotonia, respiratory difficulties, seizures and lactic 

acidosis.  Agenesis of the corpus callosum was present in four out of the six patients. 

This was also a neuroradiological finding in one of our patients, who presented at 

birth with severe muscular hypotonia and a rapidly progressive neurological course. 

This patient also showed brain stem abnormalities and typical pathological findings of 

Leigh syndrome, confirmed at necropsy (Figure 1 A-C). In the second patient, a more 

moderate clinical course was observed, with slowly progressive neurological features 

reflecting basal ganglia and brainstem involvement associated with typical findings of 

Leigh syndrome lesions in MRI of the brain (Figure 1 D). Although Leigh syndrome 

may be a common presentation in PDHA1 deficiency, it has not previously been 

reported in PDHB patients.  

The clinical features in our patients, together with elevated plasma alanine and lactic 

acidosis, prompted the biochemical investigations of mitochondrial energy 

metabolism. In both patients respiratory chain enzymes were normal in skeletal 

muscle tissue. Fibroblast PDHc activity was clearly deficient in patient 1 (0.006 

nmol/min/mg protein, control mean 0.87, range 0.34-2.41). Individual E1 enzyme 

activity was also reduced (0.012 nmol/min/mg protein, control mean 0.086, range 

0.04 – 0.28). In patient 2, a deficiency of PDHc activity was found in skeletal muscle 

(3.7 nmol/min/mg protein, control range 5.3-19.8). Remarkably the PDHc activity was 

normal in cultured skin fibroblasts in this patient. 

Sequence analysis of the most frequently affected PDHA1 gene revealed no 

alterations in either patient, however, we identified novel mutations in the PDHB gene 

in both. In patient 1 we identified a homozygous point mutation (c.302T>C), causing 

a predicted amino acid change (p.M101T) (Fig. 2A). This change was confirmed by 

analysis of exon 5 in genomic DNA from the patient and both parents were shown to 

be heterozygous carriers. It is notable that the daughter, who is also heterozygous for 

this mutation, presented with mild neurological abnormality (hypotonia) during the 

first year of life. This might be related to her heterozygous state, as the central 

nervous system is highly dependent on glucose oxidation and slight changes in 

PDHc activity can have pathologic significance (Brown et al 2004). In patient 2, two 

novel compound heterozygous mutations c.301A>G (p.M101V) and c.313G>A 
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(p.R105Q) were identified. Each parent is a heterozygous carrier of one of these 

mutations.  

To determine the pathogenicity of these genetic changes, we analysed 200 control 

chromosomes and detected only a single heterozygous carrier for the p.M101T 

change. Both mutated amino acids 101 and 105 are highly conserved between 

species (http://coot.embl.de/PolyPhen/) (Fig. 2B). The changes observed in our 

patients result in the replacement of the inert methionine in position 101 by either a 

polar residue of threonine with a hydroxyl group (patient 1) or by a less polar valine 

(patient 2). In patient 2 a second mutation was found at position 105 where a arginine 

is replaced by a glutamic acid which changes the charge at this highly conserved 

position. Both amino acids are in close approximation with the � subunit in the E1 

tetramer (http://coot.embl.de/PolyPhen/) and we hypothesize that the changes modify 

the interrelation between the � and �.chains causing instability of the whole E1 

enzyme. This is supported by the findings of Western blot analysis, which revealed a 

severe decrease of both the E1� and E1� proteins compared to the E2 subunit (Fig. 

2 C). Subunits E1� and E1� form the heterotetramer of PDH-E1 and it has been 

reported that, with a reduced amount or with decreased stability of the E1� subunit, 

the E1� is often incapable of autonomous existence (Fujii et al 1996).  However, for 

the previously reported E1� deficient patients, with reduced or absent E1� protein, no 

decrease in E1� protein was described by Han et al (2008). A modest reduction of 

E1� protein was reported by Brown et al (2004) for two mutations that are proposed 

to alter the interaction between the � and � chains. Therefore the concerted loss of 

E1� and E1� proteins in the immunoblot analysis of our patients reinforces our 

hypothesis that the mutations at position 101 and 105 may alter the interrelation 

between these two subunits. 

In conclusion, with this report we add two further patients with novel mutations of 

PDHB who are the first to be described with the neurological and neuropathological 

features of Leigh syndrome.  
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Figure 1  

Patient 1: A) Gross view of the brain. Cavitation of the walls of the third ventricle, 

thalamus and basal ganglia is seen. Note the sparing of the mamillary bodies and 

thinning of corpus callosum 

B) Low magnification of the midbrain. Lesions of the tegmentum and ventral portion 

that involve both the gray and the white matter. (Hematoxilin-Eosin x25). C) Spongy 

and necrotizing lesions, loosening of neuropil and vascular proliferation with relative 

preservation of neurons. (Hematoxilin-Eosin x400). 

Patient 2: D) MRI of T2 weighted images revealed bilateral signal hyperintensities in 

the globus pallidus, mesencephalon and crura cerebri. 

Figure 2.- A) cDNA sequence of PDHB gene from the two patients and a control. The 

frame indicates the position of the change. B) Alignment for position 101 and 105 of 

the PDHB gene between species. Data obtained from http://coot.embl.de/PolyPhen/. 

C) Western blotting of the PDHc of patient 1 (fibroblasts) and patient 2 (muscle) 

shows a decrease of both E1� and E1� subunits. 

(For interpretation of the colors mentioned in this figure legend the reader is referred 

to the web version of the article). 
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Summary Congenital disorders of glycosylation (CDG) are

a group of inherited defects in the synthesis and processing

of the linked glycans of glycoproteins and other glycocon-

jugates. The phenotypic spectrum presents wide variability,

and clinical diagnosis is not reliable in most cases. Isoelectric

focusing (IEF) of serum transferrin is widely used as a tool

to detect CDG. We describe a paediatric patient presenting

an altered serum transferrin pattern due to a secondary dis-

order of glycosylation caused by pneumococcal meningitis

(Streptococcus pneumoniae, serotype 19A). During admis-

sion, brain CT scan and MRI showed acute ischaemic lesions

in brain frontotemporal parenchyma, and enlarged subarach-

Communicating editor: Jaak Jaeken

Competing interests: None declared

E. Quintana

Institut de Bioquı́mica Clı́nica, Hospital Clı́nic, Barcelona, Spain

S. Gala

Pediatrics Department, Hospital Sant Joan de Déu, Barcelona,
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Spain

P. Briones

Institut de Bioquı́mica Clı́nica, Hospital Clı́nic, Barcelona, Spain;

Consejo Superior de Investigaciones Cientı́ficas, Barcelona, Spain

noidal spaces in the frontal area resembling a chronic in-

jury. This led us to screen for inborn errors of metabolism

potentially associated with these findings (homocystinuria,

glutaric aciduria, CDG syndromes). Biochemical studies for

the screening of these inborn errors of metabolism were nor-

mal except for sialotransferrin isoelectric focusing, which

showed a type 2 pattern. However, 16 days later, together

with the remission of the meningitis process, the sialotrans-

ferrin pattern had normalized. The apolipoprotein C-III (an

O-glycoprotein) profile was normal in all samples analysed.

In conclusion, infectious events should be ruled out in the

differential diagnosis of CDG syndromes. Furthermore, our

findings highlight the possibility that the type 2 IEF pat-

tern of serum sialotransferrin detected in some patients with

neonatal death due to organ failure and septic events might

be secondary to the infectious process.

Abbreviations

apoC-III apolipoprotein C-III

CDG congenital disorder(s) of glycosylation

ICU intensive care unit

IEF isoelectric focusing

Introduction

Congenital disorders of glycosylation (CDG) are an expand-

ing group of inherited defects in the synthesis and processing

of the linked glycans of glycoproteins and other glycoconju-

gates (Jaeken et al 2001). The phenotypic spectrum presents

wide variability, and clinical diagnosis is not reliable in

most cases. Isoelectric focusing (IEF) of serum transferrin is

widely used as a tool to detect CDG (Jaeken et al 2001). Nev-

ertheless, when finding an altered pattern, it is very important

to rule out other causes of the alteration, such as transferrin
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polymorphisms, liver immaturity and hepatic disease, sepsis,

or some inborn errors of carbohydrate metabolism such as

galactosaemia or fructosaemia (Jaeken et al 1996). Among

these disorders, septic events have been associated with rapid

alterations in transferrin sialylation caused by increased neu-

raminidase activity (Piagnerelli et al 2005). On the other

hand, severe infectious events may induce some inborn er-

rors of metabolism (including CDG syndromes) (Blank et al

2006) and, since the mortality rate by sepsis is still high in

intensive care units (ICUs), this can interfere with the diag-

nosis of these patients. It is important to differentiate whether

the alteration of the transferrin pattern detected in ‘CDG IIx’

patients with neonatal death from acute organ failure is in

fact secondary to a septic process or whether the sepsis is a

complication of a CDG.

We describe a paediatric patient exhibiting an altered

serum transferrin pattern due to a secondary disorder of gly-

cosylation caused by pneumococcal meningitis.

Case report

We report a 5-month-old patient who was admitted to our

paediatric ICU under suspicion of bacterial meningitis. He

presented with fever of 3 days’ duration, seizures, clonic

movements of the limbs and left hemiparesis. He showed

normal haemodynamic profiles without clinical signs of sep-

sis (SOFA score = 1). Blood culture and cerebrospinal fluid

analysis demonstrated bacterial meningitis caused by Strep-

tococcus pneumoniae (serotype 19A: cefotaxime-susceptible

and intermediate penicillin resistance (MIC = 0.5 µg/ml)).

Antibiotic therapy was started with cefotaxime and van-

comycin, as well as corticotherapy with dexamethasone ac-

cording to the pneumococcal meningitis guidelines of our

hospital. The cerebrospinal fluid culture was still positive on

the second day in our hospital and, on the ninth day, pneumo-

coccal DNA was still detected by real-time PCR. Moreover,

during admission, brain CT scan and MRI showed acute is-

chaemic lesions in brain frontotemporal parenchyma, and

enlarged subarachnoidal spaces in the frontal area resem-

bling a chronic injury. This led us to screen for inborn er-

rors of metabolism potentially associated with these findings

(homocystinuria, glutaric aciduria, CDG syndromes). Apart

from the residual neurological lesions caused by the meningi-

tis (localized ischaemic stroke), the patient evidences normal

neurodevelopment at present (10 months of age).

Methods

Serum transferrin isoforms (sialotransferrin) were detected

after IEF, immunofixation and Coomassie brilliant blue stain-

ing (Colomé et al 2000). Isoforms of serum apolipoprotein

C-III (apoC-III, an O-glycoprotein) were analysed by IEF,

western blotting and detection by chemiluminescence (ECL,

Amersham Biosciences, Bucks., UK) (Wopereis et al 2003).

Diagnosis of pneumococcal meningitis was made by isola-

tion of Streptococcus pneumoniae from culture and by DNA

detection by real-time PCR (ABI Prism 7000 Sequence De-

tection System, Applied Biosystems, Foster City CA, USA)

of a specific fragment of pneumolysin gene in plasma and

cerebrospinal fluid, according to standard procedures.

Results

Biochemical studies for the screening of inborn errors of

metabolism were normal except for sialotransferrin IEF,

which showed a type 2 pattern (Fig. 1). In a second sample

(5 days later), the sialotransferrin profile remained clearly

Fig. 1 Isoelectric focusing of serum sialotransferrin (A) and apoC-III

(B). CDG I and CDG II are type 1 and 2 sialotransferrin profiles from

CDG patients. Sepsis 1, 2, 3 and 4 are the profiles from our patient with

meningitis at days 1, 5 and 16, and at 3 months following admission

to our hospital, respectively. A clear type 2 transferrin profile, with an

increase of the more hyposialylated bands, was observed, which was

normalized together with the resolution of meningitis (16th day and 3rd

month). The apoC-III pattern was normal in samples 1–3. Sample 4

apoC-III was not studied
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altered. Sixteen days later, together with the remission

of the meningitis process, the sialotransferrin pattern had

normalized, and it remained completely normal 3 months

after the first study. The apoC-III profile was normal in all

samples analysed (Fig. 1).

Discussion

The altered serum transferrin pattern observed in our patient

was very similar to those reported in some CDG II patients

and to those we have found in several CDG X patients under

investigation. CDG X refers to patients who show impaired

serum sialotransferrin profile but without a demonstrated un-

derlying molecular defect.

It is well known that the inflammatory process is associ-

ated with alterations in iron metabolism and that transferrin,

an acute-phase N-glycosylated glycoprotein, plays an impor-

tant role in iron transport; the hepatic uptake of iron is greater

for desialylated transferrin isoforms and sepsis may cause

hyposialylation of serum transferrin through neuraminidase

activity (Piagnerelli et al 2005). However, no data regarding

meningitis and impaired sialotransferrin profile have been

reported to our knowledge. In our patient the most probable

cause of serum transferrin hyposialylation was the action of

neuraminidase from Streptococcus pneumoniae found in the

blood culture.

Furthermore, our findings highlight the possibility that the

type 2 IEF pattern of serum sialotransferrin detected in some

patients with neonatal death due to organ failure and infec-

tious events might be secondary to the infectious process. If

the hyposialylation in sepsis is due to neuraminidase activity,

we should expect the alteration to affect also other glycopro-

teins. To test this, we studied the apoC-III IEF pattern in the

mentioned three patient’s sera, and it was completely normal.

It is difficult to imagine that the hyposialylation in sepsis is

limited to serum transferrin. It is more likely that other glyco-

proteins are also altered, but it may be that neuraminidase is

not able to reach the LDL–apoC-III complex for degradation.

Thus, from our experience, we can conclude that for de-

ceased patients with altered transferrin and apoC-III patterns,

the suspicion of a primary CDG syndrome is reasonable.

However, for CDG IIx patients with normal apoC-III, infec-

tion remains a possible explanation. In our case, the con-

firmation of a normal serum transferrin pattern after only 3

months was very useful in allowing us to completely rule out

the initial diagnosis of CDG.
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a b s t r a c t

Fatty acid transport protein 1 (FATP1) has been previously immunolocalized in intracellular compart-

ments. Here we show that FATP1 localizes to the mitochondria in cultured myotubes, by immunoblots

of subcellular fractions and immunocytology of the fusion protein FATP1-GFP. FATP1 strongly stimulates

CO2 production from glucose whereas nonmitochondrial metabolism of glucose is only slightly enhanced.

FATP1 raises the activity and activates the pyruvate dehydrogenase (PDH) complex and the pyruvate

decarboxylase PDH-E1 catalytic subunit, without changing E2, E3BP or E1alpha and increasing E1beta

protein content. These data reveals the localization and points to a regulatory function of FATP1 in myo-

tube mitochondria.

Ó 2009 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Fatty acid (FA) uptake and utilization is facilitated by mem-

brane-bound FA-binding proteins. In skeletal muscle, several such

genes, including fatty acid transport protein 1 (FATP1) (Gimeno,

2007) and fatty acid translocase FAT/CD36 (FAT) (Bonen et al.,

2002), are expressed.

FATP1 was originally considered an integral plasma membrane

protein (Schaffer and Lodish, 1994) and it was localized on the

plasma membrane in 293 cells (Hatch et al., 2002). However it

has since been immunolocalized in internal membranes of adipo-

cytes (Stahl et al., 2002) and skeletal muscle cells (García-Martínez

et al., 2005; Wu et al., 2006) and it has been shown to translocate

to plasma membranes following insulin stimulation in skeletal

muscle (Wu et al., 2006) and adipocytes (Stahl et al., 2002). We

had previously shown (García-Martínez et al., 2005) that FATP1

displays both an endoplasmic reticulum and a reticular localization

pattern in cultured myotubes, which partly overlaps with the Golgi

marker GM-130, similar to that observed in 3T3L1-adipocytes

(Stahl et al., 2002) and COS7 (Lewis et al., 2001) cells. FAT, which

was also considered a protein that facilitates the import of FA,

has been immunolocalized in basal conditions in the extracellular

membrane in skeletal (Bonen et al., 2000; García-Martínez et al.,

2005; Luiken et al., 2002) or cardiac (Luiken et al., 2003) muscle

cells, but has been localized also on skeletal muscle mitochondrial

membranes (Bezaire et al., 2006).

The control role of FATP1 in metabolism has been partly eluci-

dated by gene manipulation. When overexpressed in cultured skel-

etal human myotubes, FATP1 stimulated FA uptake and storage as

TAG, but not oxidation (García-Martínez et al., 2005). In FATP1 null

mice, basal uptake of palmitate in skeletal muscle was unchanged,

while insulin-stimulated FA uptake was greatly reduced (Wu et al.,

2006). After fat-feeding, fatty acyl-CoA and TAG accumulation in

skeletal muscle (Kim et al., 2004) and whole body insulin-resis-

tance (Wu et al., 2006) was prevented in FATP1 null mice. Overall,

these data indicate that FATP1 promotes FA storage as TAG in skel-

etal muscle (García-Martínez et al., 2005; Kim et al., 2004). How-

ever, cardiac-specific overexpression of FATP1 in transgenic mice

increased myocardial FA uptake and free FA accumulation, but

not triacylglyceride (TAG) levels (Chiu et al., 2005). Moreover, pal-

mitate oxidation was enhanced (Chiu et al., 2005) in isolated work-

ing heart preparations from transgenic mice.

In summary, we had previously shown that FATP1 was located

intracellularly in cultured human myotubes where it promoted

1567-7249/$ - see front matter Ó 2009 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

doi:10.1016/j.mito.2009.03.007

Abbreviations: FATP1, fatty acid transport protein 1; PDH, pyruvate dehydroge-

nase; PDK, pyruvate dehydrogenase kinase; FA, fatty acid; FAT, fatty acid translo-

case FAT/CD36; TAG, triacylglyceride; GFP, green fluorescent protein; FCCP,

carbonyl cyanide p-trifluoromethoxyphenylhydrazone; CO, cytochrome c oxidase;

E2, dihydrolipoamide acetyltransferase; E3, dihydrolipoamide dehydrogenase;

E3BP, E3-binding protein; BSA, FA-free bovine serum albumin.
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fatty acid storage. Here we examine whether FATP1 was localized

to the mitochondria and could affect glucose metabolism. We re-

port the immunolocalization of FATP1 to mitochondria in human

and C2C12 myotubes and show that FATP1 strongly stimulates

CO2 production from glucose and lactate and enhances mitochon-

drial pyruvate dehydrogenase (PDH) activity.

2. Methods

2.1. Muscle samples and cell culture

Biopsies from gastrocnemius and peron�us muscles were taken

during surgery from four donors devoid of muscle disease. Biopsies

were obtained with the approval of the Ethics Committee of the

Hospital Vall d’Hebron, Barcelona. Myoblast cell populations were

isolated from muscle biopsies using the explant culture technique

(Askanas and Gallez-Hawkins, 1985), as described in García-Martí-

nez et al. (2005). Twenty-four hours before experiments, cells were

depleted of insulin and FBS. Palmitate-free bovine serum albumin

(BSA) was prepared at a molar ratio of 5:1 (García-Martínez

et al., 2005). C2C12 cells were grown in DMEM medium with

10% FBS and induced to differentiate in DMEM with 10% horse

serum.

2.2. Gene constructs and recombinant adenoviruses

Adenoviruses Ad-FATP1, including the mouse cDNA of FATP1,

and Ad-FAT, containing the rat cDNA of FAT and plasmid

pFATP1-GFP including an NH2-terminal fusion protein construct

with the enhanced green fluorescent protein (GFP) have been pre-

viously described (García-Martínez et al., 2005). Ad-ßgal, contain-

ing the Escherichia. coli lacZ gene expressing ß-galactosidase, was

used as a control virus. pGFP contained the GFP coding sequence

inserted in the multi-cloning site of the plasmid pACCMVpLpA

(Becker et al., 1994). Seven-day-old myotubes were transduced

with adenoviruses at a multiplicity of infection (MOI) of 50 for

2 h. In all studies, cells were used 2 days after transduction.

C2C12 myoblasts were transfected with plasmids by means of Fu-

GENE (Roche, Mannheim, Germany) and differentiation was then

induced.

2.3. Western blotting

Total cell extracts were prepared by scraping cells into a

homogenization buffer consisting of 50 mM Tris–HCl (pH 7.5),

150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride

(PMSF), 1 mM Na3VO4, 1 mM NaF, 2 lg/ml leupeptin, 2 lg/ml

aprotinin, 1% (v/v) Nonidet P40, and 1 mM dithiothreitol. Lysates

were then gently rocked for 60 min at 4 °C; the resulting homoge-

nates were centrifuged at 13,000g for 5 min at 4 °C and the super-

natants were collected. Mitochondrial extracts were prepared by

scraping cells into a homogenization buffer consisting of 250 mM

sucrose, 10 mMHepes (pH 7.4) and 1 mM EDTA, as well as the pro-

tease inhibitors PMSF, leupeptin, pepstatin A, and aprotinin;

homogenizing the extracts with the aid of a syringe 22 G; centri-

fuging homogenates at 1500g for 10 min to obtain a pellet highly

enriched in mitochondria that also contained nuclei; and further

centrifuging the supernatant at 10,000g for 10 min to obtain a pel-

let enriched in mitochondria and other organelles (Lanni et al.,

1996); 20 lg of protein was resolved in 10% SDS–PAGE and immu-

noblotting was performed with antibodies (Molecular Probes)

against subunits of complex I (anti-NDUFA9), complex II (anti-Fp,

70 kDa subunit), complex III (anti-core 2), complex IV (anti-cyto-

chrome c oxidase subunit I (COI) and subunit II (COII)), and com-

plex V (anti-subunit a from H+-F1-ATP synthase). Polyclonal

antibody against PDH was kindly provided by Dr. W. Ruitenbeek

(Sperl et al., 1990). Antibody against FATP1 was from Santa Cruz

Biotechnology (Santa Cruz, CA, USA).

2.4. Cytolocalization

C2C12 cells grown on coverslips, transfected with pFATP1-GFP

or incubated with MitoTracker, were fixed for 15 min with 3%

paraformaldehyde in phosphate-buffered saline (PBS). For COI

analyses, fixed cells were subsequently incubated for 10 min peri-

ods in PBS–50 mM NH4Cl, PBS–20 mM glycine, PBS containing 0.1%

triton X-100 and 0.05% colic acid, and for 30 min in PBS–10% goat

serum. Cells were then incubated with anti-COI antibodies (0.5–

1.0 lg/ml) and revealed with fluorochrom-conjugated (Texas

Red) goat antibodies. Cells were mounted in medium for fluores-

cence microscopy (Vectashield) and images were obtained with a

Leica TCS 4D confocal scanning laser microscope adapted to an in-

verted Leitz DMIRBE microscope and 63� (NA 1.4 oil) Leitz Plan-

Apo objectives. The light source was an argon/krypton laser

(75 mW) with which optical sections (0.1 lm) were obtained.

2.5. RNA extraction, reverse transcription, and real-time PCR

Total RNA was extracted from tissue and cell samples with the

RNeasy minikit (Qiagen, Valencia, CA, USA) and homogenized

using a Polytron (Kynematica Polytron, Westbury, NY). Total RNA

(0.5 lg) was retro-transcribed (RT) with TaqMan reverse transcrip-

tion reagents from Applied Biosystems (Branchburg, NY, USA)

using random hexamers. Real-time PCR was performed using the

ABI PRISM 7700 sequence detection system with the TaqMan uni-

versal PCR master mix and probes (Applied Biosystems) for human

FATP1, FAT, PDK2 and PDK4, mouse FATP1, and rat FAT genes. Hu-

man beta2-microglobulin was used as the endogenous control to

normalize the threshold cycle (CT) for each probe assay, as stated.

Relative gene expression was estimated as 2ÿDCT and fold change

was estimated by the 2ÿDDCT method (Livak and Schmittgen,

2001).

2.6. Metabolic analysis

For metabolic analysis we used [U-14C]-glucose or [1-14C]-pal-

mitate. For total incorporation, cells were lysed with 1% SDS and

their radioactivity was counted. Incorporation of radioactivity into

glycogen and into CO2 was determined as previously described

(Baqué et al., 1996), except that for CO2 measurement cells were

grown in 24-well plates. 2-Deoxy-D-glucose uptake was measured

as described (Baqué et al., 1998). Cellular oxygen consumption was

measured using a Clark-type electrode (Hansatech, Norfolk, Eng-

land) at 37 °C, with continuous stirring. C2C12 myotubes were col-

lected by trypsinization, pelleted by centrifugation, counted, and

resuspended in DMEM containing 1 mM pyruvate. Respiration

rates were monitored before and after addition of 3 lM carbonyl

cyanide p-trifluoromethoxyphenylhydrazone (FCCP), a mitochon-

drial uncoupler, or of 1.5 mM KCN, the latter to subtract any oxy-

gen consumption not due to mitochondrial respiration.

2.7. Pyruvate dehydrogenase (PDH) assay

The active form of PDH activity was assessed as described else-

where (Sterk et al., 2003). Forty microliters of cell extract (prepared

by scraping 6-cm plates into 100 ll of homogenization buffer) was

incubated for 30 min at 37 °C with 80 ll of the assay mixture 1 mM

[2-14C]-pyruvate (6 lCi/lmol), 50 mM Hepes (pH 7.2), 2 mM

MgCl2, 3.35 mM NAD, 0.4 mM CoA, 10 mM L-carnitine, 0.16 mM

EDTA, 2.5 mM NaF, 0.8 U of carnitine acetyltransferase, and

0.4 mM TPP. The reaction was halted with 200 ll cold methanol.

The whole reaction mixture was applied to a Dowex 2 � 8 column
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(Clÿ form, 200–400 mesh) and eluated radioactivity quantified and

corrected for protein concentration to calculate PDH activity. Alter-

natively, active and total PDH and PDH-E1 activities were deter-

mined by measuring the 14CO2 production from [1-14C]-pyruvate

according to the methods described by van Laack et al. (1988),

and Sperl et al. (1993), with modifications. Cell extracts were pre-

pared by scraping 6-cm plates into 400 ll of buffer and homoge-

nized manually with 20–25 strokes of a glass pestle. For active

PDH, 100 ll of cell extract was preincubated at 37 °C with 50 ll
of an assay mixture containing 400 mM Tris–HCl (pH 7.8), 2 mM

EDTA, 8 mM MgCl2, 3 mM TPP, 2 mM NAD, 8 mM CoA, 4 mM L-car-

nitine, 80 lM cytochrome c, 20 mM ß-mercaptoethanol, 4 mM

Na2SO3 and 5 ll neonatal calf serum. For active PDH-E1 activity,

cell extract was preincubated with 400 mM potassium phosphate

buffer (pH 6.0), 8 mM MgCl2, 3 mM TPP, 80 mM KFeCN and 10 ll
neonatal calf serum. For total PDH and PDH-E1, activation was ob-

tained by preincubation with 8 mM CaCl2 and 16 mM MgCl2 added

to the corresponding assay mixtures. After 10 min of preincuba-

tion, 50 ll 2 mM [1-14C]-pyruvate (0.7 lCi/lmol) was added and

the reaction continued at 37 °C, 15 min for PDH and 1 h for PDH-

E1, in tubes placed in closed vials. The reaction was stopped by

injecting 200 ll 20% trichloroacetic acid (TCA) into the tubes. The
14CO2 released was trapped in 1 cm2 filter papers, soaked with

0.5 M NaOH and stuck to the vial wall, for 30 min. The radioactivity

in filter papers was counted and corrected for protein concentra-

tion to calculate PDH activity.

2.8. Statistical analysis

All data are presented as means ± SEM, and the significance of

the difference was analyzed by Student’s t test. Differences were

considered significant at p < 0.05. Results for gene expression (fold

change from the real-time PCR analysis) were examined using Rel-

ative Expression Software Tool (REST).

3. Results

3.1. Intracellular localization of FATP1

We studied the intracellular distribution of FATP1 in human and

C2C12 myotubes by immunoblot of subcellular fractions (Fig. 1A,

B). Endogenously expressed FATP1 was shown mostly in the

1500g and 10,000g mitochondrially-enriched pellets, but was

hardly detected in the 10,000g supernatant fraction, similarly to

the mitochondrial marker porin. A transfected fusion construct of

FATP1 and GFP also showed this distribution: FATP1-GFP was pres-

ent in the 1500g and 10,000g mitochondrially-enriched pellets,

whereas a faint signal was observed in the 10,000g supernatant

fraction. In contrast, transfected GFP was present in the superna-

tant cytosolic fraction.

Then we examined whether FATP1-GFP localized to mitochon-

dria in C2C12 myotubes (Fig. 2) by cytolocalization. As a marker

we used subunit I of CO, a multi-heteromeric enzyme located in

the mitochondrial inner membrane (Capaldi et al., 1995; Eytan

et al., 1975) (Fig. 2b). Transfected FATP1-GFP into C2C12 cells

showed fluorescence concentrated in the perinuclear region

(Fig. 2a, d), while merging with the mitochondrial marker COI re-

vealed extensive overlap of these two proteins (Fig. 2c, yellow).1

We also used MitoTracker as a probe for mitochondria (Fig. 2e).

The mitochondrial network was concentrated in the perinuclear re-

gion and superposition of MitoTracker and FATP1-GFP images clearly

showed co-localization of FATP1-GFP with the mitochondrial net-

work (Fig. 2f, yellow). No co-localization was observed with GFP

(data not shown).

3.2. Effects of FATP1 overexpression on glucose metabolism

FATP1 mRNA levels in cultured human myotubes were 3-fold

lower than in human muscle biopsy samples, as were FAT mRNA

levels (8-fold) (Table 1). Palmitate did not significantly affect the

expression of either gene.

Adenoviruses were used to overexpress mouse FATP1 (Ad-

FATP1) and rat FAT (Ad-FAT) genes in cultured human myotubes.

Using RT-PCR, we detected none of these mRNAs in cells trans-

duced with the control virus, whereas in Ad-FATP1 and Ad-FAT

transduced myotubes both mRNA levels were higher than the

endogenous mRNA by a factor of 7.02 (p < 0.001) for FATP1 and

10.6 (p < 0.05) for FAT, respectively.

Overexpression of FATP1 induced a 3-fold rise in 14CO2 release

from [U-14C]-glucose, whereas FAT overexpression induced a

slightly increase (20%) (Table 2). CO2 production from glucose by

FATP1 was also stimulated in C2C12 myotubes: C2C12 myotubes

transduced with Ad-FATP1 (7.7-fold increase in FATP1 mRNA lev-

els, p < 0.05) showed 2-fold higher (p < 0.0001) 14CO2 production

from [U-14C]-glucose than control cells (128 ± 1 pmol/min/mg pro-

tein). In contrast and according to our previous data (García-Martí-

nez et al., 2005), the production of 14CO2 from 0.5 mM [1-14C]-
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Fig. 1. Localization of FATP1 by Western blot analysis. (A) Human myotubes. (B) C2C12 cells were transfected with pFATP1-GFP or pGFP and were studied 48 h post-

transfection. Western blot analyses were performed on total cell extracts (35 lg protein), mitochondrial enriched fractions (mit pellet) (35 lg protein) after centrifugation at

1500g and 10,000g or the supernatant (sup) of the 10,000g pellet (35 lg) and membranes hybridized with antibodies against FATP1, GFP or porin as indicated.

1 For interpretation of the references of colours in this figure, the reader is referred

to the web version of this paper.
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palmitate (1 lCi/lmol) was slightly reduced following overexpres-

sion of either FATP1 (27.5%, p < 0.001) or FAT (7.24%, p < 0.01) com-

pared to control cells (5.75±0.2 pmol/min/mg protein). [U-14C]-

glucose total incorporation was enhanced by approximately 35%

by overexpression of FATP1 or FAT (Table 2), while glucose uptake

was increased: by about 35% and 55% by FATP1 and FAT, respec-

tively. The incorporation of radioactive glucose into glycogen in-

creased with both FATP1 (65%) and FAT (40%).

3.3. Regulation of pyruvate dehydrogenase activity

To gain a deeper insight into the glucose metabolic step that

was sensitive to FATP1 action, we examined 14CO2 production from

[U-14C]-lactate and [U-14C]-acetate (Fig. 3A) in human myotubes.
14CO2 production from lactate was stimulated by FATP1 to a simi-

lar extent (approximately 2.4-fold) to that of glucose, whereas
14CO2 production from acetate was not.

These data indicated that FATP1 enhances the conversion of

pyruvate into acetyl-CoA. We therefore measured the levels of

the active form of the enzymatic PDH complex, which catalyzes

the conversion. As shown in Fig. 3B, FATP1 increased the levels

of active PDH as assessed by the production of acetyl-CoA from

pyruvate, by more than 3-fold, whereas FAT did not (data not

shown). We also examined whether the activity of the PDH-E1 cat-

alytic subunit, which is responsible for the irreversible decarboxyl-

ation of pyruvate, was modified. Thus, the activity of the active

forms and total activities of PDH and PDH-E1 were assessed by

CO2 production from pyruvate. As shown in Table 3, the activity

Fig. 2. Mitochondrial co-localization analysis of FATP1-GFP. C2C12 cells were transfected with pFATP1-GFP. Forty-eight hours post-transfection myotubes were incubated

with 500 nM MitoTracker during 30 min (d–f). (a and d) Image of fluorescent FATP1-GFP. Bar represents 10 lm (a–c) and 20 lm (d–f); (b) image of mitochondrial network by

staining with antibodies against COI; (c) co-localization of the signal of FATP1-GFP and COI; (e) image of mitochondrial network by fluorescent MitoTracker; (f) co-localization

of the signal of FATP1-GFP and MitoTracker.

Table 1

Endogenous expression of FATP1 and FAT genes in human muscle biopsies and

cultured human myotubes. The relative expression of genes was analyzed in muscle

biopsies and cultured myotubes by RT-PCR. Cultured cells were incubated for 18 h

with 10 mM glucose, and when stated 0.5 mM palmitate. The CT values for the

reference probe beta2-microglobulin were subtracted from each probe CT (DCT).

Relative expression to beta2-microglobulin was calculated using the DCT method.

Mean values of 1/2ÿDCT ± SEM were ÿ22.0 ± 3.23 for FATP1 and ÿ10.9 ± 1.50 for FAT

in cultured human myotubes incubated with glucose. To determine changes due to

culture handling, the DCT values for muscle biopsies were subtracted from the DCT

values of cells cultured with 10 mM glucose. Data are expressed as the mean values of

2ÿDDCT from four samples performed in duplicate. The DCT values for cells incubated

with glucose were subtracted from those of the palmitate-treatment. Data are

expressed as the mean values of 1/2ÿDDCT from four independent experiments

performed in duplicate. The negative symbol indicates down-regulation. Significance

of differences between tissue and cultured muscle.

Gene Fold of change (1/2)ÿDDCT

Cultured muscle/biopsy Cultured muscle/palmitate

FATP1 ÿ3.12 
ÿ1.18

FAT ÿ8.68* ÿ1.58

* p < 0.05.
  p < 0.001.

Table 2

Effects of FATP1 and FAT on glucose metabolism. Cultured myotubes were transduced

with Ad-ßgal (controls), Ad-FATP1 or Ad-FAT. Forty-eight hours after transduction,

cells in 24-well plates were incubated for 4 h with 10 mM [U-14C]-glucose (0.2 lCi/
lmol) to measure total incorporation or incorporation into glycogen and 14CO2

production. To measure uptake, cells were incubated for 6 min with 0.5 mM 2-deoxy-

D-[1-3H]-glucose (2.2 lCi/lmol). Data are expressed as the means ± SEM of three

independent experiments performed in triplicate. Significance of differences versus

controls.

Glucose metabolism

Ad-bgal Ad-FATP1 Ad-FAT

Total incorporation (pmol/min/mg protein) 532 ± 21 684 ± 67* 732 ± 68*

Uptake (pmol/min/mg protein) 385 ± 23 520 ± 43* 600 ± 52 

Incorporation into glycogen (pmol/min/mg

protein)

32.2 ± 0.9 52.8 ± 1.3à 44.6 ± 1.0 

14CO2 production (pmol/min/mg protein) 28.6 ± 2.1 101 ± 8à 38.2 ± 2.0*

* p < 0.05.
  p < 0.001.
à p < 0.0001.
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of the active form of PDH was increased by 6-fold in cells over-

expressing FATP1 and total PDH activity rose by a factor of 2.7. Ac-

tive PDH-E1 levels were 140-fold higher in FATP1-overexpressers

than in controls, whereas total PDH-E1 activity increased 48-fold.

Thus the ratio of active to total PDH-E1 and PDH activities was

higher in FATP1-overexpressers (2.9- and 2.2-fold, respectively)

than in controls.

We assessed that FATP1 overexpression in humanmyotubes did

not modify either PDK4 or PDK2 gene expression (Fig. 3C). In con-

trast, both in cells transduced with Ad-bgal and with Ad-FATP1,

palmitate treatment increased PDK4 gene expression by more than

20-fold, whereas PDK2 gene expression was unaffected.

3.4. Regulation of the oxidative-phosphorylation protein complexes

and the PDH complex by FATP1

We examined whether mitochondrial proteins belonging to the

oxidative-phosphorylation system, namely the 1 alpha subcom-

plex 9 of NADH dehydrogenase (ubiquinone) (NDUFA9) from com-

plex I, the 70-kDa Fp subunit from complex II, the core 2 subunit

from complex III, COI and COII from complex IV, or the alpha sub-

unit of H+-F1-ATP synthase from complex V, were modified by

FATP1 in human myotubes. As gauged by immunoblotting, we

found no differences resulting from FATP1 overexpression in the

proteins belonging to complexes I, II, III or V (Fig. 4A, B). In contrast,

FATP1 slightly reduced COI and COII content by approximately 35%

and 26%, respectively, these being the only proteins encoded by the

mitochondrial genome among those evaluated. Similarly, overex-

pression of FATP1 in C2C12 myotubes reduced COI content (data

not shown). We evaluated whether FATP1 modified mitochondrial

respiration in C2C12 myotubes. Coupled and uncoupled oxygen

consumption was similar in controls (coupled 13.9 ± 1.8 nmol O2/

min/106 cells and uncoupled 28.1 ± 2.3 nmol O2/min/106 cells)

and FATP1 overexpressers (coupled 13.9 ± 1.1 nmol O2/min/106

cells and uncoupled 27.7 ± 2.0 nmol O2/min/106 cells).

We analyzed the content of protein subunits of the PDH com-

plex (Fig. 4C, D). E2, E1a, E1ß, and E3-binding protein (E3BP) were

detected, but not the E3 protein which is hardly detected since it

has a low immunogenicity (Sperl et al., 1990). No changes were ob-

served in the content of E2, E3BP and E1alpha following overex-

pression of FATP1, whereas an increase of 41% in the

immunoblotted E1beta protein was detected.

4. Discussion

In this study we provide new insight into FATP1 intracellular

localization in cultured myotubes: we show that FATP1 localizes

to mitochondria. Immunoblot analysis of FATP1 in human and

C2C12 myotubes revealed FATP1 in the mitochondria-enriched

fraction. Furthermore, co-localization analysis of the fusion protein

FATP1-GFP with MitoTracker and COI showed that most of the

mitochondria stained by either mitochondrial probes were

FATP1-positive in C2C12 myotubes. Overall, our data indicate that

FATP1 localizes to mitochondria, as has been described for FAT

(Bezaire et al., 2006), although we have not identified the subor-

ganelle compartment.

We show that FATP1 stimulates CO2 production from glucose

and lactate but not from acetate in cultured human and C2C12

myotubes, whereas FAT has no significant effect. Moreover, both

FATP1 and FAT only slightly enhance glucose uptake and incorpo-

ration into glycogen in humanmyotubes. This indicated that FATP1

regulates the conversion of pyruvate into acetyl-CoA, which is cat-
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Fig. 3. Effects of FATP1 on (A) lactate and acetate oxidation, (B) active PDH levels and (C) PDK4 and PDK2 gene expression. Cultured human myotubes were transduced with

Ad-ßgal (controls) or Ad-FATP1. Forty-eight hours after transduction: (A) cells were incubated for 4 h with 2 mM [U-14C]-lactate (0.6 lCi/lmol) or 10 mM [U-14C]-acetate

(0.6 lCi/lmol) and used to measure 14CO2 production; (B) cells were harvested to measure the active form of PDH by the production of radioactively-marked acetyl-carnitine

from [2-14C]-pyruvate; and (C) cells were incubated with 0.5 mM palmitate for 16 h when stated and harvested to isolate RNA. Relative expression of PDK2 and PDK4 to

beta2-microglobulin was calculated using the DCT method. The DCT values for every treatment were subtracted from the DCT values of cells treated with the control virus

without palmitate. Data are expressed as 2ÿDDCT. (A–C) Data are the means ± SEM of three independent experiments performed in triplicate. Significance of differences in

FATP1-overexpressers versus Ad-ßgal: *p < 0.001,  p < 0.0001.

Table 3

Effects of FATP1 on the activity of the active form and total activity of PDH and PDH-

E1. Cultured human myotubes were transduced with Ad-ßgal (controls) or Ad-FATP1.

Forty-eight hours after transduction, cells were harvested to measure the activity of

the active form of PDH and the PDH-E1 catalytic subunit and their total activities by
14CO2 production from [1-14C]-labelled pyruvate, as described in Section 2. Mean

data ± SEM of three independent experiments performed in triplicate are shown.

Significance of differences versus controls.

PDH activity (lU/mg protein) E1 activity (lU/mg protein)

Total PDH Active PDH Total E1 Active E1

Ad-bgal 687 ± 10 105 ± 36 28 ± 11 7.6 ± 1.6

Ad-FATP1 1890 ± 84  644 ± 25* 1366 ± 204  1075 ± 63 

* p < 0.001.
  p < 0.0001.

270 M. Guitart et al. /Mitochondrion 9 (2009) 266–272

215



alyzed by the mitochondrial complex enzyme PDH. The latter is the

rate-limiting, irreversible step in glucose oxidation (Patel and Kor-

otchkina, 2006; Randle et al., 1994; Sugden and Holness, 2003).

Accordingly, we show that FATP1 increases the levels of active

PDH, as assessed by the rate of conversion of pyruvate to acetyl-

CoA and by the rate of decarboxylation of pyruvate. The PDH com-

plex is formed by three catalytic components – pyruvate decarbox-

ylase (E1a and E1b), dihydrolipoamide acetyltransferase (E2), and

dihydrolipoamide dehydrogenase (E3) – together with the E3-

binding protein (E3BP) (Patel and Korotchkina, 2006; Sugden and

Holness, 2003). We demonstrate that FATP1 greatly increases ac-

tive PDH-E1 levels, what may explain the higher activity of the ac-

tive form of the PDH complex, since PDH-E1 is the rate-limiting

step in the PDH complex (Patel and Korotchkina, 2006). FATP1 in-

creases the total activity of the PDH-E1 catalytic subunit and PDH,

but to levels much lower than those of their respective active

forms, thus causes activation of PDH-E1 and PDH.

PDH-E1 and PDH activation state is regulated by phosphoryla-

tion–dephosphorylation reactions catalyzed by PDH kinases

(PDK1-4) and PDH phosphatases (PDP1-2), respectively. Three

specific serine residues from the alpha subunit of the PDH-E1

component are phosphorylated by PDKs with different affinities,

and phosphorylation of sites 1 and 2 inactivates the PDH complex

in vitro (Korotchkina and Patel, 2001; Patel and Korotchkina,

2006). It has also been suggested that phosphorylation controls

PDH activity in vivo: at site 1 in rat hearts during starvation or

exercise (Sale and Randle, 1982) and at sites 1 and 2 in human

skeletal muscle during exercise (Pilegaard et al., 2006). However,

intralipid infusion increased sites 1 and 2 phosphorylation with-

out changing PDH activation at rest in human skeletal muscle

(Pilegaard et al., 2006), which has lead to the suggestion that

PDH may be subjected to other covalent undefined modifications

that overcome PDH-E1 alpha phosphorylation. PDKs are regulated

allosterically and transcriptionally (Patel and Korotchkina, 2006;

Sugden and Holness, 2003). Elevation of mitochondrial acetyl-

CoA and NADH increases PDK activity, whereas pyruvate de-

creases it (Sugden and Holness, 2003). PDK4 gene transcription

is believed to be regulated by lipids since under conditions in

which the circulating FA concentration rises, such as starvation

(Tsintzas et al., 2006; Wu et al., 2000) and high-fat feeding (Hol-

ness et al., 2000; Peters et al., 2001), PDK4 expression in heart,

skeletal muscle and liver increases. PDK4 mRNA was also shown

to be upregulated in response to fatty acid supplementation in

cultured human muscle cells (Abbot et al., 2005). We show that

FATP1 does not regulate PDK4 or PDK2 expression in human

myotubes, indicating that changes in PDH-E1 alpha phosphoryla-

tion due to regulation of PDKs gene transcription would not be

involved in its mechanism of action. The existence of mechanisms

of regulation of PDH activity other than phosphorylation has pre-

viously been proposed but not defined (Pilegaard et al., 2006);

much more work will be necessary to elucidate FATP1’s mecha-

nism of action.

Furthermore, we show that immunoblotted protein levels of the

PDH complex subunits E1a, E2 and E3BP were unchanged, whereas

the content of the E1b protein was increased by FATP1 overexpres-

sion, which may partly explain the increase in total PDH-E1 activ-

ity. Finally, we show that among the oxidative–phosphorylation

system complexes that we analyzed (I–V), FATP1 only reduced

the content of COI and COII in complex IV, the only proteins en-

coded by the mitochondrial genome, in human and C2C12 myotu-

bes. However, oxygen consumption in C2C12 myotubes was not

reduced by FATP1 overexpression. This observation is compatible

with the notion that cell respiration is well preserved and defects

occur at residual cytochrome c oxidase activity of approximately

60–70% (D’Aurelio et al., 2001). More work will be required to elu-

cidate potential mechanisms by which FATP1 could affect mitoc-

hondrially-encoded protein content.

In summary, our data reveal the localization of FATP1 to the

mitochondria in human and C2C12 myotubes, and point to a regu-

latory function on a mitochondrial metabolic protein complex, i.e.,

the activation of the PDH complex and the PDH-E1 catalytic

subunit.
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Fig. 4. Regulation of subunits of the oxidative-phosphorylation system and the PDH complex by FATP1. Cultured human myotubes were transduced with Ad-ßgal (controls)

or Ad-FATP1. Forty-eight hours after transduction, western blots were performed on mitochondrially-enriched cell extracts (1500g pellet). Membranes were hybridized with

antibodies against: (A and B) (CRI) complex I (anti-NDUFA9), (CRII) complex II (anti-Fp 70 KDa subunit), (CRIII) complex III (anti-core 2), (CRIV) complex IV COI and COII, and

(CRV) complex V (anti-subunit alpha from H+-F1-ATP synthase) or (C and D) PDH complex. (A and C) Bands were quantified with an LAS-3000 (FujiFilm) and values expressed

as a percentage of controls. Mean data ± SEM of three independent experiments performed in triplicate are shown. The significance of the difference in FATP1-overexpressers

versus controls was *p < 0.005 and  p < 0.001. (B and D) A representative image is shown.
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