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Abstract

We describe a liquid chromatography tandem mass spectrometry (LC-MS/MS) method to quantify pentose phosphate pathway interme
diates (triose-3-phosphates, tetrose-4-phosphate, pentose-5-phosphate, pentulose-5-phosphates, hexose-6-phosphates and sedoheptuls

phosphate (sed-7P)) in bloodspots, fibroblasts and lymphoblasts. Liquid chromatography was performed using an ion pais léBted C

column and detection of the sugar phosphates was carried out by tandem mass spectrometry using an electron ion spray source operating in
negative mode and multiple reaction monitoring. Reference values for the pentose phosphate pathway intermediates in blood spots, fibroblas
and lymphoblasts were established. The method was applied to cells from patients affected with a deficiency of transaldolase. The transaldolas

deficient cells showed an increased concentration of sedoheptulose-7-phosphate. (Bloodspots: 5.19.amad/B.B849—-3.33.mol/L]; fi-
broblasts 7.43 and 26.46nol/mg protein [0.31-1.14dmol/mg protein]; lymphoblasts 16.Q3nol/mg protein [0.61-2.0@mol/mg protein].)

The method was also applied to study enzymes of the pentose phosphate pathway by incubating fibroblasts or lymphoblasts homogenat

with ribose-5-phosphate or 6-phosphogluconate and the subsequent analysis of the formed sugar phosphates.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

the generation of NADPH for reductive syntheses and oxida-
tive stress responses within celisq. 1), and the formation of

The pentose phosphate pathway (PPP) is a series of interribose residues for nucleotide and nucleic acid biosynthesis.
conversions of sugar phosphates. The PPP has two functionstn the irreversible part of the PPP, glucose-6-phosphate (glu-

Abbreviations: PPP, pentose phosphate pathway; TALDO, transal-
dolase; RPI, ribose-5-phosphate isomerase; glw-@Ricose-6-phosphate;
LC-MS/MS, liquid chromatography with tandem mass spectrometry;
DHAP, dihydroxyacetone phosphate; ery-4R2erythrose-4-phosphate;
fru-6P, p-fructose-6-phosphate; gly-3®,L-glyceraldehyde-3-phosphate;
ribo-5P, p-ribose-5-phosphate; ribu-58;ribulose-5-phosphate; sed-#,
sedoheptulose-7-phosphate; xylu-BPxylulose-5-phosphate; ACN, ace-
tonitrile; FBS, fetal bovine serum; HBSS, Hanks’ balanced salt solution;
P/S, penicillin and streptomycin; IS, internal standard; MRM, multiple re-
action monitoring
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6P) 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-6-phosphate (fru-6P). In recent years, we
described two new inherited metabolic defects in the PPP:
RPI deficiency and TALDO deficiencyl1,2]. Patients
affected with these defects were found to have elevated con-
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Fig. 1. Schematic representation of the pentose phosphate pathway (PPP) and the presumed reactions leading to formations of pentitols §lashed arrow

centrations of sugar alcohols, or polyols, in body fluids. The lands): n/L-glyceraldehyde-3-phosphate, dihydroxyacetone
origins of these polyols, mainly-arabitol and ribitol, are not ~ phosphate (DHAP)p-erythrose 4-phosphate (ery-4R)
known. ribose-5-phosphate (ribo-5R);sedoheptulose-7-phosphate
We hypothesized that intracellular sugar phosphate con-(sed-7P) and-xylulose-5-phosphate (xylu-5P)-glucose-
centrations are altered in case of a metabolic defectin the PPPg-phosphate (glu-6P) was purchased from Boehringer In-
causing the accumulation of the corresponding polyols. This gelheim BV (Alkmaar, The Netherlands). Perchloric acid
hypothesis prompted us to develop a method for the analysis(99-100%) and phosphate buffer were purchased from J.T.
of intracellular sugar phosphate concentrations. Baker Chemicals BV (Deventer, The Netherlands). The en-
Various previous studies have addressed the measuremertyme glucokinase®Cg-p-glucose, Tris—HCI buffer, thi-
of sugar phosphate levd3-9]. Measuring basal sugar phos- amine pyrophosphate, 6-phosphogluconate, NADagne-
phate concentrations is difficult, because the concentrationssium chloride and octylamine were purchased from Sigma-
are very low (in the nmol/g wet tissue rand®]). In addition, Aldrich. Acetic acid (>99% purity), acetonitril (ACN), di-
distinction between different sugar phosphates is complicatedethyl ether and hexane were purchased from Merck, Sharpe
because of the similarities in weight, charge and structure. & Dohme BV. As described earli¢i 1], 13Cs-p-glucose-6-
This paper describes our methods for the analysis of sugarphosphate serving as internal standard (I1S) was prepared by
phosphate intermediates of the PPP in blood spots and culglucokinase using*Cs-p-glucose. Cell culture media (Gibco
tured cells. Furthermore, we used the developed method forBRL), fetal bovine serum (FBS) (Gibco BRL), Hanks’ bal-
the analysis of PPP enzyme activities in cultured cells and anced salt solution (HBSS ) (Gibco BRL), penicillin and
present results obtained in controls and in patients affectedstreptomycin (P/S) (Gibco BRL) and trypsin-EDTA (D
with the two newly discovered defects. (Gibco BRL) were obtained from Life Technologies (Breda,
The Netherlands). All media were supplemented with 10%
FBS and 1% P/S.

2. Materials and methods )
2.2. Blood spot preparation

2.1. Chemicals _ )
Blood spots were prepared as described eddigffrom

The following sugar phosphates were purchased from venous blood. Within 1 h, 1QL heparin blood was pipetted
Sigma-Aldrich Chemie BV (Zwijndrecht, The Nether- ontofilter-paper (type 903; Schleicher und Schuell) and dried
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overnight. The blood spots were stored-&0°C until fur- 50pL 2.5% perchloric acid, containing8nol/L of IS to

ther use. The blood spots and blank filter-paper spots werelOpL cell pellet samples which were then kept-a20°C
punched out with a 5 mm diameter disc puncher and placedfor at least 30 min, for deproteinization. Subsequentliy.lL5
into wells of a 48-microtiter plate. To each well, 150 ex- of 1 mol/L phosphate buffer (pH 11.5) was added to neutral-
traction solution, containingmol/L of IS (:3Cs-p-glucose- ize the solution and the samples were centrifuged for 5 min
6-phosphate) in 50% ACN, was added and the microtiter at 21,000x g at 4°C. Supernatants were transferred to glass
plate was sealed with adhesive film. Extraction was carried vials, which were capped and stored-&0°C until injection.

out by shaking the microtiter plate on an orbital shaker for Calibrators were included in each batch of samples and con-
20 min. After extraction, 75.L aliquots were transferred to  sisted of respectively 5, 10, 20, 30, 50 and ®dol/L DHAP

a fresh microtiter plate, which was subsequently centrifuged and glu-6P, and 0.625, 1.25, 2.5, 3.75 and @.2®I/L ribo-

for 10 min at 1800« g at room temperature. After centrifuga- 5P, xylu-5P and sed-7P. These calibrators were prepared from
tion, supernatants were transferred to glass vials, which werea mixture of 0.1 mmol/L DHAP and glu-6P and 12.0l/L
capped and stored at20°C until injection. Calibrators (in-  ribo-5P, xylu-5P and sed-7P in water. Calibrators were pro-
cluded in each batch of samples) at concentrations of 1, 5, 10,cessed as described above.

15 and 2Qumol/L in water were prepared and Ll of each

calibration solution was added to individual blank filter-paper 2.6. Enzyme assays

spots which were left to dry for 30 min. Calibrators were then

processed as described above. We developed an enzyme asddy2] to determine the
activities of transketolase, TALDO and RPI in fibroblasts
2.3. Fibroblasts isolation and lymphoblasts. Ribo-5P which is used as the substrate, is

rapidly converted into ribu-5P and then in xylu-5P by the en-

Cultured human fibroblasts obtained from nine control zymes RPIand ribulose-5-phosphate epimerase, respectively.
subjects without any known defects in metabolism and from Transketolase converts ribo-5P and xylu-5P into sed-7P and
two TALDO-deficient individuals, were grown as monolay- gly-3P, which are further converted by TALDO. The reaction
ers in Nunc 75-craflasks in Ham F-10 medium. When con-  products of the TALDO reaction are ery-4P and fru-6P.
fluent, the cells were washed free of medium with two rinses ~ The cell pellets of fibroblasts and lymfoblasts were soni-
of HBSS. Fibroblasts were detached by adding 2 mL of tryp- cated for 15s on ice and subsequently centrifuged for 5 min
sinetothe culture flasks. Subsequently, the cells were isolatedat 11,000x g at 10°C. The supernatant was transferred to
by centrifugation for 6 min at 358 g. The fibroblast pellet  a new tube and was incubated with ribo-5P in a total vol-
was resuspended in 150 HBSS and stored at80°C un- ume of 30QuL, in 45 mmol/L Tris—HCI buffer (pH 8.5),

til further preparation and protein determinatidr2]. This 21 mmol/L magnesium chloride, 0.1 mmol/L thiamine py-
cell suspension could be used for either intracellular sugar rophosphate and 4 mmol/L ribo-5P, at®7. 50p.L samples
phosphate analysis, or for enzyme assays. were taken at 0, 30 and 120 min, and the reaction was ter-
minated by the addition of 50 5% perchloric acid con-
2.4. Lymphoblasts isolation taining 5umol/L 1S. Thereafter, the samples were kept at

—20°C for at least 30 min. To neutralize the solution, 30
Cultured human lymphoblasts obtained from nine sub- of 1 mol/L phosphate buffer (pH 11.5) was added and the sam-

jects without any known defects in metabolism and from ples were subsequently centrifuged for 5 min at 21 0@(at
1 TALDO-deficient individual, were maintained in Nunc 4°C. The supernatants were transferred to glass vials, which
175 cn? flasks in RPMI 1640 medium. Lymphoblasts were were capped and stored-aR0°C until injection.
isolated by centrifugation of the complete cell solution for An additional enzyme assay was developed to study RPI
6 min at 350x g. After discarding the supernatant, the pellet separately. Fibroblasts or lymphoblasts were incubated with
of lymphoblasts was rinsed once with HBSS and resuspendeds-phosphogluconate, which is a substrate for phosphoglu-
in 1 mL HBSS. The number of cells was counted and the conate dehydrogenase and is converted into ribu-5P. Subse-
solutions were diluted to a concentration of approximately quently ribu-5P is converted to ribo-5P by RPI. The incuba-
3.5x 10’ cells/mL HBSS. Lymphoblast pellets were stored tion was carried out in a total volume of 3 ml, in 2700 mmol/L
at—80°C until further preparation and protein determination Tris—HClI buffer (pH 8.6), 33umol/L of 6-phosphogluconate,
[12]. This cell suspension could be used for either intracel- 0.2 mmol/L NAD" and 5 mmol/L magnesium chloride. After
lular sugar phosphate analysis, or for enzyme assays. taking 100wl samples at 0, 30 and 120 min, sample prepara-

tion was performed as described above.
2.5. Cell pellet preparation for sugar phosphate analysis

2.7. Analysis of sugar phosphates by LC-MS/MS

The cell pellets of fibroblasts and lymfoblasts were soni-

cated for 30 s onice and subsequently centrifugedfor5minat  Liquid chromatography (Perkin-Elmer series 200 pump)
11,000x gat 10°C. The supernatant was transferred to anew was performed using a 39150 mm Symmetry ¢g HPLC
tube. Stopping residual enzyme activity was done by adding column (bead size @m, Waters Chromatography BV, Etten-
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Leur, The Netherlands). For gradient elution, a binary sol- Detection of the sugar phosphates was performed by mul-
vent was used as described beffirg]. Solvent A consisted tiple reaction monitoring (MRM-mode). The MRM transi-
of 12.5% ACN/water containing 750 mg/L octylammonium tions (Q1/Q3) settings for the different sugar phosphates were
acetate (pH 7.5) and solvent B consisted of 50% ACN/water DHAP/gly-3P:m/z —169/-97; ery-4Pm/z —199/-97; ribo-
containing 750 mg/L octylammonium acetate (pH 7.5). The 5P, ribu-5P and xylu-5R1/z —229/-97; fru-6P and glu-6P:
column was rinsed with solvent A for 3 min, to load the col- m/z —259/-97, 13Cs-glucose-6-P (1S)m/z —265/~97 and
umn with ion-pair. The initial composition of the binary sol- sed-7P:m/z —289/-97. Data were acquired and processed
ventwas 100% A, followed by a linear gradientto 25% Aand using AnalystM for Window NT software (Ver. 1.3.1).

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 3. Results

analytical column in a ratio of 1:4, resulting in an inlet flow

into the tandem mass spectrometer of g@dmin; 7 wL of 3.1. Fragmentation
sample was injected onto the column and the total run time
was 13 min. In Fig. 2 the mass fragmentograms of a control lym-

Detection of the sugar phosphates was carried out on anfoblast cell line, containing respectively DHAP, ribo-5P, ribu-
API-3000 tandem mass spectrometer (PE-Sciex) equipped5P +xylu-5P, glu-6P +fru-6P-3Cs-glu-6P (IS) and sed-7P
with an electron ion spray source (Turbo lon Spray) op- are shown. All sugar phosphates generateavan-97 frag-
erating in the negative mode. The ion source parametersment in the collision quadrupole (Q2), which corresponds
were as follows: ion spray voltage;2500V; source tem-  to the loss of the sugar moiety in the collision cell. There-
perature, 400C; nebulizer gas and collision gas at setting fore, the transition of thewz of the intact sugar phosphate
10 and 4 (arbitrary units), respectively. Other MS/MS set- in quadrupole 1 (Q1) to fragment¥/z —97 in Q3 was used
tings, such as declustering potential and collision cell en- for MRM analysis. Fru-6P and glu-6P were found to elute as
ergy were optimized for each particular sugar phosphate. one peak, as well as ribu-5P and xylu-5P.

" MRM DHAP: m/z-169/-97

™ MRM ribo-5P (peak 1)
1and xylu-5P + ribu-5P (peak 2): m/z-229/-97

<« peak 2
peak 1 —>

" MRM glu-6P + fru-6P: m/z-259/-97

" MRM 13C(.’-glu-6P (IS): m/z-265/-9J

% MRM sed-7P (peak 2): m/z-289/-97

] /\/\e peak 2
8

5 6 7

Intensity (cps)

Time (min)

Fig. 2. Mass fragmentogram of a control lymphoblast cell line. MRM transitions are given for each individual sugar phosphate (cps: counts per second)
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3.2. Limit of detection To assess recovery, blood spots from one individual were
spiked with 0.1 nmol of DHAP, ery-4P, xylu-5P, ribo-5P, glu-
Limits of detection for sugar phosphates in blood spots, 6P and sed-7P, and the fibroblast pool and the lymphoblast
at a signal-to-noise ratio =5, were estimated in blank filter- pool were spiked with 0.1 nmol of DHAP and glu-6P and
paper spots spiked with 0.01 nmol calibration standard solu- 0.125 nmol of ribo-5P, xylu-5P and sed-7P. Recoveries were
tion by verifying the peak height of the analyte and the noise between 58 and 232% in blood spots with CVs of 5-17%,
in the chromatographic region of the analyte. The detection between 95 and 113% in fibroblasts, with CVs of 7-12% and
limits were 0.3umol/L for DHAP and sed-7P, 1@mol/L for between 85 and 110% in lymphoblasts, with CVs of 7-14%
ery-4P and gly-3P, 0.4mol/L for ribo-5P and ribu-5P/xylu-  (Table 1.
5P and 0.fumol/L for fru-6P/glu-6P.
Detection limits for sugar phosphates in lymphoblasts 3.4. References values
and fibroblasts, at a signal-to-noise ratio =5, were estimated
with a calibration standard of 5.0 nmol DHAP, ribo-5P, ribu- Clearly distinctive signals for DHAP, ribo-5P, the com-
5P/xylu-5P, 2.5 nmol sed-7P and 0.5nmol ery-4P and fru- bined ribu-5P + xylu-5P and fru-6P + glu-6P peaks, and sed-
6P/glu-6P. The peak height of the standard sample and the7P were found in control blood spots, fibroblasts and lym-
noise of the chromatographic region of the fibroblast or lym- phoblasts. No detectable signals for ery-4P and gly-3P could
phoblast sample were measured. The detection limits werebe observed. The concentrations for sugar phosphates in
0.25umol/L for DHAP, 1.0umol/L for ery-4P, gly-3P and  blood spots samples of 25 non-fasting children and young
fru-6P/glu-6P and 0.dmol/L for ribo-5P, ribu-5P/xylu-5P  adults (age 0—22 years) and in blood spot samples of 29 non-

and sed-7P. fasting and 13 fasting adults (age 25-85 years) were pub-
lished before together with the concentrations in a TALDO
3.3. Intra- and inter-assay variations and recovery deficient patienfl11]. The sugar phosphate ranges in blood

spots from the 25 non-fasted children and young adults and

The validation data of the presented method in fibroblasts the TALDO deficient patient are listedTrable 2 The concen-
and lymphoblasts are listed ifable 1 (for the validation trations for sugar phosphates in fibroblasts and lymphoblasts
data in blood spots see Huck et §l1]). Determinations  of nine control subjects are listedTable 3 A Student's-test
of intra- and inter-assay variations and recovery experi- revealed significantly higher mean concentrations of DHAP,
ments were performed using blood spots from one individ- ribo-5P, ribu-5P and xylu-5P and significantly lower mean
ual, a fibroblast pool and a lymphoblast pool, respectively. concentrations of fru-6P and glu-6P in fibroblasts compared
No detectable signals for ery-4P and gly-3P could be ob- to lymphoblasts§<0.05).
served.

The intra-assay variations (CV) for the sugar phosphates3.5. TALDO deficient cells
studied were 10-17% in blood sp§t4], 3—8% in fibroblasts
and 4-15% in lymphoblasts. The inter-assay variation was The mean sugar phosphate concentrations in TALDO-
12-21%in blood spofd 1], 5-10% in fibroblasts and 9-16% deficient fibroblasts and lymphoblasts are also listed in

in lymphoblasts. Table 3 A Student’st-test revealed significantly increased
Table 1
Imprecision and recoveries for the LC—-MS/MS method
Fibroblasts Lymphoblasts
Imprecisior (nmol/L) Recovery:© (%) Imprecisio (wmol/L) Recovery:° (%)
Intraasay n=8 n=8 n=6 n=6
DHAP 4491 (5) 96 (8) 1748 (15) 85 (14)
Ribo-5P 546 (8) 95 (7) 219 (5) 87 (7)
ERibu-SP,xyIu-SF’ 8.82 (3) 108 (12) 315 (11) 97 (9)
> Fru-6P,glu-6P 13.97 (3) 110 (7) 240 (4) 110 (8)
Sed-7P &1 (5) 113 (8) 101 (5) 98 (10)
Interassay n=4 n=4 n=5 n=5
DHAP 4172 (10) 102 (9) 1820 (9) 90 (11)
Ribo-5P 539 (5) 106 (10) u7(16) 95 (11)
S Ribu-5Pxylu-56 7.96 (7) 103 (6) 196 (16) 115 (9)
> Fru-6P,glu-6P 1348 (7) 102 (6) 283 (14) 108 (8)
Sed-7P %4 (6) 101 (5) 105 (14) 108 (5)

a Concentrations are the mean (SD).

b For recovery studies, 0.1 nmol of sugar phosphate was added to a pool of fibroblasts and a pool of lymphoblasts, respectively.
¢ 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.
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Table 2

Reference values of sugar phosphates in blood spots from children and young adults and TALDO-deficiency

Group N DHAP? (umol/L) Ribo-5P (wmol/L) > Ribu-5P,xylu- > Fru-6P,glu- Sed-7P (umol/L)

5P2P (umol/L) 6P (umol/L)

Children and young 25 15.6 (4.56) 1.86 (0.79) 2.34(0.62) 12.0 (4.24) 1.15(0.66)
adults [4.21-24.1] [0.83-5.02] [1.29-3.56] [5.51-19.9] [0.49-3.33]

TALDO-deficiency £ a: 1.88 (0.34) a: 0.82 (0.22) a: 1.00 (0.21) a: 4.86 (1.27) a:5.19 (0.8%)

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].

b ribu-5P and xylu-5P, and fru-6P and glu-6P; the substrates elute as one peak and cannot be distinguished from each other.

¢ 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-deficiengy 0.05) vs. mean concentrations in children and young adults.
™ Significant higher concentration of sed-7P in TALDO-deficierey 0.05) vs. control groups.

Table 3
Concentrations of sugar phosphates in fibroblasts and lymphoblasts from controls and TALDO-deficient patients
Group n DHAP2 (umol/mg Ribo-5P* (.mol/mg X:Ribu—SP,xyIu—SP'b X:Fru—GP+qu—GPb Sed-7P (nmol/mg
protein) protein) (nmol/mg protein) (nmol/mg protein) protein)
Control fibroblasts 9  44.28 (21.52) 6.06 (1.79) 11.95 (5.049 6.40 (6.44Y 0.72 (0.30)
[16.05-79.85] [3.54-9.15] [5.62-14.02] [1.28-21.36] [0.31-1.14]
TALDO-deficient 2 2.90(3.36) 3.63(1.07) 6.45 (2.36) 28.01 (15.71) 7.43 (1.5%
fibroblast&f 7.06 (4.13) 3.42(0.77) 4.26 (1.74) 13.38 (6.46) 26.46 (8.66Y
Control lymphoblasts 9  17.72 (6.48) 2.21(0.84) 2.87 (1.19) 23.13(7.52) 1.03 (0.44)
[3.23-24.91] [0.98-3.93] [1.33-5.18] [18.16-45.52] [0.61-2.09]
TALDO-deficient 1 22.74(2.08) 3.76 (1.09) 5.06 (1.33) 8.39 (158) 16.03 (4.16%
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.
¢ Significantly higher mean concentration of DHAP, ribo-5P, ribu-5P and xylus5F0(05) in fibroblasts vs. lymphoblasts.

d Significantly lower mean concentration of fru-6P and glu-pR Q.05) in fibroblasts vs. lymphoblasts.

€ Fibroblasts from two TALDO-deficient patients were measured, both in four replicates.

f Significantly lower mean concentration of DHAP in TALDO-deficient fibroblapts §.05) vs. control fibroblasts.

9 Significantly higher mean concentration of sed-7P in TALDO-deficiepsyQ.05) vs. controls.

h significantly lower mean concentrations of fru-6P and glu-6P in TALDO-deficient lymphobjasts.05) vs. control lymphoblasts.

concentrations of sed-7P in TALDO-deficient blood spots, cells [1]. In RPI deficient cell§2] no formation of ribu-
fibroblasts and lymphoblastg € 0.05). Furthermore, signif- 5P +xylu-5P could be observe#i@. 3B), which is in line
icantly decreased concentrations of DHA®<(0.05) were with the metabolic defect. After 2h of incubation with 6-
found in blood spots of the TALDO-deficient patient as com- phosphogluconate in RPI deficient cells a decreased forma-
pared to healthy children and young adults. We also found tion of ribo-5P could be observed as compared to controls
a significant decrease in DHAP concentration in TALDO- (Fig. 3C) [2].

deficient fibroblasts<0.05) and significantly decreased

fru-6P and glu-6P concentrations in TALDO-deficient lym-

phoblasts §<0.05). No accumulation of pentose phos- 4. Discussion

phates was observed in blood spots, fibroblasts or lym-

phoblasts. Our interest in sugar phosphates was raised by the dis-
covery of two new inborn errors with abnormal profiles of
3.6. Enzyme assays polyols in body fluids. We hypothesize that these abnormal

polyols were derived from sugar phosphate intermediates of

After 2hours of incubation with ribose-5-phosphate the PPP and reflected a metabolic defect in this pathway. This
in control lymphoblasts or fibroblasts formation of ribu- idea was substantiated by the results of a newly developed
5P +xylu-5P, sed-7P, DHAP and fru-6P +glu-6P was ob- enzyme assay, in which cells were incubated with ribo-5P
served indicating that the enzymes RPI, ribulose-5-phosphatefollowed by analysis of sugar phosphate intermedifié¢s
epimerase, transketolase and TALDO were active. In lym- The technique used was gas chromatography with nitrogen
phoblasts from a TALDO deficient patient no formation of phosphorous detection, which was suitable for the enzyme
fru-6P + glu-6P was foundr{g. 3A), which is in line with assay but failed to detect basal sugar phosphate levels. The
the metabolic defect. Furthermore, sed-7P was significantly metabolic defect in one of the patients was proven to be a
higher in the TALDO patient than in controls, suggesting deficiency of TALDO. This finding prompted us to develop a
a decreased conversion of this compound in the patient'ssensitive method for analysis of sugar phosphate intermedi-
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Fig. 3. Enzyme assays. Results are expressed as percentage of the signals obtained in the controls. (A) Formation of sedoheptulose-7-phasphate (S7P
glucose-6-phosphate + fructose-6-phosphate (G6P/F6P) in lymphoblasts after incubation with ribose-5-phosphate for 120 mim €g)arudsansaldolase
deficient patientr{= 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. Controla% 3) and ribose-5-phosphate isomerase deficient patienf). (C) Formation of ribose-5-phosphate (Ribose-5P) in
fibroblasts after incubation with 6-phosphogluconate for 120 min. ConineiS) and ribose-5-phosphate isomerase deficient patient).

ates, enabling analysis of these compounds under basal conNevertheless, some in vitro enzymatic conversion of added
ditions. sugar phosphates does take place, as shown by the recoveries
Various methods had already been described for the mea-of >100% for xylu-5P and DHAP, and <100% for ribo-5P
surement of sugar phosphates. Kauffman ¢8hhave quan- and glu-6P.
tified PPP metabolites in rat brain and liver tissue indirectly ~ We adapted the method for analysis of sugar phosphate
by a spectrophotometric assay and demonstrated that sugaintermediates in fibroblasts and lymphoblasts. The recoveries
phosphates are present in very low concentrations: in thefor fibroblasts (95-113%) and lymphoblasts (85-110%) were
nmol/g wet tissue range. However, their method failed to be better than the recoveries in blood spots, due to the use of
specific for different sugar phosphates. For example, no dif- perchloric acid to deproteinize the samples and inactivate
ferentiation between ribo-5P and sed-7P was obtained. HPLCenzyme activity. Low intra-assay and inter-assay variations
methods were developgd,7—9]which were very time con-  were found in fibroblasts and lymphoblasts, which indicate
suming. Jensen et §l] developed a tandem mass spectrom- that the method is solid in these cell types.
etry method for neonatal screening for galactosemia based The method we developed has, with two exceptions, a
on the presence of elevated intracellular concentrations ofgood sensitivity, the detection limit ranging from 0.1 to
galactose-1-phosphate. 1.0pmol/L. The limit of detection for ery-4P and gly-3P in
This paper describes our newly developed method for the blood spots was found to be higher (@tol/L), which is
analysis of intracellular concentrations of sugar phosphate caused by the broad peak shape of these compounds under
intermediates by LC-MS/MS. Tandem mass spectroscopythe chromatographic conditions used.
allows the simultaneous detection of the compounds of in-  We established reference values for intermediates of the
terest by MRM. Liquid chromatography is applied for the PPP in control blood spots, fibroblasts and lymphoblasts and
separation of the different compounds. It was shown that found cell type specificity: fibroblasts have higher concen-
ion pair chromatography increased retention times, allow- trations of DHAP, ribo-5P, ribu-5P and xylu-5P than lym-
ing distinction between pentose-5-phosphate and pentulosephoblasts and lower concentrations of fru-6P and glu-6P. This
5-phosphates, and improving sensitivity of the measurement.difference suggests a difference in PPP function in both cells.
Ribu-5P and xylu-5P could not be quantified independently, It is thought that the distribution of the PPP in body tissues
as was the same for glu-6P and fru-6P. is consistent with its function. In erythrocytes, mainly the
First, we developed a method for quantification of sugar oxidative stage of the PPP is active for the production of
phosphate intermediates in blood spots. The results obtainedNADPH. The non-oxidative stage of the PPP is present in all
with intra-assay variations between 10 and 17% seemed solid cells requiring ribose residug¢t3].
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