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Abbreviations
6PGD
ADP
ATP
CSF
DHAP
G6PD
GA
GAPDH
GSG
GSSG
LC-MS/MS
MRI
MRS
NAD(H)
NADP(H)
P
PPP
ROS
RPI
TALDO
TPI

6-phosphogluconate dehydrogenase
adenosine diphosphate
adenosine triphosphate
cerebrospinal fluid
dihydroxyacetone phosphate
glucose-6-phosphate dehydrogenase
glyceraldehyde
glyceraldehyde-3-phosphate dehydrogenase
oxidized glutathione
reduced glutathione
liquid chromatography-tandem mass spectrometry
magnetic resonance imaging
magnetic resonance spectroscopy
nicotinamide adenine dinucleotide (reduced)
nicotinamide adenine dinucleotide phosphate (reduced)
phosphate(s)
pentose phosphate pathway
reactive oxygen species
ribose-5-phosphate isomerase
transaldolase
triosephosphate isomerase
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Chapter 1

Outline of the thesis
The pentose phosphate pathway (PPP) consists of two parts, which fulfil
two distinct roles: an oxidative, non-reversible limb which allows reduction
of NADP+ to NADPH while converting glucose-6-phosphate to a pentosephosphate and CO2, and a non-oxidative, reversible limb, which connects
pentose-phosphates to glycolytic intermediates. In recent years, two
defects in the PPP have been discovered [1-3]. The first defect is deficiency
of ribose-5-phosphate isomerase (RPI, OMIM 608611) and has been
diagnosed in one patient, who presented with a slowly progressive
leukoencephalopathy. The other defect is deficiency of transaldolase
(TALDO, OMIM 606003). This defect is associated with liver dysfunction,
whereas other organs are affected in various degrees. These two defects
are very rare and although the defected enzymes are present in the same
metabolic pathway, the PPP, the clinical phenotypes of both diseases are
completely different.
The main research goals concerning this thesis were:
 To characterize the normal pattern of metabolites involved in the PPP
(polyols, sugars and sugar-phosphates (sugar-P)) and to diagnose new
patients with abnormal metabolite profiles with a defect in the PPP
 To elucidate further the clinical phenotype and pathology of patients with
TALDO deficiency
 To investigate the function of the PPP and its interrelationship with
connected pathways.
This thesis is divided in three sections. The biochemical methods designed
to study normal and abnormal metabolite patterns of intermediates in the
PPP are described in chapters 2-4. The research performed to diagnose
new TALDO deficient patients and further characterisation of the clinical
phenotype is described in chapter 5 and 6. In the third section we studied
the function and routing through the PPP (chapter 7 and 8).
The PPP is an inter-conversion of sugar-P. In the oxidative part glucose-6phosphate is converted to a pentose-phosphate which is converted in the
non-oxidative part into other sugar-P. To investigate the intracellular
concentrations of sugar-P in patients with a defect in the PPP a new
method was developed using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). With this method described in chapter 2, the
accumulation of sedoheptulose-7P in blood spots, fibroblasts and
lymphoblasts of TALDO deficient patients could be identified. Furthermore,
the LC-MS/MS method can be used for determining enzyme activities of
8
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the PPP by measuring the sugar-P involved as was done for TALDO and
RPI deficiency.
Polyols, or polyhydric alcohols, can be formed by the reduction of sugars
and are classified based on the numbers of carbon (C) -atoms: erythritol
and threitol (C4-polyols, tetritols), ribitol, arabitol and xylitol (C5-polyols,
pentitols), galactitol, sorbitol and mannitol (C6-polyols, hexitols) and
sedoheptitol and perseitol (C7-polyols, heptitols). Knowledge of the
metabolism and function of most of the polyols is very limited. In TALDO
deficiency elevated urinary concentrations of erythritol, arabitol and ribitol
have been described [2]. In RPI deficiency arabitol and ribitol
concentrations are highly elevated in urine, wheras xylitol is mildly elevated
[1,3]. These two defects and other defects associated with the
accumulation of polyols, like galactose-1-phosphate uridyltransferase
deficiency, galactokinase deficiency, essential pentosuria and Larabinosuria, can be diagnosed by the assessment of urinary
concentrations of polyols. In chapter 3, two novel methods for the
quantitative profiling of polyols in urine by LC-MS/MS are described. We
started with the development of one method, which can be used as a quick
screening method. The different polyol isomers elute as one peak and
cannot be distinguished from each other. The second method uses the
same sample preparation, however the use of another type of analytical
liquid chromatography column makes separation of the different polyol
isomers possible and thus enables the separate quantification of erythritol,
threitol, ribitol, arabitol, xylitol, sorbitol, mannitol, galactitol, sedoheptitol and
perseitol.
In patients affected with TALDO deficiency, we previously also found
increased amounts of a 7-carbon chain carbohydrate which we suspected
of being sedoheptulose. In chapter 4 we describe the development of a
LC-MS/MS method for identification and quantitation of the seven-carbon
carbohydrates sedoheptulose and mannoheptulose in urine. Additionally,
other seven-carbon chain carbohydrates were characterized in urine from
controls and TALDO deficient patients, including sedoheptitol, perseitol and
sedoheptulose-7P.
The diagnosis of TALDO deficiency in a French family with four affected
children born to the same consanguineous parents in 2006 expanded the
number of TALDO deficient patients from two to six [4]. One of these
patients presented in the antenatal period with hydrops fetalis with
oligohydramnios. The pregnancy was medically terminated at 28 weeks
gestation. In chapter 5 we retrospectively measured polyols, heptuloses
and sedoheptulose-7P in the amniotic fluid sample of this fetus by LCMS/MS.
9
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In chapter 6 we report the detailed clinical and biochemical presentation of
a newly diagnosed patient with TALDO deficiency. As more patients are
diagnosed, the clinical and biochemical phenotype of this disorder becomes
more characterized and an overview is given in this chapter of all patients
diagnosed together with the characteristics of the liver pathology.
Little is known about the function of sedoheptulose and sedoheptulose-7P.
Sedoheptulose-7P is one of the intermediates of the PPP and
sedoheptulose and sedoheptulose-7P both accumulate in TALDO
deficiency (chapter 2, 4-6). In chapter 7 we showed that patients with
cystinosis caused by the common 57-kb deletion in the CTNS (cystinosin)
gene excrete increased amounts of sedoheptulose in their urine. This 57-kb
deletion also includes an adjacent gene CARKL. The CARKL gene
encodes a protein that was predicted to function as a carbohydrate kinase.
We showed that the CARKL protein is a sedoheptulokinase catalysing the
reaction: Sedoheptulose + ATP  Sedoheptulose monophosphate + ADP.
We developed an enzyme assay for the phosphorylation of sedoheptulose
and measured the activity in fibroblasts from controls, cystinosis patients
with the 57-kb deletion and from cystinosis patients with other mutations.
The main function of the oxidative part of the PPP is the production of
NADPH from NADP+ and thereby maintaining the cytoplasmic NADPH
concentration. NADPH is important as a reducing equivalent for
biosynthetic reactions and neutralization of reactive oxygen species (ROS).
Reactive oxygen species (ROS) cause damage to cellular processes in all
living organisms and contribute to a number of human disorders such as
cancer, cardiovascular diseases, stroke, and late-onset neurodegenerative
disorders, and to the aging process itself. Because ROS provoke a shift of
the cellular redox state, which is often defined as the balance of the overall
NADH/NAD+ and NADPH/NADP+ ratios, a central task in counteracting
oxidative damage is to maintain the cytoplasmic NADPH/NADP+ ratio. For
this process, enzymes of the PPP are crucial. In chapter 8, we investigated
if eukaryotic cells respond to oxidative stress by rerouting the metabolic
flux from glycolysis to the PPP. This was done by combining genetic and
quantitative metabolite analyses along with in silico modeling.
An final overview of the metabolic routes (PPP, glycolysis, glucuronic acid
pathway) involving sugars, polyols and sugar-P is presented in chapter 9
including the clinical description of affected patients with a defect in the
PPP and how they can be diagnosed by biochemical and molecular
techniques.
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QUANTIFICATION OF SUGAR PHOSPHATE INTERMEDIATES OF THE
PENTOSE PHOSPHATE PATHWAY BY LC-MS/MS: APPLICATION TO
TWO NEW INHERITED DEFECTS OF METABOLISM

J. Chromatogr. B, 823 (2005) 18–25

Mirjam M.C. Wamelink, Eduard A. Struys, Jojanneke H.J. Huck, Birthe
Roos, Marjo S. van der Knaap, Cornelis Jakobs, Nanda M. Verhoeven
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Abstract
We describe a liquid chromatography tandem mass spectrometry (LCMS/MS) method to quantify pentose phosphate pathway intermediates
(triose 3-phosphates, tetrose 4-phosphate, pentose 5-phosphate, pentulose
5-phosphates, hexose 6-phosphates and sedoheptulose 7-phosphate) in
bloodspots, fibroblasts and lymphoblasts. Liquid chromatography was
performed using an ion pair loaded C18 HPLC column and detection of the
sugar phosphates was carried out by tandem mass spectrometry using an
electron ion spray source operating in the negative mode and multiple
reaction monitoring. Reference values for the pentose phosphate pathway
intermediates in blood spots, fibroblasts and lymphoblasts were
established. The method was applied to cells from patients affected with a
deficiency of transaldolase. The transaldolase-deficient cells showed an
increased concentration of sedoheptulose 7-phosphate. (Bloodspots:5.19
and 5.43 mol/L [ 0.49-3.33 mol/L]; fibroblasts 7.43 and 26.46 nmol/mg
protein [0.31-1.14 nmol/mg protein]; lymphoblasts 16.03 nmol/mg protein
[0.61-2.09 nmol/mg protein]. The method was also applied to study
enzymes of the pentose phosphate pathway by incubating fibroblasts or
lymphoblasts
homogenates
with
ribose
5-phosphate
or
6phosphogluconate and the subsequent analysis of the formed sugar
phosphates.
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Introduction
The pentose phosphate pathway (PPP) is a series of interconversions of
sugar phosphates. The PPP has two functions: the generation of NADPH
for reductive syntheses and oxidative stress responses within cells (figure
1), and the formation of ribose residues for nucleotide and nucleic acid
biosynthesis. In the irreversible part of the PPP, glucose-6-phosphate is
converted, in three steps, into ribulose-5-phosphate (ribu-5P).
Subsequently, the reversible part of the PPP starts with the action of two
enzymes: ribulose-5-phosphate epimerase and ribose-5-phosphate
isomerase (RPI). These two C5-sugar phosphates are then further
metabolized by the enzymes transketolase and transaldolase (TALDO),
resulting in the formation of erythrose-4-phosphate (ery-4P) and fructose-6phosphate (fru-6P). In recent years, we described two new inherited
metabolic defects in the PPP: RPI deficiency and TALDO deficiency [1,2].
Patients affected with these defects were found to have elevated
concentrations of sugar alcohols, or polyols, in body fluids. The origins of
these polyols, mainly D-arabitol and ribitol, are not known.

Figure 1: Schematic representation of the pentose phosphate pathway (PPP) and the presumed
reactions leading to formations of pentitols (dashed arrows).

We hypothesized that intracellular sugar phosphate concentrations are
altered in case of a metabolic defect in the PPP, causing the accumulation
15
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of the corresponding polyols. This hypothesis prompted us to develop a
method for the analysis of intracellular sugar phosphate concentrations.
Various previous studies have addressed the measurement of sugar
phosphate levels [3-9]. Measuring basal sugar phosphate concentrations is
difficult, because the concentrations are very low (in the nmol/g wet tissue
range [10]). In addition, distinction between different sugar phosphates is
complicated because of the similarities in weight, charge and structure.
This paper describes our methods for the analysis of sugar phosphate
intermediates of the PPP in blood spots and cultured cells. Furthermore, we
used the developed method for the analysis of PPP enzyme activities in
cultured cells and present results obtained in controls and in patients
affected with the two newly discovered defects.

Materials and Methods
Chemicals
The following sugar phosphates were purchased from Sigma-Aldrich
Chemie BV (Zwijndrecht, The Netherlands): D/L-glyceraldehyde 3phosphate, dihydroxyacetone phosphate (DHAP), D-erythrose 4-phosphate
(ery-4P), D-ribose 5-phosphate (ribo-5P), D-sedoheptulose 7-phosphate
(sed-7P) and D-xylulose 5-phosphate (xylu-5P). D-glucose 6-phosphate
(glu-6P) was purchased from Boehringer Ingelheim BV (Alkmaar, The
Netherlands). Perchloric acid (99-100%) and phosphate buffer were
purchased from J.T. Baker Chemicals BV (Deventer, The Netherlands).
The enzyme glucokinase, 13C6-D-glucose, Tris HCl buffer, thiamine
pyrophosphate, 6-phosphogluconate, NAD+, magnesium chloride and
octylamine were purchased from Sigma-Aldrich. Acetic acid (>99% purity),
acetonitril (ACN), diethyl ether and hexane were purchased from Merck,
Sharpe & Dohme BV. As described earlier [11], 13C6-D-glucose 6phosphate serving as internal standard (IS) was prepared by glucokinase
using 13C6-D-glucose. Cell culture media (Gibco BRL), fetal bovine serum
(FBS) (Gibco BRL), Hanks’ Balanced Salt Solution (HBSS, 1x) (Gibco
BRL), penicillin and streptomycin (P/S) (Gibco BRL) and trypsin-EDTA
(10x) (Gibco BRL) were obtained from Life Technologies (Breda, The
Netherlands). All media were supplemented with 10% FBS and 1% P/S.
Blood spot preparation
Blood spots were prepared as described earlier [11] from venous blood.
Within 1 hour, 10 µL heparin blood was pipetted onto filter-paper (type 903;
Schleicher und Schuell) and dried overnight. The blood spots were stored
at -20 C until further use. The blood spots and blank filter-paper spots
were punched out with a 5-mm diameter disc puncher and placed into wells
of a 48-microtiter plate. To each well, 150 µL extraction solution, containing
16
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1 μmol/L of IS (13C6-D-glucose 6-phosphate) in 50% ACN, was added and
the microtiter plate was sealed with adhesive film. Extraction was carried
out by shaking the microtiter plate on an orbital shaker for 20 min. After
extraction, 75 µL aliquots were transferred to a fresh microtiter plate, which
was subsequently centrifuged for 10 min at 1800 x g at room temperature.
After centrifugation, supernatants were transferred to glass vials, which
were capped and stored at -20 C until injection. Calibrators (included in
each batch of samples) at concentrations of 1, 5, 10, 15 and 20 µmol/L in
water were prepared and 10 μL of each calibration solution was added to
individual blank filter-paper spots which were left to dry for 30 min.
Calibrators were then processed as described above.
Fibroblasts isolation
Cultured human fibroblasts obtained from 9 control subjects without any
known defect in metabolism and from 2 TALDO-deficient individuals, were
grown as monolayers in Nunc 75-cm2 flasks in Ham F-10 medium. When
confluent, the cells were washed free of medium with 2 rinses of HBSS.
Fibroblasts were detached by adding 2 mL of trypsine to the culture flasks.
Subsequently, the cells were isolated by centrifugation for 6 min at 350 x g.
The fibroblast pellet was resuspended in 150 μL HBSS and stored at –80
C until further preparation and protein determination [12]. This cell
suspension could be used for either intracellular sugar phosphate analysis,
or for enzyme assays.
Lymphoblasts isolation
Cultured human lymphoblasts obtained from 9 subjects without any known
defects in metabolism and from 1 TALDO-deficient individual, were
maintained in Nunc 175-cm2 flasks in RPMI 1640 medium. Lymphoblasts
were isolated by centrifugation of the complete cell solution for 6 min at 350
x g. After discarding the supernatant, the pellet of lymphoblasts was rinsed
once with HBSS and resuspended in 1mL HBSS. The number of cells was
counted and the solutions were diluted to a concentration of approximately
3.5 x 107 cells/mL HBSS. Lymphoblast pellets were stored at –80 C until
further preparation and protein determination [12]. This cell suspension
could be used for either intracellular sugar phosphate analysis, or for
enzyme assays.
Cell pellet preparation for sugar phosphate analysis
The cell pellets of fibroblasts and lymfoblasts were sonicated for 30 s on ice
and subsequently centrifuged for 5 min at 11,000 x g at 10 C. The
supernatant was transferred to a new tube. Stopping residual enzyme
activity was done by adding 50 μL 2.5% perchloric acid, containing 3
μmol/L of IS to 10 μL cell pellet samples which were then kept at –20 C for
17
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at least 30 min, for deproteinization. Subsequently, 15 μL of 1 mol/L
phosphate buffer (pH 11.5) was added to neutralize the solution and the
samples were centrifuged for 5 min at 21,000 x g at 4 C. Supernatants
were transferred to glass vials, which were capped and stored at -20 C
until injection. Calibrators were included in each batch of samples and
consisted of respectively 5, 10, 20, 30, 50 and 100 µmol/L DHAP and glu6P, and 0.625, 1.25, 2.5, 3.75 and 6.25 µmol/L ribo-5P, xylu-5P and sed7P. These calibrators were prepared from a mixture of 0.1 mmol/L DHAP
and glu-6P and 12,5 μmol/L ribo-5P, xylu-5P and sed-7P in water.
Calibrators were processed as described above.
Enzyme assays
We developed an enzyme assay [1,2] to determine the activities of
transketolase, TALDO and RPI in fibroblasts and lymphoblasts. Ribo-5P
which is used as the substrate, is rapidly converted into ribu-5P and then in
xylu-5P by the enzymes RPI and ribulose-5-phosphate epimerase,
respectively. Transketolase converts ribo-5P and xylu-5P into sed-7P and
gly-3P, which are further converted by TALDO. The reaction products of the
TALDO reaction are ery-4P and fru-6P.
The cell pellets of fibroblasts and lymfoblasts were sonicated for 15 s on ice
and subsequently centrifuged for 5 min at 11,000 x g at 10 C. The
supernatant was transferred to a new tube and was incubated with ribo-5P
in a total volume of 300 µL, in 45 mmol/L Tris HCl buffer (pH 8.5) , 21
mmol/L magnesium chloride, 0.1 mmol/L thiamine pyrophosphate and 4
mmol/L ribo-5P, at 37 ºC. 50 µL samples were taken at 0, 30 and 120 min,
and the reaction was terminated by the addition of 50 µL 5% perchloric acid
containing 5 µmol/L IS. Thereafter the samples were kept at –20 ºC for at
least 30 min. To neutralize the solution, 30 µL of 1 mol/L phosphate buffer
(pH 11.5) was added and the samples were subsequently centrifuged for 5
min at 21,000 x g at 4 ºC. The supernatants were transferred to glass vials,
which were capped and stored at -20 C until injection.
An additional enzyme assay was developed to study RPI separately.
Fibroblasts or lymphoblasts were incubated with 6-phosphogluconate,
which is a substrate for phosphogluconate dehydrogenase and is converted
into ribu-5P. Subsequently ribu-5P is converted to ribo-5P by RPI. The
incubation was carried out in a total volume of 3 mL, in 100 mmol/L
Tris/HCl buffer (pH 8.6), 33 µmol/L of 6-phosphogluconate, 0.2 mmol/L
NAD+ and 5 mmol/L magnesium chloride. After taking 100 µL samples at 0,
30 and 120 min, sample preparation was performed as described above.
Analysis of sugar phosphates by LC-MS/MS
Liquid chromatography (Perkin-Elmer series 200 pump) was performed
using a 3.9 x 150 mm Symmetry C18 HPLC column (bead size 5 µm,
18
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Waters Chromatography BV, Etten-Leur, The Netherlands). For gradient
elution, a binary solvent was used as described before [11]. Solvent A
consisted of 12.5% ACN/water containing 750 mg/L octylammonium
acetate (pH 7.5) and solvent B consisted of 50% ACN/water containing 750
mg/L octylammonium acetate (pH 7.5). The column was rinsed with solvent
A for 3 min, to load the column with ion-pair. The initial composition of the
binary solvent was 100% A, followed by a linear gradient to 25% A and
75% B in 10 min. Thereafter, the mobile phase composition changed to
100% A for 3 min to reload the column with ion-pair. The flow rate was set
to 1 mL/min and was split after the analytical column in a ratio of 1:4,
resulting in an inlet flow into the tandem mass spectrometer of 200 µL/min;
7 µL of sample was injected onto the column and the total run time was 13
min.
Detection of the sugar phosphates was carried out on an API-3000 tandem
mass spectrometer (PE-Sciex) equipped with an electron ion spray source
(Turbo Ion Spray) operating in the negative mode. The ion source
parameters were as follows: ion spray voltage, -2500 V; source
temperature, 400 °C; nebulizer gas and collision gas at setting 10 and 4
(arbitrary units) respectively. Other MS/MS settings, such as declustering
potential and collision cell energy were optimized for each particular sugar
phosphate. Detection of the sugar phosphates was performed by multiple
reaction monitoring (MRM-mode). The MRM transitions (Q1/Q3) settings
for the different sugar phosphates were DHAP/gly-3P: m/z -169/-97; ery4P: m/z -199/-97; ribo-5P, ribu-5P and xylu-5P: m/z -229/-97; fru-6P and
glu-6P: m/z -259/-97, 13C6-glucose 6-P (IS): m/z -265/-97 and sed-7P: m/z 289/-97. Data were acquired and processed using Analyst™ for Window
NT software (Ver. 1.3.1).
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Figure 2: Mass fragmentogram of a control lymphoblast cell line. MRM transitions are given for each
individual sugar phosphate (cps: counts per second).

Results
Fragmentation
In figure 2 the mass fragmentograms of a control lymfoblast cell line,
containing respectively DHAP, ribo-5P, ribu-5P+xylu-5P, glu-6P+fru-6P,
13
C6-glu-6P (IS) and sed-7P are shown. All sugar phosphates generated an
m/z -97 fragment in the collision quadrupole (Q2), which corresponds to the
loss of the sugar moiety in the collision cell. Therefore, the transition of the
m/z of the intact sugar phosphate in quadrupole 1 (Q1) to fragment m/z -97
in Q3 was used for MRM analysis. Fru-6P and glu-6P were found to elute
as one peak, as well as ribu-5P and xylu-5P.
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Limit of detection
Limits of detection for sugar phosphates in blood spots, at a signal-to-noise
ratio = 5, were estimated in blank filter-paper spots spiked with 0.01 nmol
calibration standard solution by verifying the peak height of the analyte and
the noise in the chromatographic region of the analyte. The detection limits
were 0.1 μmol/L for DHAP and sed-7P, 10 μmol/L for ery-4P and gly-3P,
0.4 μmol/L for ribo-5P and ribu-5P/xylu-5P and 0.5 μmol/L for fru-6P/glu-6P.
Detection limits for sugar phosphates in lymphoblasts and fibroblasts, at a
signal to noise ratio = 5, were estimated with a calibration standard of 5.0
nmol DHAP, ribo-5P, ribu-5P/xylu-5P, 2.5 nmol sed-7P and 0.5 nmol ery4P and fru-6P/glu-6P. The peak height of the standard sample and the
noise of the chromatographic region of the fibroblast or lymphoblast sample
were measured. The detection limits were 0.25 μmol/L for DHAP, 1.0
μmol/L for ery-4P, gly-3P and fru-6P/glu-6P and 0.4 μmol/L for ribo-5P,
ribu-5P/xylu-5P and sed-7P.
Intra- and inter-assay variations and recovery
The validation data of the presented method in fibroblasts and
lymphoblasts are listed in Table 1 (for the validation data in blood spots see
Huck et al. [11]). Determinations of intra- and inter-assay variations and
recovery experiments were performed using blood spots from one
individual, a fibroblast pool and a lymphoblast pool, respectively. No
detectable signals for ery-4P and gly-3P could be observed.
The intra-assay variations (CV) for the sugar phosphates studied were 1017% in blood spots [11], 3-8% in fibroblasts and 4-15% in lymphoblasts.
The inter-assay variation was 12-21% in blood spots [11], 5-10% in
fibroblasts and 9-16% in lymphoblasts.
To assess recovery, blood spots from one individual were spiked with 0.1
nmol of DHAP, ery-4P, xylu-5P, ribo-5P, glu-6P and sed-7P, and the
fibroblast pool and the lymphoblast pool were spiked with 0.1 nmol of
DHAP and glu-6P and 0.125 nmol of ribo-5P, xylu-5P and sed-7P.
Recoveries were between 58-232% in blood spots with CVs of 5-17% [11],
between 95-113% in fibroblasts, with CVs of 7-12% and between 85-110%
in lymphoblasts, with CVs of 7-14% (Table 1).
Reference values
Clearly distinctive signals for DHAP, ribo-5P, the combined ribu-5P+xylu-5P
and fru-6P+glu-6P peaks, and sed-7P were found in control blood spots,
fibroblasts and lymphoblasts. No detectable signals for ery-4P and gly-3P
could be observed. The concentrations for sugar phosphates in blood spots
samples of 25 non-fasting children and young adults (age 0-22yrs) and in
blood spot samples of 29 non-fasting and 13 fasting adults (age 25-85yrs)
were published before together with the concentrations in a TALDO
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deficient patient [11]. The sugar phosphate ranges in blood spots from the
25 non-fasted children and young adults and the TALDO deficient patient
are listed in Table 2. The concentrations for sugar phosphates in fibroblasts
and lymphoblasts of 9 control subjects are listed in Table 3. A Student's ttest revealed significantly higher mean concentrations of DHAP, ribo-5P,
ribu-5P and xylu-5P and significantly lower mean concentrations of fru-6P
and glu-6P in fibroblasts compared to lymphoblasts (P <0.05).
Table 1. Imprecision and recoveries for the LC-MS/MS method
Fibroblasts
Imprecision

Lymphoblasts
a

b,c

Recovery

μmol/L

%

Imprecision

ba

b,c

Recovery

Intraassay

n=8

n=8

n=6

n=6

DHAP

44.91 (5)

96 (8)

17.48 (15)

85 (14)

Ribo-5P

5.46 (8)

95 (7)

2.19 (5)

87 (7)

8.82 (3)

108 (12)

3.15 (11)

97 (9)

13.97 (3)

110 (7)

24.90 (4)

110 (8)

Sed-7P

8.31 (5)

113 (8)

1.01 (5)

98 (10)

Interassay

n=4

n=4

n=5

n=5

DHAP

41.72 (10)

102 (9)

18.20 (9)

90 (11)

Ribo-5P

5.39 (5)

106 (10)

1.47 (16)

95 (11)

7.96 (7)

103 (6)

1.96 (16)

115 (9)

13.48 (7)

102 (6)

27.83 (14)

108 (8)

7.64 (6)

101 (5)

1.05 (14)

108 (5)

∑Ribu-5P, Xylu-5P
∑Fru-6P, Glu-6P

d

∑Ribu-5P, Xylu-5P
∑Fru-6P, Glu-6P

d

d

d

Sed-7P

%

μmol/L

a Concentrations are the mean (SD)
b For recovery studies, 0.1nmol of sugar phosphate was added to a pool of fibroblasts and a pool of
lymphoblasts, respectively.
c Recoveries are mean (SD)
d For ribu-5P and xylu-5P, and fru-6P and glu-6P, the substrates elute as one peak and cannot be
distinguished from each other.

TALDO deficient cells
The mean sugar phosphate concentrations in TALDO-deficient fibroblasts
and lymphoblasts are also listed in Table 3. A Student’s t-test revealed
significantly increased concentrations of sed-7P in TALDO-deficient blood
spots, fibroblasts and lymphoblasts (P <0.05). Furthermore, significantly
decreased concentrations of DHAP (p<0.05) were found in blood spots of
the TALDO-deficient patient as compared to healthy children and young
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adults. We also found a significant decrease in DHAP concentrations in
TALDO-deficient fibroblasts (P <0.05) and significantly decreased fru-6P
and glu-6P concentrations in TALDO-deficient lymphoblasts (P <0.05). No
accumulation of pentose phosphates was observed in blood spots,
fibroblasts or lymphoblasts.
Table 2. Reference values of sugar phosphates in blood spots from children, young adults and TALDOdeficiency.
Group

N

a

DHAP ,
μmol/L

a

Ribo-5P ,

∑Ribu-

∑Fru-6P,Glua,b

5P,Xylu-5P ,

μmol/L

a,b

a

Sed-7P ,

6P , μmol/L

μmol/L

μmol/L
Children and 25 15.6 (4.56)
young adults

TALDO-

1

c

deficiency

a
b

1.86 (0.79)

2.34 (0.62)

12.0 (4.24)

1.15 (0.66)

[4.21 - 24.1]

[0.83 - 5.02]

[1.29 - 3.56]

[5.51 - 19.9]

[0.49 - 3.33]

a:1.88 (0.34)*

a:0.82 (0.22)

a:1.00 (0.21)*

a:4.86 (1.27)

a:5.19 (0.84)**

b:5.81 (1.56)*

b:1.48 (0.38)

b:2.80 (0.65)

b:9.01 (1.67)

b:5.43 (0.53)**

Concentrations are the mean (SD) and [range].
ribu-5P and xylu-5P, and fru-6P and glu-6P; the substrates elute as one peak and cannot be

distinguished from each other.
c

2 withdrawals with one year in between were made from one patient; a- was measured in eight-fold, b-

was measured in five-fold.
* significant change in concentrations in TALDO-deficiency (p<0.05) vs. mean concentrations in children
and young adults.
** significant higher concentration of sed-7P in TALDO-deficiency (p<0.05) vs. control groups.

Enzyme assays
After 2 hours of incubation with ribose-5-phosphate in control lymphoblasts
or fibroblasts formation of ribu-5P+xylu-5P, sed-7P, DHAP and fru-6P+glu6P was observed indicating that the enzymes RPI, ribulose-5-phosphate
epimerase, transketolase and TALDO were active. In lymphoblasts from a
TALDO deficient patient no formation of fru-6P+glu-6P was found (figure
3A), which is in line with the metabolic defect. Furthermore, sed-7P was
significantly higher in the TALDO patient than in controls, suggesting a
decreased conversion of this compound in the patient’s cells [1]. In RPI
deficient cells [2] no formation of ribu-5P+xylu-5P could be observed (figure
3B), which is in line with the metabolic defect. After 2 hours of incubation
with 6-phosphogluconate in RPI deficient cells a decreased formation of
ribo-5P could be observed as compared to controls (figure 3C) [2].
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Table 3. Concentrations of sugar phosphates in fibroblasts and lymphoblasts from controls and TALDOdeficient patients
a

group

n DHAP,

Ribo-5P,

a,b

nmol/mg

5P,

protein

protein

protein

9 44.28 (21.52)

fibroblasts

∑Ribu-5P,Xylu-

nmol/mg

c

control

a

[16.05 - 79.85]

c

∑Fru-6P+Glu-

nmol/mg 6P,

a,b

a

nmol/mg nmol/mg

protein
c

Sed-7P,
protein

d

6.06 (1.79)

11.95 (5.04)

6.40 (6.44)

0.72 (0.30)

[3.54 - 9.15]

[5.62 - 14.02]

[1.28 - 21.36]

[0.31 - 1.14]

TALDO-

2 2.90 (3.36)

f

3.63 (1.07)

6.45 (2.36)

28.01 (15.71)

7.43 (1.52)

deficient

f

3.42 (0.77)

4.26 (1.74)

13.38 (6.46)

26.46 (8.66)

2.21 (0.84)

2.87 (1.19)

23.13 (7.52)

1.03 (0.44)

[0.98 - 3.93]

[1.33 - 5.18]

[18.16 - 45.52]

[0.61 - 2.09]

3.76 (1.09)

5.06 (1.33)

8.39 (1.58)

fibroblasts

7.06 (4.13)

g
g

e

control
lymphoblasts

TALDO-

9 17.72 (6.48)
[3.23 - 24.91]

1 22.74 (2.08)

h

g

16.03 (4.16)

deficient
lymphoblasts
a Concentrations are expressed as mean (SD) and [range].
b For ribu-5P and xylu-5P, and fru-6P and glu-6P, the substrates elute as one peak and cannot be
distinguished from each other.
c Significantly higher mean concentration of DHAP, ribo-5P, ribu-5P and xylu-5P (P<0.05) in fibroblasts
vs. lymphoblasts.
d Significantly lower mean concentration of fru-6P and glu-6P (P<0.05) in fibroblasts vs. lymphoblasts.
e Fibroblasts from two TALDO-deficient patients were measured, both in four replicates.
f Significantly lower mean concentration of DHAP in TALDO-deficient fibroblasts (p<0.05) vs. control
fibroblasts.
g Significantly higher mean concentration of sed-7P in TALDO-deficiency (p<0.05) vs. controls.
h Significantly lower mean concentrations of fru-6P and glu-6P in TALDO-deficient lymphoblasts
(p<0.05) vs. control lymphoblasts.
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Figure 3. Enzyme assays. Results are expressed as percentage of the signals obtained in the controls.
A) Formation of sedoheptulose-7-phosphate (S7P) and glucose-6-phosphate + fructose-6-phosphate
(G6P/F6P) in lymphoblasts after incubation with ribose-5-phosphate for 120 min. Controls (n=5) and
transaldolase deficient patient (n=1, duplicate).
B) Formation of ribulose-5-phosphate + xylulose-5-phosphate (Ribu-5P/Xylu-5P) in fibroblasts after
incubation with ribose-5-phosphate for 120 min. Controls (n=3) and ribose-5-phosphate isomerase
deficient patient (n=1).
C) Formation of ribose-5-phosphate (Ribose-5P) in fibroblasts after incubation with 6-phosphogluconate
for 120 min. Controls (n=3) and ribose-5-phosphate isomerase deficient patient (n=1).

Discussion
Our interest in sugar phosphates was raised by the discovery of two new
inborn errors with abnormal profiles of polyols in body fluids. We
hypothesize that these abnormal polyols were derived from sugar
phosphate intermediates of the PPP and reflected a metabolic defect in this
pathway. This idea was substantiated by the results of a newly developed
enzyme assay, in which cells were incubated with ribo-5P followed by
analysis of sugar phosphate intermediates [1]. The technique used was gas
chromatography with nitrogen phosphorous detection, which was suitable
for the enzyme assay but failed to detect basal sugar phosphate levels. The
metabolic defect in one of the patients was proven to be a deficiency of
TALDO. This finding prompted us to develop a sensitive method for
25

Chapter 2

analysis of sugar phosphate intermediates, enabling analysis of these
compounds under basal conditions.
Various methods had already been described for the measurement of
sugar phosphates. Kauffman et al. have quantified PPP metabolites in rat
brain and liver tissue indirectly by a spectrophotometric assay [3] and
demonstrated that sugar phosphates are present in very low
concentrations: in the nmol/g wet tissue range. However, their method
failed to be specific for different sugar phosphates. For example, no
differentiation between ribo-5P and sed-7P was obtained. HPLC methods
were developed [5, 7-9] which were very time consuming. Jensen et al. [4]
developed a tandem mass spectrometry method for neonatal screening for
galactosemia based on the presence of elevated intracellular
concentrations of galactose 1-phosphate.
This paper describes our newly developed method for the analysis of
intracellular concentrations of sugar phosphate intermediates by LCMS/MS. Tandem mass spectroscopy allows the simultaneous detection of
the compounds of interest by MRM. Liquid chromatography is applied for
the separation of the different compounds. It was shown that ion pair
chromatography increased retention times, allowing distinction between
pentose-5-phosphate and pentulose-5-phosphates, and improving
sensitivity of the measurement. Ribu-5P and xylu-5P could not be
quantified independently, as was the same for glu-6P and fru-6P.
First, we developed a method for quantification of sugar phosphate
intermediates in blood spots. The results obtained, with intra-assay
variations between 10-17% seemed solid. Nevertheless, some in vitro
enzymatic conversion of added sugar phosphates does take place, as
shown by the recoveries of >100% for xylu-5P and DHAP, and <100% for
ribo-5P and glu-6P.
We adapted the method for analysis of sugar phosphate intermediates in
fibroblasts and lymphoblasts. The recoveries for fibroblasts (95-113%) and
lymphoblasts (85-110%) were better than the recoveries in blood spots,
due to the use of perchloric acid to deproteinize the samples and inactivate
enzyme activity. Low intra-assay and inter-assay variations were found in
fibroblasts and lymphoblasts, which indicate that the method is solid in
these cell types.
The method we developed has, with two exceptions, a good sensitivity, the
detection limit ranging from 0.1 – 1.0 µmol/L. The limit of detection for ery4P and gly-3P in blood spots was found to be higher (10 µmol/L), which is
caused by the broad peak shape of these compounds under the
chromatographic conditions used.
We established reference values for intermediates of the PPP in control
blood spots, fibroblasts and lymphoblasts and found cell type specificity:
fibroblasts have higher concentrations of DHAP, ribo-5P, ribu-5P and xylu5P than lymphoblasts and lower concentrations of fru-6P and glu-6P. This
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difference suggests a difference in PPP function in both cells. It is thought
that the distribution of the PPP in body tissues is consistent with its
function. In erythrocytes, mainly the oxidative stage of the PPP is active for
the production of NADPH. The non-oxidative stage of the PPP is present in
all cells requiring ribose residues [13].
The applicability of the method was demonstrated by analyzing sugar
phosphates in blood spots, fibroblasts and lymphoblasts from a patient
affected with TALDO-deficiency. Elevated levels of sed-7P were found as
compared to controls.
A different applicability of the method was recently described by Zuurbier et
al [14]. This group investigated the role of the PPP in ischemia. Analysis of
PPP intermediates in rat heart tissue under normal and ischemic conditions
showed an increase of both ribo-5P and ribu-5P+xylu-5P during ischemia.
The method in this paper not only allows detection of sugar phosphates
under physiological conditions, but can also be applied for the
determination of enzyme activities. Fibroblasts and lymphoblasts were
incubated with ribo-5P or 6-phosphogluconate, after which formation of
PPP intermediates were analyzed. In lymphoblasts from a transaldolasedeficient patient there was no formation of fru-6P+glu-6P after incubation
with ribo-5P, whereas in controls the formation of these compounds was
significant. In RPI-deficient cells [2] no formation of ribu-5P+xylu-5P could
be observed after incubation with ribo-5P. After incubation with 6phosphogluconate in RPI-deficient cells a decreased formation of ribo-5P
could be observed as compared to controls [2]. We think that the
accumulating sugar phosphates may play a role in pathogenesis of the
newly discovered defects of the PPP.
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Abstract
Several inborn errors of metabolism with abnormal polyol concentrations in
body fluids are known to date. Most of these defects can be diagnosed by
the assessment of urinary concentrations of polyols. In this manuscript we
present two methods using tandem mass spectrometry for screening for
inborn errors affecting polyol metabolism.
Urine samples supplemented with internal standards ([13C4]erythritol,
[13C2]arabitol and [2H3]sorbitol) were desalted by a mixed bed ion exchange
resin. Separation was achieved by two different columns. Sugar isomers
could not be separated using a prevail carbohydrates ES 54 column
(method 1), whereas by the other column (Aminex HPX-87C) separation of
the isomers was achieved (method 2). Multiple reaction monitoring polyol
detection was achieved by tandem mass spectrometry with an electron
spray source operating in the negative mode.
Age-related reference ranges of polyols (erythritol, threitol, arabitol, ribitol,
xylitol, galactitol, mannitol, sorbitol, sedoheptitol and perseitol) in urine were
established. The applicability of the method was demonstrated by the
abnormal polyol concentrations observed in patients with transaldolase
deficiency, ribose-5-phosphate isomerase deficiency and classical
galactosemia.
This paper describes two methods for the analysis of urinary polyols by
liquid chromatography tandem mass spectrometry. Method 1 is a fast
screening method with the quantification of total isomers and method 2 is a
more selective method with the separate quantification of the polyols. Both
methods can be used for diagnosing inborn errors of metabolism affecting
polyol metabolism.
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Introduction
Polyols, or polyhydric alcohols, can be formed by the reduction of sugars
and are classified based on the numbers of carbon-atoms: erythritol and
threitol (C4-polyols, tetritols), ribitol, arabitol and xylitol (C5-polyols,
pentitols), galactitol, sorbitol and mannitol (C6-polyols, hexitols) and
sedoheptitol and perseitol (C7-polyols, heptitols). Knowledge of the
metabolism and function of most of the polyols is very limited. Sorbitol is
derived from glucose, and can be converted into fructose. Elevated
concentrations of sorbitol have been described in diabetes mellitus and in
sorbitol dehydrogenase deficiency (McKusick 182500), and have been
implicated in the pathophysiology of these metabolic disorders (Lee and
Chung 1999). Galactitol is a metabolic end product, derived from galactose.
Highly elevated concentrations are found in urine and plasma from patients
affected with galactose-1-phosphate uridyltransferase (GALT) deficiency
(McKusick 230400) and galactokinase deficiency (McKusick 230200)
(Endres and Shin 1990). The pentitol xylitol is known to be an intermediate
in the conversion of L-xylulose into D-xylulose. L-arabitol is derived from Lxylulose and is elevated in essential pentosuria (McKusick 260800), an
asymptomatic inborn error of xylitol metabolism, which results from a partial
deficiency of L-xylulose reductase (Lane 1985). L-arabinosuria, which has
been described in one patient with elevated excretion of L-arabinose and Larabitol, is presumed to result from deficiency of L-arabitol dehydrogenase
(Onkenhout et al 2002).
In recent years, our group reported two new inherited defects affecting
polyol metabolism (Verhoeven et al 2001,Huck et al 2004). First we
described a deficiency of transaldolase (TALDO, McKusick 606003)
(Verhoeven et al 2001). This defect is associated with liver symptoms,
whereas other organs are affected to various degrees. In urine, erythritol,
arabitol and ribitol concentrations were elevated (Verhoeven et al 2001,
Verhoeven et al 2005). Until now 6 patients have been identified with
TALDO deficiency. Ribose-5-phosphate isomerase (RPI, McKusick
608611) deficiency has been diagnosed in one patient, who presented with
a slowly progressive leukoencephalopathy. Arabitol and ribitol
concentrations were highly elevated in urine, wheras xylitol was mildly
elevated (Huck et al 2004). All these defects can be diagnosed by the
assessment of urinary concentrations of polyols.
In this study, we describe two sensitive, specific and rapid methods for the
quantitative profiling of polyols in urine by liquid chromatography tandem
mass spectrometry (LC-MS/MS). We started with the development of
method 1, which can be used as a quick screening method. The different
polyol isomers elute as one peak and cannot be distinguished from each
other, which results in the assessment of total C4-polyols (erythritol +
threitol), C5-polyols (ribitol + arabitol + xylitol), C6-polyols (sorbitol +
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galactitol + mannitol) and C7-polyols (sedoheptitol + perseitol). The second
method (method 2) uses the same sample preparation, however the use of
another type of analytical liquid chromatography column makes separation
of the different polyol isomers possible and thus enables the separate
quantification of erythritol, threitol, ribitol, arabitol, xylitol, sorbitol, mannitol,
galactitol, sedoheptitol and perseitol. Both methods are applicable for the
diagnosis of inborn errors of metabolism affecting polyol metabolism.

Materials and Methods
Materials
Arabitol, erythritol, threitol, ribitol, xylitol, perseitol and sorbitol were
purchased from Sigma-Aldrich (St. Louis, MO, USA); Acetonitril, Mannitol,
and mixed-bed ion exchange resin amberlite MB3 from Merck (Darmstadt,
Germany); galactitol from Calbiochem (Darmstadt, Germany); D-[U13
C4]erythritol and D-[4,5-13C2]arabitol from Omicron biochemicals (South
Bend, IN, USA). The internal standard (IS) [5,6,6-2H3]-sorbitol was prepared
by reduction of [5,6,6-2H3]-glucose from former MSD (Montreal, Canada)
following a described procedure (Karabinos and Ballun 1953). [5,6,6-2H3]sorbitol showed an isotopic purity of > 98% and coeluted with unlabelled
sorbitol in the described chromatographic system.
Amberlite MB3 (100 g) was pretreated with 500 ml 10% acetic acid for 4 h,
washed with distilled water, and dried for 3 days.
Urine samples
For the assessment of reference values we collected random urine
samples from 48 children and adults (31 male, 17 female; ages 0-76 years)
attending the clinic or outpatient clinic of the VU University Medical Center.
In addition, 31 urines were collected from apparently healthy individuals (16
male, 15 female; ages 2-68 year). Creatinine was measured by the Jaffe
method on a routine clinical chemistry analyser. Urine samples were stored
at -20°C until analysed.
Sample preparation
Different amounts of urine were used depending on the creatinine
concentration. We used 200 µL urine when creatinine < 1.0 mmol/L; 100 µL
urine when creatinine was >1.0 and < 10.0 mmol/L; 50 µL urine when
creatinine was > 10.0 mmol/L. Distilled water was added to obtain a total
volume of 200 µL. 2.5 nmol [13C4]-erythritol, 50 nmol [13C2]-arabitol and 10
nmol [2H3]-sorbitol were added as internal standard (IS). Pretreated
amberlite MB3 (20 mg) was added, mixed and centrifuged for 5 min at 410
g. The supernatant was stored at -20 C until injection. Three control urines
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with low, medium and high concentrations of polyols were included in all
series.
Calibration curves
Calibration curves for all polyols were prepared from a standard solution
and were included in all series. The concentration ranges of the calibration
curves were (adapted in line with the concentrations found in urines): 0-4
nmol for ribitol, sedoheptitol and perseitol, 0-8 nmol for xylitol and sorbitol,
0-12 nmol for galactitol, 0-20 nmol for threitol, 0-32 nmol for mannitol, 0-40
nmol for erythritol, and 0-48 nmol for arabitol.

Figure 1: MRM chromatogram of pooled urine spiked with C7-polyols produced by method 1 (without
separation of polyol isomers). MRM transitions are given for each mass transition.
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Liquid chromatography
The samples were analysed using two different columns. Method 1: Liquid
chromatography (Waters, Alliance 2695 pump, Milford, MA, USA) was
performed using a prevail carbohydrates ES 54 column (250 x 4.6 mm,
bead size 5 µm, Alltech). An isocratic eluent of 50 % acetonitrile/water was
used, with the column maintained at room temperature. The flow rate was
set to 1 mL/min and was split after the analytical column in a ratio of 1:5,
resulting in an inlet flow into the tandem mass spectrometer of 200 µL/min;
10 µL of sample was injected onto the column and the total run time was 6
min.

Figure 2: MRM chromatogram of pooled urine spiked with C7-polyols produced by method 2 (with
separation of polyol isomers). MRM transitions are given for each mass transition.
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Method 2: Liquid chromatography (Waters, Alliance 2695 pump, Milford,
MA, USA) was performed using an Aminex HPX-87C column (250x4.0 mm,
bead size 9 µm, Bio-Rad Laboratories, Veenendaal, The Netherlands). An
isocratic eluent of 40 % acetonitrile/water was used, with the column
maintained at 65 °C. The flow rate was set to 0.4 mL/min and was split after
the analytical column in a ratio of 1:2, resulting in an inlet flow into the
tandem mass spectrometer of 200 µL/min; 20 µL of sample was injected
onto the column and the total run time was 24 min.
Tandem mass spectrometry
Detection of the polyols was carried out on a Quattro Micro tandem mass
spectrometer (Micromass) equipped with an electron ion spray source
operating in the negative mode. The mass spectrometer parameters were
as follows: source temperature, 350 °C; cone voltage, 30 volt and collision
energy, 10 eV. Detection of the polyols was performed by multiple reaction
monitoring (MRM). The MRM transitions (Q1/Q3) settings for the different
polyols were erythritol and threitol (C4-polyols): m/z 121/89; 13C4-erythritol:
m/z 125/92 (IS C4); ribitol, arabitol and xylitol (C5-polyols): m/z 151/89;
13
C2-arabitol (IS C5): m/z 153/91; galactitol, sorbitol, and mannitol (C6polyols): m/z 181/89, 2H3-sorbitol (IS C6): m/z 184/89 and sedoheptitol and
perseitol (C7-polyols): m/z 211/89. Data were acquired and processed
using Masslynx software (version 4.0 sp1).
Validation
Quantification of urinary polyols was performed using the corresponding
calibration curves. 13C4-erythritol was used as an IS for the tetritols, 13C2arabitol for the pentitols and 2H3-sorbitol for the hexitols and heptitols.
For quality control, 100 µL pooled urine spiked with 8 µmol/L sedoheptitol
and 8 µmol/L perseitol was included in each series. In addition, a 4-fold
dilution of this sample and a pooled urine spiked with 180 µmol/L erythritol,
90 µmol/L threitol, 218 µmol/L arabitol, 36 µmol/L xylitol, 18 µmol/L ribitol,
36 µmol/L sorbitol, 145 µmol/L mannitol, 55 µmol/L galactitol, 16 µmol/L
sedoheptitol and 16 µmol/L perseitol were included in each series. These
three urine samples were chosen to obtain concentrations in the low,
middle and high region of the calibration curves.
Limits of detection for polyols, at a signal-to-noise ratio=5, were estimated
in a diluted urine pool spiked with sedoheptitol and perseitol, by verifying
the peak height of the analyte and the noise in the chromatographic region
of the analyte.
Assessment of intra-assay and inter-assay variations and recovery
experiments were performed using pooled urine samples spiked with
sedoheptitol and perseitol.
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To compare method 1 and method 2, the concentrations in 79 control urine
samples found by method 2 were summed to obtain total tetritol, pentitol,
hexitol and heptitol concentrations, which were compared with the values
obtained by method 1.

Results
Fragmentation
Under collision induced dissociation, all polyols generated product ions of
m/z 89 [CH2OH-CHOH-CHO]- except for 13C4-erythritol and 13C2-arabitol
which generated an product ion of m/z 92 [C13H2OH-C13HOH-C13HO]- and
91 [C13H2OH-C13HOH-CHO]-, respectively. Therefore, the transition of the
deprotonated molecule [M-H]- to these product ions was used for MRM
analysis.
Liquid chromatography
Method 1: as shown in figure 1, all polyols eluted between 2.9 and 3.3 min.
No separation between isomers was obtained. Total runtime of each
sample was 6 min.
Strongly elevated C6-polyol concentrations (above 200 nmol) were found to
interfere with the quantification of the C4-polyols in method 1, due to a
coeluting fragment in the chromatogram of MRM transition 121/89.
Method 2: Figure 2 shows that, by using this column, isomers could be
separated and individually quantified. Only sorbitol and galactitol show
some overlap. Elution times were longer than used for method 1, the
polyols eluted between 8 and 22 min. Total run time was 24 min for each
sample.
Linearity
The calibration curves were found to be linear with coefficients of linear
regression (r2) >0.995 for methods 1 and 2.
Limit of detection
The detection limits for a sample volume of 100 µL were for method 1: C4polyols 2 nmol and for C5-, C6- and C7-polyols 0.5 nmol. The detection limits
for method 2 were: ribitol, arabitol, xylitol and mannitol 0.2 nmol, erythritol,
threitol, galactitol, sorbitol and perseitol 0.3 nmol and sedoheptitol 0.4 nmol.
Intra- and interassay variations and recovery
The validation data of the two methods are listed in Table 1 and 2. The
intraassay variations (CV) for the polyols studied were 0.7-3.9% for method
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1 and 1.1-5.9% for method 2. The interassay variation was 1.5-11.1% for
method 1; and 2.5-16.3% for method 2.
To assess recovery, pooled urine was spiked with polyol standard solution.
Recoveries were between 88-109% for method 1 and between 81-121% for
method 2.
Table 1 Method 1: Imprecision and recoveries
a,d

a,d

b

Recovery

Interassay

Polyol

Intraassay

Mean (CV)

Mean (CV)

Mean (CV)

n=

10

8

2

C4

c

59 (3.9%)

59 (6.4 %)

88 % (9%)

C5

c

32 (1.3 %)

31 (2.5 %)

102 % (3 %)

C6

c

43 (0.7 %)

40 (1.5 %)

109 % (2 %)

C7

c

7 (1.8 %)

6 (11.1 %)

92 % (28 %)

a For intra- and interassay studies pooled urine spiked with sedoheptitol and perseitol was used
b For recovery studies, a polyol standard solution was added to pooled urine spiked with sedoheptitol
and perseitol
c C4-, C5-, C6- and C7-polyols elute as one peak and cannot be distinguished from each other
d Mean concentrations are in mmol/mol creatinine
Table 2 Method 2: Imprecision and recoveries
a,c

a,c

Interassay

b

Recovery

polyol

Intraassay

Mean (CV)

Mean (CV)

Mean (CV)

n=

10

8

2

Erythritol

50 (2.1%)

46 (6.5%)

101% (13%)

Threitol

18 (5.9%)

20 (12.5 %)

114% (3%)

Ribitol

2 (2.7 %)

3 (16.3 %)

102 % (2 %)

Arabitol

23 (1.3 %)

23 (2.5 %)

107 % (1 %)

Xylitol

5 (2.6 %)

4 (8.6 %)

116 % (29 %)

Galactitol

5 (2.7 %)

5 (9.3 %)

121 % (0 %)

Mannitol

26 (4.2 %)

25 (5.2 %)

81 % (14 %)

Sorbitol

7 (3.1 %)

6 (2.9 %)

106 % (10 %)

Sedoheptitol

3 (4.3 %)

3 (7.0 %)

122 % (15 %)

Perseitol

4 (4.8 %)

4 (5.3 %)

104 % (1 %)

a For intra- and interassay studies pooled urine spiked with sedoheptitol and perseitol was used
b For recovery studies, a polyol standard solution was added to pooled urine spiked with sedoheptitol
and perseitol
c Mean concentrations are in mmol/mol creatinine

Reference values
The concentration of polyols in urine were determined in 79 control urine
samples and expressed in mmol/mol creatinine. Most of the polyols were
found to be age dependent, with concentrations decreasing with age. Agegroups were established visually and tested with a student t-test for
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statistical significance (P < 0.05). Tables 3 and 4 show the urinary
concentrations of the polyols of age-grouped controls on a uncontrolled diet
determined by method 1 and method 2, respectively. Figure 3 shows the
age dependency for the polyol isomers determined by method 1. As can be
seen in this figure there are no differences between sexes. This is also
valid for method 2 (not shown).
Table 3 Reference values of polyols in urine determined by method 1
b

a

c

Polyol

Age

Concentration (mmol/mol creatinine)

C4

0-5 y (n=33)

124 (39) [46-203]

5-18 y (n=17)

70 (23) [24-116]

18-80 y (n=21)

51 (20) [12-90]

0-4 mo (n=10)

120 (43) [33-207]

4 mo-5 y (n=25)

81 (24) [32-130]

5-18 y (n=19)

48 (13) [23-73]

18-80 y (n=24)

36 (13) [11-61]

0-10 y (n=46)

64 (26) [12-116]

10-40 y (n=21)

107 (117) [0-340]

40-80 y (n=11)

34 (15) [5-63]

0-80 y (n=74)

0 (0) [<1]

C5

C6

C7
a

C4-, C5-, C6- and C7-polyols elute as one peak and cannot be distinguished from each other

b
c

y, year(s); mo, month(s)

The first value cited is mean concentration;standard deviation is given in parentheses; mean +/- 2SD is

given in square brackets

Method comparison
Comparison of the two methods was tested by Passing & Bablok
regression (Passing and Bablok 1983). No systematic statistical difference
was found. All comparisons were linear. Comparing the concentrations of
C4-polyols obtained by method 1 showed a proportional difference of ca. 8
% lower values than obtained with method 2. The C5-polyols showed a
proportional difference of ca. 5 % higher values for method 1 compared
with method 2. For the C6-polyols there was no significant proportional
difference between the values obtained by both methods, in urines with
mannitol levels above 140 mmol/mol creatinine; the C6-polyol values found
by method 1 where significant lower than those found by method 2. C7polyols were not included in the method comparison, since they could not
be detected in control urines.
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Table 4 Reference values of polyols in urine determined by method 2
a

b

Polyol

Age

Concentration (mmol/mol creatinine)

Erythritol

0-4 mth (n=9)

149 (30) [89-209]

4 mth-5 yr (n=24)

93 (28) [38-148]

5-80 yr (n=38)

51 (18) [14-88]

0-5 yr (n=33)

36 (17) [2-70]

5-80 yr (n=37)

17 (9) [0-35]

0-4 mth (n=10)

13 (6) [0-25]

4 mth-5 yr (n=25)

8 (3) [1-14]

5-80 yr (n=44)

4 (2) [0-7]

0-4 mth (n=10)

90 (30) [30-151]

4 mth-5 yr (n=25)

63 (20) [22-103]

5-80 yr (n=44)

33 (13) [6-60]

0-5 yr (n=34)

8 (2) [3-13]

5-80 yr (n=45)

6 (3) [0-12]

0-2 yr (n=23)

55 (35) [0-125]

2-5 yr (n=14)

14 (7) [0-28]

5-80 yr (n=44)

7 (4) [0-15]

0-2 yr (n=20)

11 (7) [0-26]

2-10 yr (n=26)

30 (19) [0-68]

10-45 yr (n=25)

64 (70) [0-203]

45-80 yr (n=8)

15 (6) [2-28]

0-4 mth (n=9)

7 (3) [2-12]

4 mth-5 yr (n=25)

14 (7) [0-28]

5-80 yr (n=45)

7 (4) [0-15]

Sedoheptitol

0-80 yr (n=79)

0 (0) [<1]

Perseitol

0-80 yr (n=78)

0 (0) [<1]

Threitol

Ribitol

Arabitol

Xylitol

Galactitol

Mannitol

Sorbitol

a

y, year(s); mth, month(s)

b

The first value cited is mean concentration;standard deviation is given in parentheses; mean +/- 2SD is

given in square brackets

39

Chapter 3

Patients
In table 5 and 6 patients affected with inborn errors of polyol metabolism
are shown. The urine samples were properly diluted to obtain peak-area
ratios in the range of the calibration curves. In two patients with TALDO
deficiency, elevated concentrations of C4-, C5- and C7-polyols were
detected using method 1. When using method 2, elevations of erythritol,
arabitol, ribitol, sedoheptitol and perseitol were found.
In RPI deficiency, strongly elevated concentration of C5-polyols (method 1)
and ribitol and arabitol (method 2) were found. In addition, xylitol was found
to be mildly elevated in urine of this patient.
Table 5 Concentrations of polyols in urines of patients with metabolic disorders determined by method
1

a

b,c

Concentrations (mmol/mol creatinine)
Polyol

TALDO

TALDO

RPI

GALT deficiency

GALT

deficiency

deficiency

deficiency

(0 month)

deficiency on

(1 month)

(12 years)

(14 years)

C4

349 (46-203)

138 (24-116)

48 (24-116)

Dist. (46-203)

90 (24-116)

C5

468 (33-207)

148 (23-73)

1090 (23-73)

167 (33-207)

55 (23-73)

C6

54 (12-116)

23 (0-340)

32 (0-340)

19673 (12-116)

169 (12-116)

C7

10 (<1)

5 (<1)

n.d. (<1)

n.d. (<1)

n.d. (<1)

diet (9 years)

a

C4-, C5-, C6- and C7-polyols elute as one peak and cannot be distinguished from each other.

b

Age controlled reference ranges are given in parenthesis

c

Values in bold are above the reference range; Dist., disturbed peak, not quantifiable due to interference

from a coeluting fragment of C6-polyols; n.d. , not detectable
Table 6 Concentrations of polyols in urines of patients with metabolic disorders determined by method
2.
a

Concentrations (mmol/mol creatinine)
Polyol

TALDO

TALDO

RPI

GALT deficiency

GALT

deficiency

deficiency

deficiency

(0 month)

deficiency

(1 month)

(12 years)

(14 years)

Erythritol

306 (89-209)

110 (14-88)

23 (14-88)

147 (89-209)

55 (14-88)

Threitol

69 (2-70)

23 (0-35)

38 (0-35)

71 (2-70)

47 (0-35)

Ribitol

131 (0-25)

35 (0-7)

137 (0-7)

25 (0-25)

3 (0-7)

Arabitol

306 (30-151)

106 (6-60)

956 (6-60)

99 (30-151)

40 (6-60)

Xylitol

11 (3-13)

2 (0-12)

19 (0-12)

20 (3-13)

2 (0-12)

Galactitol

59 (0-125)

2 (0-15)

3 (0-15)

22403 (0-125)

163 (0-15)

Mannitol

8 (0-26)

13 (0-203)

21 (0-203)

Dist. (0-26)

16 (0-68)

Sorbitol

7 (2-12)

3 (0-15)

7 (0-15)

Dist. (2-12)

8 (0-15)

Sedoheptitol

5 (<1)

2 (<1)

n.d. (<1)

n.d. (<1)

n.d. (<1)

Perseitol

8 (<1)

3 (<1)

n.d. (<1)

n.d. (<1)

n.d. (<1)

a

on

diet (9 years)

Values in bold are above the reference range; Dist., disturbed peak, not quantifiable due to galactitol

interference; n.d. , not detectable
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Highly elevated concentration of C6-polyols (method 1) and galactitol
(method 2) were found in a GALT-deficient patient before starting a diet, as
a result the C4-polyols (method 1) show interference from a coeluting
fragment of C6-polyols. In a GALT-deficient patient who was treated with a
galactose-restricted diet, galactitol (method 2) was still found to be
increased, as were total C6-polyols (method 1).

Figure 3: Age- and gender-dependency for each polyol isomer, determined by method 1. Concentration
in mmol/mol creatinine.

Discussion
The discovery of new inborn errors of metabolism affecting polyol
metabolism has increased interest in the analysis of polyols in human urine.
We developed two fast methods using LC-MS/MS. Sample preparation of
these two methods is identical but different separation is achieved due to
the different type of analytical columns used. The limited run time of only 6
min makes method 1 suitable for high throughput and a fast screening
method, measuring total concentrations of tetritols, pentitols, hexitols and
heptitols. The second method is more time consuming (24 min run time),
however, as all the isomers can be separated, more detailed information on
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the different polyol concentrations can be obtained. Sorbitol and galactitol
show some overlap in the chromatogram (figure 2), however, increased
concentrations could be adequately quantified after dilution of the sample.
As shown by the validation data (table 1 and 2) both methods have
acceptable intra- and interassay variations and recoveries. A good
correlation between the two methods was found.
In literature, several methods for the analysis of urinary polyols have been
described: high performance liquid chromatography (Jandera and
Churácek 1974), gas chromotography (Jansen et al 1986, Haga and
Nakajima 1989) or gas chromatography-mass spectrometry (Tetsuo et al
1999). As polyols do not contain functional groups enabling their direct
selective isolation, most of the described prepurification methods for urine
are based on the removal of polar substrates such as organic acids, amino
acids, urea and inorganic salts (Jansen et al 1986). Sample preparation
times using our two LC-MS/MS methods is considerably shorter, less
laborious and cost efficient and only a maximum of 200 µl of urine is
needed.
The age related reference values (Table 3 and 4) were similar as described
by Jansen and colleagues (1986). We also demonstrated the same agedependency, however, we found fewer age-groups which were significantly
different from each other than described before (Jansen et al 1986). The
total C4-polyol concentration as well as erythritol and threitol concentration
decrease with age. The total C5-polyol concentration reduces with age, as
also was observed for arabitol and ribitol. Xylitol remains almost stable
throughout the age groups. Total C6-polyol concentrations are not age
dependent. However, galactitol rapidly decreases with age. This strong
age-dependency for galactitol has been suggested to derive from an
increased intestinal absorption of lactose (Jansen et al 1986) (the main
carbohydrate in the diet of the newborn and a precursor of galactose).
Sorbitol excretion rises after 4 months and falls after 5 years, the rise
coincides with the time at which fructose (sorbitol derives from fructose and
glucose) normally enters the diet, whereas the subsequent fall may derive
from increased processing efficiency of fructose based on enzyme
maturation (Jansen et al 1986). Mannitol seems to be higher in a small part
of the control group, suggesting a higher exogenous intake of mannitol in
this part of the group. The C7-polyols (sedoheptitol and perseitol) are not
detectable in the control group.
Since we found polyol profiles matching earlier described urinary
concentrations of polyols (Endres and Shin 1990, Verhoeven et al 2001,
Huck et al 2004, Verhoeven et al 2005), the applicability of both methods
was demonstrated for TALDO, RPI and GALT deficiencies. It is the first
time elevated C7-polyols (sedoheptitol and perseitol) are described in
TALDO deficiency and these polyols may provide a specific diagnostic
marker for TALDO deficiency. GALT-deficient patients present with very
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high concentrations of galactose and galactitol in urine. After diagnosis,
GALT-deficient patients are treated with a galactose-restricted diet. This
diet normalizes galactose excretion and lowers galactitol excretion, but
galactitol excretion never normalizes and can be employed to evaluate
dietary control (Bosch et al 2004). We could detect with these two methods
GALT-deficient patients before and after starting a galactose-restricted diet.
Most metabolic centres in the world monitor patients with GALT-deficiency
by regular measurements of their blood cell galactose-1-phosphate and/or
urinary galactitol excretion (Bosch et al 2004). Method 2 can be used as a
simple and fast method for the quantification of urinary galactitol excretion.
Since method 1 does not separate the different isomers, elevations should
always be specified by a method that can distinguish between the different
isomers. Furthermore, it may be possible that small elevations in one or
more polyols are missed with method 1.
Most metabolic laboratories do not have a suitable method for diagnosing
patients with TALDO or RPI deficiency. The two methods we presented
here can easily be incorporated in all laboratories equipped with tandem
mass spectrometry. It is expected that these methods could also be helpful
in detecting L-arabinosuria, essential pentosuria, galactokinase deficiency
and sorbitol dehydrogenase deficiency.
In conclusion, we presented two new LC-MS/MS methods for the
determination of polyols in urine, enabling the diagnosis of inborn errors of
metabolism affecting polyol metabolism.
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Abstract
Transaldolase deficiency, a recently discovered disorder of carbohydrate
metabolism with multisystem involvement, has been diagnosed in six
patients. Affected patients have abnormal concentrations of polyols in body
fluids and in all patients we previously found increased amounts of a 7carbon chain carbohydrate which we suspected of being sedoheptulose.
We report development of a liquid chromatography tandem mass
spectrometry method for quantitation of the seven-carbon carbohydrates
sedoheptulose and mannoheptulose in urine.
Additionally, other seven-carbon chain carbohydrates were characterized in
urine, including sedoheptitol, perseitol and sedoheptulose-7 phosphate.
Transaldolase-deficient patients had significantly increased urinary
sedoheptulose and sedoheptulose-7 phosphate, associated with subtle
elevations of mannoheptulose, sedoheptitol and perseitol. Our findings
reveal novel urinary biomarkers for identification of transaldolase
deficiency.
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Introduction
Transaldolase (EC 2.2.1.2) catalyzes the reversible transfer of a threecarbon keto unit from sedoheptulose-7-phosphate (sedoheptulose-7P) to
glyceraldehyde-3-phosphate to generate erythrose-4-phosphate and
fructose 6-phosphate. It is the second enzyme of the non-oxidative
segment of the pentose phosphate pathway (PPP), and in conjunction with
transketolase, establishes a link between glycolysis and the PPP (figure 1).
Transaldolase deficiency (McKusick 606003, a disorder on the PPP), has
been described in six patients (Verhoeven et al 2001; Verhoeven et al
2005; Valayannopoulos et al 2006, Verhoeven and Jakobs 2006a,
Verhoeven and Jakobs 2006b). There is broad phenotypic heterogeneity,
ranging from early antenatal presentation with hydrops (Valayannopoulos
et al 2006) to an adolescent with slowly progressive isolated liver cirrhosis
(Verhoeven et al 2001). Key findings include dysmorphic features with
hirsutism, cutix laxa and anti-mongoloid slants, hepatosplenomegaly and
hepatic fibrosis, thrombocytopenia, hemolytic anemia with elevated
schizocytes, as well as renal (nephrocalcinosis) and cardiac abnormalities.
Previous studies have identified elevated urinary concentrations of the
polyols erythritol, ribitol, arabitol, sedoheptitol and perseitol in
transaldolase-deficient patients (Verhoeven et al 2001; Verhoeven et al
2005; Wamelink et al 2005b; Valayannopoulos et al 2006). In these studies,
an unidentified compound was detected using gas chromatography with
flame ionization detection (GC-FID), which was suspected to be
sedoheptulose. The origin and metabolic fate of heptuloses and heptitols
remain largely undefined. Mannoheptulose (D-manno-2-heptulose),
sedoheptulose (D-altro-2-heptulose), perseitol (D-glycero-D-galactoheptitol) and sedoheptitol (volemitol = D-glycero-D-manno-heptitol) (figure
2) have been detected in different plants (La Forge and Hudson 1917;
Okuda and Mori, 1973; Häfliger et al 1999) and fruits (Liu et al 2002).
Pitkänen and Sahlstrom (1968) employed paper chromatography in
conjunction with GC to demonstrate that sedoheptulose, mannoheptulose
and sedoheptitol were present in trace quantities in human urine,
speculating that these species derived from tissue metabolism likely
associated with the pentose phosphate cycle pool.
In the current report, we describe a novel liquid chromatography tandem
mass spectrometry (LC-MS/MS) method for the measurement of
heptuloses in urine. Additionally, we describe the measurement of heptitols
and sedoheptulose-7P in urine using previously described methods (Huck
et al 2003; Wamelink et al 2005a,b). We established reference ranges in
urine of healthy control individuals for heptuloses and sedoheptulose-7P,
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and applied our method to urine derived from available transaldolasedeficient patients. In addition, avocado contains high concentrations of
mannoheptulose and perseitol (Liu et al 2002). Accordingly, to garner
additional insights into the metabolic fates of the seven-carbon
carbohydrates, we tested whether these compounds might be metabolized
to downstream seven-carbon carbohydrates by collecting urine samples
from three volunteers who had consumed avocados and quantifying the
urinary excretion of sedoheptulose-7P, heptuloses and heptitols. The
current report summarizes our findings.

Figure 1: Schematic representation of the pentose phosphate pathway (PPP) and presumed reactions
(dotted arrows) leading to heptoses (sedoheptulose and mannoheptulose) and heptitols (sedoheptitol
and perseitol), pentoses (xylulose and ribose) and pentitols (arabitol and ribitol), as well as erythrose
and erythritol. The flow through the PPP depends upon the requirement for NADPH, ribose 5-P and
ATP (dark grey). The 7-carbon sugars which accumulate in transaldolase deficiency are depicted in light
grey.

Figure 2: Fischer projections of sedoheptulose, mannoheptulose, sedoheptitol, perseitol and
sedoheptulose-7P.
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Methods
Materials
Acetonitrile, diethyl ether, hexane and methanol were purchased from
Merck (Darmstadt, Germany). [13C6]-glucose, octylamine, D-sedoheptulose7P, mannoheptulose, perseitol, sedoheptitol and sedoheptulosan were from
Sigma-Aldrich (St Louis, MO, USA). [13C2]-xylulose and [13C6]-sorbitol were
from Omicron biochemicals (South Bend, IN, USA) and NH2-extraction
tubes (containing 100 mg stationary phase) from Varian inc. (Palo Alto, CA,
USA). Amberlite IRN 150 L monobed mixed resin and acetic acid were from
Boehringer Ingelheim GmbH, (Ingelheim, Germany) and hydrochloric acid
(HCl) from VWR (Leicestershire, UK).
Sedoheptulose was prepared by dissolving sedoheptulosan (anhydrosedoheptulose) in 1% HCl, to a final concentration of 20 mM, and heating it
in boiling water for 30 min. It has been postulated that there is an
equilibrium between the non-reducing sedoheptulosan and the reducing
sedoheptulose in dilute acids (LaForge and Hudson, 1917). As described
earlier (Huck et al 2003) [13C6]-glucose-6-phosphate employed as internal
standard (IS) for the sugar phosphate determination was prepared by the
action of glucokinase on [13C6]-glucose. Octylammonium acetate was
prepared (Huck et al 2003) by carefully adding 0.1 mole of octylamine and
0.1 mole of acetic acid to 100 mL of diethyl ether on ice. This solution was
gently stirred and cooled on dry ice to allow the salt to crystallize. The ether
was removed, and the salt was washed twice with 50 mL of hexane.
Urine samples of controls and patients
To establish reference values we collected random urine samples from 24
children and adults (10 male, 14 female; ages 0 - 62 years) attending the
clinic or outpatient clinic of the VU University Medical Center. In addition,
29 urines were collected from apparently healthy individuals (20 male, 9
female; ages 0 - 75 years). One or more random urine samples were
available from four patients with transaldolase deficiency. Patient 1 is the
first diagnosed patient (Verhoeven et al 2001), a girl now seventeen years
of age. Patient 2 presented in the neonatal period and died at the age of
eighteen days from respiratory failure (Verhoeven et al 2005). Patients 3
and 4 are brothers from a family with four affected probands
(Valayannopoulos et al 2006) who are currently 3 and 8 years old. One
urine sample of a patient with ribose-5-phosphate isomerase (RPI)
deficiency was also included.
Creatinine was measured by the Jaffé method on a routine clinical
chemistry analyzer. Urine samples were stored at -20°C until analyzed.
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7-Carbon carbohydrates in urine after eating avocado
Urine samples were obtained from three adult participants. They consumed
an avocado (75-200g) and urine portions were collected prior to
consumption and up to 16 h post consumption.
Analysis of heptitols, heptuloses and sedoheptulose-7P in urine
Sample preparation:
Sedoheptitol and perseitol in urine were quantified as described (Wamelink
et al 2005b). For quantification of sedoheptulose and mannoheptulose,
different quantities of urine were employed depending on creatinine
concentration. We used 450 µL urine when creatinine was < 1.0 mmol/L;
200 µL urine when creatinine was > 1.0 and < 10.0 mmol/L; and 100 µL
urine when creatinine was > 10.0 mmol/L. Calibration curves were prepared
from standard solutions and adapted according to the concentrations found
in control urine samples, ranging from 0-14 nmol for sedoheptulose and 010 nmol for mannoheptulose. 5 nmol [13C2]-xylulose was added as IS.
Distilled water was added to obtain a minimum volume of 250 µL. The
samples were mixed with acetonitrile (1:1 v/v). NH2-bond extraction tubes
were pretreated with 0.5 ml acetonitrile after which the samples were
applied and the heptuloses were eluted with 0.5 mL distilled water.
To quantify sedoheptulose-7P in urine, samples were prepared with a
modified procedure (Huck et al 2003; Wamelink et al 2005a). 100 µL urine
was supplemented with 0.2 nmol [13C6]-glucose-6-phosphate (IS) and
mixed with 200 µL methanol, followed by centrifugation at 4°C for 25 min at
10,280g. The calibration curve for sedoheptulose-7P was prepared from a
standard solution and adapted according to the concentrations detected in
control urines (0-0.25 nmol).
Liquid chromatography tandem mass spectrometry:
Sedoheptitol and perseitol in urine were quantified as described using LCMS/MS (method 2; Wamelink et al 2005b).
Detection of sedoheptulose and mannoheptulose was achieved using a
Quattro Micro tandem mass spectrometer (Micromass) operating in the
negative mode, by multiple reaction monitoring (MRM). The MRM
transitions were: -m/z 209/119 for sedoheptulose and mannoheptulose and
-m/z 151/91 for [13C2]-xylulose (IS). Other settings were as described
(Wamelink et al 2005b). For sedoheptulose-7P quantification, samples
were analyzed using LC-MS/MS as described (Huck et al 2003; Wamelink
et al 2005a). A binary solvent was used for gradient elution. Solvent A
consisted of 12.5% acetonitrile/water containing 750 mg/L octylammonium
acetate (pH 7.5) and solvent B consisted of 50% acetonitrile/water
containing 750 mg/L octylammonium acetate (pH 7.5). The column was
rinsed with solvent A for three minutes in order to load the column with ion50
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pair. The initial composition for the binary solvent was 100% A, followed by
a linear gradient to 30% A and 70% B at ten minutes. Thereafter the mobile
phase composition changed to 100% A for three minutes to reload the
column with ion-pair. Twenty microliters of the sample was injected onto the
column and the total run time was 18 min.
Validation
For quality control, 200 µL pooled urine was included in each heptulose
series and 100 µL pooled urine supplemented with 1 nmol sedoheptulose7P for each sedoheptulose-7P series. Limits of detection for heptuloses
and sedoheptulose-7P (signal/noise = 5) were estimated in a diluted urine
pool, by verifying the peak height of the analyte and the noise in the
chromatographic region of the analyte. Assessment of intra- and interassay
variations and recovery were performed using pooled urine samples for the
heptulose assay and pooled urine supplemented with sedoheptulose-7P for
sedoheptulose-7P quantification. Validation of the heptitols, sedoheptitol
and perseitol has been previously described (Wamelink et al 2005b).

Results
Synthesis of sedoheptulose
Sedoheptulose is not commercially available and required synthesis from
sedoheptulosan. Identification of the product following conversion to its
methoxime-TMS-derivative, was performed by GC-MS in both the electron
ionization mode (EI) and positive chemical ionization mode (CI+).
Sedoheptulose could not be crystallized, therefore the final concentration
was estimated in relation to the peak area of sedoheptulose as compared
to the peak area of mannoheptulose measured via tandem MS. The yield of
sedoheptulose from sedoheptulosan was 5%. There was no interference
from the relatively high concentration of sedoheptulosan in the quantitation
of sedoheptulose.
Analysis of heptuloses, heptitols and sedoheptulose-7P in urine
Liquid chromatography: Figure 3 reveals that sedoheptulose and
mannoheptulose are essentially baseline resolved with retention times of
7.5 and 8.8 min, respectively. Total run time was 18 min for each sample.
Analysis of the heptitols and sedoheptulose-7P was previously described
(Wamelink et al 2005b; Huck et al 2003).
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Figure 3: MRM chromatogram of sedoheptulose (Sedo) and mannoheptulose (Manno) in an urine
sample of a transaldolase deficient patient (10-fold dilution). MRM transitions are given for each analyte.
13

IS: Internal standard ([ C2]-xylulose); CPS: Counts per second.

Linearity and limit of detection:
Calibration curves of sedoheptulose, mannoheptulose, sedoheptitol,
perseitol and sedoheptulose-7P were linear (r2>0.99). Employing a sample
volume of 200 µL urine, the detection limits were: sedoheptulose 0.12 nmol
and mannoheptulose 0.12 nmol, corresponding to concentrations of 0.6
µmol/L. Conversely, for a sample volume of 100 µL urine, the detection
limits were: sedoheptitol 0.4 nmol, perseitol 0.3 nmol and sedoheptulose7P 0.01 nmol, corresponding to concentrations of 4 µmol/L, 3 µmol/L and
0.1 µmol/L, respectively.
Intra-assay and inter-assay variation and recovery:
The validation data of the heptuloses, heptitols and sedoheptulose-7P are
displayed in table 1. The intra-assay variations (CV) for sedoheptulose,
mannoheptulose, sedoheptitol, perseitol and sedoheptulose-7P were 4-9%;
the inter-assay variations were 5-16%. To assess recovery, pooled urine
was supplemented with a heptulose, heptitol or sugar-phosphate standard
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solution. Recoveries for sedoheptulose, mannoheptulose, sedoheptitol,
perseitol and sedoheptulose-7P were 100-122%.
Table 1: Imprecision and recoveries of the C7 carbohydrates measured in urine by LC-MS/MS.
a

b

c

Carbohydrate

Intra-assay

Inter-assay

Recovery (%)

Sedoheptulose

4.6 (8%)

4.2 (14%)

100 (20%)

Mannoheptulose

1.4 (9%)

1.2 (16%)

103 (13%)

Sedoheptitol

3 (4%)

3 (7%)

122 (15%)

Perseitol

4 (5%)

4 (5%)

104 (1%)

Sedoheptulose-7P

0.3 (6%)

0.3 (11%)

117 (24%)

a

Concentration (mmol/mol creatinine), mean (CV); n=10

b

Concentration (mmol/mol creatinine), mean (CV); n=8

c

Mean (CV), n=2

Reference values of the 7-carbon carbohydrates
Reference values of the heptitols were determined as described (Wamelink
et al 2005b) and were below the limit of detection in control urine.
Concentrations of heptuloses and sedoheptulose-7P were determined in 52
control urine samples and expressed in mmol/mol creatinine. The
concentrations of sedoheptulose and sedoheptulose-7P were inversely
correlated with age. Age groups were stratified and evaluated using the
Student’s t-test (p<0.05). No gender differences were detected. Urinary
concentrations of heptuloses, heptitols and sedoheptulose-7P in agegrouped controls on an uncontrolled diet are displayed in table 2.
Table 2: Reference values of sedoheptulose, mannoheptulose, sedoheptitol, perseitol and
sedoheptulose-7P in urine.

Sedoheptulose

Age

Reference value

0 – 1 month

13.5 (n.d. - 40)

a

1 month – 75 years

5.7 (n.d. - 9)

Mannoheptulose

0 – 75 years

0.7 (n.d. - 3)

Sedoheptitol

0 – 75 years

n.d.

Perseitol

0 – 75 years

n.d.

Sedoheptulose-7P

0 – 1 year

0.02 (n.d. - 0.07)

1 – 10 years

0.01 (n.d. - 0.06)

10 -75 years

n.d.

a

Concentrations in mmol/mol creatinine, mean (+/- 2SD)

n.d. not detectable

Patients
Urinary concentrations of the C7 carbohydrates of patients with
transaldolase deficiency and a patient with RPI deficiency are displayed in
table 3. Urine samples were appropriately diluted to obtain peak-area ratios
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within the range of the calibration curves. Increased concentrations of
sedoheptulose and sedoheptulose-7P were detected in association with
mild elevations of mannoheptulose, sedoheptitol and perseitol in all
transaldolase deficient patients. In the RPI deficient patient normal
concentrations were observed.
Table 3: Concentrations of heptuloses, heptitols and sedoheptulose-7P in urine of patients 1-4 with
transaldolase deficiency and a patient with RPI deficiency.
Carbohydrate

a

Patient 1 n=3

Patient 2

Patient 3

Patient 4 n=2

RPI patient

(1mo, 6 mo, 16

n=1 (0 mo)

n=2

(4 and 6 yr)

n=1 (14 yr)

70, 319 (<9)

0.9 (<9)

yr)
Sedoheptulose

1122, 873, 163

(1 mo, 1 yr)
1361 (<40)

(<9)

739, 315
(<9)

Mannoheptulose

6, 39, 65 (<3)

53 (<3)

24, 9 (<3)

7, 27 (<3)

0.6 (<3)

Sedoheptitol

23, 10, 3 (<1)

18 (<1)

27, 7 (<1)

5, 3 (<1)

n.d. (<1)

Perseitol

13, 7, 3 (<1)

22 (<1)

28, 16 (<1)

3, 4 (<1)

n.d. (<1)

Sedoheptulose-7P

2, 2, 9 (<0.07)

6 (<0.07)

24, 15

2, 3 (<0.06)

n.d (n.d.)

(<0.07)
a

Concentrations in mmol/mol creatinine

n.d. not detectable, mo month(s), yr year(s)
Control values shown in parentheses

7-Carbon carbohydrates in urine following consumption of avocado
Mannoheptulose and perseitol are excreted in urine in time-dependent
fashion following avocado consumption (figure 4), with the concentration of
these sugars most abundant between 3 and 12 h following intake. Within
16 h, however, levels of these species have essentially reached baseline
concentrations. There was no significant difference in sedoheptulose
excretion following avocado consumption. Sedoheptitol and sedoheptulose7P were undetectable in all urine samples collected during dietary studies
of avocado consumption.

Discussion and conclusion
The discovery of patients with transaldolase deficiency has increased
interest in the levels and metabolism of sugars, sugar-phosphates and
polyols in humans. The heptuloses, sedoheptulose and mannoheptulose,
are detected in low concentrations in human urine, but our study reveals
that these metabolites are increased in transaldolase deficiency, an inborn
error affecting the PPP. The two major functions of the PPP are (1) to
provide NADPH for biosynthetic requirements; and (2) to generate fivecarbon sugars for the synthesis of nucleic acids. The flow of glucose 6phosphate through the PPP depends upon the requirement for NADPH,
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ribose 5-P and ATP (figure 1). In transaldolase deficiency the flux through
the PPP is disturbed leading to the accumulation of sedoheptulose-7P.
Glyceraldehyde-3P, the co-substrate of transaldolase, can be further
metabolised by the glycolytic pathway. We speculate that accumulated
sedoheptulose-7P is most likely further metabolised to sedoheptulose,
mannoheptulose, sedoheptitol and perseitol, perhaps as a detoxification
step to lower the sugar-P levels which may have cytotoxic effects as has
been suggested for galactose-1P in galactosemia (Gitzelmann, 1995).

Figure 4: Urinary excretion of mannoheptulose and perseitol in healthy volunteers following avocado
consumption.

Increased concentrations of mannoheptulose and perseitol were detected
in urine of individuals following avocado consumption, but levels varied
considerably, perhaps associated with the variable degree of ripeness for
the individual avocado. Liu and colleagues (2002) reported that
mannoheptulose and perseitol levels decrease in avocado upon ripening.
Certain protocols for the measurement of urinary sugars and polyols
(Jansen et al 1986; Haga and Nakajima 1989) employ mannoheptulose
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and/or perseitol as internal standards since it was thought that these
carbohydrates did not occur in human urine in significant amounts. Our
results clearly indicate that this is not the case, and that the use of these
carbohydrates as internal standards may result in spurious results.
All four patients with transaldolase deficiency had consistent elevations in
urinary sedoheptulose, mannoheptulose, sedoheptitol, perseitol and
sedoheptulose-7P. It is unexpected to find a phosphorylated sugar in
significant concentrations in urine since these sugars cannot pass the cell
membrane. We think that sedoheptulose-7P accumulates intracellularly and
that as a consequence of natural apoptosis the sugar-phosphate is
released in the circulation and is finally excreted by the kidneys. The high
urinary concentration of sedoheptulose-7P in patients with transaldolase
deficiency is in accordance with the finding in transaldolase deficient mice
(Vas et al 2006). These transaldolase deficient mice also show markedly
increased concentrations of D-arabitol, ribitol and 6-phosphogluconate.
Clinically these mice develop normally without any of the clinical findings as
found in the human patients; however, male mice are sterile because of
functional and structural defects of mitochondria (Perl et al 2006).
Transaldolase deficiency also features elevated excretion of erythritol,
ribitol and arabitol (Verhoeven et al 2001). These polyols are thought to
derive from sugar-phosphates from the PPP through sugars (figure 1).
Although polyol accumulation in urine occurs, and presumably in tissues as
well, so far no ocular findings like cataract are found in transaldolase
patients. Some of these elevated polyols are also elevated in RPI
deficiency (Huck et al 2004a), candidiasis (Bernard et al 1985) and in
patients with probable idiopathic defects in sugar metabolism (Huck et al
2004b). Thus, the biomarker carbohydrates sedoheptulose, sedoheptitol,
and sedoheptulose-7P detected in the current study appear specific for
transaldolase deficiency, providing important new biomarkers for patient
identification in the clinical diagnostic laboratory.
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Transaldolase (TALDO) deficiency is a rare inborn error of the pentose
phosphate pathway (Figure 1). Biochemically, it presents with increased
excretion of erythritol, ribitol, arabitol, sedoheptitol, perseitol,
sedoheptulose,
mannoheptulose
and
sedoheptulose-7-phosphate
(sedoheptulose-7P) in urine (Verhoeven et al., 2001, 2005; Wamelink et al.,
2005a, 2007; Valayannopoulos et al., 2006). The latter was shown to be
also increased in bloodspots from TALDO deficient patients (Huck et al.,
2003). Six patients have been diagnosed with this disease so far, who
manifested with multiorgan involvement. In these patients, liver dysfunction,
splenomegaly, dysmorphic features and hemolytic anemia were the major
presenting signs. The severity and onset of the clinical symptoms in
patients diagnosed with TALDO deficiency varies from early antenatal
hydrops to a liver cirrhosis diagnosed at age 17 years (Verhoeven et al.,
2001; Valayannopoulos et al., 2006). Here, we report the retrospective
analysis of an amniotic fluid sample obtained from a terminated pregnancy
in the family fully reported in 2006.

Figure
1: Schematic representation of the pentose phosphate pathway (PPP) and presumed reactions (dotted
arrows) leading to heptoses (sedoheptulose and mannoheptulose) and heptitols (sedoheptitol and
perseitol), pentoses (xylulose and ribose) and pentitols (arabitol and ribitol), as well as erythrose and
erythritol. The flow through the PPP depends upon the requirement for NADPH, ribose 5-P and ATP
(light grey). The metabolites ribitol and sedoheptulose (dark grey) are elevated in amniotic fluid of the
fetus affected with TALDO deficiency.

In a previous report, a sibship of four infants from consanguineous parents
with TALDO deficiency was described (for a detailed description see
Valayannopoulos et al., 2006). The diagnosis was made in the two
youngest male children (patients 3 and 4). They were born after
uncomplicated pregnancies. Both boys presented in the neonatal period
with dysmorphic features, hepatosplenomegaly and haemolytic anemia.
Based on their clinical findings, urinary sugars and polyols were analysed
for TALDO deficiency at the age of four years (patient 3) and three months
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(patient 4). Analysis of sugars and polyols showed the characteristic pattern
as seen in TALDO deficiency. The first child (patient 1) presenting the
same clinical picture died from liver failure resulting in internal bleeding at 5
months. TALDO deficiency was also diagnosed retrospectively.
The second pregnancy (patient 2) in this family was a male fetus. He
displayed a polymalformative syndrome at 27 weeks of gestation as shown
with ultrasound, associating growth retardation, dolichocephaly with a small
jaw, cardiomegaly with interauricular communication, and signs of hydrops
fetalis with ascitis, hydrocele, splenomegaly, thick placenta with edema and
oligoamnios. Upon these findings the pregnancy was medically terminated
at 28 weeks of gestation. The foetopathologic examination showed a 46XY
foetus presenting generalized oedema; dolichocephaly, exophthalmia,
broad nasal bridge; lanugo on the back, cheeks and forehead, a
micropenis, an important bilateral effusion, a hepatic and splenic fibrosis
and a hydropic placenta. For this sibship, patient 2 was the most severely
affected.
Analysis of TALDO enzyme activity in fibroblasts from patients 3 and 4 and
retrospectively in fibroblasts of patient 1 and liver of patient 2 revealed
strongly reduced TALDO activities. Mutation analysis of the TALDO gene
revealed a homozygous deletion of 3 base pairs (c.512_514delCCT in exon
5) for all sibs.
Table 1: Concentrations of metabolites in amniotic fluid
Amniotic fluid (µmol/l)
Metabolite

Taldo def. Fetus

Controls (n=12)

Ribitol

7

1-4

Sedoheptulose

14

n.d. (<1)

Erythritol

5

6 -11

Arabitol

3

3–6

Sedoheptitol

n.d.

n.d. (<1)

Perseitol

n.d.

n.d. (<1)

Sedoheptulose-7P

n.d.

n.d. (< 0.1)

n.d. not detectable.

Retrospectively, we measured in the properly stored amniotic fluid sample
of this fetus, polyols, heptuloses and sedoheptulose-7P with liquid
chromatography tandem mass spectrometry (Huck et al., 2003; Wamelink
et al., 2005a, 2005b, 2007) (Table 1). Control amniotic fluid samples were
from 16-29 weeks of gestation and were collected for metabolite analysis
for prenatal diagnosis of other inborn errors of metabolism and were found
to be negative. The concentration of sedoheptulose was strongly elevated;
13.5 µmol/L when compared to age matched control amniotic fluid samples
(control range <1.0 µmol/L; n=12). Additionally, ribitol was also slightly
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elevated: 7 µmol/l (control range 1-4 µmol/L; n=12). Sedoheptitol, perseitol,
mannoheptulose and sedoheptulose-7P were neither detectable in the
amniotic fluid of patient 2 nor in controls. Erythritol and arabitol, which were
found elevated in urine samples from TALDO patients, were normal in the
amniotic fluid of patient 2 when compared to age matched control amniotic
fluid samples.
The pentose phosphate pathway is especially active during fetal
development in providing ribose-5-phosphate for the synthesis of
nucleotide precursors of DNA and for the generation of NADPH which
serves as an electron donor in reductive biosynthesis for example in
cholesterol and fatty acids. To explain the observed clinical malformations,
it can be hypothesized that accumulation of polyols within the fetus with
TALDO deficiency may lead to an osmotic disequilibrium responsible for
water movements through these compartments resulting in fetal and
placental edema with oligoamnios (Jauniaux et al., 2005; Valayannopoulos
et al., 2006).
On the other hand, the clinical phenotype of TALDO deficiency might be
caused by intoxication of accumulating metabolites (e.a. sedoheptulose) or
due to an increased NADP+/NADPH ratio, causing decreased activity of
NADPH dependent reactions (i.e. cholesterol biosynthesis, hormone
metabolism). Some evidence exist in TALDO deficiency for abnormal
activity in NADPH requiring reactions, for example the first patient
described was born with an enlarged clitoris (Verhoeven et al., 2001) and in
this sibship the fetus (patient 2) and patient 4 both had microphallus.
Patient 4 had low concentrations of testosterone while the first TALDO
deficient patient had low concentrations of estradiol and cholesterol (Dr.
M.F. Mulder, personal communication). The metabolism of these steroids
dependent on NADPH.
Several metabolic disorders have been associated to hydrops fetalis,
mostly lysosomal storage disorders (mucopolysaccharidoses types I, IV,
VII, sialidosis, mucolipidosis II, sphingolipidoses, lipid storage disorders,
sialic acid storage disease), sterol synthesis disorders, peroxisomal
disorders, glycosylation disorders and mitochondrial disorders. However
the association of hydrops fetalis with an oligoamnios is rare and has only
been described in GM1 gangliosidosis, Smith-Lemli-Opitz syndrome, sialic
acid storage disease and neonatal hemochromatosis. The clinical features
of our patients resemble to those seen in neonatal hemochromatosis, that
was one of the differential diagnoses in patients 1 and 2. The dominant
feature of this latter disease is a severe and precocious liver injury with
fibrosis and cirrhosis and evidence of early fetal involvement in most
patients (intrauterine growth restriction, oligoamnios, renal dysgenesis)
features also present in our patients.
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Our results demonstrate that TALDO deficiency results in abnormal
metabolite levels of sedoheptulose and ribitol in amniotic fluid, which may
disturb early fetal development. Moreover this characteristic profile in the
amniotic fluid may allow, with or without molecular investigations, prenatal
diagnosis for families with a case-index or for pregnancies complicated with
early hydrops associated to oligoamnios.

Acknowledgements
We are grateful to Erwin Jansen (VU University Medical Center,
Amsterdam) for his excellent technical assistance.

63

Chapter 5

References
















Huck JH, Struys EA, Verhoeven NM, Jakobs C, van der Knaap MS. 2003.
Profiling of pentose phosphate pathway intermediates in blood spots by
tandem mass spectrometry: application to transaldolase deficiency. Clin Chem
49:1375-1380.
Jauniaux E, Hempstock J, Teng C, Battaglia FC, Burton GJ. 2005. Polyol
concentrations in the fluid compartments of the human conceptus during the
first trimester of pregnancy: maintenance of redox potential in a low oxygen
environment. J Clin Endocrinol Metab 90:1171-1175.
Valayannopoulos V, Verhoeven N, Mention K, Salomons G, Sommelet D,
Gonzales M, Touati G, de Lonlay P, Jakobs, C, Saudubray J. 2006.
Transaldolase deficiency: a new cause of hydrops fetalis and neonatal multiorgan disease. J Pediatr 149: 713-717.
Verhoeven NM, Huck JH, Roos B, Struys EA, Salomons GS, Douwes AC, van
der Knaap MS, Jakobs C. 2001. Transaldolase deficiency: liver cirrhosis
associated with a new inborn error in the pentose phosphate pathway. Am J
Hum Genet 68:1086-1092
Verhoeven NM, Wallot M, Huck JHJ, Dirsch O, Ballauf A, Neudorf U,
Salomons GS, van der Knaap MS, Voit T, Jakobs C. 2005. A newborn with
severe liver failure, cardiomyopathy and transaldolase deficiency. J Inherit
Metab Dis 28:169-179.
Wamelink MM, Struys EA, Huck JH, Roos B, van der Knaap MS, Jakobs C,
Verhoeven NM. 2005a. Quantification of sugar phosphate intermediates of the
pentose phosphate pathway by LC-MS/MS: application to two new inherited
defects of metabolism. J Chromatogr B Analyt Technol Biomed Life Sci 25:1825.
Wamelink MM, Smith DE, Jakobs C, Verhoeven NM. 2005b. Analysis of
polyols in urine by liquid chromatography-tandem mass spectrometry: a useful
tool for recognition of inborn errors affecting polyol metabolism. J Inherit Metab
Dis 28:951-963.
Wamelink MM, Smith DEC, Jansen EEW, Verhoeven NM, Struys EA, Jakobs
C. 2007. Detection of Transaldolase Deficiency by Quantitation of Novel
Seven-Carbon Chain Carbohydrate Biomarkers in Urine. J Inherit Metab Dis
30: 735-742.

64

Chapter 6

Chapter 6

TRANSALDOLASE DEFICIENCY IN A TWO YEAR-OLD BOY WITH
CIRRHOSIS
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Abstract
Transaldolase (TALDO) deficiency is a rare inborn error of the pentose
phosphate pathway. We report the clinical presentation and laboratory
findings of a new patient with TALDO deficiency. The two-year-old Arabic
boy presented with neonatal onset of anemia and thrombocytopenia,
tubulopathy, and rickets and was subsequently found to have cirrhosis and
deafness. A comparison with other TALDO deficient patients is given.
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Introduction
Transaldolase (TALDO; EC 2.2.1.2) deficiency (OMIM 606003), an inborn
error of the pentose phosphate pathway (PPP) has been diagnosed in six
patients from three Turkish families [1-3]. All presented as neonates, or
even prenatally, with liver disease and the clinical courses have been
diverse. The PPP is an interconversion of sugar phosphates with two
functions: 1) the production of NADPH for reductive biosynthesis reactions
and 2) provision of ribose-5-phosphate for the synthesis of nucleotides
(figure 1A). The PPP is divided into oxidative (non-reversible) and nonoxidative (reversible) parts and occurs in the cytosol. TALDO is the second
enzyme of the non-oxidative part and with transketolase, creates a
reversible link between the PPP and glycolysis. We report a new case of
TALDO deficiency in an Arabic boy, presenting with neonatal multiorgan
involvement, rickets and deafness.

Patient and methods
The patient was the fourth child of Arabic first cousin parents. Twins born at
28 weeks gestation had died of complications of prematurity and a sister
aged 9 years was healthy. The pregnancy was uneventful with a normal
ultrasound at 21 weeks, however, 7 days before delivery a scan showed
oligohydramnios and splenomegaly. Following fetal distress at 36 weeks
the infant was delivered by caesarean section weighing 2.2 kg. Apgar
scores were 5 and 8 at 1 and 5 min. He was ventilated for 9 days because
of poor respiratory effort. He had hepatosplenomegaly and developed
jaundice. Haemoglobin was 7.3 g/dL with fragmented red cells on film,
thrombocytopenia and mild neutropenia. Maximum unconjugated bilirubin
was 374 M with conjugated 41.3 M, normal transaminases, marginally
elevated bile acids and alkaline phosphatase (ALP). Albumin was 17 g/L
and prothrombin time 27 s. The platelet count dropped to 7 on the 12th day
of live and he required two platelet transfusions and 2 red cell transfusions
in the first 6 weeks. He had a small patent ductus, bilateral inguinal hernias
and mild hypotonia. From birth his ALP rose steadily and was all bone
isoenzyme indicating vitamin D deficiency (confirmed by low plasma 25hydroxyvitamin D). There was mild aminoaciduria and tubular proteinuria.
Liver function tests gradually normalized and the pancytopenia resolved but
the infant suffered frequent respiratory infections including RSV-positive
bronchiolitis and cytomegalovirus pneumonitis during the first year.
At the age of 1 year he had poor weight and growth gain (weight 7.41 kg;
length 72.2 cm; HC 44.5 cm), easy bruising, mild development delay and
splenomegaly. He had a prominent nasal bridge, small chin, and low set
posteriorly rotated and rather simple ears. He had chest deformity,
consistent with his earlier rickets, and hepatosplenomegaly. On ultrasound
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the spleen measured 10.6 cm (90th centile = 7.5 cm), the liver was
heterogeneous. Hemoglobin, bilirubin, and ALP were normal. ALT was 224
µ/L (normal 12-47) and platelets mildly reduced (116 x 109/L). His patent
ductus arteriosus was closed by a transcatheter approach. A liver biopsy at
14 months showed multiple hyperplastic nodules with fibrosis, indicating
cirrhosis, and some hepatocytes were up to twice the size of others (figure
1B). The nodules were separated by fibrous septa (some very thin and
some representing portal-to-portal bridging) (figure 1C). No terminal hepatic
venules were identified. Small bile ductules were present in portal tracts
and fibrous septa (figure 1D). There was no inflammatory infiltrate. There
was no excess of iron, glycogen or orcein positive material. At 2 years the
patient’s weight was below the 3rd centile but height was above the 10th.
He had no speech and deafness (with sensorineural and conductive
components) was diagnosed. Full blood count and liver function tests were
normal apart from a minimally elevated ALT (48 µ/L).

Figure 1(A) Schematic representation of the PPP. P = phosphate; metabolites in dark grey are elevated
in urine in TALDO deficiency. (B) H&E x400 (high power view) of the hyperplastic and enlarged
hepatocytes. (C) Nodules separated by fibrous septa, portal to portal fibrous linking x400 reticulin stain.
(D) Small bile ductules present within portal tracts and fibrous septa (pancytokeratin AE1/3
immunostain).
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Investigations for neonatal metabolic liver disease revealed no evidence for
α1-antitrypsin deficiency, tyrosinemia, citrullinaemia type 2, lysinuric protein
intolerance, respiratory chain disorder, iron storage problem, hyper IgM or
immunodeficiency, lysosomal storage disorders, pyruvate kinase
deficiency, peroxisomal disorders, galactosemia, disorders of bile acid
synthesis or a congenital defect of glycosylation. The early cirrhosis
triggered investigation for TALDO deficiency.
Polyols, heptuloses and sedoheptulose-7P were measured using liquid
chromatography tandem mass spectrometry [4,5]. Mutation analysis of the
TALDO gene [6] (GenBank accession number L1943.2) was performed by
direct sequence analysis of genomic DNA from a muscle biopsy [1].

Results
Metabolite analyses
In urine obtained at 2 years, elevated excretion was detected for erythritol
(275 mmol/mol creatinine; controls 55-105), ribitol (160 mmol/mol
creatinine; 8-11), arabitol (310 mmol/mol creatinine; 32-78), sedoheptitol (4
mmol/mol creatinine; <1), perseitol (5 mmol/mol creatinine; <1),
sedoheptulose (532 mmol/mol creatinine; <9), mannoheptulose (112
mmol/mol creatinine; <3) and sedoheptulose-7P (3.3 mmol/mol creatinine;
<0.06).
Mutation analysis
Analysis of the TALDO gene revealed a homozygous mutation (c.574C>T)
in exon 5 resulting in the replacement of arginine 192 by cystine
(p.Arg192Cys). DNA from the parents was not available. The mutation is
presumed to be homozygous, since the wild type allele was not detected
and parents are consanguineous. The mutation was not detected in 210
control alleles.

Discussion
We report here, the details of a new case of TALDO deficiency. As more
patients are diagnosed, the phenotype of this disorder is being
characterized. All patients were born to consanguineous parents and
presented in the neonatal or antenatal period with hepatosplenomegaly,
liver dysfunction, hepatic fibrosis and anemia. Most showed dysmorphic
features (e.g. anti-mongoloid slant, low set ears, cutis laxa), neonatal
edema, congenital heart defects and renal problems (Table 1). Mental and
motor development was mostly normal, as far as could be assessed (three
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Table 1: Clinical and biochemical features of the seven TALDO patients diagnosed
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patients died before 6 months). The patient described here had clinical
symptoms as previously described in TALDO deficiency but is the first with
rickets and deafness.
Biochemical findings were similar to other TALDO deficient patients [1-3,5].
The elevated urinary erythritol, ribitol, arabitol, sedoheptitol, perseitol,
sedoheptulose, mannoheptulose and sedoheptulose-7P are all explained
by the defect in the PPP (figure 1A).
A presumed homozygous missense mutation of one base pair was
identified, resulting in an amino acid change (p.Arg192Cys). In the second
TALDO deficient patient another missense mutation at the same residue
(Arg 192) was identified which resulted in replacement by histidine [2].
Interestingly, arginine 192 is part of the catalytic site of the enzyme, and
this region is highly conserved [7]. This and the fact that the mutations were
not detected in 210 control alleles indicate that both missense mutations
are pathogenic.
We believe that sedoheptulose and sedoheptulose-7-phosphate
accumulation in TALDO deficiency is the cause of the liver impairment and
the fibrosis and that a TALDO deficiency results in decreased NADPH
formation from the PPP resulting in low NADPH/NADP and NADH/NAD
ratios. The altered cytosolic redox state might play a role in the
pathogenesis in TALDO deficiency. Rickets with low 25-hydroxyvitamin D
could be due to reduced bile acid synthesis, while the deafness could come
from dysfunction of µ-crystallin. NADPH is required for several steps in bile
acid synthesis and also for the action of µ-crystallin. Mutations in µcrystallin cause non-syndromic deafness [8]. NADPH and NADH levels
were found to be reduced in the cauda epididymidis of transaldolase
deficient mice [9]. These mice also showed markedly elevated
sedoheptulose-7P, D-arabitol, ribitol and 6-phosphogluconate [10].
Clinically these mice develop normally, but male mice are sterile because
of mitochondrial abnormalities.
Unfortunately, to date there is no treatment for TALDO deficiency.
Screening for the disorder by analysis of polyols and or seven carbon
sugars should be performed in neonates and children affected with
unexplained liver disease.
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Summary
The most common mutation in nephropathic cystinosis is a homozygous
57-kb deletion that includes both the nephropathic cystinosis (CTNS) gene
an adjacent gene carbohydrate kinase-like (CARKL). The latter gene
encodes a protein that is predicted to function as a carbohydrate kinase.
Cystinosis patients with the common 57-kb deletion had strongly elevated
urinary concentrations of sedoheptulose (28-451 mmol/mol creatinine;
controls and other cystinosis patients <9) and erythritol (234-1110
mmol/mol creatinine; controls and other cystinosis patients <148). Enzyme
studies performed on fibroblast homogenates derived from patients
carrying the 57-kb deletion, revealed 80% reduction in their sedoheptulose
phosphorylating activity compared to cystinosis patients with other
mutations and controls.
This indicates that the CARKL-encoded protein, sedoheptulokinase (SHK),
is responsible for the reaction: Sedoheptulose + ATP  Sedoheptulose-7phosphate + ADP and that deletion of CARKL causes urinary accumulation
of sedoheptulose and erythritol.
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Introduction
Recently we described two new defects in the pentose phosphate pathway
(PPP): Transaldolase deficiency (MIM# 606003) and Ribose-5-phosphate
isomerase deficiency (MIM# 608611) [Verhoeven et al., 2001; Huck et al.,
2004]. Here we report further elucidation of another gene and protein
involved in the PPP. Carbohydrate kinase-like (CARKL, MIM# 605060)
encodes a deduced 478-amino acid protein [Touchman et al., 2000]. The
CARKL protein contains motifs showing weak similarity to two domains of
the FGGY family of carbohydrate kinases and appears to be localized in
the cytoplasm. With northern blot analysis two CARKL transcripts were
detected: one of 3.9 kb expressed predominantly in liver, kidney and
pancreas, with weaker expression in heart, placenta, brain and lung, and
one 2.7-kb transcript which was detected in liver and, to a lesser extent, in
heart [Touchman et al., 2000]. Carbohydrate kinases are a class of proteins
involved in the phosphorylation of sugars as they enter a cell, inhibiting
their transport across the cell membrane.
Nephropathic cystinosis (MIM#s 219800; 219900; 219750) is an autosomal
recessive lysosomal storage disease caused by mutations in the
nephropatic cystinosis (CTNS) gene [Town et al., 1998] (MIM# 606272).
The most common mutation in cystinosis is the 57,257-bp deletion
[Touchman et al., 2000], which is found in homozygous state in
approximately 50% of patients from northern European descent. Within this
common deletion the adjacent CARKL gene is included (figure 1).
In urine of one patient with cystinosis (whose clinical details have been
published previously) [Levtchenko and Monnens, 2006] caused by the 57kb deletion we retrospectively found elevated concentrations of
sedoheptulose and erythritol. We subsequently analysed urinary
concentrations of sedoheptulose and erythritol and sedoheptulokinase
(SHK) activity in fibroblasts from nephropathic cystinosis patients with and
without the homozygous 57-kb deletion.

Figure 1: Position and organisation of the three genes TRPV1, CARKL and CTNS and the common 57kb cystinosis-causing deletion (chromosome 17P13). The positions of the intron/exon organization is
schematically depicted with the 17p telomere (Tel) leftward and the centromere (Cen) rightward. The
arrows depict the direction of transcription.
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Here we report the function of the CARKL gene and show that cystinosis
patients caused by the 57-kb deletion have elevated concentrations of
sedoheptulose and erythritol and decreased sedoheptulosekinase activity
in fibroblasts due to deficiency of the CARKL gene.

Materials and Methods
Patients
Urine samples from ten nephropathic cystinosis patients were analysed.
The diagnoses of cystinosis was made biochemically (by the measurement
of intracellular cystine levels in (polymorphonuclear) leucocytes or
fibroblasts [de Graaf-Hess et al., 1999; Levtchenko et al., 2004]) and/or
molecularly (GenBank Accession NM_001031681.2) [Heil et al., 2001]. The
molecular results are summarized in Table 1 for Patients P1-P10. The
mutation nomenclature is based on the coding region of the Homo sapiens
nephropathic
cystinosis
(CTNS),
transcript
variant
1mRNA,
NM_001031681.2, according to recommendations of the Human Genome
Variation Society (HGVS; www.hgvs.org/mutnomen). Patients P3, P7 and
P9 received a kidney transplantation at the age of 9, 9 and 13 years,
respectively and there own kidney remained in situ.
Analysis of erythritol and sedoheptulose in urine
Erythritol and sedoheptulose were quantified in urine from ten nephropathic
cystinosis patients by liquid chromatography with tandem mass
spectrometry (LC-MS/MS) as described [Wamelink et al., 2005a, 2007].
Preparation of fibroblast homogenates
Cultured human fibroblasts derived from three reference subjects and from
five CTNS-deficient individuals (three with homozygous 57-kb deletion and
two with other mutations in the CTNS gene), were grown as monolayers in
175-cm2 flasks (Nunc, Roskilde, Denmark) in Ham F-10 medium. When
confluent, a dry fibroblast pellet was prepared and stored at -80 °C. The
cell pellet was resuspended in 500 µl Hanks’ Balanced salt solution and
sonicated for three x 10s on ice and subsequently centrifuged for 5 min at
11,000 xg at 4°C. The supernatant was used for analysing SHK activity and
the protein concentration was determined with the bicinchoninic acid
protein assay from Sigma (Sigma-Aldrich, St Louis, MO).
Isolation of sedoheptulose from sedum spectabile
Sedoheptulose is not commercially available and was isolated from leaves
and stalk of the hybrid plant sedum spectabile “Brillant” [La Forge and
Hudson, 1917] by homogenisation of 70 g wet weight in 100 mL water and
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subsequent centrifugation through a 10-kD filter to remove proteins.
Subsequently, the ultrafiltrate was concentrated by evaporation in an
AS290 automatic Speedvac concentrator (Savant Instruments,
Farmingdale, NY). The resulting preparation contained 29 mmol/L
sedoheptulose which was the most prominent metabolite in the
homogenate determined by proton NMR spectroscopy on a 500-MHz
Bruker spectrometer. Other prominent metabolites were malic acid (28
mmol/L), glyceric acid (27 mmol/L), succinic acid (2.8 mmol/L) and fumaric
acid (1.2 mmol/L). Using gas chromatography with mass spectrometry (GCMS) [Jansen et al., 1986] it could be shown that hardly any other sugars
and polyols are present in the final preparation. On a molar basis the total
amount of other sugars or polyols, mainly xylose and glucose, amounted to
less
than
~4%
of
sedoheptulose.
Sedoheptulose-7-phosphate
(sedoheptulose-7P) in the homogenate was determined with LC-MS/MS
[Wamelink et al., 2005] and was found to be negligible (1 µmol/L).
Optimization of SHK activity in fibroblasts
The SHK enzyme assay was optimised with respect to protein, time, pH
and substrate dependence using control fibroblasts.
Analysis of SHK activity in fibroblasts
To assay SHK activity fibroblast homogenates were incubated with
sedoheptulose and ATP. The incubation was based upon the procedure of
Ebata et al [1955]. A 90-min pre-incubation was necessary to deplete
formation of sedoheptulose-7P from sedoheptulose or other sugars present
in the cell homogenate which can be phosphorylated after the addition of
ATP and form sedoheptulose-7P through the PPP. Each incubation was
performed in duplicate. The pre-incubation was started after the addition of
250 µl 0.2 µg/µl protein fibroblast homogenate to a volume of 200 µl
containing 1 µmol ATP (Sigma-Aldrich) , 4 µmol MgCl2 and 10 µmol TrisHCl buffer (pH 8.5). After 90 min 30 µl 10 mmol/L sedoheptulose (0.30
µmol) was added to one of the incubations and 30 µl water to the
corresponding control incubation. The incubations were performed at 37°C.
Samples of 30 µl were put on ice after 0, 90 and 150 min of incubation and
200 µl of 1,5 µM 13C6-glucose-6-phosphate (internal standard, prepared as
described) [Huck et al., 2003] was added and samples were stored at 20C. After thawing at 4C, the samples were centrifuged for 30 min at
11,000 g at 4C through a centrifugation filter (Microcon ultracel YM-10;
Millipore, Billerica, MA). Supernatants were transferred to glass vials, which
were capped and stored at -20C until injection. Sedoheptulose-7P was
analysed as described before [Wamelink et al., 2005b] using a calibration
curve of sedoheptulose-7P (Sigma-Aldrich).
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Table 1: Urinary concentrations of sedoheptulose and erythritol in cystinosis patients with and without
the homozygous 57-kb deletion*
Patients

Sedoheptulose

Erythritol

(age at urine

(mmol/mol creatinine)

(mmol/mol creatinine)

Mutation 1

a

Mutation 2

a

collection)
P1 (6yr;12yr)

87;

28

443;

281

57-kb del

P2 (3mo;10yr)

451;

56

1110;

277

57-kb del

57-kb del
57-kb del

P3 (7yr;14yr)

48;

48

234;

243

57-kb del

57-kb del

P4 (1yr)

0

113

57-kb del

c.926_927insG

P5 (9yr)

0

53

57-kb del

c.198_218del23

P6 (1yr)

2

P7 (6yr;12yr)

5;

insG

insG

P8 (16yr)

2

43

c.527_547

c.527_547

del21

del21

P9 (19yr)

3

43

57-kb del

n.d.

P10 (14yr;14yr)

0;

n.d.

n.d.

Controls

127
2

0

<9 (1 mo-75 yr;n= 50)

64;

36

23;

25

c.681G>A

c.1015G>A

c.1261_1262

c.1261_1262

89-209 (0-4 mo;n=9)
38-148 (4mo-5yr;n=24)
14-88 (5-88 yr;n= 38)

*Control values are age dependent.
a

The mutation nomenclature is based on the coding region of the homo sapiens nephropathic cystinosis

(CTNS),

transcript

variant

1

mRNA,

GenBank

Accession

NM_001031681.2,

according

to

recommendations of the Human Genome Variation Society (HGVS; www.hgvs.org/mutnomen).
n.d. not detected; del deletion; ins insertion; mo month; yr year

Results
Analysis of erythritol and sedoheptulose in urine
The urinary concentrations of sedoheptulose and erythritol are displayed in
Table 1. Patients with the homozygous 57-kb deletion (P1-P3) excreted
increased concentrations of these metabolites compared with cystinosis
patients with other mutations or with only one copy of the 57-kb deletion
and controls. Interestingly, in patient P3 the concentrations of
sedoheptulose and erythritol remained elevated even after the kidney
transplant indicating that the kidney is not solely responsible for these
elevations.
Optimization of SHK activity in fibroblasts
The formation of sedoheptulose-7P after the addition of sedoheptulose was
linear for at least 90 min. Based upon this finding the SHK activity was
determined from one hr after the addition of sedeheptulose. The formation
of sedoheptulose was linear with the amount of protein over the examined
range of 0.05–0.25 mg protein. The pH range for SHK activity was between
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7.0–9.0, with an optimum at pH 8.5. By incubating controls cells with
different amounts of sedoheptulose concentrations an apparent Km was
calculated to be 0.06 mM (Figure 2).
Analysis of SHK activity in fibroblasts
It was hypothesized that the deficiency of the CARKL protein was the
cause for accumulation of sedoheptulose and that the function of this
protein is to phosphorylate sedoheptulose to sedoheptulose-7P, indicating
it is a SHK. The SHK activity was strongly decreased in fibroblasts from
cystinosis patients with a deletion of CARKL (Figure 3) compared to
fibroblasts from cystinosis patients without the common deletion and
controls. The retention time of the product analyzed by LC-MS/MS
[Wamelink et al., 2005b] was identical with previously commercially
available sedoheptulose-7P. Both glucose-1P and fructose-1P eluted 0.2 s
after there 6P analogues with this method, implicating that sedoheptulose1P elutes after sedoheptulose-7P.

Figure 2: Effect of sedoheptulose concentration on sedoheptulose-7P formation. Inset Line-weaver burk
plot of these data.

Discussion
CARKL shows 24% identity and 42% similarity to the Streptomyces
rubiginosus xylulokinase protein and the function of CARKL was thought to
be phosphorylation of a carbohydrate; however, no substrate has been
identified previously [Touchman et al., 2000].
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Figure 3: Activity of sedoheptulokinase (nmol sedoheptulose-7-phosphate/ (hr*mg protein)) in fibroblast
homogenates from controls and cystinosis patients. The individual activities are shown. The activity in
the group with the homozygous 57-kb deletion (n=3) is strongly reduced compared with controls (n=4)
and cystinosis patients without the deletion (n=2).

Our biochemical data show that patients with the common cystinosis
causing 57-kb deletion excrete elevated concentrations of sedoheptulose
and erythritol and have decreased sedoheptulose phosphorylating activity.
Still, some of the sedoheptulose-7P was formed in fibroblasts missing the
CARKL protein. This is likely due to a broad substrate specificity of a
different kinase or from sugars like glucose which were present in small
amounts in the sedoheptulose preparation that can form sedoheptulose-7P
through the PPP after phosphorylation (Figure 4).
Our findings reveal the function of CARKL as a SHK catalysing the
reaction:
Sedoheptulose + ATP  Sedoheptulose-7-phosphate + ADP
Enzymatic phosphorylation of sedoheptulose has been described in liver
from several animals and in Bacillus species [Ebata et al., 1955; Iwai et al.,
1968]. In our study, the product of the phosphorylation of sedoheptulose is
found to be sedoheptulose-7P. However, since sedoheptulose-1P is not
commercially available, further investigations are needed to definitely prove
the position of the phosphate group. The low apparent Km of 0.06 mM in
fibroblasts together with the elevated excretion of sedoheptulose in patients
missing the CARKL gene suggests that sedoheptulose is the main
substrate for this enzyme.
Sedoheptulose-7P is the form that appears in animals and plants and is a
key intermediate in the PPP. To understand the biochemical function of
CARKL, we have to consider its role in the PPP. The two major functions of
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the PPP are as follows: 1) to provide NADPH, which is essential to
counteract oxidative damage, for reductive biosynthesis and detoxification;
and 2) to generate five-carbon sugars for the synthesis of nucleic acids.
The flow of glucose-6P through the PPP depends upon the requirement for
NADPH, ribose-5P and ATP (Figure 4). Glyceraldehyde-3P, the cosubstrate together with sedoheptulose-7P of transaldolase and
transketolase, can be redirected from the glycolytic pathway to the PPP
when there is an increased need for NADPH or ribose-5P. Interestingly,
these reactions require sedoheptulose-7P as co-substrate for further
metabolism. The possible function of SHK is to form sedoheptulose-7P
from sedoheptulose when glyceraldehyde-3P is redirected from glycolysis
to the PPP.

Figure 4: PPP and proposed reaction of sedoheptulokinase. Substrate and product of the CARKL
protein are depicted in light gray. The important functions of the PPP (formation of NADPH and ribose5P and the connection with the glycolytic pathway for ATP) are shown in dark gray.

It can be expected that an isolated CARKL deficiency may display a very
mild phenotype since sedoheptulose-7P and glyceraldehyde-3P can also
be formed through reactions of transaldolase and transketolase.
Cystinosis patients with the common 57-kb deletion have the severe
infantile nephropathic type. In a previous small study no difference in the
clinical phenotype between patients with other mutations causing the
severe infantile nephropathic type or patients with the deletion could be
found [Heil et al., 2001]. However, there seems to be clinical heterogeneity
in cystinosis with respect to distal vacuolar myopathy, nephrocalcinosis and
other complications of the disease [Gahl and Kaiser-Kupfer, 1987; Charnas
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et al., 1994; Theodoropoulos et al., 1995]. In this regard, deficiency of
CARKL may modify the clinical phenotype.
More information is needed about the substrate specificity and the
importance of this enzyme. It will also be important to study the clinical
features of cystinosis patients in a larger cohort of patients with different
deletions influencing the CARKL gene [Bendavid et al., 2004], to explore its
clinical importance.
Deficiency of SHK activity in cystinosis patients with the common 57-kb
deletion explains the accumulation of sedoheptulose in urine from these
patients. Understanding the elevation of erythritol is not so straight forward.
Erythrose and dihydroxyacetone may be the precursors of sedoheptulose
formed by an aldolase reaction, resulting in accumulation of erythritol from
erythrose if sedoheptulose accumulates.
Accumulation of sedoheptulose and erythritol has also been found in
transaldolase deficiency, an inborn error of the PPP [Wamelink et al.,
2005a, 2007]. The key clinical findings in transaldolase deficiency include
dysmorphic features with hirsutism, cutis laxa and anti-mongoloid slants,
hepatosplenomegaly and hepatic fibrosis, thrombocytopenia, hemolytic
anemia with elevated schizocytes, as well as renal (nephrocalcinosis) and
cardiac abnormalities [Verhoeven et al., 2001, 2005; Valayannopoulos et
al., 2006].
We have identified the function of the CARKL gene: it is responsible for the
phosphorylation of sedoheptulose to sedoheptulose monophosphate.
Accumulation of sedoheptulose and erythritol and decreased
sedoheptulose phosphorylating activity was shown in cystinosis patients
who have the common 57-kb deletion resulting in absence of cystinosin
and the CARKL-encoded protein. Patients with solely cystinosin deficiency
have normal urinary concentrations of sedoheptulose and erythritol and
normal sedoheptulose phosphorylating activity, indicating that the CARKLencoded protein is responsible for the phosphorylation of sedoheptulose.
Based upon our findings we propose SHK as new name for the protein
encoded by this gene.
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Abstract
Background
Eukaryotic cells have evolved various response mechanisms to counteract
the deleterious consequences of oxidative stress. Among these processes,
metabolic alterations seem to play an important role.
Results
We recently discovered that yeast cells with reduced activity of the key
glycolytic enzyme triosephosphate isomerase exhibit an increased
resistance to the thiol-oxidizing reagent diamide. Here we show that this
phenotype is conserved in Caenorhabditis elegans and that the underlying
mechanism is based on a redirection of the metabolic flux from glycolysis to
the pentose phosphate pathway, altering the redox equilibrium of the
cytoplasmic NADP(H) pool. Remarkably, another key glycolytic enzyme,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), is known to be
inactivated in response to various oxidant treatments, and we show that
this provokes a similar redirection of the metabolic flux.
Conclusion
The naturally occurring inactivation of GAPDH functions as a metabolic
switch for rerouting the carbohydrate flux to counteract oxidative stress. As
a consequence, altering the homoeostasis of cytoplasmic metabolites is a
fundamental mechanism for balancing the redox state of eukaryotic cells
under stress conditions.
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Background
Reactive oxygen species (ROS) cause damage to cellular processes in all
living organisms and contribute to a number of human disorders such as
cancer, cardiovascular diseases, stroke, and late-onset neurodegenerative
disorders, and to the aging process itself. To cope with the fatal cellular
consequences triggered by ROS, eukaryotic cells have evolved a number
of defense and repair mechanisms, which are based on enzymatic as well
as non-enzymatic processes and appear to be highly conserved from
unicellular to multicellular eukaryotes. In bacteria and yeast, these
antioxidant defense mechanisms are partially induced on the basis of
changes in global gene expression [1,2]. However, a recent study analyzing
a number of genetic and environmental perturbations in Escherichia coli
demonstrated that the changes in the transcriptome and proteome are
unexpectedly small [3]. Moreover, the transcription of genes encoding
enzymes capable of neutralizing ROS is not generally increased in
mammalian cells that are subjected to oxidative stress [4].
In all organisms studied, however, treatment with oxidants prompts
immediate de novo post-translational modifications of a number of proteins,
probably affecting their localization and functionality. One of the key targets
of those processes is the glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), which catalyzes the reversible oxidative
phosphorylation of glyceraldehyde-3-phosphate (gly3p) to 1,3bisphosphoglycerate. Remarkably, in response to various oxidant
treatments this enzyme is inactivated and transported into the nucleus of
the cell, and has been found S-nitrosylated, S-thiolated, S-glutathionylated,
carbonylated and ADP-ribosylated in numerous cell types and organisms
under these conditions [5-10]. Recently, we discovered that yeast cells with
reduced catalytic activity of another key glycolytic enzyme, triosephosphate isomerase (TPI), are highly resistant to the oxidant diamide [11].
This essential enzyme precedes GAPDH in glycolysis, catalyzing the
interconversion of dihydroxyacetone phosphate (dhap) and gly3p, the
substrate of GAPDH, and a reduction in its activity results in an elevated
cellular dhap concentration [12-14]. In this light, it is remarkable that the
expression of a subset of glycolytic proteins and proteins implicated in
related pathways is repressed, while the expression of a few enzymes
involved in the pentose phosphate pathway (PPP), which is directly
connected to the glycolytic pathway, is induced under oxidative stress
conditions [1]. Furthermore, enhanced activity of the PPP has been
observed in neonatal rat cardiomyocytes and in human epithelial cells
under oxidative stress conditions [15,16]. Enzymes of the PPP are crucial
for maintaining the cytoplasmic NADPH concentration, which provides the
redox power for known antioxidant systems [17,18]. The observations
above suggest that alterations in the carbohydrate metabolism could be
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central for cellular protection against ROS and, moreover, that cells reroute
the carbohydrate flux from glycolysis to the PPP to counteract perturbations
in the cytoplasmic redox state. However, direct evidence for this hypothesis
is missing so far. By combining genetic and quantitative metabolite
analyses along with in silico modeling, we present the first direct proof that
eukaryotic cells indeed actively reroute the metabolic flux from glycolysis to
the PPP as an immediate and protective response to counteract oxidative
stress.

Results
Reduced intracellular TPI concentration results in enhanced oxidant
resistance of Saccharomyces cerevisiae and Caenorhabditis elegans
We reported earlier that a change of the amino acid isoleucine to valine at
position 170 in the human TPI protein (TPIIle170Val) causes a reduction of
about 70% in the enzyme's catalytic activity [11]. Interestingly, we
discovered that yeast cells expressing this human TPI variant exhibit
increased
resistance
to
the
oxidant
diamide
(N,N,N',N'tetramethylazodicarboxamide, Chemical Abstracts Service (CAS) No.
10465-78-8) compared with isogenic yeast cells expressing wild-type
human TPI, indicating that low TPI activity confers resistance to specific
conditions of oxidative stress. The synthetic reagent diamide is known to
oxidize cellular thiols, especially protein-integrated cysteines [19],
provoking a rapid decrease in cellular glutathione and hence causing
oxidative stress. To dissect the underlying mechanism, we first analyzed
whether decreasing the expression level of wild-type human TPI would
result in a similar phenotype. For this, we generated plasmids for the
expression of wild-type human TPI under the control of established yeast
promoters of different strengths, namely the CYC1, TEF1 and GPD1
promoters [20]. Subsequently, the ∆tpi1 strain MR100, which is deleted for
the yeast TPI1 gene and is inviable on medium containing glucose as sole
carbon source, was transformed with the respective plasmids along with
control plasmids encoding yeast TPIIle170Val or yeast TPI. Single colonies
were selected and the intracellular TPI concentration of plate-grown yeast
cells was analyzed (Figure 1a, left panel). As expected, yeast cells
expressing the different TPI proteins under the strong GPD1 promoter had
a higher TPI concentration compared with cells in which the expression
was controlled by the intermediate TEF1 or the weak CYC1 promoter. Next,
we spotted the respective yeast cells onto medium supplemented with
differing diamide concentrations. As shown in Figure 1a (right panel), yeast
cells expressing human TPI under the control of the weakest promoter
used, the CYC1 promoter, grew slowly on standard medium compared with
the other yeast strains. Notably, growth of these cells on plates containing
1.6–1.8 mM diamide was comparable to the growth of control yeast cells
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expressing the TPIIle170Val protein with reduced catalytic activity,
demonstrating that a reduction in TPI expression or specific activity confers
resistance against this oxidant. Furthermore, yeast cells expressing wildtype human TPI under the control of the intermediate TEF1 promoter grew
on medium containing 1.8 mM diamide, albeit to a much lesser extent than
yeast cells in which TPI expression is controlled by the weak CYC1
promoter. This finding excludes the possibility that the observed oxidant
resistance of yeast cells with CYC1-controlled TPI expression is based
solely on their slower growth rate. In support of this, yeast cells in which the
strong GPD1 promoter controls TPI expression did not grow at all on
medium containing 1.6–1.8 mM diamide. Moreover, yeast cells ectopically
expressing yeast TPI from the same promoter, which is approximately 30%
more active than human wild-type TPI in yeast [11], were even more
sensitive to diamide. Thus, diminishing the expression level or activity of
TPI increases the diamide tolerance of yeast.
Next, we investigated whether this phenomenon is conserved in
multicellular eukaryotes, and addressed this by using Caenorhabditis
elegans as a model. RNA interference (RNAi) technology was used to
reduce (knock down) the intracellular concentration of TPI by feeding
worms with E. coli producing double-stranded RNA of the C. elegans tpi-1
gene (Y17G7B.7); the empty RNAi vector (L4440) was used as control. The
reduction of the intracellular TPI concentration was analyzed by
immunoblotting (Figure 1b, left panel). Then, tpi-1 knock-down worms were
placed on agar plates supplemented with the oxidant juglone (5-hydroxy1,4-naphthalenedione, CAS No. 481-39-0), a natural naphthoquinone found
particularly in the black walnut Juglans nigra. This oxidant triggers the
generation of superoxide radicals as a result of its capacity for redox
cycling that involves a one-electron redox reaction generating semiquinone
and superoxide radicals [21]. As controls, multi-stress-resistant daf-2
mutant worms were included in every experiment, and surviving worms
were counted each hour. Worms with reduced TPI concentration placed on
10 μM juglone plates survived significantly longer than wild-type animals
under the same conditions (Figure 1b, middle panel). In addition, the
average survival time of wild-type worms on 10 μM juglone plates was 4.2 ±
0.8 hours, whereas TPI knock-down animals survived for 5.5 ± 0.4 hours (p
value of 1.13e-07, see Additional data file 1 for more quantitative
information). We also carried out the same set of experiments using the
oxidant diamide, which is not usually used in C. elegans laboratories. We
discovered that worms were highly resistant to this oxidant, and very high
concentrations had to be applied for growth inhibition (data not shown).
Notably, we showed, by applying as much as 250 mM diamide, that TPI
knock-down worms displayed an increased resistance (Figure 1b, right
panel). The knock-down of TPI resulted in a greater average survival time
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compared with wild-type animals (8.6 ± 0.3 hours vs 7.5 ± 0.3 hours, p
value of 0.011, see Additional data file 1). Thus, these experiments clearly
show that a reduction in TPI activity increases oxidant resistance of the
multicellular eukaryote C. elegans.

Figure 1: Reduced triosephosphate isomerase (TPI) activity increases oxidant resistance of S.
cerevisiae and C. elegans. (a) The left panel shows a Western blot analysis of yeast cells expressing
wild-type human TPI under the control of promoters of different strengths: GPD1 (GPDpr), TEF1 (TEFpr),
and CYC1 (CYCpr). Yeast cells expressing human TPIIle170Val or yeast TPI under the control of the strong
GPD1 promoter were used as controls. Equal loading of the lysates was controlled by visualizing
G6PDH. The right panel shows yeast cells expressing yeast TPI and human TPIIle170Val controlled by the
GPD1 promoter or yeast expressing wild-type human TPI controlled by the GPD1, TEF1 or CYC1
promoters, respectively. Yeast were spotted as fivefold serial dilutions on SC medium supplemented
with different concentrations of diamide. Plates were incubated at 30°C for 3 days. (b) The left panel
shows western blot analysis of cell extracts prepared from adult C. elegans that were fed with E. coli
producing double-stranded RNA of the C. elegans tpi-1 gene (Y17G7B.7) (tpi-1 RNAi) or harboring the
empty plasmid L4440 (control). The right panel shows the effects of the oxidants juglone and diamide
on these worms. After feeding with E. coli as described above, worms were placed on agar plates
supplemented with juglone or diamide. Multi-resistant daf-2 (e1370) mutant worms were included in
every experiment as controls.

Reduced TPI activity protects against diamide by increasing the activity of
the PPP
We next aimed to dissect the molecular basis for the observed diamide
resistance in yeast by genetic means. The glycolytic pathway is directly
interconnected with the PPP, which is one of the key pathways in reducing
the pyridine nucleotide NADP+ to NADPH within the eukaryotic cytoplasm
and, hence, one of the main cellular sources of the cytoplasmic NADPH
that is required as a redox cofactor by the main antioxidant enzymes to
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neutralize ROS (see [18] for a review). We speculated that the inactivation
of TPI, resulting in a block on glycolysis, should counteract oxidative stress
by elevating the metabolic flux of the PPP (Figure 2a). To test this
assumption, we aimed to genetically target the first two steps of the PPP.
As indicated in Figure 2a, the rate-limiting generation of D-6phosphoglucono-δ-lactone from glucose-6-phosphate (g6p), the metabolite
for which glycolysis and PPP are competing for, is catalyzed by the yeast
glucose-6-phosphate dehydrogenase (G6PDH) Zwf1p [17,22]. In the
second step of the PPP, this metabolite is converted by the paralogous 6phospho-gluconolactonases Sol3p and Sol4p into 6-phosphogluconate
[23]. Blocking these two essential steps would impair the activity of the PPP
and lessen the observed protective effect of reduced TPI activity.
We therefore generated yeast strains expressing wild-type human TPI or
TPIIle170Val in which the yeast genes TPI1 and ZWF1, TPI1 and SOL3, or
TPI1 and SOL4 were deleted. These strains were then spotted as fivefold
serial dilutions on synthetic media containing different concentrations of
diamide. As shown in Figure 2b, growth of the corresponding ∆tpi1∆zwf1,
∆tpi1∆sol3 and ∆tpi1∆sol4 yeast cells was strongly reduced compared with
the respective ∆tpi1 yeast cells on medium containing 1.4–2.0 mM diamide.
Notably, ∆tpi1∆zwf1 cells, which are unable to metabolize g6p to enter the
PPP, exhibited the strongest sensitivity; these cells already grew poorly on
medium supplemented with 1.2 mM diamide. As expected, ∆tpi1 yeast cells
expressing TPIIle170Val grew better on media containing high diamide
concentrations compared with yeast cells expressing wild-type TPI,
confirming the protective effect observed earlier. Strikingly, the protective
effect of TPIIle170Val was no longer observed in ∆tpi1∆zwf1 cells, in which the
interplay between glycolysis and the PPP is blocked. In addition, the
protective effect of TPIIle170Val against diamide in ∆tpi1∆sol3 and ∆tpi1∆sol4
cells was detectable, but weaker. This was expected, since ∆tpi1∆sol3 and
∆tpi1∆sol4 cells are still able to convert D-6-phosphoglucono-δ-lactone to
6-phosphogluconate by reducing one equivalent of NADP+ due to the
presence of one wild-type copy of either SOL4 or SOL3. Thus, these
experiments clearly demonstrate that the protective effect of reduced TPI
activity is indeed based on the activity of the PPP and is absent if the first
and rate-limiting step of the PPP is inhibited.
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Figure 2: Reduced TPI activity protects against diamide by increasing the metabolic flux through the
PPP. (a) Schematic illustration of a subset of biochemical reactions of the glycolytic pathway (left) and
the associated pentose phosphate pathway (right). Solid lines represent direct, one-step biochemical
reactions, and indirect, multi-step reactions are represented as dotted lines. GAPDH, glyceraldehyde-3phosphate dehydrogenase. (b) Yeast deletion strains tpi1zwf1, tpi1sol3, and tpi1sol4
expressing wild-type human TPI or TPIIle170Val were spotted as fivefold serial dilutions on synthetic media
supplemented with different concentrations of diamide, and plates were incubated at 30°C.

Preventing the accumulation of NADPH sensitizes yeast cells to diamide
As most antioxidant enzymes are coupled to NADPH as a redox cofactor
and a functional defense mechanism against oxidative stress depends
upon the availability of NADPH, we hypothesized that increased activity of
the PPP might protect against oxidative stress due to the enhanced cellular
production of this molecule. To test this hypothesis, we set out to measure
the overall NADPH/NADP+ ratio of MR101 cells expressing human wildtype TPI and MR105 cells expressing TPIIle170Val. The respective strains
were grown in duplicate to mid-log phase and pyridine nucleotides were
extracted simultaneously as described by Noack et al. [24], performing a
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three-step protocol that is based on a 34:24:1 phenol:chloroform:isoamylalcohol pyridine-nucleotide extraction that is followed by two diethylether reextractions of the aqueous phase. As measured by liquid chromatography tandem mass spectrometry (LC-MS/MS), the overall NADPH/NADP+ ratio
was indeed highly increased in MR105 cells expressing TPIIle170Val in
comparison to MR101 cells expressing wild-type TPI (Figure 3a). Although
the LC-MS/MS analysis does not allow discrimination between cytoplasmic
and mitochondrial NADP(H), the measurements clearly show that the redox
equilibrium of the NADP(H) pool strongly shifts towards NADPH in cells
with reduced TPI activity; the increase in the sole cytoplasmic
NADPH/NADP+ ratio is expected to be even higher than the measured
values of the overall NADPH/NADP+ ratio.

Figure 3: Reduced TPI activity protects against diamide by increasing NADPH. (a) S. cerevisiae strains
MR101 and MR105 were grown in duplicate to mid-log phase, pyridine nucleotides were extracted, and
LC-MS/MS measurements were performed in triplicate. MR105 cells expressing TPIIle170Val had a
higher overall NADPH/NADP+ ratio compared with MR101 cells expressing wild-type TPI. (b) S.
cerevisiae strain BY4741 was transformed with an empty 2μ plasmid or with a 2μ plasmid encoding K.
lactis GDP1 (p1696). Afterwards, single transformants were selected, grown overnight and the same
number of cells were spotted as fivefold serial dilutions on agar plates supplemented with different
concentrations of diamide. Growth was monitored after plates were incubated at 30°C for 3 days. (c)
The isogenic yeast strains MR101 expressing wild-type human TPI or MR105 expressing human
TPIIle170Val were transformed with plasmids for expression of K. lactis GDP1 and processed as
described in (b).

To substantiate these results in vivo and to correlate with the observed
oxidant-resistance phenotype, we investigated the effect of the Gdp1
protein of the yeast Kluyveromyces lactis, a phosphorylating (NADP+93
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dependent) glyceraldehyde-3-phosphate dehydrogenase (GenBank
accession number CAD23142, Enzyme Commission classification EC
1.2.1.13 [25]). Except for K. lactis, this enzyme has not been detected in
non-plant eukaryotes; it was discovered in a screen designed to find
suppressors for the lethal effects of phosphoglucose isomerase (Pgi1)
deletion in S. cerevisiae on glucose media [25]. The absence of Pgi1p is
lethal for S. cerevisiae on standard media, because a strong NADPH
accumulation occurs at the expense of its oxidized form [26].
Expression of K. lactis Gdp1 rescued the lethality of ∆pgi1 S. cerevisiae
cells because it catalyzes the oxidation of NADPH to NADP+ [25], thus
preventing the accumulation of NADPH in ∆pgi1 cells [25]. Gdp1 can
therefore be applied in vivo to analyze the impact of NADPH accumulation
in regard to the observed oxidant resistance of yeast cells with reduced TPI
activity. To do this, we transformed the yeast strain BY4741 with either a
plasmid encoding K. lactis GDP1 under the control of a constitutive
promoter or with an empty control plasmid and selected the respective
transformants on plates of synthetic complete (SC) medium lacking uracil
(SC-ura). Yeast cultures were then grown and spotted as fivefold dilution
series on solid medium supplemented with varying concentrations of
diamide. As shown in Figure 3b, yeast cells expressing Gdp1 were highly
sensitive to diamide in the concentration range of 1.8–2.0 mM compared
with control cells, indicating that the cellular NADPH/NADP+ balance is
crucial for the cellular resistance to diamide. To further validate that
increased activity of the PPP leading to an elevated cellular reduction of
NADP+ to NADPH underlies the observed resistance to diamide, we
addressed the impact of GDP1 expression in ∆tpi1 yeast strains expressing
the human protein TPIIle170Val. We observed that growth of ∆tpi1 yeast
expressing the human TPI proteins and K. lactis Gdp1 was strongly
impaired on medium supplemented with 2.0 or 2.2 mM diamide (Figure 3c).
Remarkably, the effects of GDP1 expression were less dramatic in yeast
cells expressing TPIIle170Val, which have an increased NADPH/NADP+ ratio.
Thus, these results suggest that the enhanced diamide resistance of yeast
cells with reduced TPI activity is based on increased conversion of NADP+
to NADPH within the PPP.
Inactivation of TPI and GAPDH increases the concentration of PPP
metabolites
We observed in an earlier study [11] that yeast cells with reduced TPI
activity are not resistant to oxidative stress caused by hydroperoxides such
as hydrogen peroxide (H2O2), cumene hydroperoxide or tertbutylhydroperoxide. Strikingly, treatment of yeast cells with these oxidants
leads to a rapid inactivation of GAPDH; however, this inactivation is not
observed when cells are treated with diamide [6,27]. As GAPDH is the first
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enzyme downstream of TPI, we speculated that the block of GAPDH
activity in hydroperoxide-treated yeast cells prevents the protective effects
of reduced TPI activity. This hypothesis would imply that cells do inactivate
GAPDH to reroute the metabolic flux to the PPP for protection against
ROS. To corroborate this, we comprehensively measured a number of
glycolytic and PPP metabolites, and compared changes between their
intracellular concentration in yeast cells expressing TPI variants with
reduced activity and wild-type yeast cells treated with H2O2. For this
analysis, the corresponding yeast cultures were grown in rich medium
(YPD) to an equal optical density and lysed as described in Materials and
methods. In the quantitative metabolomic analyses, we focused on the
metabolites dhap, glucose-6-phosphate/fructose-6-phosphate (g6p), 6phosphogluconate
(6pg),
ribose-5-phosphate
(r5p),
xylulose-5phosphate/ribulose-5-phosphate (x5p), sedoheptulose-7-phosphate (s7p),
glyceraldehyde-3-phosphate (gly3p) and glycerol-3-phosphate (gol3p).
Quantification was carried out using LC-MS/MS.
We first set out to analyze the experimental quality of our measurements,
and prepared two samples from each culture for measurements of the
various metabolites. The measurements of the parallel samples were
plotted on a two-dimensional graph and analyzed statistically (Figure 4a,
upper panel). The coefficient of determination (R2) equaled 0.9989 when
including all measurements (0.98 for values smaller than 10), indicating
high reproducibility of the analysis. Next, we assayed the comparability of
the metabolite content of yeast cultures cultivated in duplicate. Two lysate
samples of each culture were prepared in parallel and the metabolite
content of each sample was measured in duplicate. The average
concentration of each metabolite was plotted on a two-dimensional graph
and analyzed statistically (Figure 4a, lower panel). Here, the R2 value of
0.995 (0.96 analyzing values smaller than 10) demonstrated excellent
comparability of the metabolite content of yeast cultures grown in parallel.
Finally, we calculated the relative alterations in the cellular metabolite
concentrations of two different yeast strains – MR101, which expresses
human TPI, and MR105, which expresses human TPIIle170Val – compared
with the isogenic wild-type strain BY4741 (Figure 4b, upper panel). MR101
yeast exhibits 70% and MR105 20% overall TPI activity compared with the
wild-type strain BY4741, as determined by the TPI activity assay described
earlier [11]. As expected, we detected increased levels of the TPI substrate
dhap in yeast cells with reduced TPI activity, as previously observed in
human cell extracts and in yeast [13,14]. The moderately reduced TPI
activity in MR101 cells caused an increase in the intracellular dhap
concentration of 24.9% compared with the level of wild-type strain BY4741.

95

Chapter 8

Figure 4:TPI and GAPDH inactivation increases the concentration of PPP metabolites. (a) For quality
control of the metabolite quantifications and for analyzing the technical reproducibility, each metabolite
was measured in duplicate (top panel). For analyzing the biological reproducibility, the metabolite
concentrations were measured from cultures grown in parallel (bottom panel). Please note that for the
purpose of illustration values greater than 10 are not shown. The complete plots are presented in
Additional data file 3. (b) Upper panel, changes in metabolite levels in yeast strains with differing TPI
activity. Lysates of yeast strains BY4741 (100% TPI activity), MR101 (70% TPI activity) and MR105
(20% TPI activity) were prepared and metabolites were quantified by LC-MS/MS. The absolute
metabolite concentrations of MR101 and MR105 yeast were normalized and plotted as change given in
percent relative to the wild-type (BY4741) strain. Middle panel, changes in metabolite levels in yeast
with GAPDH inactivation. Cultures of strain BY4741 were treated with H2O2 or left untreated. The
relative changes of the various metabolites of the H2O2-treated cells in comparison to untreated cells
were plotted. Bottom panel, predicted qualitative changes in metabolite concentrations using the nonfitted metabolic model. Note that for technical reasons, the abbreviation g6p refers to the sum of
glucose-6-phosphate and fructose-6-phosphate and x5p to the sum of xylulose-5-phosphate and
ribulose-5-phosphate. (c) Upper panel, GAPDH activity in yeast cells treated with and without H2O2 as in
(b). Lower panel, effect of H2O2 on wild-type yeast cells transformed with the 2µplasmids p423GPD,
p423GPD-EcoGAP encoding E. coli GAPDH, or p423GPD-TDH3 encoding the yeast GAPDH Tdh3p.
Transformants were selected, grown overnight and the same number of cells were spotted as fivefold
serial dilutions on SC-his-ade media supplemented with H2O2 as indicated.
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A strong increase in dhap concentration was measured in lysates prepared
from MR105 cells and we also found that the concentration of g6p was
increased in MR101 and MR105 cells. As mentioned previously, g6p is
converted by glycolysis and the PPP and is rate-limiting for their activity
(Figure 2a). In addition, the intracellular concentration of the metabolites
6pg, r5p and x5p, all generated in the PPP, were elevated in MR101 and
MR105 cells. Notably, the concentration changes of these metabolites
followed the trend in TPI activity in both these strains: the lower the TPI
activity, the higher the increase in metabolite concentration. As expected,
the cellular concentration of the TPI product, gly3p, was decreased in both
strains. Furthermore, the metabolite s7p was decreased in MR101 cells,
but increased in MR105 cells. This unexpected finding could potentially
reflect a change in the equilibrium between gly3p and s7p, as both
metabolites are simultaneously required by the yeast transketolases Tkl1p
and Tkl2p; however, an adequate explanation cannot be given at present.
Thus, these experiments clearly show that a decrease in cellular TPI
activity results in elevated levels of almost all the metabolites of the PPP.
We next analyzed whether treatment of yeast cells with H2O2, known to
cause inactivation of GAPDH [10,27,28], would result in a similar rerouting
of the carbohydrate flux. Wild-type cells were treated with H2O2 for 30
minutes as described [28], collected by centrifugation, and the GAPDH
activity was measured as described in Materials and methods. As shown in
Figure 4c (upper panel), GAPDH was inactivated in H2O2-treated yeast
cells. To further demonstrate the contribution of GAPDH to resistance to
H2O2, we investigated the H2O2-tolerance of yeast cells overexpressing
either the most abundant yeast GAPDH paralog, Tdh3p, or the E. coli
GAPDH, EcoGAP. As anticipated, cells overexpressing Tdh3p or EcoGAP
were more sensitive to H2O2 treatment compared with cells harboring the
empty vector (Figure 4c, lower panel). Moreover, Tdh3p or EcoGAP
overexpression in another yeast background, the W303 derivate Y2546,
also caused sensitivity to H2O2 (data not shown). Subsequently, we
analyzed the changes in metabolite concentrations of H2O2-treated yeast
cells and found that concentrations of all measured PPP metabolites were
greatly increased (Figure 4b, middle panel). The greatest increases were
observed for 6pg, x5p and s7p. Moreover, we found decreased
concentrations of the glycolytic metabolite gol3p, which is generated
intracellularly from dhap by the enzyme Gpd1p (also known as Hor1p).
Strikingly, all measured metabolites showed a similar tendency in the case
of inactivated GADPH as was observed for low TPI activity, with the
exception of gly3p. Indeed, gly3p represents the metabolic intermediate of
both enzymes. These results show that yeast cells reroute the
carbohydrate flux in response to H2O2 treatment in the same manner as
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cells with low TPI activity. This implies that rerouting of the metabolic flux is
a basic mechanism in counteracting oxidative stress that is naturally
switched on in the course of GAPDH inactivation.
Mathematical modeling and computer simulations
Because our experimental data imply that inactivation of GAPDH may
serve as a cellular switch to reroute the metabolic flux from glycolysis to the
PPP under oxidative stress conditions, we set out to develop a
mathematical model that describes the dynamic behavior of the metabolic
reactions under consideration. Most of the reactions involved have been
intensely studied in vitro and, hence, sufficient kinetic parameters (Km, Vmax)
are available for modeling and simulating the entire pathway in silico. For
this, we modeled enzymatic reactions (see Additional data file 2) as a set of
ordinary differential equations using the CellDesigner software [29]. The
model allows calculation of the concentrations of 19 different metabolites,
the amount of high-energy phosphate groups (P), and the NAD+/NADH and
NADP+/NADPH ratios. Three types of in silico simulations were run: with
normal TPI and GAPDH activity; with 25% residual TPI activity; and with
25% residual GAPDH activity. The results of these simulations were
compared with the LC-MS/MS measurements from wild-type yeast, from
strain MR105, which expresses TPIIle170Val, and from H2O2-treated wild-type
cells with inactivated GAPDH. The simulations revealed that 13 of the 14
qualitative changes in metabolite concentrations were correctly predicted
by the mathematical model (Figure 4b, lower panel). A difference between
the experimental data and the predictions was only observed for the
metabolite s7p. The simulations predicted a decline of s7p in H2O2-treated
yeast cells whereas the respective experiments showed that the
concentration of s7p increased.
As the qualitative predictions of the unfitted model matched well with the
experimental data set, we calculated the influence of reduced TPI or
GAPDH activity on the cellular NADPH/NADP+ ratio without any further
parameter fitting. Like other mathematical models [30,31], our model is
based on the fact that the nicotinamide nucleotide moiety is conserved: that
is, that the sum of cellular NADP+ and NADPH is constant. The free-energy
change (∆G) of a reaction is given by ∆G = ∆G0'+RT ln(k), (where ∆G0'is
the standard free-energy change and k is the equilibrium constant). For a
redox reaction involving NADPH and NADP+ (k = reduced form/oxidized
form), it is therefore the NADPH/NADP+ ratio, and not the absolute
concentrations, that drives the reaction. Hence, we calculated the
corresponding steady-state values of the NADPH/NADP+ ratio depending
on the activity of GAPDH or TPI using the program Copasi 4B20 [32]
(Figure 5a). Reduction of TPI activity resulted in an increased
NADPH/NADP+ ratio from approximately 6.5 to 9. The simulated reduction
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in GAPDH activity resulted in an even greater increase in the
NADPH/NADP+ ratio, from approximately 6.5 to 19. Taken together,
simulations using a dynamic, unfitted mathematical model corroborate the
experimental finding that reduced TPI and GAPDH activities redirect the
carbohydrate flux. Moreover, the model predicts an elevated
NADPH/NADP+ ratio if the activity of the PPP is increased, a result that
agrees with earlier experimental observations.
Although the qualitative results of the simulations fit very well with the
measurements without modifying any of the kinetic parameters taken from
the literature, it should be noted that the kinetic constants were determined
using enzymes from five different species (human, cow, rabbit, yeast, E.
coli) in different laboratories over a period of more than three decades.
Consequently, it cannot be expected that the simulations coincide
quantitatively with the measured metabolite concentrations. However, the
high-quality LC-MS/MS data allowed us to adjust the numerical values of
the kinetic parameters so that the predicted metabolite concentrations
agree better with the measured ones. For this parameter fitting, we used
the measured metabolite concentrations (see Figure 4 and Additional data
files 2 and 3) and the Copasi software using the Hook and Jeeves
algorithm with the constraint that the literature parameters can only vary by
a factor of 4. The results of this fitting process are shown in summary form
in Figure 5b. The 21 measured concentrations (seven metabolites, three
conditions) were plotted against the concentrations predicted by the model.
Before fitting (Figure 5b, upper panel), a general trend existed that large
predicted concentrations corresponded to large measured concentrations,
but the correlation was not sufficient for quantitative prediction. After fitting,
however, the experimental data and the mathematical model showed a
much better correlation (Figure 5b, lower panel). Here, one of the data
points deserves special attention: the measured s7p concentration in
H2O2-treated yeast cells was extremely high (17 mM, see Additional data
file 3 for metabolite concentrations), which differs greatly from the predicted
value of 0.5 mM before fitting and 2.27 mM after fitting. The most likely
explanation is that s7p undergoes reactions that were not included in the
model or that have not been identified. For instance, the enzyme
heptulokinase is known to phosphorylate sedoheptulose to sedoheptulose7-phosphate, and vice versa, but a dependence of this reaction on GAPDH
has not been reported so far. Moreover, H2O2 treatment could influence
other parts of the reaction network, and indeed, transketolase activity
appears to be reduced in oxidant-treated cells [33,34]. Nonetheless, the
oxidant sensitivity of the transketolase is not sufficient to explain the
unexpected concentration changes of s7p observed in yeast cells with
reduced TPI activity as described above. Thus, the most likely explanation
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for the phenomenon remains that s7p is involved in as yet unknown cellular
processes that are implicated in the oxidative stress response.

GAPDH - TPI

GAPDH -

- TPI

Figure 5: In silico model for the interplay of glycolysis and the pentose phosphate pathway in response
to GAPDH or TPI inactivation. (a) Predicted changes of the cytoplasmic NADPH/NADP+ ratio of the
unfitted model. The NADPH/NADP+ ratio increases in correlation with the rate of TPI or GAPDH
inactivation. (b) Quantitative accuracy of the metabolic model before and after parameter fitting. Upper
panel, 21 measured metabolite concentrations (seven metabolites under three conditions) are plotted
against the predicted values before fitting. Lower panel, data versus prediction after parameter fitting.
(c) As (a), but after parameter fitting. (d) Comparison of quantitative predictions made with the
parameter-fitted and the measured metabolite concentrations. Changes relative to the wild-type strain
values are shown. Black and dark gray bars correspond to yeast cells with inactivated GAPDH, gray
and light gray bars correspond to reduced TPI activity.
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To improve the visualization of the quantitative output of our calculations,
we grouped the quantitative results of the experimental measurements and
the calculations from the fitted model by each metabolite (Figure 5d).
Because the fitted model showed improved correlation between the
experimental data and the mathematical model, we reanalyzed the
prediction made for the intracellular NADPH/NADP+ ratio (Figure 5a) with
the quantitatively fitted model. The simulation confirmed the earlier result
that inactivating TPI or GAPDH leads to increased NADPH/NADP+ ratios
(see Figures 5c and 3a). Inactivation of GAPDH again resulted in a greater
increase in the cellular NADPH/NADP+ ratio than that resulting from
reduced TPI activity. Thus, GAPDH can be regarded as a cellular switch
causing rerouting between both metabolic pathways, and the naturallyoccurring GAPDH inactivation appears to be more effective and sufficient in
terms of redirecting the carbohydrate flux from glycolysis to the PPP.
Notably, our modeling approach revealed that the experimentally observed
alteration in s7p levels cannot be explained by the current knowledge of the
kinetics of glycolysis and PPP. It would be therefore of interest to focus in
future on the sedoheptulose metabolism in order to close this gap. The
good quantitative agreement between the model and the experimental
results underlines the solidness of the model and provides a firm base for
further comprehensive simulations of eukaryotic carbohydrate metabolism
integrating other metabolic pathways that are associated with glycolysis
and the PPP.
PPP activity is a regulator of normal lifespan of S. cerevisiae and C.
elegans
Much evidence exists that oxidative damage to diverse cellular components
is implicated in the aging process. Intriguingly, several genetic mutations
that have been reported to increase the overall lifespan of a variety of
organisms lead to increased oxidant-resistance as well [35]. However,
concluding the converse, that genetic mutations mediating oxidant
resistance generally increase the overall or maximum lifespan, is not
feasible. Cultured foreskin fibroblasts lacking the human ortholog of ZWF1,
hG6PDH, display premature aging [36], and so we set out to analyze
whether rerouting the carbohydrate flux influences the aging process. We
first determined the median replicative lifespan of ∆tpi1 and ∆tpi1∆zwf1
yeast cells expressing TPI or TPIIle170Val. As shown in Figure 6a, MR130
yeast cells expressing wild-type TPI had a median replicative lifespan of 21
cell divisions, a number that did not differ significantly from the lifespan of
the parent strain BY4741. However, isogenic ∆zwf1 yeast cells, which are
not capable of redirecting the carbohydrate flux from glycolysis to the PPP,
had a statistically significant lower replicative lifespan of 17 cell divisions.
Moreover, MR131 yeast expressing TPIIle170Val, which had an average of 18
cell divisions, did not significantly differ in their median replicative lifespan
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from ∆tpi1∆zwf1 cells expressing wild-type TPI (MR136), but were shortlived compared with the respective wild-type cells, which had a median
lifespan of 21 cell divisions. Finally, the median lifespan of ∆tpi1∆zwf1 cells
expressing TPIIle170Val (MR137) was even lower, at only 16 cell divisions.
These results show that proper interplay between glycolysis and the PPP is
required for normal lifespan in yeast. Interestingly, we observed additive
effects of reduced TPI activity and ZWF1 deletion on the replicative
lifespan, indicating that the negative influence of reduced TPI activity on
replicative aging does not depend on the activity of the PPP.
We also analyzed the effect of reduced TPI activity on the lifespan of C.
elegans. Like the stress experiments, the lifespan experiments were carried
out with worms that were fed E. coli producing double-stranded RNA for
knockdown of the C. elegans tpi-1 gene (Y17G7B.7) with empty RNAi
vector as control. Surviving animals were counted daily. We observed that
the mean lifespan of wild-type worms on the vector control was 15.7 ± 0.9
days, whereas the average lifespan of tpi-1 knock-down worms, with 14.4 ±
0.9 days, was significantly shorter (p = 0.0016; Figure 6b, right panel). Also,
the maximum lifespan of 21.0 ± 1.4 days for tpi-1 knock-down worms was
shorter than the 23.0 ± 0 day lifespan of wild-type worms (see Additional
data file 1 for more details). Furthermore, a similar shortening of lifespan
was observed when TPI expression was also reduced, beginning with late
larval stage L4 parental generation and during the development of the F1
(Figure 6b, left panel). These findings confirm earlier studies showing that
normal activity of the PPP is central to the native lifespan of eukaryotic
organisms. In addition, our results revealed that yeast and C. elegans with
reduced TPI activity were short-lived. In this context, it should be noted that
the TPI substrate dhap, which is greatly increased in cells with reduced TPI
activity ([13,14] and see Figure 4) is thought to be a main biological source
of methylglyoxal, a potent precursor of advanced glycation endproducts
(AGEs) [37]. Moreover, it is feasible that the altered redox state of cells with
reduced TPI activity ('reductive stress') has a negative impact on natural
lifespan.

Discussion
Here we provide the first evidence, by means of genetic and metabolic
datasets along with in silico modeling, that active dynamic rerouting of the
carbohydrate flux represents an immediate key to counteracting oxidative
stress. Although earlier studies reported that an enhanced activity of the
well-conserved PPP, which is strongly interconnected with the glycolytic
pathway, was observed in mammalian cells under conditions of oxidative
stress [7,15], the underlying cellular mechanism is far from being
understood. Encouraged by the discovery that a reduction in intracellular
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TPI activity results in enhanced oxidant resistance in S. cerevisiae and C.
elegans, we directly addressed the question of whether blockage of TPI
causes a redirection of the metabolic flux from glycolysis to the PPP. By
genetic means, we showed that the oxidant resistant phenotype of cells
with reduced TPI activity is based on the activity of the PPP; this effect is
absent in yeast cells in which the first and rate-limiting step of the PPP is
inhibited. In addition, our metabolic datasets clearly support the idea that
decreasing the cellular TPI activity leads to raised levels of PPP
metabolites. We also provide experimental and in silico evidence that
increased reduction of NADP+ to NADPH within the PPP, which raises the
electrochemical potential of the cell, is responsible for the enhanced
oxidant tolerance.

Figure 6: Lifespan analysis of S. cerevisiae and C. elegans. (a) The median replicative lifespan of yeast
strains BY4741, MR130, MR131, MR136, and MR137 was determined by counting surviving mother
cells per generation. (b) For the lifespan analysis of C. elegans the parental and the F1 generation (left
panel, 117 wild-type and 80 tpi-1 RNAi animals were analyzed) or the F1 generation only (right panel,
74 wild-type and 47 tpi-1 RNAi animals) were placed on the respective agar plates and survival of the
worms was monitored every day.
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Because ROS provoke a shift of the cellular redox state, which is often
defined as the balance of the overall NADH/NAD+ and NADPH/NADP+
ratios, a central task in counteracting oxidative damage is to maintain the
cytoplasmic NADPH/NADP+ ratio. For this process, enzymes of the PPP
are crucial. In contrast to NAD(H), whose redox equivalents are shuttled
between mitochondria and cytoplasm [38], the cellular pools of NADP(H)
seem to be maintained independently; NADPH generated in the cytoplasm
is not available to mitochondria, and vice versa. In addition, cytoplasmic
and mitochondrial NADP(H) are synthesized independently from NAD(H)
by different NAD and NADH kinases [39]. Moreover, the intracellular
concentration of NADP(H) is low compared with that of NAD(H); it has also
been reported that the majority of cellular pyridine nucleotides are found
bound to protein and so a minority of the NADP(H) pool remains free [18].
Besides metabolic pathways, the cellular redox state influences cellular
control tasks such as signaling and transcription, and its maintenance is
therefore central to proper biological function and survival.
Although inactivation of GAPDH, the enzyme acting directly downstream of
TPI, had been observed in most cell types subjected to oxidants such as
hydroperoxides [5,8,9,15,27,40], the significance of this at the cellular level
remained unclear. It has been speculated that GAPDH inactivation might
result in a redirection of the carbohydrate flux [6,8]; however, no direct
evidence for this had been presented. Here, we were able to address this
question by combining genetic and metabolic analyses. Our model system
is based on the fact that diamide treatment, in contrast to other oxidants,
does not affect GAPDH activity in yeast. Our experiments showed that
blocking GAPDH activity led to similar changes in levels of PPP metabolites
as observed in cells with low TPI activity. Thus, the inactivation of GAPDH
functions as a cellular switch that reroutes the carbohydrate flux to maintain
the cytoplasmic NADPH/NADP+ equilibrium to counteract oxidative stress.
In addition, it is fairly likely that the altered levels of metabolites act as an
early signaling event in cell-cycle progression and control, as it has been
shown that GAPDH activity is a main regulator of H2O2-induced apoptosis
[41].
In general, oxidative stress contributes profoundly to the cellular aging
process, as well as to a large number of genetic and infectious diseases.
Therefore, understanding the mechanisms that counteract the cellular
consequences of oxidative stress is of immense interest, in particular in the
perspective that enhancing cellular tolerance of eukaryotic cells to oxidative
stress may result in the identification of proteins exploitable as therapeutic
targets. In this light, the glucose analog and glycolytic inhibitor 2-deoxy-Dglucose (2DG) is in clinical trials as an anti-cancer therapeutic (reviewed in
[42]), and was recently shown to have potent anti-epileptic properties [43].
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Of note, 2DG seems to inhibit glycolysis mainly by interfering with the
enzyme phosphoglucose isomerase [44,45]. Thus, it is conceivable that
2DG induces a deviation of the carbohydrate flux similar to that we have
demonstrated in this study. Since epilepsy is strongly associated with
oxidative stress (for review see [46]), 2DG and other glycolytic inhibitors
may have promising potential as therapeutics for oxidative stress-related
neuronal disorders, such as Alzheimer's disease, Parkinson's disease and
trinucleotide expansion disorders.

Materials and methods
Plasmids
The plasmid encoding K. lactis GDP1 (p1696) and the p416GPD-based
plasmids encoding wild-type human TPI or TPIIle170Val were described earlier
[11,47]. The generation of additional plasmids used in this study is
described in Additional data file 4.
Yeast cultivation and strains
Yeast was cultivated in YPD medium or synthetic complete (SC) medium
lacking the indicated amino acids/bases and containing 2% glucose as
described [11]. All yeast strains generated and used in this study are listed
in Table 1.
The deletion strains ∆tpi1∆zwf1 (MR123), ∆tpi1∆sol3 (MR120) and
∆tpi1∆sol4 (MR121) were generated by single gene replacement
approaches using the kanMX4 marker in case of the ZWF1 gene deletion
or MET15 in case of the SOL3 and SOL4 gene deletion. Briefly, PCR
products encoding the MET15 gene or the kanMX4 gene were amplified by
PCR using plasmids pRS411 [48] or pUG6 [49] as a template. The
respective primer pairs encompassing a homologous boundary 5' and 3' to
the target locus are listed in Additional data file 4. After transformation of
the parental ∆tpi1 strain MR101, single recombinants were selected on
synthetic minimal media supplemented with histidine or complete media
(YPD) containing 200 μg/ml G418 (Gibco, Invitrogen, Carlsbad, CA). After
selection and validation of the respective clones, the newly generated
strains were transformed with p413GPD-based centromeric plasmids
encoding human TPI or TPIIle170Val. Subsequently, single clones were
isolated on SC-his media, and counterselected against the URA3-CEN
plasmid on SC-his media containing 0.15% 5-fluoroorotic acid.
For the oxidative stress resistance experiments, yeast cells were grown
overnight in SC medium lacking the amino acids or bases as indicated,
diluted to the same optical density at 600 nm and spotted as fivefold
dilution series onto agar plates supplemented with differing concentrations
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of diamide (in 0.2 mM steps) or H2O2 (in 0.05 mM steps). Using liquid
cultures, oxidative stress was induced by adding 2 mM H2O2 to
exponentially growing cultures for 30 min as described earlier [28].
Table 1: Yeast strains used in the study
Name
BY4741

Genotype nuclear

Genotype,

Parent

extrachromosomal

strain

Mat a; his31; leu20; met150;

S288c

(Brachmann

W303

J. Broach

BY4741

(Ralser et

CEN-URA3-GPDpr-hTPI

MR100

(Ralser et

ura30
Y2546

Reference

et al., 1998)

Mat a; his3-11,15; leu2-3,112; trp11; ura3-1; can1-100

MR100

Mat a; his31; leu20; met150;
ura30; tpi1::LEU2

al., 2006)

MR101

Mat a; his31; leu20; met150;

MR105

Mat a; his31; leu20; met150;

CEN-HIS3-GPDpr-

MR100

(Ralser et

ura30; tpi1::LEU2

hTPIIle170Val
CEN-URA3-GPDpr-hTPI

MR101

This study

CEN-URA3-GPDpr-hTPI

MR101

This study

CEN-URA3-GPDpr-hTPI

MR101

This study

CEN-HIS3-GPDpr-hTPI

MR101

This study

Mat a; his31; leu20; met150;

CEN-HIS3-GPDpr-

MR101

This study

ura30; tpi1::LEU2

hTPIIle170Val
CEN-HIS3-GPDpr-hTPI

MR120

This study

Mat a; his31; leu20; met150;

CEN-HIS3-GPDpr-

MR120

This study

ura30; tpi1::LEU2 sol3::MET15

hTPIIle170Val
CEN-HIS3-GPDpr-hTPI

MR121

This study

Mat a; his31; leu20; met150;

CEN-HIS3-GPDpr-

MR121

This study

ura30; tpi1::LEU2 sol4::MET15

hTPIIle170Val
CEN-HIS3-GPDpr-hTPI

MR123

This study

Mat a; his31; leu20; met150;

CEN-HIS3-GPDpr-

MR123

This study

ura30; tpi1::LEU2 zwf1::KanMX4

hTPIIle170Val

ura30; tpi1::LEU2

MR120

Mat a; his31; leu20; met150;

MR121

Mat a; his31; leu20; met150;

al., 2006)
al., 2006)

ura30; tpi1::LEU2 sol3::MET15
ura30; tpi1::LEU2 sol4::MET15
MR123

Mat a; his31; leu20; met150;
ura30; tpi1::LEU2 zwf1::KanMX4

MR130

Mat a; his31; leu20; met150;
ura30; tpi1::LEU2

MR131
MR132

Mat a; his31; leu20; met150;
ura30; tpi1::LEU2 sol3::MET15

MR133
MR134

Mat a; his31; leu20; met150;
ura30; tpi1::LEU2 sol4::MET15

MR135
MR136

Mat a; his31; leu20; met150;
ura30; tpi1::LEU2 zwf1::KanMX4

MR137

Yeast median replicative lifespan was assayed by microdissection of a
cohort of at least 40 cells per strain on defined SC medium as described
earlier [50]. To determine whether two given lifespan distributions were
significantly different at the 95% confidence level, Breslow, Tarone-Ware
and log-rank statistics were used, and statistical calculations were
performed using the SPSS 13.0 software package.
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SDS-PAGE and western blotting
SDS-PAGE and western blotting were carried out as described previously
[11] using a BioRad Mini Protean gel chamber and a semidry electroblotter.
Primary antibodies were used in the following dilutions: anti-TPI (1:4000
[51]), anti-G6PDH (1:5000, Sigma Aldrich A9521), anti-HSP82 (crossreacts with C. elegans daf21, 1:4000, provided by Susan Lindquist) and
polyclonal anti-GAPDH (1:2500, Abcam 36840-1).
Enzyme activity assays
GAPDH activity assays were performed with minor modifications as
described [52]. Briefly, cell lysates were added to a photometric cuvette
containing 1 ml of 1 mM NAD+ dissolved in 30 mM Na-pyrophosphate
buffer, pH 8.4. The reaction was started at room temperature by adding 10
μl 40 mM gly3p. Enzyme activity under steady-state conditions was
calculated as the rate of NAD+ reduction per minute determined in 5–10 sec
intervals as the absorbance of NADH at a wavelength of 340 nm using an
Amersham Ultrospec 3100 spectrophotometer. TPI activity of whole-cell
extracts was determined as described previously [11].
C. elegans culture and assays
Nematodes were cultured at 20°C on NG agar plates with the E. coli strain
OP50. We used the strains N2 and daf-2(e1370). RNAi experiments were
carried out on NGM agar plates supplemented with 50 μg/ml ampicillin and
1 mM isopropyl-beta-D-thiogalactopyranoside. Overnight bacterial cultures
(LB medium with 100 μg/ml ampicillin) of RNAi-producing E. coli from the
RNAi library [53] (Geneservice, Cambridge, UK) were concentrated by half
and seeded on the plates, dried overnight at room temperature and then
kept at 4°C for subsequent use.
C. elegans lifespan assays were performed at 20°C. Wild-type N2 worms
were fed with E. coli that produce double-stranded RNA of the C. elegans
tpi-1 gene (Y17G7B.7; MRC Geneservice_Location: II-8I11) or contain the
empty RNAi vector L4440 as control. Twenty-five L4 worms of the F1
generation were set up onto one RNAi plate. During the reproductive period
the worms were transferred daily; later on every week. The RNAi plates
were not older than 4 days and were seeded one or two days before use.
The number of dead versus live animals was determined every day. Day 0
corresponds to the L4 stage. P values were calculated on the pooled data
of all of the experiments done in each set by using the log-rank (MantelCox) [54].
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Oxidative stress resistance was assayed by transferring 1-day-old adults on
plates containing 250 mM diamide (Sigma) or 10 μM juglone (Sigma).
Survival was scored over a 10-h period at 20°C. Diamide and juglone
plates were produced one day before use and experiments were repeated
at least twice. p values were calculated by using the log-rank (Mante-Cox)
method.
Quantitative metabolite measurements
For the measurements of sugar phosphates, yeast cultures were grown in
rich medium (YPD) overnight. Subsequently, cell cultures were diluted to an
OD600 of 0.15, and two yeast cultures of each overnight culture were grown
in parallel to mid-log phase. Cells were then collected by centrifugation,
washed, shock-frozen in liquid nitrogen and lysed by glass beads in cold
Hank's Balanced Salt Solution (without phenol red) containing 2%
perchloric acid for immediate denaturation of proteins after lysis. All steps
of the lysate generation were carried out in a cold room at 4°C. Samples
were then stored at -80°C, thawed and 50 μl internal standard (10 μM 13C6glucose-6-phosphate) was added to 50 μl of the lysate. Samples were then
neutralized with 1 M phosphate buffer (pH 11.5) and centrifuged for 5 min
at 21,000 g at 4°C. Supernatants were transferred to glass vials and
capped. Calibrators of dhap, r5p, x5p, g6p, s7p, 6pg, gly3p and gol3p were
included in each batch of samples and were processed as described
above. LC-MS/MS analysis for quantification of metabolites was carried out
as described earlier [55]. Briefly, liquid chromatography was performed
using a Perkin-Elmer series 200 pump with a 3.9 × 150 mm Symmetry C18
HPLC column (bead size 5 μm, Waters Chromatography, Etten-Leur, The
Netherlands). For gradient elution, a binary solvent was used as described
before [55]. Solvent A consisted of 12.5% acetonitrile (ACN)/water
containing 500 mg/l octylammonium acetate (pH 7.5) and solvent B
consisted of 50% ACN/water containing 500 mg/l octylammonium acetate
(pH 7.5). The column was rinsed with solvent A for 3 min to load the
column with ion-pairs. The initial composition of the binary solvent was
100% A, followed by a linear gradient to 40% A and 60% B in 8 min.
Thereafter, the mobile-phase composition was changed to 100% B and
stayed there for 2 min. Finally the mobile-phase composition was changed
to 100% A for 5 min to reload the column with ion-pairs. The flow rate was
set to 1 ml/min and was split post-column into a ratio of 1:4, resulting in an
inlet flow into the tandem mass spectrometer of 200 μl/min; 3 μl sample
was injected onto the column and the total run time was 20 min.
Detection of the sugar phosphates was carried out on an API-3000 tandem
mass spectrometer (PE-Sciex, Applied Biosystems, Foster City, CA)
equipped with an electron ion spray source (Turbo Ion Spray, Applied
Biosystems) operating in negative multiple reaction monitoring (MRM108
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mode). The MRM transitions (Q1/Q3) settings for the different sugar
phosphates were: dhap/gly3p, m/z -169/-97; gol3p, m/z -171/-79; r5p and
x5p, m/z -229/-97; g6p, m/z -259/-97; 13C6-g6p (internal standard): m/z 265/-97; 6pg: m/z -275/-97, and s7p, m/z -289/-97. Data were acquired and
processed using Analyst™ for Windows NT software (Ver. 1.3.1). To
convert the quantitative measurements into estimated, absolute cellular
metabolite concentrations (required for parameter fitting of the
mathematical model), we used a dhap concentration of 0.76 mM, which
was recently determined enzymatically in mid-log phase wild-type yeast
cells [14], as a base to calculate a calibration factor of 0.477. Absolute as
well as relative metabolite concentrations are given in Additional data file 3.
To determine the cellular NADPH/NADP+ concentration, yeast was grown in
YPD to mid-log phase, collected by centrifugation and washed in TrisEDTA buffer. Afterwards, the cell pellet was shock-frozen, thawed, and
resuspended in TE buffer. Cells were lysed by rigorous mixing (3 × 2 min,
4°C) using acid-washed glass beads before the supernatant was cleared by
centrifugation. Subsequently, 34:24:1 phenol: chloroform:isoamyl-alcohol
was added to the supernatant and supplemented with 6.6 mM EDTA as
described by Noack et al. [24]. After rigorous mixing, phase separation was
enforced by centrifugation and the aqueous phase was then extracted twice
with water-saturated diethylether. These extracts were immediately frozen
in liquid nitrogen and stored at -80°C until LC-MS/MS analysis. The quality
of the extraction method was controlled by HPLC analysis using an C18
(RP) column and UV detection at 254 nm (data not shown). Liquid
chromatography and MS/MS detection was performed as described above
for the other metabolites; the MRM transitions (Q1/Q3) settings were m/z 742.2/-620.1 for NADP+ and m/z -744.2/-79.0 for NADPH. Standards were
obtained from Sigma (St Louis, MO).
Kinetic modeling
To develop a kinetic model of the combined reactions of glycolysis and the
PPP, we used the model of Teusink et al. [31] as a basis for the glycolytic
reactions (available in SBML format from JWS online at [56]). In brief, we
included the reaction between dhap and gly3p as reversible MichaelisMenten kinetics and added all the reactions belonging to the PPP. The
following equations were used for the different kinetic types (V+ = maximum
rate of forward reaction, V- = maximum rate of backward reaction, Ks =
Michaelis-Menten constant of the substrate, Kp = Michaelis-Menten
constant of the product).
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Irreversible uni-uni Michaelis-Menten (MM):

Reversible uni-uni MM:

Reversible bi-bi MM:

Irreversible bi-bi MM with inhibition by product 1:

All the reactions included in the model, with the kinetic type and kinetic
parameters used, are given in Additional data file 2. The type of kinetics
was, in most cases, derived using information from Stryer [57]. Enzyme
activity that was only provided as U/mg protein in the literature was
converted to mM/min on the assumption that the typical protein
concentration in the cytoplasm is around 0.26 μg/μl (J. Snoep, personal
communication). Another relationship that was used to convert different
units is the following constraint:

Because almost all reactions use some form of saturation kinetics, it is
possible that the system does not enter a steady state (that is, some
metabolites accumulate without limit). Using the kinetic data from five
different species (human, cow, rabbit, yeast, E. coli) that were measured
over a time span of more than 30 years, this indeed happened. To avoid
this non-physiological situation, a Vmax of 4 mM/min was used instead of the
calculated 0.53 mM/min for reaction 17, and Vmax values of 4 and 2 mM/min
were used instead of the calculated values of 0.04 and 0.02 mM/min for
reaction 22 (see Additional data file 2). The model was implemented using
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CellDesigner 3.2 [58]. The generated SBML code was then used with
Copasi 4B20 [32] to perform the parameter fitting. The SBML code of the
model is available as Additional data file 5.

Additional data files
Additional data are available with this article online. Additional data file 1
contains details of the C. elegans experiment. Additional data file 2
contains a figure and a table of the reactions included in the mathematical
model to study the effects of a diminished TPI or GAPDH activity on the flux
through glycolysis and the pentose phosphate pathway. Additional data file
3 contains tables of metabolite concentrations. Additional data file 4
contains information on the generation of plasmids and oligonucleotides
used in this study. Additional data file 1 contains the SBML code for the
mathematical model.
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Abstract
The recent discovery of two defects (ribose-5-phosphate isomerase
deficiency and transaldolase deficiency) in the reversible part of the
pentose phosphate pathway (PPP) has stimulated interest in this pathway.
In this review we describe the functions of the PPP, its relation to other
pathways of carbohydrate metabolism and an overview of the metabolic
defects in the reversible part of the PPP.
Abbreviations:
PPP pentose phosphate pathway, P phosphate, G6PD glucose-6phosphate dehydrogenase, 6PGD 6-phosphogluconate dehydrogenase,
RPI ribose-5-phosphate isomerase, TALDO transaldolase, GSSG oxidized
glutathione, GSH reduced glutathione, GAPDH glyceraldehydes-3phosphate dehydrogenase, TPI triose phosphate isomerase, DHAP
dihydroxyacetone phosphate, MRI magnetic resonance imaging, MRS
magnetic resonance spectroscopy, CSF cerebrospinal fluid, GA
glyceraldehydes.
Take-home message:
One should consider screening of patients with poorly understood
neurodegenerative symptoms for RPI deficiency and patients with
unexplained hepatosplenomegaly/hepatic fibrosis for TALDO deficiency,
both via determination of urinary polyols.
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Introduction
The pentose phosphate pathway (PPP) consists of two distinct parts, which
fulfil two specific roles: an oxidative, non-reversible pathway branch which
allows reduction of NADP+ to NADPH while converting glucose-6phosphate to a pentose-phosphate and CO2, and a non-oxidative,
reversible pathway branch, which connects pentose-phosphates to
glycolytic intermediates.
In recent years, our group discovered two new defects in the PPP. The first
defect, ribose-5-phosphate isomerase (RPI) deficiency, has been
diagnosed in one patient, who presented with a slowly progressive
leukoencephalopathy (van der Knaap et al 1999; Huck et al 2004). The
second defect is transaldolase (TALDO) deficiency, and at the beginning of
this Phd project only six patients from three families had been diagnosed
(Verhoeven et al 2001; 2005; Valayannopoulos et al 2006). TALDO
deficiency is associated with liver symptoms, while other organs are
affected to varying degrees. These two defects are rare, and although the
responsible enzymes are present in the same reversible part of the PPP,
the clinical phenotype of each is completely different.
During this PhD project the main research goals were:
I
To characterize the normal pattern of metabolites involved in the
PPP (polyols, sugars and sugar-phosphates (sugar-P)) and to improve
diagnostics for patients with suspected defects in the PPP.
II
To explore the clinical phenotype and pathophysiology of human
TALDO deficiency.
III
To identify new reactions associated with the PPP, and to
investigate its interrelationship with other pathways.

Pentose phosphate pathway
The pentose phosphate pathway (PPP), also known as the hexose
monophosphate shunt, provides an alternative pathway for glucose
oxidation. In most tissues 80% to 90% of glucose oxidation is via glycolysis,
and the remaining 10% to 20% occurs via the PPP. The pathway does not
require oxygen, and does not generate ATP. It is present in the cytosol of
all cells and has two major functions: 1) production of NADPH, which is
used as a reducing agent in many biosynthetic pathways and is also
important for protection against oxidative damage; and 2) synthesis of
ribose-5-phosphate, which is required for nucleotide and nucleic acid
synthesis. The pathway can be divided into two branches. The oxidative
branch consists of three irreversible reactions, which results in NADPH and
pentose phosphate production. The non-oxidative branch of the pathway
reconverts pentose phosphates into glucose-6-phosphate (glucose-6P),
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and two of the intermediates, fructose-6P and glyceraldehyde-3P (GA-3P),
are also glycolytic intermediates. The reactions in the non-oxidative branch
are reversible. The flow of glucose-6P through the PPP or glycolysis is
dependent upon the cellular requirement for NADPH, ribose-5P and ATP.
Oxidative PPP
The oxidative branch of the PPP starts with the dehydrogenation of
glucose-6P, a reaction catalyzed by glucose-6P dehydrogenase (G6PD)
with concomitant production of NADPH (figure 1A). The product, 6phosphoglucono--lactone is rapidly and irreversibly hydrolysed by a
specific lactonase to yield 6-phosphogluconate. The latter is oxidatively
decarboxylated by 6-phosphogluconate dehydrogenase (6PGD) to produce
ribulose-5P, CO2 and NADPH.
Non-oxidative PPP
The intermediates in the non-oxidative branch range from three-carbon to
seven-carbon species. The ribulose-5P produced by the oxidative branch
can be isomerized to ribose-5P by RPI, or epimerized to xylulose-5P by
ribulose-5P epimerase (figure 1B). Ribose-5P is incorporated into
nucleotides and nucleic acids. However, the need for NADPH in
biosynthetic processes often exceeds that of ribose-5P for nucleotide
synthesis. In these cases, ribose-5P and xylulose-5P are converted into
GA-3P and sedoheptulose-7P by transketolase and further metabolized
into erythrose-4P and fructose-6P by TALDO. Finally, transketolase
converts erythrose-4P and xylulose-5P into GA-3P and fructose-6P.
Transketolase and TALDO form a reversible link between the PPP and
glycolysis via the production of GA-3P and fructose-6P.

Functions of the PPP
By producing NADPH and ribose-5P, the PPP has several functions in
protecting against oxidative stress, in hypoxia and in rapidly dividing cells
including malignant cells.
Production of NADPH
The main function of the oxidative branch of the PPP is the production of
NADPH which serves as co-factor for many reactions. The NADPH/NADP+
ratio is usually >1.0. G6PD and 6PGD are responsible for most of the
NADPH produced in the cytosol. Other enzymes like the cytosolic isoform
of malic enzyme, the cytosolic form of NADP+-dependent isocitrate
dehydrogenase, aldehyde dehydrogenase and NAD kinase are responsible
for the remainder of NADPH produced in the cytosol (Pollak et al 2007).
The cytosolic and mitochondrial NADPH pools appear to be maintained
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independently. NADPH is used for the reduction of oxidized glutathione
(GSSG) to reduced glutathione (GSH). GSH is important for the
detoxification of reactive oxygen species (ROS) and converts reactive
hydrogen peroxide into H2O. NADPH is also used in many anabolic
pathways, such as lipid synthesis, cholesterol synthesis and fatty acid chain
elongation. The NADPH/NADP+ couple is essential in maintaining GSH in
its reduced form and for maintaining the production of certain hormones
(e.g. estradiol, testosterone). Thus far, it remains unclear how the NADPH
pools in different organelles, cells and tissues are generated and regulated.
It is probable that cells do not rely on a single NADPH generating system
given the permanent threat of oxidative damage (Pollak et al 2007). For
erythrocytes only the enzymes of the oxidative PPP are present and
deficiency of G6PD, the rate limiting enzyme, can result in hemolytic
anemia due to a decreased redox potential.
Production of ribose
D-Ribose is synthesized from glucose-6P or glycolytic intermediates
through either the oxidative branch (catalyzed by G6PD and 6PGD) or the
nonoxidative branch of the PPP (catalyzed by transketolase and TALDO)
via D-ribose-5P. Ribose and its metabolic product deoxyribose represent
the sugar components of RNA and DNA, respectively, and therefore play
key roles in dividing cells. Ribose is also a component of numerous other
cellular intermediates including ATP, ADP, AMP, cAMP, coenzyme A, FAD,
NAD(P)+ and NAD(P)H. The flow of glucose-6P through either the
oxidative or non-oxidative branches of the PPP, or glycolysis depends on
the requirements for NADPH, ribose-5P or ATP.
Oxidative stress
The PPP is regulated by a number of cellular processes, including oxidative
stress. Oxidative stress is caused by an imbalance between the production
of reactive oxygen and a biological system's ability to detoxify the reactive
intermediates or repair the resulting damage. In humans, oxidative stress is
involved in many diseases, such as atherosclerosis, Parkinson's disease
and Alzheimer's disease, but it may also be important in aging. ROS can be
beneficial, since they are employed by the immune system as a way to
attack and kill pathogens. ROS are also used in cell signaling. G6PD is the
key regulatory enzyme in the PPP and may provide an early marker of
oxidative stress, since it responds rapidly to the increased demand for
NADPH necessary for the maintenance of the cellular redox state. The
redox state is essential for maintaining glutathione in its reduced (GSH)
form. Thus the PPP provides the majority of reducing equivalents in the
form of NADPH, which are necessary for GSH regeneration from
glutathione disulfide (GSSG), a process catalysed by glutathione reductase
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(Kletzien et al 1994). Deficiency of G6PD in erythrocytes results in cellular
sensitivity (haemolysis) to oxidative stress from dietary substances
(e.g.divicine from fava beans) or drugs such as Primaquine (Luzzatto
1987). Erythrocytes cannot respond adaptively to oxidants at the level of
gene expression, nor through NADPH production, since erythrocytes do not
contain isocitrate dehydrogenase.
Inactivation of the glycolytic GA-3P dehydrogenase (GAPDH) is detected in
most cell types subjected to oxidants such as hydrogen peroxides (Janero
et al 1994; Dastoor and Dreyer 2001; Shenton et al 2002; Du et al 2003;
Chuang et al 2005; Newman et al 2007). It has been proposed that GAPDH
inactivation might result in a redirection of the carbohydrate flux (Shenton
and Grant 2003; Chuang et al 2005) from glycolysis to the PPP. Enhanced
activity of the PPP has been observed in neonatal rat cardiomyocytes as
well as in human epithelial cells during oxidative stress (Janero et al 1994;
Le Goffe et al 2002). In yeast we have shown that reduced activity of
GAPDH or triose phosphate isomerase (TPI), the enzyme directly upstream
of GAPDH, leads to increased levels of PPP metabolites and NADPH
(Ralser et al 2007). It therefore seems plausible that the inactivation of
GAPDH and TPI functions as a cellular switch for re-routing the
carbohydrate flux in order to maintain the cellular NADPH/NADP+
equilibrium and counteract oxidative stress.
Hypoxia
PPP activity during hypoxia (ischemia) has primarily been studied in
cardiac and vascular muscles. Hypoxia results in increased ROS and
hydrogen peroxide requiring GSH for detoxification via glutathione
peroxidase, and therefore NADPH. In rat, G6PD activity and NADPH
generation by the PPP increases rapidly during ischemia-reperfusion in
isolated hearts. Mice lacking the G6PD enzyme exhibited greater sensitivity
to ischemia-reperfusion–induced contractile and diastolic dysfunction,
associated with depletion of intracellular thiols and loss of redox
homeostasis (Jain et al 2004). These findings indicate that the function of
the oxidative PPP has a key role in protecting against oxidative stressinduced cardiac dysfunction during ischemia-reperfusion. Contractile
mechanisms controlled by NADPH/NADP+ levels could be a contributing
factor to the contractile response to hypoxia (Wolin et al 2007), since
hypoxia has also been observed to increase the levels of glucose-6P and
NADPH in isolated rat pulmonary arteries and lungs (Gupte et al 2006).
Cancer
In malignant tissue there is an increased metabolism of glucose, the main
substrate of the PPP. Glucose is utilized for increased synthesis of nucleic
acids in the malignant cells. Ribose, the sugar component of nucleic acids,
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is synthesized from glucose or glycolytic intermediates either via the
oxidative branch of the PPP (catalyzed by G6PD and 6PGD) or the
nonoxidative branch (catalyzed by transketolase and TALDO).
Transketolase reactions are strictly thiamine dependent, and 70% of ribose
isolated from tumor cell RNA is synthesized through the thiaminedependent transketolase reaction. The thiamine analogue oxythiamine is
therefore an effective inhibitor of tumor proliferation by inhibiting
transketolase activity. Three transketolase genes have been reported thus
far (TKT, TKTL1 and TKTL2) (Coy et al 2005), TKTL1 mRNA and protein
are found overexpressed in invasive tumors (Langbein et al 2006). Less
than thirty per cent of ribose is synthesized through the oxidative steps of
PPP. Proliferative conditions in normal and tumor tissue are accompanied
by a higher G6PD activity (Ramos-Montaya et al 2006). Combined
oxythiamine and dehydroepiandrosterone (DHEA, a noncompetitive
inhibitor of G6PD) intervention might result in complete inhibition of ribose
synthesis, and could represent a new strategy for novel cancer therapies
(Ramos-Montaya et al 2006).

Pathways connected to the PPP
The PPP is connected to two pathways of carbohydrate metabolism,
glycolysis and the glucuronic acid pathway.
Glycolysis
Glycolysis, closely interconnected with the PPP, is the central pathway of
carbohydrate metabolism, occurring in the cytosol of all cells. Glycolysis
converts glucose into pyruvate (figure 1C). In aerobic organisms, pyruvate
can enter the mitochondria and link glycolysis with the citric acid cycle and
the electron transport chain, where most of the free energy from glucose is
produced. The entry of glucose into the cell is mediated by tissue-specific
GLUT transporters. Inside the cell, glucose is phosphorylated to glucose-6P
by glucokinase or hexokinase. All intermediates between glucose and
pyruvate are phosphorylated, thereby ensuring they do not leave the cell.
The first stage of glycolysis requires ATP. Glucose, a six-carbon substrate,
is converted into two three-carbon intermediates, dihydroxyacetone
phosphate (DHAP) and GA-3P. This sequence of reactions requires two
mols of ATP per mol of glucose. GA-3P and DHAP are interconvertible by
TPI. The second stage of glycolysis results in ATP production. GA-3P is
metabolized by GAPDH and further oxidized to pyruvate, simultaneously
producing 2 mols of ATP and 1 mol of NADH per mol of GA-3P.
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Figure 1: Schematic representation of the pentose phosphate pathway and related pathways. A) oxidative pentose phosphate pathway, B) non-oxidative
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Glucuronic acid pathway
Similar to the PPP, the glucuronic acid pathway (uronic acid pathway) is an
alternative pathway for the oxidation of glucose that does not produce ATP,
but does produce activated UDP-glucuronate. The glucuronic acid pathway
begins
with
conversion
of
glucose-6P
to
glucose-1P
by
phosphoglucomutase, which is then activated to UDP-glucose by UDPglucose pyrophosphorylase (figure 1D). UDP-glucose is oxidized to UDPglucuronate by NAD+-requiring UDP-glucose dehydrogenase. UDPglucuronate then serves as a precursor for the synthesis of iduronic acid
and UDP-xylose and is incorporated into proteoglycans and glycoproteins
or conjugates with bilirubin, steroids, xenobiotics, drugs and many
compounds containing hydroxyl (-OH) groups.
Glucuronate is reduced to L-gulonate, the direct precursor of ascorbate in
those animals capable of synthesizing this vitamin, in an NADPHdependent reaction. In humans and other primates, as well as guinea pigs,
bats, and some birds and fishes, ascorbic acid cannot be synthesized
because of the absence of L-gulonolactone oxidase. L-Gulonate is than
oxidized to 3-keto-L-gulonate, which is then decarboxylated to L-xylulose.
L-Xylulose is converted to the D isomer by an NADPH-dependent reduction
to xylitol, followed by oxidation in an NAD-dependent reaction to Dxylulose. After conversion to D-xylulose-5P, it is metabolized via the PPP.

Heritable disorders of the PPP
Ribose-5-phosphate isomerase (RPI) deficiency
Accumulation of the pentitols ribitol and arabitol in brain and body fluids
was first described in a patient with a slowly progressive
leukoencephalopathy of unknown origin (van der Knaap et al 1999). RPI
deficiency was later described by Huck and coworkers (2004). Since then,
no additional patients with RPI deficiency have been described.
Clinical presentation
The patient with RPI (EC 5.3.1.6) deficiency (OMIM 608611) presented with
slow psychomotor development, especially delayed speech development
(van der Knaap et al 1999; Huck et al 2004). At the age of four years he
developed epilepsy. From the age of seven years he regressed, with
deterioration of vision, speech, hand coordination, walking, and seizure
control. Neurologic examination at the age of fourteen years showed some
spasticity, bilateral optic atrophy, and nystagmus on lateral gaze; an
increased masseter reflex; and mixed cerebellar/pseudobulbar dysarthria.
He had prominent cerebellar ataxia of his arms and legs and mild
peripheral neuropathy. He had a serious mental retardation, but his growth
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parameters were normal. He had no organomegaly or internal organ
dysfunction. He is now in his twenties.
Magnetic resonance imaging (MRI) at eleven and fourteen years of age
showed extensive abnormalities of the cerebral white matter with prominent
involvement of the U-fibers. The abnormal white matter had a slightly
swollen appearance with some broadening of the gyri. Magnetic resonance
spectroscopy (MRS), performed at fourteen years of age, revealed
abnormal resonances in the 3.5-4.0 ppm region, corresponding to arabitol
and ribitol.
Metabolic abnormality
In urine, plasma and CSF elevated concentrations of the pentitols, ribitol
and arabitol were detected (table 1), and also D-xylulose was elevated in
urine. These metabolites are postulated to derive from PPP intermediates
(figure 2). The concentrations of ribitol and arabitol displayed a
brain/CSF/plasma gradient of 70:40:1 for arabitol and 125:55:1 for ribitol.
Myo-inositol concentrations in CSF were decreased (two- to tenfold
compared to controls) (van der Knaap et al 1999).
Table 1: Polyols, heptuloses and sedoheptulose-7P in urine, plasma and CSF (mmol/mol creatinine)
from an RPI-deficient.
RPI Deficiency

Controls

(one patient; 14 Years)
Urine (mmol/mol creatinine)
Arabitol
Ribitol

a

a

Erythritol

a

Sedoheptitol
Perseitol

b

b

Sedoheptulose

b

Mannoheptulose

b

Sedoheptulose-7P

b

1021-1612

27-99

123-186

7-24

20-49

58-192

<1

<1

<1

<1

0.9

<40

0.6

<3

<0.01

<0.07

90-163

<5

Plasma (µmol/L)
Arabitol
Ribitol

a

a

Erythritol

a

14-30

<5

<5

<5

CSF (µmol/L)
Arabitol
Ribitol

a

a

Erythritol

a

5234-5535

9-39

891-1249

<5

<5

12-33

a

CSF, cerebrospinal fluid; Reference values and method from Jansen et al 1986 (gas chromatography);
b

Reference values and method from Wamelink et al 2007 (tandem mass spectrometry)
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Enzyme defect
By incubating fibroblasts or lymphoblasts with either ribose-5P or 6phosphogluconate the activity of RPI was followed by measuring the sugarphosphate intermediates from the PPP. Decreased activity was
demonstrated in the RPI deficient patient (Huck et al 2004).
Genetics and structure
The human RPIA gene (GenBank # NM_144563) is located at locus 2p11.2
and has 9 exons. Human RPIA consists of a monomer of 311 amino acids.
Its structure is expected to be similar to the yeast RPIA which has seven
alpha helixes and fourteen beta-strands and functions as a homotetramer
(Graille et al 2005).
In the RPI deficient patient two mutant alleles were demonstrated: a 1-bp
deletion (c.540delG) resulting in a frameshift at codon 181 and a predicted
truncated protein of 196 amino acids, and a missense mutation c.182C>T,
resulting in an ala-to-val substitution (p.A61V). The finding of two mutant
alleles in the patient and apparently healthy parents suggests autosomal
recessive inheritance.
Diagnosis
The diagnosis of RPI deficiency can be made by the analysis of sugars and
polyols in urine, plasma, or CSF. Urinary ribitol and arabitol, as well as
xylulose, are elevated (more than 10 times the upper limit of the reference
ranges). High concentrations of the pentitols are also observed in CSF. The
urinary concentrations of the seven-carbon sugars are normal (table 1), the
converse of TALDO deficiency. Confirmation can be achieved by
measuring the sugar-phosphate intermediates in fibroblasts or
lymphoblasts after incubation with either ribose-5P or 6-phosphogluconate
and by sequence analysis of the RPIA gene (Huck et al 2004). In vivo brain
MRS reveals elevated peaks in the 3.5-4.0 ppm region, which correspond
to arabitol and ribitol.
Treatment and prognosis
Therapeutic options for RPI deficiency have not yet been identified.
Pathophysiology
Although the quantitative contribution of the PPP to glucose metabolism in
adult brain is minimal (less than 5%), numerous experiments using specific
inhibitors and developmental studies confirm the importance and the
"functional" role of this pathway in brain. The PPP may have a vital role
during brain development (Baquer et al 1977), as follows: 1) by providing
ribose-5P in early development for nucleic acid synthesis and later for the
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turnover of RNA; and 2) the pathway supplies NADPH for lipid and
cholesterol synthesis (important for myelin), neurotransmitter production
and the removal of H2O2 (to protect cell membranes).
In the single patient with RPI deficiency, we speculate that decreased
NADPH production results in incomplete myelination, resulting in
leukoencephalopathy. The neuropathy may represent intoxication from high
concentrations of polyols (ribitol and arabitol) in brain (Huck et al 2004), as
observed in galactosemia or diabetes mellitus when galactitol or sorbitol
accumulates in nerves. The absence of peripheral organ involvement in the
patient organs suggests a key role for this RPI enzyme in the brain. Since
only one patient has been diagnosed with RPI deficiency a non-causative
association with the neurological phenotype is possible and finding other
patients is needed for clarification of the phenotype.

Transaldolase (TALDO) deficiency
A deficiency of TALDO was first described in 2001 (Verhoeven et al 2001),
with seven additional patients diagnosed.
Phenotypic variability
TALDO (EC 2.2.1.2) deficiency (OMIM 606003) has been diagnosed in five
families (eight patients; three girls and five boys) (Verhoeven et al 2001;
2005; Valayannopoulos et al 2006; Fung et al 2007; Wamelink et al 2008a)
(figure 1B). Liver disease is present in all. The patients were born to
consanguineous Turkish, United Arabic Emirates or Pakistani couples,
suggesting rare alleles in the human population. In one family four patients
were affected including a 28 week fetus presenting with early antenatal
hydrops and a polymalformative syndrome. All patients presented in the
neonatal or antenatal period with hepatosplenomegaly, abnormal liver
function tests, hepatic fibrosis and hemolytic anemia (table 2). Most
showed dysmorphic features (e.g. anti-mongoloid slant, low set ears and
cutis laxa), neonatal edema, congenital heart defects, renal problems
(tubulopathy, renal failure, nephrocalcinosis) and/or intermittent
hypoglycemia. Mental and motor development was normal in the majority,
where assessment was possible (three patients died before the age of six
months). In single cases enlarged clitoris, microphallus, sensorineural and
conductive deafness, and rickets were noted. MRI and MRS of the brain did
not reveal abnormalities. Liver pathology includes hepatocellular damage
and degeneration of hepatocytes or hyperplastic and enlarged hepatocytes
with fibrosis

128

Chapter 9

Metabolic abnormality
TALDO deficiency exhibits elevated urine erythritol, arabitol, ribitol,
sedoheptitol,
perseitol,
sedoheptulose,
mannoheptulose,
and
sedoheptulose-7P (Verhoeven et al 2001; 2005, Wamelink et al 2005a;
2005b; 2007) (table 3). Elevations are striking in the neonatal period, and
more subtle in older patients. In plasma and CSF, there maybe only minor
polyol elevations.
Enzyme defect
TALDO deficiency is detected by measuring the formation of sugar-P
intermediates after the addition of ribose-5P to homogenates of
erythrocytes, fibroblasts, lymphoblasts and/or liver tissue. There was no
detectable TALDO activity in any patient samples.
Genetics and structure
The human TALDO gene (TALDO1; GenBank # NM_006755; gi 5803186)
is located on chromosome 11p15.5-p15.4 and a pseudogene is on
chromosome 1p34.1-p33. The gene consists of 5 exons (Banki et al 1994).
Human TALDO is a monomer of 337 amino acids. The core structure is an
eight-stranded alpha/beta barrel comprised of eight parallel beta-strands
and fourteen alpha-helical regions (Thorell et al 2000). In the crystal
structure, human TALDO is operative as a dimer.
Thus far, three homozygous mutations have been detected, including a 3bp deletion (c.512-514delCCT) resulting in p.Ser171del (five patients), a
missense mutation c.574G>A (p.Arg192His) (two patients) or c.575C>T
(p.Arg192Cys) (one patient) replacing arginine 192 either by histidine or
cysteine. Arginine 192 is proposed to be part of the phosphate-binding site,
involved in catalysis (Thorell et al 2000). Allelic homozygosity, inheritance
pattern and chromosome location confirm autosomal recessive inheritance.
The TALDO1 gene harboring the p.Ser171del mutation is transcribed, but
no protein or enzyme activity is detected in fibroblasts or lymphoblasts from
a patient with this mutation (Grossman et al 2004). Treatment with
proteasome inhibitors suggest that deletion of Ser171 leads to inactivation
and proteasome-mediated degradation of TALDO.
Diagnosis
TALDO recycles pentose-P into glycolytic intermediates in conjunction with
transketolase, and TALDO deficiency results in the accumulation of polyols
and seven-carbon sugars likely derived from pathway intermediates (figure
2).
Diagnosis of TALDO deficiency is achieved by elevated urine
concentrations of these intermediates (Wamelink et al 2005a; 2005b;
2007). Elevated concentrations of sedoheptulose-7P can be detected in
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Table 2: Clinical features of eight TALDO-deficient patients
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Table 3: Polyols, heptuloses and sedoheptulose-7P in urine (mmol/mol creatinine) from five TALDOdeficient patients as compared to the upper control values.
f

TALDO deficiënt
Carbohydrate

Patient 1

a,e

Patient 2

b,e

Patient 5

c,e

Patient 6

c,e

Patient 7
(n=1)

d

Controls

(n=3)

(n=1)

(n=2)

(n=2)

Erythritol

90-883

976

190;286

894;1131

275

< 192

Ribitol

54-338

722

43;51

189;212

160

< 24

Arabitol

99-757

463

161;251

333;427

310

< 99

Sedoheptitol

3-23

18

3;5

7;27

4

<1

Perseitol

3-13

22

3;4

16;28

5

<1

163-1122

1361

70;319

315;739

532

< 40

Sedoheptulose
Mannoheptulose

6 -65

53

7;27

9;24

112

<3

Sedoheptulose-

1.8-8.5

5.7

2.1;2.6

14.9;23.8

3.3

< 0.07

7P
N.D. not detectable.
d

a

b

c

Verhoeven et al 2001; Verhoeven et al 2005; Valayannopoulos et al 2006;
e

f

Wamelink et al 2008a; Wamelink et al 2007. Reference values for carbohydrates are age-dependent.

For clarity, only the upper limit of control for ages 0-18 years are depicted.

Figure 2: Presumed conversions to sugars and polyols from intermediates in the pentose phosphate
pathway. The dashed arrows indicate conversions to sugars and polyols that have not yet been verified
in human.
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bloodspots, suggesting that newborn screening may be feasible (Huck et al
2003). MRS is not informative, and the gold standard of diagnosis is
measurement of TALDO activity in vitro and sequence analysis of the
TALDO gene.
Prenatal diagnosis
Prenatal diagnosis is possible by sequence analysis of the TALDO gene in
chorionic villi and amniocytes. In amniotic fluid from an affected fetus
increased concentrations of sedoheptulose and ribitol were detected
(Wamelink et al 2008b). Prenatal diagnosis may also be possible by
measuring sedoheptulose and ribitol in amniotic fluid supernatant.
Treatment and prognosis
Therapeutic options for TALDO deficiency remain undefined. Treatment
should try to restore the disturbed pathophysiology or to replace the
affected organs (e.g. liver or hepatocyte transplantation).
Pathophysiology
TALDO has been proposed as the rate-limiting enzyme of the non-oxidative
branch of the PPP (Gumaa et al 1969; Vatanaviboon et al 2002), while
G6PD controls the oxidative branch. The two branches are interconnected.
The non-oxidative branch converts ribose-5P into glucose-6-P and
indirectly contributes to the NADPH production. The activity of TALDO
appears to be connected to the activity of G6PD. Overexpression of
TALDO in Jurkat and H9 human T cell lines results in a decrease in G6PD
and 6PGD activity and NADPH and GSH levels, while reduced TALDO
activity in these cells induces increased G6PD and 6PGD activities and
GSH levels (Banki et al 1996). Cells overexpressing TALDO were more
susceptible to apoptosis induced by several mechanisms, while cells with
reduced TALDO activity showed inhibited apoptosis. The impact of TALDO
deficiency appears cell-type and species specific, since NADPH and GSH
levels are reduced in TALDO deficient mice (Perl et al 2006), as opposed
to increased in cell lines with reduced TALDO activity. In cells from a
TALDO deficient patient reduced G6PD protein and enzyme activity was
detected (Qian et al 2008).
In eight patients diagnosed with TALDO deficiency there is evidence for
decreased NADPH/NADP+, leading to decreased activity of NADPHdependent reactions (i.e. cholesterol biosynthesis, hormone metabolism)
(Wamelink et al 2008a). Low cholesterol, estradiol, testosterone or vitamin
D levels were detected in one or more patients. Haemolytic anaemia was
observed in most patients, perhaps related to decreased NADPH
production in erythrocytes.
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The clinical picture of TALDO deficiency is dominated by liver
fibrosis/cirrhosis, resulting in permanent scar tissue. Since TALDO has
been recognized as a regulator of apoptotic signal-processing (Banki et al
1996), this might have relevance for the pathogenesis of the liver disease.
Finally, accumulation of sedoheptulose-7P and sedoheptulose have been
suggested to have a causative relationship with some of the clinical
symptoms.

Related disorders of carbohydrate metabolism
Other inherited disorders of carbohydrate metabolism are closely related to
RPI or TALDO deficiency either through association with accumulated
polyols or because of pathway interrelationships with the PPP.
Essential pentosuria
Essential pentosuria was recognized as an inborn error of metabolism in
1892 (Hiatt, 2001). Individuals daily excrete 1 to 4 g of the pentose Lxylulose in urine. Essential pentosuria is considered a benign condition
which results from a defect in the glucuronic acid oxidation pathway. The
metabolic block results from reduced activity of the NADP-linked xylitol
dehydrogenase (EC 1.1.1.9), the enzyme that catalyzes the conversion of
L-xylulose to xylitol (figure 1D).
L-Arabinosuria
In 2002, a 16 month-old female presented with delayed motor
development, facial dysmorphism, palatoschizis and multiple skeletal
abnormalities including hypoplastic scapulae, hypoplastic os ilea, and an
extreme cervical kyphosis (Onkenhout et al 2002). In urine large amounts
of L-arabinose were detected together with increased L-arabitol in urine,
plasma, and cerebrospinal fluid. A presumed deficiency of L-arabitol
dehydrogenase was suspected. Withdrawal of dietary fruit led to
normalization of the polyol levels. The authors suggested that the clinical
symptoms may have been an epiphenomenon unrelated to the biochemical
abnormalities in this patient.
Glucose-6P dehydrogenase deficiency
G6PD (EC 1.1.1.49) catalyses the first reaction in the PPP, providing
reducing equivalents (NADPH) to all cells (figure 1A). G6PD deficiency
(OMIM 305900) is the most common heritable human enzyme defect,
present in more than 400 million people (Cappellini 2008). G6PD deficiency
is an X-linked disorder of the G6PD gene. The most frequent clinical
manifestations are neonatal jaundice, and acute hemolytic anemia, often
triggered by an exogenous agent. The main metabolic role of G6PD in red
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cells is defense against oxidizing agents via production of NADPH
necessary to replenish reduced glutathione (GSH). GSH is essential for
detoxification of hydrogen peroxide, oxygen radicals, as well as
maintenance of haemoglobin and other blood proteins in the reduced state.
Decreased NADPH production is likely associated with clinical phenotype.
Sedoheptulokinase deficiency
In approximately 50% of all cystinosis patients of northern European
descent, a large 57-kb deletion leads to parallel deletion of the CTNS gene
and the adjacent gene CARKL (Touchman et al 2000). Recently, we
documented that the CARKL gene encodes a sedoheptulokinase, which is
responsible for the phosphorylation of sedoheptulose to sedoheptulose-7P;
we further suggested renaming this gene sedoheptulose kinase (SHPK)
(Wamelink et al 2008c). Sedoheptulose-7P is believed to enter the PPP
and may regulate the production of ribose and NADPH. Patients with
sedoheptulokinase deficiency linked to the 57-kb deletion excrete elevated
sedoheptulose and erythritol in urine, and have decreased sedoheptulose
phosphorylating activity. Cystinosis patients homozygous for this deletion
suffer from the severe infantile nephropathic form of the disease.
Previously, no difference in the clinical phenotype for patients with other
mutations causing the severe infantile nephropathic type or patients
carrying the 57-kb deletion could be detected. However there is clinical
heterogeneity in cystinosis and SHPK deficiency which could modify the
clinical phenotype. An isolated SHPK deficiency has not been described,
and it remains unclear if there would be a clinical phenotype.

Mouse model of TALDO deficiency
The TALDO -/- mice, developed by homologous recombination (Perl et al
2006), develop normally; however, males are sterile because of functional
and structural mitochondrial defects. There is complete male infertility in -/-,
and partial male infertility, in +/- knockout mice. Female mice with complete
or partial TALDO deficiency manifest normal fertility. In the TALDO -/- mice
sedoheptulose-7P accumulated in testis, urine and liver. A decreased level
of NADPH was detected in cauda epididymidis of TALDO -/- and +/- mice,
indicating a reduced production via G6PD and 6PGD, associated with a
failure to recycle ribose-5P to glucose-6P through the non-oxidative phase
of the PPP. Other pyridine nucleotides (e.g. ADP-ribose, AMP, cAMP, ADP
and ATP) were diminished in cauda epididymidis of TALDO -/- mice. In
urine of the TALDO -/- mice there were, elevated levels of D-arabitol, ribitol
and 6-phosphogluconate (Vas et al 2006). The activities of G6PD and TK
were unchanged in -/- or +/- mice (Perl et al 2006). In TALDO-deficient
sperm cells, a decreased mitochondrial transmembrane potential yielded
diminished ROS production, and reduced cytoplasmic and mitochondrial
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Ca2+ levels. Additionally, intracellular pH levels were decreased.
Intracellular thiol content, largely composed of GSH, was reduced in
TALDO -/-, but not TALDO +/- spermatozoa. In the heterozygous mice
fertility was restored after treatment with N-acetyl cysteine, a compound
capable of stimulating synthesis and/or sparing utilization of GSH. N-acetyl
cysteine did not affect the sterility of TALDO -/- mice.

Methods
Quantitation of sugar-phosphates, sugars and polyols in tissues and body
fluids is essential for the diagnosis of metabolic defects in the PPP or
related disorders.
Methods for measuring sugar-phosphates
Various studies have addressed the measurement of sugar-P in tissues
(Kauffman et al 1969; Hofer 1974; Swezey 1995; Smits et al 1998; Jensen
et al 2001). Measuring basal sugar-P concentrations in tissues is
complicated, because of their low abundance and their chemical structure.
In addition, differentiation of different sugar-P is challenging because of the
similarities in weight, charge and structure.
Kauffman and coworkers have quantified PPP metabolites in rat brain and
liver tissue indirectly using a spectrophotometric assay (Kauffman et al
1969) and verified that sugar-phosphates are present in the nmol/g wet
tissue range. However, their method failed to differentiate sugar-P. For
example, ribose-5P and sedoheptulose-7P were quantified in sum. HPLC
methods were presented (Swezey 1995; Hofer 1974) which were time
consuming. Jensen et al developed a flow injection tandem mass
spectrometry (MS/MS) method for neonatal screening of galactosemia
based upon the presence of elevated intracellular galactose 1P (Jensen et
al 2001). A liquid chromatography MS/MS (LC-MS/MS) method for the
analysis of different sugar-P in blood spots was presented (Huck et al
2003). This assay was applied to fibroblast, lymphoblast, liver tissue and
urine samples (Wamelink et al 2005; 2007; Valayannopoulos et al 2006).
This application facilitates distinction of pentose-5P and pentulose-5P,
while ribulose-5P and xylulose-5P could not be independently quantified, as
was the case for glucose-6P and fructose-6P.
Methods for measuring sugars and polyols
Abnormal concentrations of sugars and polyols in body fluids occur in a
number of pathological conditions such as diabetes mellitus, renal and liver
disease and several inborn errors of carbohydrate metabolism. Polyols, or
polyhydric alcohols, can be formed via sugar reduction. They are classified
based on the numbers of C-atoms: C4, tetroses and tetritols; C5, pentoses
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and pentitols; C6, hexoses and hexitols and C7, heptuloses and heptitols.
The profiling of sugars and polyols in body fluids and tissues is usually
performed by HPLC (Jandera and Churácek 1974; Verhaar and Kuster
1981; Agblevor et al 2004) or GC (Laker 1980; Jansen et al 1986; Haga
and Nakajima 1989). GC with flame ionisation detection, or mass
spectrometric detection, offers high chromatographic resolution with good
sensitivity and selectivity. However, the laborious sample preparation
(including sample purification and derivatisation) is a limitation. Recently,
two LC-MS/MS methods for the investigation of polyols in urine were
developed (Wamelink et al 2005b). Sample preparation time is reduced
without compromising analytical performance. The methods utilize only 200
µl of urine.
A specific LC-MS/MS method for quantitation of sedoheptulose and
mannoheptulose in urine was further developed for the detection of TALDO
deficiency (Wamelink et al 2007).

Discussion
During this Doctoral project we developed novel analytical methods for
measuring sugar-P, polyols and seven-carbon sugars for the detection of
(new) defects in the PPP and for characterizing the function of the PPP
(Wamelink et al 2005a; 2005b; 2007).
We identified novel urinary metabolic markers for TALDO deficiency and
possible markers in amniotic fluid which can facilitate prenatal diagnosis
(Wamelink et al 2007; 2008b). The presentation of hydrops foetalis and a
polymalformative syndrome in a 28 week old fetus with TALDO deficiency,
associated with metabolic abnormalities in the amniotic fluid infers that
TALDO is relevant during fetal development. The PPP is highly active in
rapidly proliferating tissues, because it generates ribose-5P necessary for
the synthesis of nucleic acids. In addition, it generates NADPH as the
primary reductant used in anabolic pathways and is essential for the
maintenance of GSH (Jauniaux et al 2005).
With the expanding number of newly diagnosed TALDO deficient patients
(Wamelink et al 2008a) and the investigations of these inherited metabolic
defects in the PPP the knowledge of their biochemical and clinical
phenotypes have increased. However, many questions on the
pathophysiology of these defects remain. The finding, utilizing a yeast
model, that oxidative stress induces an active rerouting from glycolysis to
the PPP to maintain the cytoplasmic NADPH/NADP+ ratio (Ralser et al
2007) is relevant to the pathophysiology of defects in the PPP or glycolysis
and it might suggest that oxidative stress should be avoided in these
patients. RPI and TALDO are both enzymes in the reversible part of the
PPP. Although these enzymes function in the same part of the pathway,
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their deficiencies result in two totally different clinical phenotypes i.e.
neurological (RPI) versus hepatic/systemic (TALDO). The function of the
PPP and especially RPI in the brain has not been extensively studied.
Animal knock-out models will be very important to study the roles of RPI
and TALDO in different tissues and will allow investigations onto the exact
pathophysiology of these disorders. Investigations of RPI and TALDO
activities and expression in different tissues could reveal relationships
between cell-specific expression patterns and the clinical phenotypes in
case of their defects. The toxicity of accumulating polyols and sugar-P
could play a role in the pathophysiology and could be studied. Furthermore,
unravelling the pathophysiological mechanisms of these diseases is
essential for treatment development. Hypothetical approaches to treatment
strategies are: to induce the production of reduced glutathione with Nacetylcysteine, to reduce oxidative stress with anti-oxidants (e.g. vitamin C
or E), and to reduce polyol or sugar-P accumulation by using specific
inhibitors of the PPP. These treatment strategies can best be tested on
animal (e.g. yeast) models.
The accumulating polyols, ribitol, arabitol and erythritol, found in patients
with TALDO and RPI deficiency are thought to derive through sugar-P from
the PPP. However, the metabolism of these polyols and the enzymes
involved have not yet been completely determined and more research
needs to be done to confirm these suspected pathways for the production
of the polyols.
We identified that the CARKL protein is a sedoheptulokinase, and we
renamed it SHPK (Wamelink et al 2008c). Cystinosis patients with a
common 57-kb deletion, which alters both CTNS and SHPK genes, display
decreased sedoheptulokinase activity in fibroblasts and accumulate
sedoheptulose in urine. The biochemical consequence of an isolated
sedoheptulokinase deficiency has not yet been identified. This can be
studied by transfecting cultured cell lines of cystinosis patients carrying the
57-kb deletion with the CTNS gene.
Both RPI and TALDO deficiencies are likely to be under-diagnosed since
both diseases have only recently been described and are rather unknown.
Furthermore, the limited availability of specific analytical techniques which
are required for the measurements of the appropriate biomarkers hampers
the use in routine investigations. We feel it is legitimate to screen all
patients with unexplained hepatosplenomegaly, liver function problems,
hepatic fibrosis and hemolytic anemia presenting in the neonatal or
antenatal period and patients with neonatal hemochromatosis for TALDO
deficiency by measuring urinary polyols and/or seven-carbon sugars. In
addition, all patients with a poorly understood neurodegenerative clinical
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course including leukoencephalopathy should be screened for RPI
deficiency by measuring urinary polyols. In those cases where abnormal
concentrations of sugars and polyols are found, enzyme assays are now
available for the in depth investigation of the underlying cause(s) of
abnormal sugar/polyol metabolism.
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Summary and discussion
The pentose phosphate pathway (PPP) provides an additional pathway for
oxidation of glucose. In most tissues 80% to 90% of glucose oxidation is by
glycolysis, and the remainder is oxidized by the PPP. In recent years, two
defects in the PPP have been discovered [1-3]. Firstly, in 1999, our group
reported on a patient with a slowly progressive leukoencephalopathy of
unknown origin and massive accumulation of ribitol and D-arabitol in the
brain and CSF and to a lesser extend in plasma and urine. In 2004, a
deficiency of ribose-5-phosphate isomerase (RPI) was demonstrated in
cultured cells from this patient and mutations were detected in the RPIa
gene. Secondly, in 2001, the first patient with a deficiency of transaldolase
(TALDO) was described. The disease was found in a teenage girl who had
presented in the newborn period with an aortic coarctation, enlarged clitoris
and mild bleeding tendencies. After several months she developed
hepatosplenomegaly. In urine elevated concentrations of D-arabitol, ribitol
and erythritol were found with only very mild elevations in plasma and CSF.
Diagnosis was confirmed by the detection of a homozygous deletion of 3bp in exon 5 of the TALDO gene and deficient TALDO activity in
lymphoblasts at the age of ten. At that age she had developed liver
cirrhosis and persistent hepatomegaly. A second patient with TALDO
deficiency was detected in 2005 [4]. The girl was a newborn with severe
liver failure and cardiomyopathy and she died at 18 days from respiratory
failure.
The work presented in this thesis has mostly focused on improving the
diagnosis of patients with a defect in the PPP, expanding the knowledge of
these disorders and studying the function and importance of the PPP.
To improve the diagnosis of patients with a defect in the PPP and to
investigate the intracellular concentrations of sugar-phosphates in these
patients a new method was developed using liquid chromatography-tandem
mass spectrometry (LC-MS/MS). With this method described in chapter 2,
the accumulation of sedoheptulose-7-phosphate (sedoheptulose-7P) in
blood spots, fibroblasts and lymphoblasts derived from TALDO deficient
patients was established. In cells from the RPI deficient patient, no
accumulation of sugar-P was detected suggesting an efficient conversion to
pentoses and pentitols, which are strongly elevated in body fluids of the
patient. Furthermore, the LC-MS/MS method can be used for determining
enzyme activities of several steps of the PPP by measuring the sugar-P
involved. This was done for TALDO and RPI deficiency.
Two methods were developed for the quantitative profiling of polyols in
urine using LC-MS/MS (chapter 3). In the initial first-line screening method,
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the different polyol isomers elute as one peak and cannot be distinguished
from each other. A second highly selective method separates the different
polyol isomers enabling the separate quantification of erythritol, threitol,
ribitol, arabitol, xylitol, sorbitol, mannitol, galactitol, sedoheptitol and
perseitol. Polyol profiles matching earlier described urinary concentrations
of polyols for TALDO and RPI deficiencies and galactosemia were found.
We were able to demonstrate for the first time accumulation of sedoheptitol
and perseitol in patients with TALDO deficiency. These heptitols are
thought to derive via a heptulose intermediate from sedoheptulose-7P.
These methods can also be used for diagnosing other defects presenting
with elevated polyol excretions and for monitoring galactitol excretion in
patients with galactosemia after starting a galactose-restricted diet.
A LC-MS/MS method was established for identification and quantitation of
the seven-carbon carbohydrates sedoheptulose and mannoheptulose in
urine. Additionally, other seven-carbon chain carbohydrates including
sedoheptitol, perseitol and sedoheptulose-7P were characterized in urine of
four TALDO deficient patients (chapter 4). These patients had increased
urinary concentrations of sedoheptulose and sedoheptulose-7P, associated
with subtle elevations of mannoheptulose, sedoheptitol and perseitol. It was
speculated that accumulated sedoheptulose-7P is most likely further
metabolized to sedoheptulose, mannoheptulose, sedoheptitol and perseitol,
perhaps as detoxification to lower the sugar-P levels which may have
cytotoxic effects as has previously been suggested for galactose-1P in
galactosemia [5,6]. The new LC-MS/MS allowed us to reveal novel urinary
biomarkers for identification of TALDO deficiency.
The diagnosis of TALDO deficiency in a French family with four affected
children born to the same consanguineous parents in 2006 expanded the
number of TALDO deficient patients from two to six [7]. One of these
patients presented in the antenatal period with hydrops foetalis with
oligohydramnios. The pregnancy was medically terminated at 28 weeks
gestation and amniotic fluid was saved. The newly developed methods
were used to retrospectively measure in the amniotic fluid sample of this
fetus, polyols, heptuloses and sedoheptulose-7P with LC-MS/MS (chapter
5). Our results demonstrated that TALDO deficiency results in elevated
metabolite levels of sedoheptulose and ribitol in amniotic fluid, while
erythritol, arabitol, mannoheptulose, sedoheptitol, perseitol and
sedoheptulose-7P concentrations were normal. These findings show that
the PPP is active during foetal development and that a defect of TALDO
may cause alterations in early embryogenesis. Moreover this characteristic
profile in the amniotic fluid may add, next to molecular investigations, to
prenatal diagnosis for families with an index-case or for pregnancies
complicated with early hydrops associated with oligoamnios.
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As more patients are being diagnosed, the phenotype of TALDO deficiency
becomes more characterized. In chapter 6, a new case of TALDO
deficiency is described together with an overview of the clinical and
biochemical findings of all known TALDO deficient patients. All patients
were born to consanguineous parents and presented in the neonatal or
antenatal period with hepatosplenomegaly, liver dysfunction, hepatic
fibrosis and anemia. Most patients showed some dysmorphic features (e.g.
anti-mongoloid slant, low set ears, cutis laxa), neonatal edema, congenital
heart defects or renal problems. Mental and motor development was mostly
normal. The most recently diagnosed patient had clinical symptoms as
previously described in TALDO deficiency but is the first with rickets and
deafness. Biochemical findings were similar to other TALDO deficient
patients. The elevated urinary erythritol, ribitol, arabitol, sedoheptitol,
perseitol, sedoheptulose, mannoheptulose and sedoheptulose-7P are all
explained by the defect in the PPP. It is believed that sedoheptulose and
sedoheptulose-7P accumulation in TALDO deficiency is the cause of the
liver impairment and the fibrosis and that a TALDO deficiency results in
decreased NADPH formation from the PPP resulting in low NADPH/NADP
and NADH/NAD ratios. The altered cytosolic redox state might play a role
in the pathogenesis in TALDO deficiency, some evidence can be found in
the low concentrations of some metabolites in patients (i.e. cholesterol,
estradiol, testosterone and 25-hydroxyvitamin D) that need NADPH for their
formation.
Patients with cystinosis caused by the 57-kb deletion including the deletion
of the CTNS (cystinosin) gene were found to excrete elevated
concentrations of sedoheptulose in their urine. This 57-kb deletion also
includes an adjacent gene CARKL, which encodes a protein that was
predicted to function as a carbohydrate kinase. We showed that the CARKL
protein is a sedoheptulokinase catalysing the reaction: Sedoheptulose +
ATP  Sedoheptulose-7P + ADP (chapter 7). An enzyme assay for the
phosphorylation of sedoheptulose was developed and decreased
sedoheptulokinase activity in fibroblasts from patients with the 57-kb
deletion was found. Fibroblasts from cystinosis patients with other
mutations displayed normal enzyme activity. The possible function of
sedoheptulokinase is to form sedoheptulose-7P from sedoheptulose when
glyceraldehyde-3P is redirected from glycolysis to the PPP. Cystinosis
patients with the common 57-kb deletion have the severe infantile
nephropathic type and until now, no difference in the clinical phenotype
between these patients and patients with other mutations causing the
severe infantile nephropathic type has been found [8].
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The main function of the oxidative part of the PPP is the production of
NADPH from NADP+ and thereby maintaining the cytoplasmic NADPH
concentration. NADPH is important in the defense of oxidative stress
caused by reactive oxygen species. The PPP is closely linked to glycolysis
by the intermediates glyceraldehyde-3P en fructose-6P. In earlier studies it
has been reported that enhanced activity of the PPP was observed in
mammalian cells under oxidative stress. The exact mechanism of this has
been unclear. Recently, it was discovered that yeast cells with reduced
activity of the key glycolytic enzyme triosephosphate isomerase (TPI)
exhibit an increased resistance to the thiol-oxidizing reagent diamide. We
have shown that the underlying mechanism is based on a redirection of the
metabolic flux from glycolysis to the PPP, increasing the redox state of the
cytosolic NADP(H) pool (chapter 8). Remarkably, another key glycolytic
enzyme, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), is known
to be inactivated in response to various oxidant treatments (e.g. H2O2), and
our results show that this provokes a similar redirection of the metabolic
flux. PPP intermediates (sugar-P and NADPH/NADP+ ratio) were measured
in the different cell lines and compared to the wild-type. The results clearly
showed that a decrease in cellular TPI activity or inactivated GAPDH by
H2O2 resulted in elevated levels of almost all the metabolites of the PPP
and the NADPH/NADP+ ratio. This effect is absent in yeast cells in which
the first and rate-limiting step of the PPP is inhibited. To confirm the
metabolic measurements a mathematical model was developed based on
the known kinetic parameters (Km, Vmax) for the related enzymes. The
simulations revealed that 13 of the 14 qualitative changes in metabolite
concentrations were correctly predicted by the mathematical model. A
difference between the experimental data and the predictions was only
observed for the metabolite sedoheptulose-7P. At the time of these
experiments the enzyme sedoheptulokinase (see chapter 7) was unknown
and not used in the mathematical model, which might be the cause for this
difference.
Our results imply that rerouting of the metabolic flux is a basic mechanism
in counteracting oxidative stress that is naturally switched on in the course
of GAPDH inactivation. Patients with a defect in the PPP or glycolysis might
have difficulties in reacting appropriately during oxidative stress. Yeast
knock-out models can be used to show the biochemical response to
oxidative stress compared to wild-type.
Finally, chapter 9 summarizes the current knowledge of the metabolic
routes (PPP, glycolysis, glucuronic acid pathway) involving sugars, polyols
and sugar-P metabolism, including the clinical description of patients with a
defect in the PPP and how they can be diagnosed using biochemical and
molecular techniques.
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Comparison of the clinical phenotypes of patients with a defect in the
oxidative part of the PPP clearly shows that RPI deficiency results in severe
brain abnormalities whereas in TALDO deficiency the most pronounced
feature is liver cirrhosis. Interestingly, the clinical phenotype of patients
affected with classical galactosemia, a disorder of galactose metabolism, is
a combination of both brain and liver abnormalities with cataract as an
additional feature. Classical galactosemia is biochemically characterized by
the accumulation of galactose and galactose-1P and the polyol galactitol.
There is evidence that the accumulation of galactitol is related to the brain
and eye involvement, whereas the hepatic dysfunction is ascribed to the
toxicity of galactose-1P [5,6]. In diabetes mellitus, there is evidence of
neurotoxicity induced by another polyol i.e. sorbitol [9]. The above
mentioned examples imply that supra physiological levels of polyols in the
CNS (RPI deficiency) can be causative for brain damage, while intracellular
increases of sugar-P (TALDO deficiency) results in internal organ damage
with the liver being most severely affected. The functions of these two
enzymes in the brain have not been thoroughly investigated. In the RPI
deficient patient there is a high brain: CSF: plasma gradient of ribitol and Darabitol. This finding suggest that RPI is normally of great importance in the
brain while absence of neurological problems and normal brain and CSF
polyol levels in TALDO deficiency suggest that TALDO is of minor
importance in brain or that the brain has alternative pathways by-passing
the metabolic block.
In both RPI and TALDO deficiency, a decreased NADPH production
through the oxidative part of the PPP is expected to be involved in the
pathogenesis of these disorders. NADPH is used in many anabolic
pathways, such as lipid synthesis, cholesterol synthesis and fatty acid chain
elongation. Lipids and cholesterol are both components of myelin
synthesis, which is clearly abnormal in RPI deficiency. In patients with
TALDO deficiency, there appears to be decreased activity of some of the
NADPH-dependent reactions involving hormone, cholesterol and 25hydroxyvitamin D synthesis. Hemolytic anemia was present in most
patients (chapter 6), which might be caused by decreased NADPH
production in erythrocytes.
Both RPI and TALDO deficiencies are likely to be under-diagnosed since
both diseases have recently been described and are rather unknown, and
the limited availability of specific analytical techniques which are required
for the measurements of the appropriate biomarkers. We feel it is legitimate
to screen all patients with unexplained hepatosplenomegaly, liver function
problems, hepatic fibrosis and hemolytic anemia presenting in the neonatal
or antenatal period and patients with neonatal hemochromatosis for TALDO
deficiency by measuring urinary polyols and/or seven-carbon sugars. In
addition, all patients with a poorly understood neurodegenerative clinical
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course including leukoencephalopathy should be screened for RPI
deficiency by measuring urinary polyols.
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De pentose fosfaat route (PPP) is een alternatieve route voor de oxidatie
van glucose. In de meeste weefsels wordt 80 tot 90 procent van glucose
geoxideerd door de glycolyse, de rest wordt geoxideerd door de PPP. In de
laatste jaren zijn er 2 defecten in de PPP ontdekt [1-3]. Eerst werd in 1999
door onze groep een patiënt beschreven met een langzaam progressieve
leukoencefalopathie (een aandoening van voornamelijk de witte stof van de
hersenen) van onbekende oorzaak, en een sterke stapeling van de
polyolen (suiker-alcoholen) ribitol en D-arabitol in de hersenen, liquor en in
mindere mate plasma en urine. In 2004, werd aangetoond dat het enzym
ribose-5-fosfaat isomerase (RPI) deficiënt is in gekweekte cellen van deze
patiënt, en werden mutaties in het RPIa gen gevonden. Vervolgens werd in
2001 de eerste patiënt met een deficiëntie van het enzym transaldolase
(TALDO) beschreven. Het defect werd gevonden in een tienermeisje dat
zich in de neonatale periode presenteerde met een vernauwing van de
aorta, vergrote clitoris, en milde bloedingsneigingen. Na enkele maanden
ontwikkelde ze een hepatosplenomegalie (vergrote lever en milt). In urine
werden verhoogde concentraties van de polyolen D-arabitol, ribitol en
erythritol gevonden met slechts milde verhogingen in plasma en liquor. De
diagnose werd bevestigd op de leeftijd van 10 jaar door de detectie van
een homozygote deletie van 3-bp in exon 5 van het TALDO gen en een
deficiënte TALDO activiteit in lymfoblasten. Op die leeftijd had ze
levercirrhose (een chronische leverziekte) ontwikkeld en een persistente
hepatomegalie. Een tweede patiënt met TALDO deficiëntie werd
gedetecteerd in 2005 [4]. Dit meisje was een neonaat met ernstig leverfalen
en cardiomyopathie (vergroot hart), en zij overleed op de leeftijd van 18
dagen aan ademhalingsproblemen.
Het werk dat in dit proefschrift wordt gepresenteerd heeft zich voornamelijk
geconcentreerd op het verbeteren van de diagnostiek voor patiënten met
een defect in de PPP, het uitbreiden van de kennis over deze
ziektebeelden en het bestuderen van de functie en het belang van de PPP.
Om de diagnostiek voor patiënten met een defect in de PPP te verbeteren
en om de intracellulaire concentraties van suikerfosfaten in patiënten met
een defect in de PPP te onderzoeken, werd een nieuwe methode
ontwikkeld met behulp van vloeistofchromatografie-tandem massa
spectrometrie (LC-MS/MS). Met deze methode, beschreven in hoofdstuk
2, werd de stapeling van sedoheptulose-7-fosfaat (sedoheptulose-7P) in
bloedspots, fibroblasten en lymfoblasten afkomstig van een TALDO
deficiënte patiënt aangetoond. In cellen van de RPI deficiënte patiënt werd
geen stapeling van suiker-P gevonden; dit suggereert een efficiënte
omzetting naar pentoses en pentitolen, die sterk verhoogd zijn in
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lichaamsvloeistoffen van deze patiënt. Verder kan deze LC-MS/MS
methode gebruikt worden voor het bepalen van de enzymactiviteit van
bepaalde stappen van de PPP, door het meten van de betrokken suiker-P.
Dit is gedaan voor TALDO en RPI deficiëntie.
Twee methodes zijn ontwikkeld voor het kwantitatief bepalen van polyolen
in urine met behulp van LC-MS/MS (hoofdstuk 3). In de aanvankelijk
eerstelijns screeningsmethode elueren de polyol-isomeren van dezelfde
koolstoflengte als één piek, en worden dus niet van elkaar onderscheiden.
Een tweede, zeer selectieve methode scheidt wel de verschillende polyolisomeren waardoor de kwantitatieve detectie van erythritol, threitol, ribitol,
arabitol, xylitol, sorbitol, mannitol, galactitol, sedoheptitol en perseitol
mogelijk is. Polyol profielen passend bij eerder beschreven urine
concentraties van polyolen bij TALDO en RPI deficiënties en galactosemie
werden gevonden. We konden voor de eerste keer aantonen dat
sedoheptitol en perseitol verhoogd zijn in patiënten met TALDO deficiëntie.
Deze heptitolen lijken vanuit sedoheptulose-7P gevormd te worden via het
tussenproduct heptulose. Deze methodes kunnen ook worden gebruikt
voor het diagnosticeren van andere defecten die zich presenteren met
verhoogde polyol excreties, en voor het monitoren van de galactitol excretie
in patiënten met galactosemie na het starten van een galactose-beperkt
dieet.
Een LC-MS/MS methode is opgezet voor de identificatie en kwantificering
van
de
zeven-koolstofketen
koolhydraten
sedoheptulose
en
mannoheptulose in urine. Daarnaast werden andere zeven-koolstof keten
koolhydraten zoals sedoheptitol, perseitol en sedoheptulose-7P
gekarakteriseerd in urine van vier TALDO deficiënte patiënten (hoofdstuk
4). Deze patiënten hadden verhoogde urine concentraties van
sedoheptulose en sedoheptulose-7P, samen met subtiele verhogingen van
mannoheptulose, sedoheptitol en perseitol. Wij speculeerde dat gestapeld
sedoheptulose-7P zeer waarschijnlijk verder gemetaboliseerd wordt naar
sedoheptulose, mannoheptulose, sedoheptitol en perseitol, mogelijk als
detoxificatie om de suiker-P concentraties te verlagen die mogelijk een
cytotoxisch effect hebben zoals eerder gesuggereerd voor galactose-1P in
galactosemie [5,6]. De nieuwe LC-MS/MS methode toont nieuwe urine
biomarkers voor de identificatie van TALDO deficiëntie aan.
De diagnose van TALDO deficiëntie in 2006 in een Franse familie met vier
aangedane kinderen, geboren bij dezelfde consanguine ouders, breidde
het aantal TALDO deficiënte patiënten uit van twee naar zes [7]. Een van
deze patiënten presenteerde zich in de antenatale periode met hydrops
foetalis en oligohydramnion. De zwangerschap werd bij 28 weken medisch
afgebroken en vruchtwater werd bewaard. De nieuw ontwikkelde methodes
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werden gebruikt om retrospectief in het vruchtwater monster van deze
foetus, polyolen, heptuloses en sedoheptulose-7P met LC-MS/MS te meten
(hoofdstuk 5). Onze resultaten laten zien dat TALDO deficiëntie resulteert
in verhoogde concentraties van sedoheptulose en ribitol in vruchtwater,
terwijl de concentraties van erythritol, arabitol, mannoheptulose,
sedoheptitol, perseitol en sedoheptulose-7P normaal zijn. Deze
bevindingen tonen aan dat de PPP actief is tijdens de foetale ontwikkeling,
en dat een defect van TALDO veranderingen in de vroege embryogenese
kan veroorzaken. Naast moleculair onderzoek kan dit karakteristieke profiel
in het vruchtwater bijdragen aan prenatale diagnostiek, in het bijzonder
voor families met een index-casus, of voor zwangerschappen die
gecompliceerd zijn met vroege hydrops geassocieerd met oligohydramnion.
Terwijl meer patiënten worden gediagnosticeerd, wordt het fenotype van
TALDO deficiëntie meer gekarakteriseerd. In hoofdstuk 6 wordt een
nieuwe casus met TALDO deficiëntie beschreven samen met een overzicht
van de klinische en biochemische bevindingen van alle bekende TALDO
deficiënte patiënten. Alle patiënten werden geboren bij consanguine ouders
en presenteerden zich in de neonatale of antenale periode met
hepatosplenomegalie, lever dysfunctie, lever fibrose en anemie. De meeste
patiënten toonde enkele dysmorfe kenmerken (b.v. anti-mongoloïde
oogopslag, laag staande oren, cutis laxa), neonataal oedeem, aangeboren
hart defecten of nierproblemen. De mentale en motorische ontwikkeling
was meestal normaal. De meest recent gediagnosticeerde patiënt had
klinische symptomen zoals eerder beschreven bij TALDO deficiëntie, maar
is de eerste met rachitis en doofheid. Biochemische bevindingen waren
vergelijkbaar met andere TALDO deficiënte patiënten. De verhoogde
concentraties van erythritol, ribitol, arabitol, sedoheptitol, perseitol,
sedoheptulose, mannoheptulose en sedoheptulose-7P in urine worden
allemaal verklaard door het defect in de PPP. Er wordt gedacht dat
sedoheptulose en sedoheptulose-7P stapeling in TALDO deficiëntie
verantwoordelijk is voor de lever dysfunctie en de fibrose, en dat TALDO
deficiëntie leidt tot verlaagde NADPH vorming door de PPP waardoor er
lage NADPH/NADP en NADH/NAD ratio’s zijn. De veranderde cytosolische
redox status kan mogelijk een rol spelen bij de pathogenese in TALDO
deficiëntie, bewijs hiervoor kan gevonden worden in de lage concentraties
in patiënten van sommige metabolieten (b.v. cholesterol, estradiol,
testosteron en 25-hydroxyvitamine D) die NADPH nodig hebben voor hun
vorming.
Bij patiënten met cystinose als gevolg van de 57-kb deletie van o.a. het
CTNS gen werd gevonden dat ze verhoogde concentraties van
sedoheptulose in hun urine uitscheiden. Deze 57-kb deletie bevat ook een
naastgelegen gen CARKL, coderend voor een eiwit dat voorspeld werd te
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functioneren als een koolhydraat kinase. Wij hebben aangetoond dat het
CARKL eiwit een sedoheptulokinase is dat de reactie: Sedoheptulose +
ATP  Sedoheptulose-7P + ADP katalyseert (hoofdstuk 7). Een enzym
assay voor de fosforylering van sedoheptulose werd ontwikkeld en
verlaagde sedoheptulokinase activiteit werd gevonden in fibroblasten van
patiënten met de 57-kb deletie. Fibroblasten van patiënten met andere
mutaties vertoonden normale enzymactiviteit. De mogelijke functie van
sedoheptulokinase is om sedoheptulose-7P te vormen uit sedoheptulose,
als glyceraldehyde-3P omgeleid wordt van de glycolyse naar de PPP.
Cystinose patiënten met de veelvoorkomende 57-kb deletie hebben de
ernstig infantiele nefropathische vorm, en tot nu toe is er geen verschil in
klinisch fenotype gevonden tussen deze patiënten en patiënten met andere
mutaties die de ernstige infantiele nefropathische vorm geven [8].
De belangrijkste functie van het oxidatieve gedeelte van de PPP is de
productie van NADPH uit NADP+ en daarmee de cytosolische NADPH
concentratie te behouden. NADPH is belangrijk bij de verdediging tegen
oxidatieve stress veroorzaakt door reactieve zuurstofradicalen. De PPP is
sterk verbonden met de glycolyse door de intermediairen glyceraldehyde3P en fructose-6P. In eerdere studies is gerapporteerd dat onder oxidatieve
stress verhoogde activiteit van de PPP in zoogdiercellen werd gezien. Het
exacte mechanisme hiervan was onduidelijk. Onlangs is ontdekt dat
gistcellen met gereduceerde activiteit van het sleutel glycolytische enzym
triosefosfaat isomerase (TPI) een verhoogde resistentie vertonen voor het
thiol-reducerende reagens diamide. We hebben aangetoond dat het
onderliggende mechanisme gebaseerd is op een omleiding van de
metabole flux van de glycolyse naar de PPP, de redox status van het
cytosolisch NADP(H) wordt daarbij verhoogd (hoofdstuk 8). Van een
ander sleutelenzym van de glycolyse, glyceraldehyde-3-fosfaat
dehydrogenase (GAPDH), is bekend dat het wordt geïnactiveerd in reactie
op verschillende oxiderende behandelingen (b.v. H2O2), en onze resultaten
toonde aan dat dit eenzelfde omleiding van de metabole flux veroorzaakte.
PPP intermediairen (suiker-P en NADPH/NADP+ ratio) werden in
verschillende type cellijnen gemeten en vergeleken met het wild type. Het
resultaat liet duidelijk zien dat een verlaagde cellulaire TPI activiteit of
geïnactiveerd GAPDH door H2O2 in verhoogde waarden van bijna alle
metabolieten van de PPP en de NADPH/NADP+ ratio resulteerde. Dit effect
is afwezig in gistcellen waarbij de eerste en snelheidsbepalende stap van
de PPP geremd wordt. Om de metaboliet metingen te bevestigen werd een
wiskundig model ontwikkeld gebaseerd op de bekende kinetische
parameters (Km, Vmax) van de betrokken enzymen. Gebleken is dat 13
van de 14 kwalitatieve veranderingen in metaboliet concentraties correct
voorspeld werden door het wiskundige model. Een verschil tussen de
experimentele data en de voorspellingen werd alleen gevonden voor
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sedoheptulose-7P. Rond de tijd van deze experimenten was het enzym
sedoheptulokinase (zie hoofdstuk 7) nog onbekend en dus niet gebruikt in
het wiskundige model, wat mogelijk een verklaring kan zijn voor dit verschil.
Onze resultaten impliceren dat omleiding van de metabole flux een
basismechanisme is in het tegengaan van oxidatieve stress, wat van nature
optreedt bij GAPDH inactivatie. Patiënten met een defect in de PPP of
glycolyse hebben mogelijk problemen om op geschikte wijze te reageren
op oxidatieve stress. Gist knock-out modellen kunnen gebruikt worden om
de biochemische reactie op oxidatieve stress te vergelijken met het wild
type.
Als laatste vat hoofdstuk 9 de huidige kennis samen van de metabole
routes (PPP, glycolyse, glucuronaat route) betrokken bij suikers, polyolen
en suiker-P metabolisme. Daarbij wordt ook de klinische beschrijving van
patiënten met een defect in de PPP gegeven en de wijze waarop ze
kunnen worden gediagnosticeerd met behulp van biochemische en
moleculaire technieken.
Vergelijking van de klinische fenotypes van patiënten met een defect in het
oxidatieve gedeelte van de PPP laat duidelijk zien dat RPI deficiëntie
ernstige hersenafwijkingen veroorzaakt, terwijl bij TALDO deficiëntie de
lever cirrose het meest aanwezig is. Interessant is dat het klinisch fenotype
van patiënten met klassieke galactosemie, een defect in het galactose
metabolisme, een combinatie is van hersen- en leverafwijkingen met
cataract als een extra kenmerk. Klassieke galactosemie wordt biochemisch
gekarakteriseerd door de stapeling van galactose en galactose-1P en het
polyol galactitol. Er is bewijs dat de stapeling van galactitol gerelateerd is
aan de hersen- en oogproblematiek, terwijl de lever dysfunctie
toegeschreven wordt aan de toxiciteit van galactose-1P [5,6]. In diabetes
mellitus is er bewijs voor neurotoxiciteit veroorzaakt door een ander polyol,
namelijk sorbitol [9]. De hierboven genoemde voorbeelden wijzen erop dat
supra-fysiologische waarden van polyolen in het centraal zenuwstelsel (RPI
deficiëntie) hersenschade kunnen veroorzaken, terwijl intracellulaire
verhoging van suiker-P (TALDO deficiëntie) interne orgaanschade
veroorzaakt met als meest kwetsbare orgaan de lever. De functie van deze
enzymen in de hersenen is niet uitgebreid onderzocht. De RPI deficiënte
patiënt vertoont een hoog hersen: liquor: plasma gradient voor ribitol en Darabitol. Deze bevinding suggereert dat RPI zeer belangrijk is in de
hersenen, terwijl het afwezig zijn van neurologische problemen en normale
polyol concentraties in de hersenen en liquor bij TALDO deficiëntie
suggereert dat TALDO van minder belang is in de hersenen, of dat de
hersenen een alternatieve route hebben om het metabole blok te omzeilen.
In RPI en TALDO deficiëntie wordt verwacht dat een verlaagde NADPH
productie door het oxidatieve gedeelte van de PPP betrokken is bij de
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pathogenese van deze ziektebeelden. NADPH wordt gebruikt bij vele
anabole routes, zoals vet synthese, cholesterol synthese en vetzuurketen
verlenging. Vetten en cholesterol zijn beide componenten van myeline
synthese die duidelijk abnormaal is bij RPI deficiëntie. Bij patiënten met
TALDO deficiëntie lijkt er een verlaagde activiteit van sommige NADPHafhankelijke reacties te zijn, waaronder hormoon-, cholesterol- en 25hydroxyvitamine D synthese. Hemolytische anemie is in de meeste
patiënten aanwezig (hoofdstuk 6), wat mogelijk door verlaagde NADPH
productie in erythrocyten wordt veroorzaakt.
RPI en TALDO deficiëntie zijn waarschijnlijk beide onder-gediagnosticeerd,
aangezien beide ziektes pas recent beschreven zijn en doordat specifieke
analytische technieken die nodig zijn voor de metingen van de geschikte
biomarkers slechts gelimiteerd beschikbaar zijn. Op basis van de
bevindingen in dit proefschrift is het legitiem om voor te stellen om alle
patiënten met onbegrepen hepatosplenomegalie, leverfunctie stoornissen,
lever fibrose en hemolytische anemie presenterend in de neonatale of
antenale periode te screenen voor TALDO deficiëntie, door het meten van
polyolen en/of zeven-koolhydraat suikers in urine. Tevens, zouden alle
patiënten met een slecht begrepen neurodegeneratief klinisch beloop
gescreend moeten worden voor RPI deficiëntie door het meten van
polyolen in urine.
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