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PAGE ruler    Polyacrylamide gel electrophoresis marker 
PBS     Phosphate buffered saline 
PBS-T Phosphate buffered saline with 0.05 % Tween-20 
PCR     Polymerase chain reaction 
pen/strep    Penicillin streptomycin 
ppm      Parts per million 
qPCR      Quantitative polymerase chain reaction 
rpm     Rounds per minute 
rs#     reference SNP ID number 
s     Second/s 
SCFA     Short chain fatty acids 
SDS     Sodium dodecyl sulfate 
SDS PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SGBS cells    Simpson Golabi Behmel Syndrome pre-adipocyte cell strain 
SMCT     Sodium-coupled monocarboxylate transporter 
SMIT     Sodium-myo-inositol co-transporter 
SMVT     Sodium dependent multivitamin transporter 
SSCP     Single-strand conformational polymorphism analysis 
TBE buffer    Tris-Borate-EDTA-buffer 
TEMED     Tetramethylethylenediamine 
TRIS     Tris-hydroxymethyl -aminomethane buffer 
U     Units 
UTR     Untranslated region 
V     Volt 
W     Watt 
YWHAZ    14-3-3 protein zeta/delta 
°C     Celsius degrees 
%     Percent 
 
 
3.1 Molecular formula 

C3H5NO    Acrylamide 
C7H10N2O2    Bis-acrylamid 
CaCl2     Calcium chloride 
HCl     Hydrogen chloride 
KCl     Potassium chloride 
KH2PO4    Potassium dihydrogen phosphate 
MgCl2     Magnesium chloride 
MgSO4     Magnesium sulfate 
Na2HPO4    Sodium hydrogen phosphate 
NaBH4     Sodium borohydride 
NaOH     Sodium hydroxide 
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4 Summary 

Fructose malabsorption is a common clinical condition of unknown etiology, which is 
characterized by flatulence, osmotic diarrhea and abdominal pain after consumption of 
fructose. GLUT5 represents the main intestinal fructose transporter, which is supported by 
studies with Glut5-/- mice. Therefore, GLUT5 might play a key role in the pathology of fructose 
malabsorption. The orphan transporter GLUT7 is the closest relative to GLUT5 and most likely 
originated from a gene duplication. We investigated 112.5 kb of the GLUT5-GLUT7 locus by 
Sanger sequencing 24 subjects, including 12 patients with fructose malabsorption. The coding 
regions of GLUT5 and GLUT7 were sequenced in a larger set of subjects. We identified 9 non-
coding tagging SNPs in this locus, which were further analyzed by melting curve assays in a 
larger cohort of 60 patients and 49 control subjects. We found two missense mutations in 
GLUT5 as well as seven non-synonymous and two synonymous variants in the GLUT7 exons. 
All coding variants and the 9 tagging variants did not significantly differ between patients and 
controls. In conclusion, mutations in the GLUT5-GLUT7 locus do not explain the pathology of 
fructose malabsorption. 

Besides GLUT5 and GLUT7, the putative fructose transporters GLUT6 and SGLT4 as well as 
the enzyme ketohexokinase (KHK), which metabolizes fructose to fructose-1-phosphate, were 
investigated for coding variants. We found four missense mutations and six silent mutations in 
GLUT6 and four synonymous, six non-synonymous, one frameshift and one nonsense 
mutations in SGLT4 and three rare non-synonymous variants in KHK. None of these mutations 
differed significantly between the different groups. Hence, GLUT6, SGLT4 or KHK coding 
mutations are unlikely to be associated to fructose malabsorption. 

The mechanism and the regulation of intestinal fructose absorption are incompletely 
understood. In contrast to GLUT5, GLUT7 does not transport fructose. To determine the critical 
amino acids for fructose transport, we generated 93 different chimeras and analyzed these in 
NIH-3T3 mouse fibroblast cells regarding their fructose transport capacity. We found 24 amino 
acids important for transport, which were located in the first extracellular loop, the 5th, 7th, 8th 
9th and 10th transmembrane domain and the regions between 9th and 10th and 10th and 11th 
transmembrane domain. Some of the identified amino acids were further investigated by 
molecular dynamics simulations. These studies revealed that the variant p.Q167E resulted in 
a movement of the intracellular loop between the 6th and 7th transmembrane domain. This 
change acts as a “lid” by blocking the exit of the ligand. Finally, we generated GLUT7-GLUT5 
chimeras in which we introduced as proof of concept the identified amino acids for GLUT5 
fructose transport into a GLUT7 backbone. We were able to demonstrate fructose transport for 
some of these chimeras. 
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5 Zusammenfassung 

Die Fruktosemalabsorption ist eine häufige Entität unbekannter Ätiologie, die sich klinisch mit 
Blähungen, Bauchschmerzen und osmotischer Diarrhö manifestiert. GLUT5 ist der wichtigste 
intestinale Fruktosetransporter beim Menschen, dessen Bedeutung durch die Befunde bei 
Glut5-/- Mäusen unterstrichen wird. GLUT5 wird somit eine Schlüsselrolle bei der Pathogenese 
der Fruktosemalabsorption zugesprochen. GLUT7 zeigt die höchste Sequenzhomologie zu 
GLUT5 und ist wahrscheinlich aus einer Genduplikation entstanden. Im Gegensatz zu GLUT5 
konnte für GLUT7 bislang kein Substrat ermittelt werden. Wir untersuchten eine 112,5 kb 
große Region des GLUT5-GLUT7- Lokus mittels Sanger-Sequenzierung bei 24 Probanden, 
darunter 12 Individuen mit Fruktosemalabsorption. Der kodierende Bereich beider Gene wurde 
in einer größeren Anzahl von Personen sequenziert. Wir identifizierten 9 nicht-kodierende 
tagging-SNPs, die wir mittels Schmelzkurven-Analyse in einer größeren Kohorte von 60 
Patienten und 49 Kontrollen weiter analysierten. Des Weiteren fanden wir zwei nicht-
synonyme, kodierende GLUT5-Varianten und sieben nicht-synonyme und zwei synonyme 
GLUT7-Varianten. Die Häufigkeit aller Varianten unterschied sich nicht signifikant zwischen 
Patienten und Kontrollen. Mutationen im GLUT5-GLUT7- Lokus erklären die Pathogenese der 
Fruktosemalabsorption nicht. 

Neben GLUT5 und GLUT7 untersuchten wir die potenziellen Fruktosetransporter GLUT6 und 
SGLT4 sowie das Enzym Ketohexokinase (KHK), das Fruktose zu Fruktose-1-Phosphat 
umwandelt, auf kodierende Varianten. Wir fanden 4 nicht-synonyme und 6 stille Varianten in 
GLUT6, eine Leserastermutation, 4 stille- und 6 missense- Mutationen sowie eine nonsense-
Mutation in SGLT4 und 3 seltene nicht-synonyme KHK-Varianten. Keine der Mutationen kam 
in einer der Gruppen signifikant häufiger vor. Die kodierenden Bereiche von GLUT6, SGLT4 
oder KHK scheinen somit nicht an der Entstehung der Fruktosemalabsorption beteiligt zu sein. 

Die Regulierung der intestinalen Fruktoseaufnahme ist nur unvollständig verstanden. Im 
Gegensatz zu GLUT5 transportiert GLUT7 nicht Fruktose. Um die Aminosäuren zu ermitteln, 
die entscheidend für die Fruktosetransportfähigkeit von GLUT5 sind, generierten wir 
insgesamt 93 Chimären und analysierten deren Fruktosetransport in NIH-3T3- 
Mausfibroblasten. Wir identifizierten 24 Aminosäuren, die sich in der ersten extrazellulären 
Schleife, in der 5., 7., 8., 9. und 10. Transmembrandomäne und den Regionen zwischen 9. 
und 10. sowie 10. und 11. Transmembrandomäne befinden. Ausgewählte 
Aminosäureaustausche wurden mittels molekular-dynamischen Simulationen untersucht. 
p.Q167E führte beispielsweise zu einer drastischen Änderung der Position der intrazellulären 
Schleife zwischen der 6. und 7. Transmembrandomäne, die sich wie ein Deckel vor die Pore 
legt und damit den Fruktosetransport blockiert. Abschließend generierten wir GLUT7-GLUT5-
Chimären, in die wir die für den GLUT5-Fruktosetransport wichtigen Aminosäuren in GLUT7 
einführten. Wir konnten zeigen, dass einige dieser Chimären die Fähigkeit erlangten, Fruktose 
zu transportieren.  
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6 Introduction 

6.1 Intestinal fructose absorption 

Ingested carbohydrates can be divided into simple monosaccharides such as glucose, 
galactose and fructose, disaccharides such as sucrose, lactose and maltose, oligosaccharides 
such das raffinose, stachyose, and verbascose and complex polysaccharides such as 
glycogen, starch and cellulose. The more complex sugars are cleaved by salivary and 
pancreatic enzymes to di- and oligosaccharides which are further digested to 
monosaccharides by disaccharidases located in the intestinal brush border membrane. 
Whereas disaccharides cannot be absorbed, are simple sugars taken up by enterocytes via 
passive or active transport - and exit the enterocyte likewise. The mechanism of intestinal 
sugar absorption is still not fully understood. However, a variety of transporters are known to 
be expressed in the apical and basolateral membrane of the enterocyte. Glucose and 
galactose are mainly transported into the enterocyte via the sodium-glucose cotransporter 1 
(SGLT1) [1]. Also GLUT2 is discussed to translocate to the apical membrane after simple-
sugar meals [2] and thereby improving sugar absorption. However, the latter is controversially 
discussed and was not confirmed by others [3]. Fructose, the third important dietary 
monosaccharide, is absorbed primarily through the facilitative transporter GLUT5 [4]. Other 
transporters are discussed to be involved also in sugar absorption (figure 1). Especially, 
GLUT7, GLUT9, GLUT11 and SGLT4 have been described to transport fructose [5, 6, 7, 8]. 
However, conflicting results have been published regarding the substrate specificity of GLUT7 
and GLUT9 [9, 10]. Monosaccharides that have entered the enterocyte exit the cell mainly via 
GLUT2 [11, 3]. GLUT5 was also described to be expressed in the basolateral membrane [12], 
but it is still questionable if it contributes to fructose export [13]. 

Since the fructose consumption is rising over the last decades due to the extensive usage of 
high fructose corn syrup (HFCS) in the food industry [14], an increase in the prevalence of 
metabolic diseases is unavoidable [15]. As the latter is associated with developing 
cardiovascular disease and type 2 diabetes, fructose absorption and metabolism received 
increasing attention in the recent years.  
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Figure 1: Intestinal sugar transport via apical and basolateral membrane 
Monosaccharides are transported via the apical membrane by active and passive transport. Greenish 
transporters belong to class I, reddish transporters belong to class II and bluish transporters belong to 
class III of facilitative glucose transporters (GLUT). The pinkish transporters belong to the sodium-
dependent glucose transporter family (SGLT). The influx of fructose in mainly mediated by GLUT5 and 
glucose and galactose influx is performed primarily by SGLT1. The other transporters, if any, contribute 
to a small extent. The presence of GLUT2 in the apical membrane is still not fully clarified. Efflux of all 
monosaccharides is mediated by GLUT2, if GLUT5 contributes is questionable. 
 

6.1.1  Facilitative GLUT transporter and sodium glucose cotransporter family 

The family of facilitative glucose transporters (GLUT) mediated the transport of hexoses and 
other compounds such as urate across plasma membranes. GLUT belong to the class 2 of 
"solute carrier" (SLC2A) proteins. The physiological substrate of many of these transporters 
remains unclear. The GLUT family comprises 14 members and is grouped in three classes (I-
III) according to their sequence similarities (figure 2). GLUT proteins present common features 
such as a similar size around of 500 amino acids, 12 hydrophobic transmembrane domains 
and cytoplasmic N- and C-termini [16]. All have in common that the first extracellular and the 
third intracellular loop are larger than the other loops and present a single N-linked 
glycosylation site. The transporters differ in substrate specificity, expression pattern and level.  
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Figure 2: GLUT family phylogenetic tree 
The phylogenetic tree was generated using Clustal Omega based on CLUSTAL O(1.2.4) multiple 
sequence alignment. It is a UPGMA tree with distance corrections. 
 

The sodium glucose co-transporter (SGLT) family transport substrates via plasma membranes 
by means of the sodium gradient which is maintained through the sodium-potassium 
adenosine triphosphatase (Na+/K+ ATPase). They belong to class 5 of “solute carrier” (SLC5A) 
proteins. In total, 12 genes are related to this family, from which 5 are designated as SGLTs. 
The other proteins are named as SMITs (sodium-myo-inositol co-transporter), NIS (sodium-
iodide symporter), SMVTs (sodium dependent multivitamin transporter), CHT (choline 
transporter) or SMCTs (sodium-coupled monocarboxylate transporter). The main substrates 
of these transporters are glucose, myo-inositol and anions such as lactate. Besides SGLT3, 
which functions as a glucose sensor, all other family members represent sodium coupled 
transporters. The 14 transmembrane domains are similar in all 12 transporters, except for NIS 
and SMCT1, and in all transporters the N-terminus is located extracellularly [17]. 

 

6.1.1.1 Class I of facilitative glucose transporter 

The class I of facilitative glucose transporter comprises of GLUT1-4 and GLUT14. 

GLUT1 (SLC2A1) is a widely expressed transporter with highest expression levels in 
erythrocytes, intestine and placenta [18, 19]. GLUT1 transports glucose into the brain and also 
mediates the transport of vitamin C and 2-deoxy-D-glucose. The transport of 2-deoxy-D-
glucose can be inhibited by D-glucose, D-galactose and D-mannose, but not by fructose [20]. 
GLUT1 represents the only glucose transporter expressed in endothelial cells of the blood-
brain barrier. Mutations in SLC2A1 lead to GLUT1 deficiency syndrome, resulting in seizures 
and delayed neurologic development [21]. Recently, the crystal structure of GLUT1 was 
identified and validates the proposed 12 transmembrane regions [22]. 
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Expression of GLUT2 (SLC2A2) is highest in liver but also detectable in kidney, small intestine 
[23] and pancreas [24]. GLUT2 transports 2-deoxy-D-glucose, D-glucose, D-galactose, D-
mannose and D-fructose [20] and is inhibited by phloretin. GLUT2 plays a crucial role in the 
basolateral export of monosaccharides from the enterocyte into the blood stream. However, it 
is controversially discussed if it is sorted to the apical membrane upon request [2, 3]. Mutations 
in SLC2A2 lead to Fanconi-Bickel syndrome, a combination of tubular nephropathy and 
glycogen storage disease firstly described in 1949 [25]. 

GLUT3 (SLC2A3) is ubiquitously but mainly expressed in adipose tissue [19]. Expression of 
GLUT3 in general is high in tissues with a high glucose demand such as brain and nerves [26]. 
This transporter shows 2-deoxy-D-glucose, D-glucose, D-galactose and D-mannose transport 
but no fructose transport [20]. 

Skeletal and cardiac muscle exhibit the highest expression of GLUT4 (SLC2A4) and adipose 
tissue also shows a remarkably expression [19]. GLUT4 is insulin-responsive: upon stimulation 
with insulin, the intracellular trafficking of GLUT4 from storage compartments to the plasma 
membrane increases and thus enhances the cellular uptake of glucose [27]. The protein 
mediates also the transport of galactose, 2-deoxy-D-glucose and 3-0-methylglucose, but not 
fructose. Mutations in SLC2A4 are discussed to be associated to non-insulin-dependent type 
2 diabetes (NIDDM) [28, 29]. 

Little is known about GLUT14 (SLC2A14) which represents a putative transporter for 
dehydroascorbic acid and glucose [30]. It is expressed predominantly in testes and was also 
cloned from this tissue. GLUT14 shows high sequence homology to GLUT3 (94.5 % identity) 
and is most probably the result of a gene duplication [31]. 

 

6.1.1.2 Class II of facilitative glucose transporter 

GLUT5, GLUT7, GLUT9 and GLUT11 form the class II of facilitative glucose transporter. 

GLUT5 (SLC2A5) is expressed in the intestine and testes but shows also detectable mRNA 
levels in skeletal muscle, brain [19], kidney and adipose tissue [32]. It is a cytochalasin B-
sensitive transporter [32] and was first described as expressed on the human brush border 
membrane in 1992 [13]. Besides the involvement in fructose uptake, GLUT5 might play a role 
in fructose efflux due to a possible expression in the basolateral membrane of enterocytes [12]. 
The expression pattern of Glut5 changes during life and increased with age as demonstrated 
in rats [33]. Besides age dependency, also a circadian expression pattern has been described: 
at the end of the light phase expression was 12-fold higher compared to the beginning of the 
light phase [34]. A fructose-rich diet also increases the expression of Glut5 as shown for rats 
[35]. Whether age or daily routine have an influence on the expression of human GLUT5 was 
not analyzed thus far. GLUT5 is considered as the main intestinal fructose transporter 
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responsible for the uptake from the lumen into the enterocyte [36]. This is supported by Glut5 
knockout mice which showed a 75 % reduction in radiolabeled fructose uptake [4]. GLUT5 
exclusively transports fructose and neither glucose nor galactose [9]. In 2015, the crystal 
structure of GLUT5 was published [37] and gave new insides into the function of the 
transporter. For example that the change from glutamine to glutamic acid at position 166 of the 
bovine protein leads to a remarkable reduction in fructose binding. However, naturally 
occurring variants have been so far not associated with any fructose related disease. 

GLUT7 (SLC2A7) exhibits a high degree of sequence similarity to GLUT5 (68 %) and shows 
a similar tissue expression pattern. GLUT7 is expressed in the intestine and testes, but to a 
70- to 200- fold lower extent compared to GLUT5. Fructose and glucose transport have been 
described [5], but was not replicated by others [9]. Thus, GLUT7 appears to be an orphan 
transporter and its physiological substrate remains to be discovered. 

GLUT9 expression (SLC2A9) is limited mostly to kidney and bladder [19]. It is a high-affinity 
urate transporter mandatory for urate reabsorption from tubular cells to the peritubular 
interstitium. Besides urate, GLUT9 was stated to transport fructose and glucose [38]. Anzai 
and co-workers verified urate transport, but were unable to show fructose or glucose transport 
[10]. This was also published recently by our group [9]. GLUT9 occurs in two different splice 
variants. SLC2A9 mutations are associated with renal hypouricemia, a condition characterized 
by impaired renal urate reabsorption and subsequent low serum urate levels [39]. 

GLUT11 (SLC2A11) is ubiquitously, but predominantly expressed in pituitary gland and brain. 
Three isoforms have been described which differ in the length of exon 1 and in the tissue 
specific expression. Even though they differ in the amino acid sequence, substrate transport 
is functionally comparable: glucose and fructose are transported but not galactose [7]. 

 

6.1.1.3 Class III of facilitative glucose transporter 

The third class of facilitative glucose transporter consists of GLUT6, GLUT8, GLUT10, 
GLUT12 and GLUT13 (also known as HMIT). 

By Northern blot analysis, expression of GLUT6 (SLC2A6) in brain, spleen and peripheral 
leukocytes has been demonstrated [40]. It shares 44.8 % identity with GLUT8 and was formerly 
designated as GLUT9. Glucose transport was reported, but fructose or galactose transport has 
not been investigated so far. It is unclear, if GLUT6 is stored in intracellular compartments or 
if it is present in the plasma membrane. 

GLUT8 (SLC2A8) is mainly expressed in the testes, but also detectable in cerebellum, adrenal 
gland, liver, spleen, brown adipose tissue and lung [41]. Two isoforms are known and so far. 
As for GLUT6, it is unknown if GLUT8 is localized in the plasma membrane or stored in 
intracellular vesicles. GLUT8 is proposed to transport 2-deoxy-D-glucose whose uptake might 
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be inhibited by glucose, fructose, galactose and cytochalasin B [42]. Glut8-/- mice showed 
significantly greater intestinal fructose uptake at baseline and after high fructose diet compared 
to their littermates. Increased fructose uptake was accompanied by enhanced expression of 
GLUT12, indicating that GLUT8 controls fructose transport by regulating GLUT12 [43]. 

GLUT10 (SLC1A10) is ubiquitously found [44, 45, 19] and transports 2-deoxy-D-glucose when 
expressed in Xenopus laevis oocytes. D-glucose and D-galactose are also transported as 
shown by an inhibition of the 2-deoxy-D-glucose uptake. Furthermore, the transporter is 
sensitive to phloretin [46]. L-dehydroascorbic acid (DHA) was also taken up by GLUT10 and 
uptake was inhibited by D-glucose [47]. SCL2A10 mutations cause arterial tortuosity syndrome 
(ATS), a rare autosomal recessive disorder [48]. 

GLUT12 (SLC2A12) is expressed mainly in heart, skeletal muscle and prostate but also in 
brain, placenta and kidney [49]. The glucose analog 2-deoxy-D-glucose is carried and the 
transport can be inhibited by glucose, galactose, fructose and cytochalasin B [50]. In addition, 
Corpe and co-workers reported transport of dehydroascorbic acid [51]. 

GLUT13 (SLC1A13), also known as H+ myo-inositol symporter (HMIT), is predominantly 
expressed in the brain [19]. The protein specifically transports myo-inositol but no hexoses, 
and is inhibited by phloretin, phlorizin and cytochalasin B. Mutations of a di-leucine motif or of 
a tyrosine motif, which are putative internalization motifs, led to maximal plasma membrane 
expression. Acidifying the extracellular medium remarkably increases myo-inositol transport 
activity [52]. 

 

6.1.1.4 Sodium glucose co-transporter (SGLT) 

In 1987, SGLT1 (SLC5A1) was cloned from rabbit intestine as first member of the sodium 
glucose co-transporter family [53]. The newly discovered protein did now show homology with 
the known facilitative glucose transporters and thus formed the basis for a new family of 
transporters. SGLT1 is mainly expressed in intestine [54], but also in heart muscle and much 
lesser in other tissues [19]. SGLT1 represents the main intestinal glucose transporter and 
actively transports glucose and galactose across the apical membrane of enterocytes. The 
process is sodium dependent and by regulating the cell homeostasis with the Na+/K+ ATPase, 
it requires energy [55]. Along every glucose molecule, two sodium ions are transported. 
Phlorizin acts as a competitive inhibitor [56]. The physiological importance of SGLT1 is 
reflected in Sglt1 knock-out mice and patients with glucose-galactose-malabsorption 
(mutations in SLC5A1). Mice develop severe glucose-galactose malabsorption [57] and infants 
born with the condition suffer from severe diarrhea that ends up fatal unless glucose and 
galactose are removed from the diet [58]. 
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SGLT2 (SLC5A2) is mainly expressed in kidney and testes [19] and is mandatory for renal 
reabsorption of D-glucose [59]. Mice lacking this gene develop massive glucosuria [60] and 
SLC5A2 mutations in humans lead to familial renal glucosuria [61]. The transporter carries 
glucose along with one sodium ion, shows a weak transport rate for galactose and is inhibited 
by phlorizin better than SGLT1 [56]. 

SMIT1 (SLC5A3) is a myo-inositol transporter that also shows low D-glucose transport. It is 
expressed in brain and kidney [62]. Slc5a3-/- mice develop severe myo-inositol deficiency and 
are nonviable [63]. 

SGLT3 (SLC5A4) is not a glucose transporter, but acts as glucose sensor in the enteric 
nervous system and the muscle leading to a sodium dependent depolarization of the plasma 
membrane potential [64]. Mutating a single amino acid (glutamate at position 457 to glutamine) 
makes this glucose sensor to a glucose transporter [65]. 

NIS (SLC5A5) is a sodium iodide co-transporter which is mainly expressed in the thyroid gland 
but also in the stomach, the salivary gland and in the breast [66, 19]. In the thyroid, it is 
mandatory for the accumulation of iodide, which is important for the formation of thyroid 
hormones. In the lactating breast, the supply of iodide to the nurse infant is guaranteed. 
SLC5A5 mutations cause congenital hypothyroidism by defect thyroid hormonogenesis [67]. 

The multivitamin transporter SMVT (SLC5A6) mediates transplacental transport of pantothenic 
acid, biotin and α-lipoic acid [68, 69]. Besides the transport of vitamins, it also works as a 
sodium iodide co-transporter [70]. 

CHT (SLC5A7) acts as a sodium choline co-transporter that is sodium and chloride dependent 
and mainly expressed in the brain [71]. The transporter is pH sensitive [72]. Since choline is a 
direct precursor of the neurotransmitter acetylcholine, absence of Cht in mice is lethal [73]. In 
humans, truncating SLC5A7 mutations cause hereditary motor neuropathies due to defective 
presynaptic choline transport [74, 75]. 

SMCT1 (SLC5A8) transports monocarboxylates and short-chain fatty acids by a sodium-
coupled mechanism [76]. It is mostly expressed in the thyroid and in the kidneys [19]. In kidney, 
SMCT1 acts as a lactate transporter involved in reabsorption of lactate and maintenance of 
blood lactate levels [77]. 

SGLT4 (SLC5A9) is a glucose and mannose transporter expressed mainly in the intestine, but 
also in kidney, lung and liver [19]. Besides mannose and glucose, galactose and fructose might 
also be transported as shown by inhibition of glucose uptake [8]. 

SGLT5 (SLC5A10) is nearly exclusively expressed in the cortex of the kidneys [19]. It 
transports mannose and fructose much better than glucose and galactose [78]. Sglt5-/- mice 
display aggravated fructose induced hepatic steatosis and, paradoxically, a massive increased 
urinary fructose excretion [79]. 
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SMIT2, also designated as SGLT6 (SLC5A11), is highly expressed in the brain and in the small 
intestine [19]. Myo-inositol is the main substrate, but D-glucose and D-xylose are also 
transported. Sensitivity towards phlorizin was detectable and a substrate-independent sodium 
current was measurable (“Na+-leak”) [80]. 

Like SMCT1, SMCT2 (SLC5A12) mediates the transport of lactate, pyruvate and nicotinate in 
a sodium-coupled manner. It is mainly expressed in the small intestine and in the kidney, where 
it is important for the reabsorption of lactate [81, 19]. 

 

6.2 Fructose malabsorption 

Ingested saccharides need to be absorbed in the small intestine. Whereas monosaccharides 
are taken up directly, di- and oligosaccharides have to be cleaved enzymatically to simple 
sugars. Impaired digestion or absorption of carbohydrates might lead to gastrointestinal 
symptoms. Adult hypolactasia for example is caused by variants in the promoter region of LCT 
encoding lactase. As consequence, cleavage of lactose to glucose and galactose is reduced 
due to lower amounts of the enzyme [82]. Typical symptoms are meteorism, osmotic diarrhea 
and abdominal pain. Besides digestive defects such as lactose intolerance, absorptive defects 
are also described: glucose-galactose malabsorption is caused by a defect in the Na+/glucose 
co-transporter SGLT1 (SLC5A1) [83]. This inborn defect leads to massive diarrhea with 
consecutive fluid and electrolyte imbalance and can end fatal if the patients do not comply with 
a strict diet low in glucose and galactose. 

In contrast to lactose intolerance and glucose-galactose malabsorption, the molecular basis of 
fructose malabsorption still remains elusive. Since fructose is a monosaccharide, an absorptive 
defect is most likely. GLUT5 represents the main intestinal fructose transporter [36, 84, 32], 
Glut5-/- mice displayed 75 % reduction in radiolabeled fructose uptake suggesting that Glut2 
does not compensate for a lack of Glut5 [4]. Since intestinal fructose transport is not completely 
abolished in Glut5-/- mice, the presence of other intestinal fructose transporters is likely. For 
GLUT7, the closest relative to GLUT5, transport of fructose and glucose have been described 
[5], rendering this intestinally expressed protein to an interesting candidate for fructose 
malabsorption. However, recent data of our research group could not confirm fructose or 
glucose transport [9]. GLUT2, another GLUT family member, transports fructose, glucose and 
galactose and is located in the basolateral membrane of enterocytes. A translocation to the 
apical membrane of rat enterocytes after oral glucose load has been reported [85]. However, 
Röder and co-workers could not replicate this observation and also found no evidence that 
GLUT2 is located in the apical membrane of enterocytes [3]. Additionally, SLC2A2 mutations 
are associated to Fanconi-Bickel syndrome, a rare inborn glycogen storage disease [86], and 
most likely do not lead to fructose malabsorption. High expression of GLUT6 mRNA was 
described in the upper jejunum [32] and also in brain, spleen and peripheral blood leucocytes 
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[40]. GLUT6 was shown to have glucose transport activity [40] but fructose transport was not 
determined yet, however, might be reasonable since the next relative to GLUT6, GLUT8, 
transports fructose [43]. 

Besides the GLUT family, the Na+/glucose co-transporter (SGLT) family is involved in the 
intestinal absorption of monosaccharides. SGLT4 (SLC5A9) transports fructose and glucose 
[8] and is highly and nearly specifically expressed in the intestine [19]. However, localization 
in the apical membrane of enterocytes and the actual impact in fructose absorption have been 
not determined yet. 

As adult hypolactasia, fructose malabsorption displays with gastrointestinal symptoms such as 
osmotic diarrhea, flatulence and abdominal pain. Fructose, which is not absorbed in the small 
intestine, reaches the colon and undergoes fermentation by colonic bacteria. The bacteria 
produce methane, carbon dioxide, hydrogen, and short chain fatty acids. The latter are 
osmotically active bind water in the intestinal lumen resulting in osmotic diarrhea. The gases 
carbon dioxide, methane and hydrogen cause the typical bloating and flatulence (figure 3). In 
contrast to glucose, fructose uptake seems to be limited. Healthy people can absorb only a 
maximum of 25 - 50 g of fructose per serving [87]. 

Hereditary fructose intolerance (HFI) has to be distinguished from fructose malabsorption. HFI 
is a rare autosomal recessive metabolic disorder caused by a deficiency of fructose-1-
phosphate aldolase (aldolase B) resulting in the accumulation of toxic fructose-1-phosphate. 
This accumulation leads to liver and kidney damage as well as to hypoglycemia [88]. 

 

 
Figure 3: Illustration of the pathophysiology of fructose malabsorption 
In normal statues, fructose is absorbed in the small intestine and thus does not enter the colon. 
Unabsorbed fructose in fructose malabsorption reaches the colon and undergoes fermentation by 
colonic bacteria causing the typical symptoms of osmotic diarrhea, bloating and flatulence. 
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Since the metabolism of fructose by colonic bacteria leads to a strong production of hydrogen, 
and this hydrogen is exhaled in the breath, this adverse effect can be used for diagnosis of 
fructose malabsorption. An H2-exhalation test is performed by giving up to 25 g fructose (1 g/kg 
bodyweight in children) to fasting subjects and measuring the H2 in the exhaled air for 2.5 
hours at half-hour intervals [87]. Fructose malabsorption is likely, if the increase in H2 is higher 
than 20 ppm and clinical symptoms are present [89]. It is particularly worth of mention that 
about 5 to 25 % of the population is unable to produce H2 (non-producer), due to a different 
composition of colonic bacteria [90]. Lactulose can be used to test for non-producers. However, 
the right dose for diagnosis and the threshold of H2 in the exhaled air are still under discussion 
since the mechanism behind fructose malabsorption is still unclear. 

Affected patients should avoid foods rich in fructose such as apples, pears and red peppers 
since the amount of ingested fructose is the most important therapeutic intervention. 
Interestingly, foods rich in fructose and glucose are tolerated well, most probably due to the 
positive effect of glucose on the fructose absorption. This was demonstrated by Rumessen 
and Gudmand-Høyer in 1986 [91] who showed that fructose absorption is positively enhanced 
by glucose, especially when fructose and glucose are given in equimolar amounts. It may 
explain why patients with fructose malabsorption tolerate sucrose. This effect can also be used 
if the elimination of fructose rich food is not intended by just adding glucose to fructose rich 
food. The underlying mechanism is still not clarified. One theory is a passive absorption of 
fructose due to the glucose stimulated water absorption. Since amino acids such as alanine 
also lead to enhanced fructose absorption, the theory gets supported [92]. The beneficial effect 
of glucose on the fructose absorption is demonstrated in figure 4. Sorbitol is known to worsen 
symptoms and fruits such as pears should be avoided completely [93]. 

 

 

Figure 4: Schematic representation of the positive effect of glucose in fructose malabsorption 
Fructose is absorbed more efficiently by adding glucose in equimolar amounts. The typical symptoms 
osmotic diarrhea, bloating and flatulence disappear. 
 
 
Age is known to be a critical determinant for the diagnosis of fructose malabsorption. A study 
with 1,093 children and adults showed an increasing fructose absorption capacity up to the 
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Another study found that fructose absorption is impaired to a greater extent in 1 to 3 years old 
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Mutations in GLUT5 have been proposed to cause fructose malabsorption. This hypothesis 
has already been tested by Wasserman et. al in 1996 [96]. The study included 8 patients with 
fructose malabsorption, 6 healthy controls and 13 healthy parents of patients. The coding 
regions of GLUT5 were analyzed by single-strand conformational polymorphism (SSCP) 
analysis and one patient only was analyzed by direct DNA sequencing. The study could not 
detect GLUT5 coding variants in patients with fructose malabsorption and thus failed to explain 
the pathology of the disease. However, the involvement of GLUT5 in the pathology of fructose 
malabsorption cannot be excluded by this study. The number of patients analyzed in this study 
was with 8 patients very small, the analyzed patients were very young (8 months to 5 years) 
and 4 patients showed a positive sucrose breath test. Moreover, SSCP analysis has a 
moderate sensitivity compared to DNA sequencing: point mutations in PCR products with a 
length of 150 bp to 350 bp are detected in about 70 % to 95 % and fragments larger than 350 
bp show a much lower sensitivity [97]. Wasserman and co-workers [96] also used fragments 
longer than the maximal recommended length of 350 bp. Additionally, non-coding regions of 
GLUT5 were not investigated in this study. 

Since non-coding variants can have an important impact on the pathology of a disease, as 
known for lactose malabsorption [82], non-coding regions of GLUT5 may influence fructose 
absorption by reducing the expression of the transporter. 

Expression of GLUT5 is known to be under the control of ketohexokinase (KHK). This enzyme 
is involved in the upregulation of fructolytic and gluconeogenic enzymes after fructose load in 
mice [98]. KHK is mainly expressed in the liver but is also located in the enterocyte and 
phosphorylates fructose to fructose-1-phospate. Mutations in the coding regions of KHK might 
thus impair fructose absorption due to a lack of GLUT5 expression. Besides the involvement 
in the upregulation of GLUT5, a recently published paper [99] demonstrates that Khk in mice 
is involved in the conversion of fructose to glucose in the small intestine. The authors state that 
at low doses of fructose (0.5 g/kg bodyweight), the majority of fructose is metabolized to 
glucose and organic acids and thus does not reach the systemic circulation as fructose. Thus, 
Khk-/- mice show high amounts of fructose in the portal blood. However, at high doses of 
fructose (>1 g/kg bodyweight), the absorption and metabolism capacity is exceeded und thus 
fructose reaches the liver and also the distal part of the intestine, where it gets metabolized by 
bacteria. Therefore, KHK mutations might impair the expression level of this enzyme and 
predispose to fructose malabsorption. 

 

6.3 Chimera 

Members of the major facilitator superfamily (MFS) enable sugar transport across membranes. 
Besides others, GLUT transporters, belonging to the family of facilitative sugar transporters, 
are involved in this mechanism. A number of 14 different GLUT proteins are known to be 
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expressed in humans so far. All show different kinetic properties, substrate specificities and 
tissue expression. The two most closely related transporters, GLUT5 and GLUT7, share e.g. 
68 % similarity and 53 % identity [5]. For most of the transporters, little is known about the 
mechanism and the regulation of substrate specificity and affinity. 

Inukai and co-workers [100] first investigated Glut5 concerning regions involved in fructose 
transport. They generated chimeras between rabbit Glut1 and rat Glut5 and demonstrated the 
importance of the N-terminus to the 6th transmembrane domain and the C-terminal region for 
the fructose transport of GLUT5. In contrast, Buchs and co-workers [101] later generated 
GLUT5-GLUT3 chimeras and postulated that the N-terminus to the 1st intracellular loop and 
the sequence including the 3rd extracellular loop until the 11th transmembrane domain are 
important for the fructose transport of GLUT5. Additionally, the generation of GLUT2-GLUT3 
chimeras demonstrated the impact of the region between the 7th and 8th transmembrane 
domain for GLUT2 fructose transport [102]. Recently, the rat and bovine crystal structures of 
Glut5 were published [37]. The study provides evidence, that a gated-pore mechanism with 
involvement of the 7th and 10th transmembrane domain in addition to the previously described 
rocker-switch-type movement controls the fructose transport by GLUT5. The authors claim 
several amino acids in the central cavity to be involved in substrate binding. However, a direct 
measurement of fructose transport was not performed. Nomura and co-workers rather used 
tryptophan fluorescence quenching to determine essential amino acids. To investigate the 
effect of single amino acid changes, uptake experiments are the better choice. 

Since little is known about the mechanism and the regulation of fructose transport by GLUT5 
and only large regions and nearly no single amino acids were investigated, the generation of 
new GLUT5 chimeras is necessary. Former studies generated chimeras with GLUT5 and 
GLUT family members of different classes. As GLUT7 shows different transport abilities but 
simultaneously a high sequence identity to GLUT5, the two transporters are prone to the 
investigation of amino acids that are involved in fructose transport. 
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7 Aim of the work 

The genetic cause of fructose malabsorption is unknown. Glut5 null mice and biochemical 
pathways suggest a role of GLUT5 in the pathology of fructose malabsorption. 

This was tested by Wasserman and co-workers who examined the coding regions of GLUT5 
in 8 patients with fructose malabsorption, 6 healthy controls and 13 healthy parents of patients 
by single-strand conformational polymorphism (SSCP) analysis. DNA sequencing was 
performed for one of the patients [96]. SSCP is a low sensitivity method, only a small sample 
size was analyzed, the age of the patients was very low and the diagnosis of fructose 
malabsorption was questionable in at least 4 patients. Additionally, non-coding regions of 
GLUT5 were not analyzed although mutations in regulatory sequences are known to possibly 
influence the pathology of a disease (e.g. in lactose malabsorption [82]). 

We analyzed GLUT5 and GLUT7, which is approximately 11 kb apart from GLUT5 and 
represents the closest relative of this transporter, by direct DNA sequencing. In total, we 
sequenced an approximately 112 kb large region of the GLUT5-GLUT7 locus. GLUT7 is 
expressed in the small intestine and was initially thought to be a fructose and glucose 
transporter [5]. However, this was not confirmed by our own research group just recently [9]. 
Additionally, we sequenced the coding regions of the putative fructose transporter GLUT6 and 
SGLT4. 

Impaired upregulation of GLUT5 might underlie fructose malabsorption. Since ketohexokinase 
is involved in the upregulation of fructolytic and gluconeogenic enzymes after fructose load in 
mice [98], we also sequenced the KHK coding regions. As published recently, Khk in mice is 
involved in the conversion of fructose to glucose within the enterocyte [99]. If this mechanism 
is impaired due to KHK mutations, fructose might accumulate intracellularly which might 
subsequent lead to the loss of the driving force for GLUT5. Thus, fructose might reach distal 
parts of the intestine and cause the classical symptoms of fructose malabsorption. 

Since the regulation and the mechanism of intestinal fructose absorption are incompletely 
understood, another important aim of this work was the identification of domains and amino 
acids of GLUT5, that are mandatory for its fructose transport ability. Different working groups 
[100, 101] demonstrated lager regions to be important for fructose transport but rarely 
examined single amino acid changes. For this reason, we generated GLUT5-GLUT7 chimeras 
and determined amino acids responsible for fructose transport. We furthermore generated 
GLUT7-GLUT5 chimeras as proof of concept and created a chimera with a GLUT5 comparable 
fructose transport. Finally, molecular dynamics simulations revealed different mechanism of 
how these mutations influence the fructose transport.  
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8 Material 

8.1 Chemicals 

100 bp DNA Ladder    Invitrogen, Darmstadt 
14C-D-fructose (ARC-0116A)   American radiolabeled chemicals, St. Louis, USA 
Acrylamide     Bio-Rad Laboratories, Munich 
Ammoniumacetate    Thermo Fisher Scientific, Waltham, USA 
Ammonium persulfate (APS)   Bio-Rad Laboratories, Munich 
Ampicillin (100 mg/ml)   Sigma, Taufkirchen 
AmpliTaq® polymerase   Thermo Fisher Scientific, Waltham, USA 
Bayol F paraffin oil    Serva Electrophoresis, Heidelberg 
Betaisodona     Mundipharma, Limburg 
Big Dye terminator 3.1 kit   Thermo Fisher Scientific, Waltham, USA  
Bio-Rad Protein Assay   Bio-Rad Laboratories, Hercules, USA 
Bis-acrylamide    Bio-Rad Laboratories, Munich 
Blasticidin (10 mg/ml)    Invivogen, San Diego, USA 
Bovine serum albumin (fraction V)  AppliChem, Darmstadt 
Cell culture media DMEM   Sigma-Aldrich, St. Louis, USA 
CH3 Blue E. coli    Bioline, Taunton, USA 
Chloroform     AppliChem, Darmstadt 
Collagen     Biochrom AG Biotechnologie, Berlin 
Collagenase A    Sigma-Aldrich, St. Louis, USA 
cOmplete mini tablets, EDTA free  Roche Pharma, Grenzach-Whylen 
Donkey Anti-goat IRDye® 800CW  LI-COR, Lincoln, USA 
Donkey Anti-rabbit IRDye® 680RD  LI-COR, Lincoln, USA 
Ethidium bromide (1 %)   AppliChem, Darmstadt 
EZ-Link™ Sulfo-NHS-LC-Biotin  Thermo Fisher Scientific, Waltham, USA 
FBS      Biochrome, Berlin 
Glycogen blue     Thermo Fisher Scientific, Waltham, USA 
Goat anti-Actin Antibody   Santa Cruz Biotechnology Inc, Dallas, USA 
Isol-RNA Lysis Reagent   5 Prime, Hilden 
MyTaq™ DNA Polymerase   Bioline, Taunton, USA 
NEB® 5-alpha Competent E. coli  NEB, Ipswich, USA 
One Shot® TOP10 Competent E. coli Thermo Fisher Scientific, Waltham, USA 
OneTaq® DNA Polymerase   NEB, Ipswich, USA 
PAGE ruler prestained   Thermo Fisher Scientific, Waltham, USA 
Paraffin      Sigma-Aldrich, St. Louis, USA 
Penicillin/streptomycin   Sigma-Aldrich, St. Louis, USA 
Phusion High-Fidelity DNA Polymerase Thermo Fisher Scientific, Waltham, USA 
Polybrene®      Santa Cruz Biotechnology, Dallas, USA 
Primer      TIB Molbiol, Berlin 
ProFection® Mammalian Transfection Promega, Madison, USA 
Puromycin (10 mg/ml)   Invivogen, San Diego, USA 
QIAmp DNA Mini Kit    QIAGEN, Hilden 
qPCRBIO SyGreen Mix Lo-ROX  Nippon Genetics Europe, Düren 
QuantiTect Reverse Transcription Kit Qiagen, Hilden 
Rabbit anti-GFP Antibody   Rockland Immunochemicals Inc, Limerick, USA 
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RNase A     Qiagen, Hilden 
RNeasy Mini Kit    Qiagen, Hilden 
Sterile PBS (cell culture)   Sigma-Aldrich, St. Louis, USA 
Streptavidin-agarose    Sigma Aldrich, St. Louis, USA 
T4 DNA Ligase    Thermo Fisher Scientific, Waltham, USA 
T7 mMESSAGE mMACHINE® Kit  Thermo Fisher Scientific, Waltham, USA 
TEMED     Bio-Rad Laboratories, Hercules, USA 
Tricaine mesylate    Sigma-Aldrich, St. Louis, USA 
Triton X-100     AppliChem, Darmstadt 
Trypsin-EDTA (cell culture)   Sigma-Aldrich, St. Louis, USA 
Trypsin (oocytes)    Sigma-Aldrich, St. Louis, USA 
Tween-20     Serva Electrophoresis, Heidelberg 
Wizard® SV Gel and PCR Clean-Up Promega, Madison, USA 

 

All further chemicals were purchased from Carl Roth GmbH (Karlsruhe, Germany) or Merck 
KGaA (Darmstadt, Germany). Ultrapure autoclaved H2O was used, if not stated otherwise. 
 

8.2 Enzymes 

Antarctic phosphatase   NEB, Ipswich, USA 
Exonuclease I     NEB, Ipswich, USA 
FastDigest NheI    Thermo Fisher Scientific, Waltham, USA 
FastDigest PacI    Thermo Fisher Scientific, Waltham, USA 
FastDigest XbaI    Thermo Fisher Scientific, Waltham, USA 
FastDigest XhoI    Thermo Fisher Scientific, Waltham, USA 

 

8.3 Cell lines 

CaCo2     Human epithelial colorectal adenocarcinoma cell line 
Kind gift from Dr. Helmut Laumen, Freising 

HT-29     Human colon cancer cell line 
Kind gift from Dr. Helmut Laumen, Freising 

NIH-3T3     Mouse fibroblast cell line 
Kind gift from Prof. Dirk Haller, Freising 

Platinum E     Retroviral packaging cell line based on human HEK293T 
Kind gift from Prof. Martin Klingenspor, Freising 
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8.4 Vectors 

pEGFP-N2    BD Biosciences, New Jersey, USA 

pGEM-HE GLUT7   Kind gift from Prof. Chris Cheeseman, Alberta, Canada 

pMXs sin EF1 PGK BSD  Kind gift from Prof. Martin Klingenspor, Freising 

pREP3x GLUT5 Cloned from CaCo2 cells by Daniela Kolmeder, Prof. 
Hannelore Daniel, Freising 

8.5 Consumables 

384-well plate     4titude, Surrey, UK 
96-well flat bottom plate   Carl Roth, Karlsruhe 
96-well plate (4ti-0750) PCR   4titude, Surrey, UK 
96-well plate (4ti-0770) Cycle Sequencing  4titude, Surrey, UK 
Cannula 24´G     B. Braun, Melsungen 
Cell culture flasks    TPP, Trasadingen, Switzerland 
Cell culture plates    TPP, Trasadingen, Switzerland 
Cell scraper     TPP, Trasadingen, Switzerland 
Cellulose acetate syringe filter (0.45 µm) Sartorius AG, Göttingen 
Combitips for multipette   Eppendorf, Hamburg 
Embedding cassettes    Carl Roth, Karlsruhe 
GelBond PAG Film    Lonza, Rockland, USA 
Inoculation tubes    Sarstedt, Nümbrecht 
Microscope slides    Carl Roth, Karlsruhe 
Nitrocellulose membrane   GE Healthcare Europe, Freiburg 
Petri dishes     Sarstedt, Nümbrecht 
Reaction tubes (1.5, 2.0 ml)   Sarstedt, Nümbrecht 
Scintillation tubes    Sarstedt, Nümbrecht 
Sterile pipettes (5, 10, 25 ml)   Sarstedt, Nümbrecht 
Syringes (1 ml, 5 ml)    B. Braun, Melsungen 
Whatman paper    A. Hartenstein, Würzburg 

 

8.6 Equipment 

Auto-Nanoliter Injector, Nanoject 2  Drummond Scientific, Broomall, USA 
Autoclave     Wolf, Bad Überkingen 
Centrifuge 5417 C    Eppendorf, Hamburg  
Centrifuge 5430    Eppendorf, Hamburg 
Centrifuge A14    Societe Jouan, Saint-Herblain, France 
Centrifuge AllegraTM 64R   Beckman Coulter, Krefeld 
Centrifuge Multifuge X3R, Refrigerated Thermo Scientific, Munich 
Centrifuge Rotina 420R   Andreas Hettich, Tuttlingen 
Centrifuge X3R    Hereaus Holding, Hanau 
Dehydration mashine TP1020  Leica Biosystems, Wetzlar 
Drying cabinet, 28 l    Binder, Tuttlingen 
Electronic multi-channel pipette 30 μl Thermo Scientific, Munich 
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Electrophoresis unit (Multiphore II)  GE Healthcare, Solingen  
Electrophoresis, agarose- Gel  PEQLAB Biotechnologie, Erlangen 
Embedding machine    Thermo Fisher Scientific, Waltham, USA 
Fluorescence microscope (DMI 4000 B) Leica Biosystems, Wetzlar 
Hamilton syringe    Carl Roth, Karlsruhe 
Heating block, Techne Dri Block DB-3 Techne, Jahnsdorf 
Heating block     Eppendorf, Hamburg 
Horizontal laboratory shaker, HS 501 IKA, Staufen  
Incubator (E. coli)    Societe Jouan, Saint-Herblain, France 
Incubator Heracell (cell culture)  Thermo Fisher Scientific, Waltham, USA 
Laminar flow hood Herasafe   Thermo Fisher Scientific, Waltham, USA 
LightCycler® 480    Roche Pharma AG, Grenzach-Whylen 
Magnetic stirrer with heating plate  IKA, Staufen 
Microtome HM 355S    Thermo Fisher Scientific, Waltham, USA 
Mini-PROTEAN Tetra cell   Bio-Rad Laboratories, Hercules, USA 
Mini Trans-Blot® Cell    Bio-Rad Laboratories, Hercules, USA 
Nanodrop     Thermo Fisher Scientific, Waltham, USA 
Neubauer counting chamber, 0.0025 mm2 Brand, Wertheim 
Odyssey® Infrared Imager   Li-cor, Lincoln, USA 
Polytron 1600E, Homogenizer  Kinematica, Luzern, Switzerland 
Power supply (Powerpac HC)  Bio-Rad Laboratories, Hercules, USA 
Probe-type sonicator    Dr. Hielscher, Teltow 
Scales ATILON, max. 150 g   Acculab, Göttigen 
Scintillation counter Tri-Carb 2810 TR Perkin Elmer, Waltham, USA 
Shaker cabinet, heatable   Edmund Bühler, Tübingen 
Shaker, IKA MS 3 basic   IKA, Staufen  
Shaker Titramax    Heidolph Instruments, Schwabach 
Shaker Rocky 3D    Fröbel Labortechnik, Lindau 
Sonicator     Hielscher Ultrasonics GmbH, Teltow 
Sponge (grease filter)    Wenko, Hilden 
Thermo mixer, heatable   Eppendorf, Hamburg  
Thermocycler (TProfessional)  Biometra, Göttingen 
Thermostat     Haake, Vreden 
Ultrasonic water bath    Bandelin, Berlin 
UV gel documentation system  LTF Labortechnik, Wasserburg 
Vacuum centrifuge PC 10.10   Societe Jouan, Saint-Herblain, France 
Varioskan™ Flash, Multimode Reader Thermo Fisher Scientific, Waltham, USA 
Water bath     JULABO GmbH, Seelbach 
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8.7 Solutions  

Acrylamide solution (T30C4) 
4.05 M C3H5NO, 78 mM C7H10N2O2 
 
Barth’s solution (pH 7.4, autoclaved) 
96 mM NaCl, 5 mM HEPES, 3 mM TRIS,  
2 mM KCl, 2 mM MgCl2, 2 mM CaCl2 
 
DEPC H2O (autoclaved) 
0.1 % w/v DEPC 
 
Dong lysis buffer 
20 mM HEPES, 10 mM KCl, 
1.5 mM MgCl2, 1 mM DTT 
 
Laemmli sample buffer (4x) 
277 mM SDS, 75 mM TRIS,  
20 % v/v glycerol,  
20 % v/v β-mercaptoethanol,  
0.4 % w/v bromphenol blue 
 
Miniprep solution 1 
100 mM TRIS, 10 mM EDTA,  
7 U/ml RNase A 
 
Miniprep solution 2 
200 mM NaOH, 1 % v/v SDS 
 
Miniprep solution 3 
3 M potassium acetate,  
11.5 % v/v acetic acid 
 
10x MOPS (pH 7, autoclaved) 
200 mM MOPS, 50 mM sodium acetate,  
10 mM EDTA, Solved in DEPC H2O 
 
OR II solution (pH 7.4, autoclaved) 
96 mM NaCl, 6 mM pyruvate,  
5 mM HEPES, 3 mM TRIS,  
2 mM KCl, 2 mM MgCl2,  
0.2 mM gentamicin 
 
10x PBS (pH 7.4) (Western blot) 
1.37 M NaCl, 100 mM Na2HPO4, 27 mM 
KCl, 18 mM KH2PO4 

Protease inhibitor cocktail 
1 tablet cOmplete mini solved in 1 ml  
ultrapure autoclaved H2O 
 
RIPA lysis buffer (pH 7.4) 
150 mM NaCl, 10 mM TRIS, 5 mM EDTA,  
1 % v/v triton X-100,  
1 % v/v protease inhibitor cocktail 
 
Running gel buffer (3x, pH 8.8) 
1.12 M TRIS, 0.3 % v/v SDS 
 
SDS separation buffer  
25 mM TRIS, 192 mM glycine,  
3.5 mM SDS 
 
SOC medium 
20 g/l Peptone, 5 g/l Yeast extract,  
8.6 mM NaCl, 2.5 mM KCl 
After autoclaving, sterile filtered  
20 mM glucose and 10 mM MgCl2  
were added. 
 
Stacking gel buffer (pH 6.8) 
140 mM TRIS, 0.1 % v/v SDS 
 
50x TAE buffer (autoclaved) 
2 M TRIS, 64 mM EDTA,  
5.7 % v/v acetic acid 
 
5x TBE buffer 
445 mM TRIS, 445 mM boric acid,  
16 mM EDTA 
 
Transfer buffer 
150 mM glycine, 19.5 mM TRIS,  
20 % v/v methanol, 0.02 % v/v SDS 
 
Uptake buffer (pH 7.4, sterile-filtered) 
140 mM NaCl, 20 mM HEPES,  
1.7 mM KCl, 1.5 mM KH2PO4,  
0.9 mM CaCl2, 0.8 mM MgSO4 

 
 
If not stated otherwise, the solutions were prepared with ultrapure autoclaved H2O. 
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9 Study subjects 

9.1 Diagnose of fructose malabsorption 

Diagnosis of fructose malabsorption was based on the following issues: Fasting subjects got 
an oral load of 1 g fructose per kg body weight (maximum of 25 g) fructose and the 
concentration of H2 in the exhaled air for 2.5 hours was measured at 0, 15, 30, 60, 90, 120 and 
150 minutes. An H2 concentration above 80 ppm without any symptoms or above 50 ppm with 
clinical symptoms was set as diagnose threshold. All participants gave informed consent and 
for patients under the age of 18 years, parents gave informed consent. 

9.2 Patients 

We examined 60 patients (25 male, 35 female, median age: 12, mean age: 20, age range: 5-
69); 29 were German, 20 Austrian, 3 patients Austrian/Turkish, one each Austrian/Albanian, 
Austrian/Bosnian and Austrian/Slovakian, Indian, Italian, Polish, Turkish and English. 

9.3 Control Subjects 

A negative fructose breath test was fundamental for control designation and set as following: 
An H2 concentration under 50 ppm without any clinical symptoms or no increase in H2. We 
investigated 49 controls (25 male, 24 female, median age: 48, mean age: 42.6, age range: 8-
82); 28 were German, 10 Austrian, three Indian and Italian, and one each Austrian/Bosnian, 
Austrian/Bulgarian, Austrian/Hungarian, Austrian/Turkey, and South American. 

9.4 Blood donors 

The subjects of this population did not undergo a hydrogen breath test. For this, 1,063 subjects 
were included in the study (574 male, 489 female, median age: 33, mean age: 35.6, age range: 
1-79, 2 without age specification); 1006 were German, the remaining of other ethnicities. 
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10 Methods 

10.1 Genetic characterization of GLUT5, GLUT6, GLUT7 and KHK 

10.1.1  DNA Sequencing analysis 

Genomic DNA was extracted from peripheral blood leukocytes according to the manufacturer's 
instruction with QIAamp DNA Mini Kit (see supplementary figure 26 for a protocol). Briefly, 
whole blood was mixed with lysis buffer, leukocytes were lysed, DNA was precipitated with 
ethanol and purified with silica-membrane columns. 

The subsequent PCR is an in vitro technique developed by Mullis et al. [103] enabling an 
enzymatic amplification of DNA segments. 

PCR was performed using 0.7 U AmpliTaq® polymerase, 400 µM dNTPs, 1.36 mM MgCl2, 
0.03 to 0.06 µM of each Primer, and 2 µl gDNA (~20-50 ng/µl) in a total volume of 22 µl. The 
reaction was always overlaid with one drop Bayol F to minimize evaporation of the reaction 
mixture. Cycle conditions were an initial denaturation for 12 min at 95°C followed by 50 cycles 
of 20 s denaturation at 95°C, 40 s annealing at primer specific temperature (56-64°C), 90 s 
primer extension at 72°C and a final elongation for 2 min at 72°C. 

Besides the AmpliTaq® polymerase, MyTaq™ DNA polymerase and OneTaq® DNA 
polymerase were used. The MyTaq reaction was set up as following, 0.75 U MyTaq™ DNA 
polymerase, 0.1 to 0.3 µM of each primer, and 2 µl DNA in a total volume of 22 µl. The cycle 
conditions were as follows: initial denaturation for 1 min at 95°C followed by 50 cycles of 20 s 
denaturation at 95°C, 40 s annealing at primer specific temperature (56-64°C) and 1 min 
primer elongation at 72°C and a final extension step for 2 min at 72°C. 

The PCR with OneTaq® composed of 0.7 U OneTaq® DNA Polymerase, 450 µM dNTPs, 
0.03 to 0.06 µM of each primer, GC buffer, 10 % high GC enhancer if mentioned, and 2 µl DNA 
in a total volume of 22 µl. Cycle conditions were an initial denaturation for 3.5 min at 95°C 
followed by 50 cycles of 20 s denaturation at 95°C, 40 s annealing at primer specific 
temperature (56-64°C), 2 min primer extension at 68°C and a final elongation for 5 min at 68°C. 

Two different forward and reverse primers were designed and tested. One pair of primers was 
finally used for each fragment; primer sequences are depicted in supplementary table 13Table 
13 to table 17. 

The resulting PCR products were separated using polyacrylamide gel electrophoresis (PAGE). 
This technique separates macromolecules according to their electrophoretic mobility, based 
on molecular weight and secondary structure. The charge of the molecule leads to the 
migration in an electric field towards the opposite-charged electrode. Polyacrylamide gels are 
generally used for the separation of proteins, but can also be used for the separation of PCR 
products. Here, the negatively charged phosphate groups of the DNA lead to fractionation. 
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Polyacrylamide gels with a total concentration of 12 % were prepared containing 1.8 g urea, 
6 ml 5x TBE buffer and 12 ml acrylamide solution (T30C4) in a total volume of 30 ml. For 
polymerization, 24 µl TEMED and 48 µl APS (40 %) were added. 

The polymerized gel was placed on the cooling plate of the electrophoresis chamber 
Multiphore II. Optimal temperature transfer between cooling plate and gel was ensured by 
water. Paper strips moistened with 1x TBE buffer were placed at the ends of the gel to set up 
a solid connection between the electrodes and the gel. PCR product and DNA ladder were 
loaded on gel and separation was carried out at 5°C for 50 min by constant voltage of 1100 V 
with 300 W and 300 mA. 

After successful fractionation, silver nitrate staining was performed for visualization of the DNA 
fragments according to a slightly modified method of Riesner et al. [104]. Basically, DNA was 
fixed on gel with 10 % ethanol and 2 % acetic acid, stained with 0.2 % silver nitrate solution 
and developed with cold solution containing 1.5 % NaOH, 0.01 % NaBH4 and 0.2 % 
formaldehyde. 

Subsequently, the PCR products were purified by digestion with 1.25 U antarctic phosphatase 
and 5 U exonuclease I for 40 min at 37°C. Afterwards, the enzymes were heat inactivated for 
20 min at 85°C. Antarctic phosphatase catalyzes the dephosphorylation of 5´ ends of DNA and 
RNA phosphomonoesters and also hydrolyses deoxyribonucleoside triphosphates (dNTPs). 
Exonuclease I catalyzes the cleavage of nucleotides from single-stranded DNA in the 3' to 5' 
direction leading to degradation of primers and single stranded DNA. 

Purified PCR products were used as template for the cycle sequencing reaction. This reaction 
was performed according to the dideoxy method (so called chain-termination synthesis) by 
Sanger [105]. Basically, 4 µl of purified PCR product, 1 µl primer (0.3 to 0.6 µM, supplementary 
table 18 to table 22) and 0.5 µl Big Dye terminator 3.1 were mixed in a total volume of 10 µl. 
The reaction was overlaid with one drop Bayol F. Cycle sequencing conditions were as 
following: initial DNA denaturation at 95°C for 3 min, followed by 30 cycles of 20 s denaturation 
at 95°C, 30 s primer annealing at 56°C and 90 s primer extension at 60°C. 

The cycle sequencing products were purified by ethanol precipitation. After removal of the oil, 
100 µl of 70 % ice-cold ethanol was added and incubated for at least 30 min at -20°C. 
Subsequently, a centrifugation step at 5°C for 30 min at 4,816 x g was performed, the 
supernatant was discarded and an additional washing step with 100 µl of 70 % ice-cold ethanol 
was performed. Another centrifugation step at 5°C for 15 min at 4,816 x g was performed and 
the supernatant was discarded again. The purified cycle sequencing products were dried at 
60°C for 45 min in a heating cabinet and dissolved in 50 µl water. 

Sequencing was performed at the Helmholtz Zentrum Munich (HMGU, Neuherberg, Germany) 
on an ABI 3730 fluorescence sequencer. 
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10.1.2  SNP Genotyping 

Ten variants identified by Sanger sequencing were selected as tagging SNPs and further 
analyzed. Out of these 10 variants, for one it was not possible to design probes due to 
surrounding AT-rich regions (rs12082529). For the remaining 9 variants (rs1974063, 
rs11121319, rs1751681, rs74973473, rs765617, rs12086124, rs770032, rs17389948 and 
rs11121289) melting curve assay using SimpleProbes were performed. Primers were 
designed, synthesized and established by Clara Bredow (TIB MOLBIOL) and are depicted in 
table 1. Probes tagged with a fluorescent dye were designed complementary to the SNP-region 
and specific to either mutant or wild-type. Melting curve analysis was performed on 
LightCycler® 480 instrument. Schematic representations of the assay design are shown in 
supplementary figure 27 to figure 35. 

 

Table 1: Primers and simple probes used for melting curve analysis, GLUT5-GLUT7 locus 
rs# Name Sequence 

rs1974063 
15114_spez 5´-AAGTGGCCGGAGAGATGAG-3´ 
probe [A] TGGCCAACATGGTGAAACGCTGT-NH2  
15114_A 5´-CTGGGATTACAGACGTGCATCA-3´ 

rs11121319 
33258_F 5´-CTTGGGCACATGTTCTCAGAAC-3´ 
probe [T] GAGTGACTACGGCCTATGACACAGC-NH2 
33258_R 5´-TGACTGCCACAGCACTCTATGC-3´ 

rs1751681 
45482_S 5´-CTGGTATCATTGTCTGGTCACAGAAC-3´ 
probe [A] CTGATTCAGAAAAGTAACTTTTATTTCTG-NH2 
45482_R 5´-GGTGACAGAGCGAGACTCTTGT-3´ 

rs74973473 
9124705_S 5´-CTCAGTGTAGAGTCCACATAGCAGG-3´ 
probe [T] ATTCCCACATGAGCTAAGTCATCTGCC-NH2 
9124705_R 5´-AAGACTCTGAGCTGTGCTTCAGG-3´ 

rs765617 
9121782_S 5´-CCTGATCATTTAGTCGCTCTGATCT-3´ 
probe [C] GGACTTCAAACCTTAGGGCACTCATC-NH2 
9121782_R 5´-AGCTCTTGACCACTCCCTCAGT-3´ 

rs12086124 
9121144_S 5´-TTGGGATTACAGGTGCACATCAT-3´ 
probe [C] GCTGGCCGAGAACTCCTGGGCT-NH2 
9121144_A 5´-GAGGTTGAGATGGGTAGACTGCTT-3´ 

rs770032 
9108363_S 5´-AGGCACCTGCCACCAGTG-3´ 
probe [G] CCAGGCTGATCTTGAGCACTTGAC-NH2 
9108363_A 5´-GTGGGCAGATCACTTGAGGTC-3´ 

rs17389948 
24453_Fmis 5´-TCCAAGGCTCTGAATGGCATT-3´ 
probe [G] GAAAGGAAGCCACGTCGCCAGG-NH2 
24453_R 5´-CCTTCACCCTGTGATCGACA-3´ 

rs11121289 
33356_S 5´-ACGGTTACACTTGGGCGTG-3´ 
probe [A] CTTCTTGCAGAAAACTTGGTCAACAATTAATTTG-NH2 
33356_A 5´-CTTTATTCAAGGGTACAACTTATGGC-3´ 

Bold letters in the probe sequence indicate the variant of interest. The bold letter in the 24453_Fmis 
indicated another mutation, which was in close neighborhood. 
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PCR reaction for variant rs770032 was set up as following: 1 U OneTaq® DNA Polymerase, 
200 µM dNTPs, 0.5 µM probe, 0.1 µM primer (same orientation as probe), 0.5 µM primer 
(opposite orientation as probe), GC buffer and 1 µl DNA in a total volume of 10 µl. Cycle 
conditions were an initial denaturation for 30 s at 94°C followed by 45 cycles of 15 s 
denaturation at 94°C, 15 s primer annealing at 60°C, 30 s primer extension at 68°C. Conditions 
for all other eight variants were as following: 1 U MyTaq™ DNA Polymerase, 0.5 µM probe, 
0.1 µM primer (same orientation as probe), 0.5 µM primer (opposite orientation as probe), 
MyTaq buffer and 1 µl DNA in a total volume of 10 µl. The cycle conditions were as follows: 
initial denaturation for 1 min at 95°C followed by 45 cycles of 15 s denaturation at 95°C, 15 s 
primer annealing at 60°C and 15 s primer elongation at 72°C. 

Melting curve analysis was set up as following: 95°C for 30 s, 40°C for 2 min and an increase 
to 80°C at a 2°C/s ramp rate. All nine variants were analyzed in 60 patients, 49 controls and 
281 blood donors; variant rs74973473 was analyzed in additional 363 blood donors. 

 

10.2 Quantitative Polymerase Chain Reaction (qPCR)  

Cells, used for the determination of the GLUT expression were CaCo2 and HT-29, both 
colorectal adenocarcinoma cell lines. 

Cells were grown in 152 cm² petri dishes to complete confluence. Cells were washed with PBS 
and 1 ml Isol-RNA Lysis Reagent was used for the efficient lysis of the cells and the 
deactivation of RNase. Cells were scrapped off the dish and were transferred to a reaction 
tube. Two hundred µl chloroform were added and mixed thoroughly for 15 s. After incubation 
at room temperature for 2 min, the mixture was centrifuged at 4°C for 15 min at 18,000 x g and 
the aqueous supernatant containing the RNA was transferred to a new tube. All further steps 
were performed with the RNeasy Mini Kit (see supplementary figure 36 for a protocol) and 
according to protocol from part 2 onwards expect for the following changes: 96 % ethanol was 
used, whole sample was transferred to the column, centrifugation steps 3-5 were performed 
for 20 s, centrifugation steps 3-6 were performed at 18,000 x g, the RNA was eluted with 40 µl 
water at 18,000 x g and the eluate was used again for elution. The concentration of the RNA 
was measured using the Nanodrop and stored at -80°C till further usage. RNA was isolated at 
least 3 times from different passages. 

Human intestinal tissue was kindly provided by Prof. Dr. Güralp Ceyhan and Prof. Dr. Michael 
Schemann. The epithelium was dissected and shock frozen in liquid nitrogen. The tissue was 
stored at -80°C. Immediately before RNA isolation, just one small frozen piece of tissue was 
mixed with 1 ml Isol-RNA Lysis Reagent. The tissue was homogenized in the lysis reagent 
with a Polytron 1600E till complete destruction of the tissue. Two hundred µl chloroform were 
added and all further steps were performed as described above. 
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The cDNA synthesis was performed using the QuantiTect Reverse Transcription Kit according 
to the manufacturer's protocol (see supplementary figure 37 for a protocol). One µl template 
RNA was used, if the concentration of the RNA was greater than 1 µg/µl and 5 µl template 
RNA was used if the concentration of the RNA was smaller than 1 µg/µl. For each reaction 2 
µl gDNA Wipeout Buffer was used in a total volume of 14 µl. The final synthesis was performed 
at 42°C for 25 min and the transcriptase was inactivated at 95°C for 5 min. cDNA concentration 
was measured using the Nanodrop and stored at -20°C. 

qPCR is a method used for the semi-quantitative determination of gene expression using 
cDNA. The reaction is set up of SYBR® Green, a dye that intercalates into double stranded 
DNA, primers specifically binding to the gene of interest ideally by spanning over exon-exon 
interfaces, template cDNA and polymerase. The cycle in which the fluorescence is measurable 
for the first time, is determined (threshold cycle, Ct). The smaller the Ct value, the higher the 
initial expression of the gene. Reference genes are also measured for normalization. Primers 
used as well as the size of the resulting product are depicted in table 2. GLUT1-14, KHK, 
SGLT1 and SGLT4 were the genes of interest. 

Each sample was measured in duplicate and the reaction was set up as following: 5 μl 
SyGreen Mix, 1 µl water, each 1 μl forward and reverse primer (25 μM) and 2 µl cDNA (10 
ng/µl). Two water controls were performed additionally for each primer pair. The reactions were 
performed in 384-well plates and cycle conditions were an initial denaturation for 7 min at 95°C 
followed by 45 cycles of 10 s denaturation at 95°C, 15 s primer annealing at 60°C, 15 s primer 
elongation at 72°C. Melting curve analysis was set up as following: 95°C for 10 s, 60°C for 1 s 
and an increase to 95°C at a 0.11°C/s ramp rate. Finally the sample was heated at 95°C for 
20 s. 

Data was analyzed with the LightCycler® 480 software. The second derivate maximum method 
was used for determination of the Ct values. The 2-∆∆Ct method was used to analyze the data 
and duodenum, colon or HT-29 cells were used as reference tissue (∆Ct = Ct target gene minus 
Ct reference gene). Housekeeping genes were ß-Actin, HPRT-1, YWHAZ and GAPDH and the 
samples were normalized against the mean of these Ct values. 

All experiments for the qPCR were performed by Franziska Mack during her bachelor thesis. 
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Table 2: Genes analyzed by qPCR, qPCR primer name, sequence and PCR product size 

Gene Name Sequence 
Size of PCR 

product 

hActin hActin-1F 5´-GCGCCCCAGGCACCAGGGCG-3´ 272 bp hActin-1R 5´-AGGTCTCAAACATGATCTGG-3´ 

hHPRT-1 HPRT1-F 5´-TGAAAAGACCCCACGAAG-3´ 255 bp HPRT1R 5´-AAGCAGATGGCCACAGAACTAG-3´ 

hYWHAZ  YWHAZ-F 5´-GCAACCAACACATCCTATCAGAC-3´ 244 bp YWHAZ-R 5´-TTCTCCTGCTTCAGCTTCGTC-3´ 

hGAPDH GAPDH-F 5´-GATCATCAGCAATGCCTCCTGC-3´ 129 bp GAPDH-R 5´-ACAGTCTTCTGGGTGGCAGTGA-3´ 

hGLUT1 hGLUT1-Fa 5´-TTAACCGCTTTGGCCGGCGG-3´ 183 bp hGLUT1-Ra 5´-ACACTTCACCCACATACATGGG-3´ 

hGLUT2 hGlut2-b-F 5´-CTGTCATTAGTTGGAGCTCTCTTG-3´ 115 bp hGlut2-b-R 5´-CCAGGCCTGAAATTAGCCCAC-3´ 

hGLUT3 hGLUT3-Fa 5´-TGCCCCACCCTCTGAGGTGC-3´ 294 bp hGLUT3-Ra 5´-GCAGTAGGCGAGATCTCTCC-3´ 

hGLUT4 hGLUT4-F 5´-TCAATGCCCCTCAGAAGGTG-3´ 205 bp hGLUT4-R 5´-AGCATGGCCCTTTTCCTTCC-3´ 

hGLUT5 hGLUT5-c-F 5´-GTCGGGCGTCAACGCTATC-3´ 143 bp hGLUT5-c-R 5´-GCTCCACCACGAACACGGC-3´ 

hGLUT6 hGLUT6-Fb 5´-GGCATCCTGGTTTGGGTCCG-3´ 240 bp hGLUT6-Rb 5´-ATCTCAGACACGTACACCGGG-3´ 

hGLUT7 hGLUT7-d-F 5´-GGTGGTGCTCCTATTCCAGAACAG-3´ 142 bp hGLUT7-d-R 5´-GGAGGACTGCAGGAAGATCTCG-3´ 

hGLUT8 hGLUT8-Fc 5´-GCCTCCTGGTTCGGGGCTG-3´ 238 bp hGLUT8-Rc 5´-TTTCGGAGATGTAGACCGG-3´ 

hGLUT9 hGLUT9-F 5´-TGAATGCCCCCACCCCGTAC-3´ 193 bp hGLUT9-R 5´-AGCAAAGTGTGCTTCCTCCC-3´ 

hGLUT10 hGLUT10-Fc 5´-TTCCTCGATCTCATTGGCAC-3´ 247 bp hGLUT10-Rc 5´-CAGGCAGACGGATTCCTCAG-3´ 

hGLUT11 hGLUT11F 5´-TTTCCCTTTATCATGGAGGC-3´ 129 bp hGLUT11R 5´-GGAGATCTCTTGGAAGGTC-3´ 

hGLUT12 hGLUT12-Fd 5´-ATTTTTGACTGTAACTGATC-3´ 166 bp hGLUT12-Rd 5´-GTTTTTCACATAGTTCACTT-3´ 

hGLUT13 hGLUT13-Fa 5´-CAGAAGGATGGATGGAGGTAC-3´ 181 bp hGLUT13-Ra 5´-TATCATATTCCTCATCAATGG-3´ 

hGLUT14 hGLUT14-F 5´-GCTGATTGTCAACCTGTTGGC-3´ 262 bp hGLUT14-R 5´-TTCAGACCCAAGGATGAGTTCC-3´ 

hKHK hKHK-Fa 5´-GTGGATCCACATTGAGGGCC-3´ 179 bp hKHK-Ra 5´-CTTTGCTGACAAACACCACG-3´ 

hSGLT1 hSGLT1-3F 5´-AGCTCATGCCCAATGGACTG-3´ 180 bp hSGLT1-3R 5´-CCAGGATAAACAACCTTCCG-3´ 

hSGLT4 hSGLT4-4F 5´-TGATGGTGGTGGGCAGAGTG-3´ 201 bp hSGLT4-4R 5´-GGCCCCAGAAAGCTCCGGGC-3´ 
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10.3 Functional characterization of GLUTs 

10.3.1  Chimera design 

We divided the human GLUT5 sequence into 26 fragments and then replaced each fragment 
with the corresponding region of GLUT7. GLUT5 and GLUT7 (amino acid sequence) were 
aligned (see supplementary figure 38) and 26 GLUT5-GLUT7-GFP fragments were primarily 
chosen and cloned with overlapping extension PCR. These 26 fragments (supplementary 
figure 39) were analyzed for fructose transport. All fragments with low or no fructose transport 
were divided further into sub-fragments or broken down to the single amino acid level. For 
example, GLUT5-GLUT7-GFP fragment 20 was cloned and analyzed for fructose transport. 
Since fructose transport was low, four sub-fragments were generated and analyzed. Of these 
four sub-fragments three were further separated into single amino acid changes due to low 
fructose uptake (figure 5). In total, 93 GLUT5-GLUT7-GFP chimeras were generated. The 
flanking primers 5’-TTAGTTCTCGAGCTTTTGGAGTACGTCGTCTTTAGG-3’ (F) and 
5’-AGCTAGTTAATTAAGGATCTTCCCCAGCATGCCT GC-3’ (R) were used for all chimeras 
containing cleavage sites for XhoI (F) or PacI (R). The specific mutagenesis primers are given 
in supplementary table 23. These analyses were performed in cooperation with Karolin Ebert 
(PhD thesis), Tanja Rasputniac and Simone Sander (master theses). Fragments 9, 10, 11, 12, 
13, 14, 15, 15a, 15b, 15c, 15d, 15e, 16, 17, 17a, 17aa, 17ab, 17ac, 17b, 17ba, 17bb, 17bc, 
17c, 18, 19, 19a, 19aa, 19ab, 19ac, 19b, 19ba, 19bb, 19bc, 19c 19d, 20, 21, 22, 23, 24 25, 26 
and G5-428-G7-506 were analyzed by Karolin Ebert, fragment 21a, 21aa, 21ab, 21b, 21ba, 
21bb, 21c, 21d, 21da and 21db were examined by Tanja Rasputniac and fragment 1, 2, 2c, 
2d, 2e, 2f, 3 and 7 were analyzed by Simone Sander. Fragments 2a, 2b, 4, 5, 6, 8, 9a, 9b, 9ba, 
9bb, 9bc, 9c, 9ca, 9cb, 9cc, 9d, 13a, 13b, 13c, 18a, 18b, 20a, 20aa, 20ab, 20b, 20ba, 20bb, 
20bc, 20c, 20d, 20da and 20db were analyzed in this PhD thesis. The fragments and the 
corresponding amino acids are depicted in supplementary table 24. 
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Figure 5: Chimera design presented by the example of fragment 20 
Amino acids of GLUT5 (depicted in red) were replaced with the corresponding amino acids of GLUT7 
(depicted in blue). Beginning from a large fragment (Fr20), four sub-fragments (Fr20a, Fr20b, Fr20c and 
Fr20d) were generated and analyzed. From 3 of these sub-fragments, chimeras with single amino acid 
changes were generated (Fr20aa [p.S382A], Fr20ab [p.V384I], Fr20ba [p.I385A], Fr20bb [p.A388S], 
Fr20bc [p.L389I], Fr20da [p.L398V] and Fr20db [p.I399R]). 
 

GLUT7-GLUT5-GFP chimeras were generated also by using overlapping extension PCR. 
Primers therefore are listed in supplementary table 25. Note, more than one primer pair was 
necessary for construction of these chimeras because GLUT7 had to be changed at multiple 
sites. The PCR product from one overlapping extension PCR was used as template for the 
next PCR and so on. The flanking primers used for GLUT5-GLUT7-GFP were used here as 
well for the insertion into pMXs vector. These cloning experiments were conducted by Karolin 
Ebert in her PhD thesis. The resulted vectors were than used as template for generation of 
pGEM-HE vectors using 5´-GGCGCTCGAGGCCACCATGGAGAACAAAGAGGCGG-3´ (F) 
and 5´-GCTCTAGAGCTCGCTTACTTGTACAGCTCGTCCA-3´ (R) which include the cutting 
sites for XhoI (F) and XbaI (R). 

 

10.3.2  Overlapping extension PCR 

To generate chimeric proteins, an overlapping extension PCR was performed as schematically 
illustrated in figure 6. Two first independent PCRs were performed for every mutagenesis. One 
PCR was composed of a forward primer binding to the 5´ end of the insert and containing a 
XhoI site (depicted in red) and a reverse primer spanning over the region to be mutagenized 
(depicted in blue) resulting in PCR product A. The other PCR was composed of a forward 
primer spanning over the region to be mutagenized (depicted in yellow) and a reverse primer 
containing a PacI site which binds to the 3´ end of the insert (depicted in green) resulting in 
PCR product B. The fragment specific primers were completely or at least in part overlapping. 
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Each reaction contained 200 ng pMXs GLUT5-GFP (or GLUT7-GFP for G7-48(+6)-G5-501, 
PCR-A), 0.4 µM forward primer and 0.4 µM reverse primer, 0.2 mM dNTPs and 2 U Phusion 
DNA Polymerase in a total volume of 100 µl. Cycle conditions were an initial denaturation for 
2 min at 98°C followed by 25 cycles of 1 min denaturation at 98°C, 1 min primer annealing at 
56°C, 90 s primer extension at 72°C and a final elongation for 10 min at 72°C. The reaction 
was mixed with 6x loading dye and pipetted on 1 % or 2 % ethidium bromide agarose gel, 
depending on the size of the generated product. Separation was carried out at constant voltage 
of 96 V for 30 to 60 min. Bands of specific size were cut out of gel under UV light and purified 
with the Wizard® SV Gel and PCR Clean-Up Kit (supplementary figure 40) by elution of the 
DNA in 38 µl water. In the second PCR the two overlapping PCR products were annealed 
together, by mixing 15 µl of PCR product A and 15 µl of PCR product B together with 0.2 mM 
dNTPs and 1 U Phusion DNA Polymerase in a total volume of 50 µl. Cycle conditions for this 
reaction were 5 cycles of 30 s denaturation at 95°C, 1 min annealing at 55°C, 2 min primer 
extension at 72°C and a final elongation for 10 min at 72°C. To get a complete insert, a third 
PCR was performed which included the flanking primers (depicted in red and green). Three µl 
of each flanking primer (10 µM), 1 µl dNTPs (2 mM), 2 µl 5x HF buffer and 0.5 µl Phusion DNA 
Polymerase were added to the second PCR. Cycle conditions were 10 cycles of 1 min 
denaturation at 95°C, 1 min annealing at 58°C, 2 min extension at 72°C and a final elongation 
for 10 min at 72°C. The PCR product was loaded on a 1 % agarose gel, cleaned up using the 
Wizard® SV Gel and PCR Clean-Up Kit (supplementary figure 40) and eluted from the 
membrane with 38 µl water.  
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Figure 6: Schema of overlapping extension PCR, by the example of GLUT5-GLUT7-GFP 
fragment 20 

Two first PCRs were performed resulting in PCR product A (performed with Primer XhoI-F (red) and 
F20-R (blue)) and PCR product B (performed with F20-F (yellow) and Primer PacI-R (green)). The 
second PCR was performed to anneal the PCR products together and a third PCR was done to generate 
the complete mutant PCR product. 
 

10.3.3  Integration of insert into vector 

PCR product of the overlapping extension PCR were digested with the restriction enzymes 
XhoI and PacI resulting in a 5´ overhang by XhoI and a 3´ overhang by PacI. For this, 33 µl 
PCR product was mixed with 1.5 µl FD XhoI, 1.5 µl FD PacI and 4 µl FD buffer. At the same 
time, 6 µg pMXs vector were mixed with 1.5 µl FD XhoI, 1.5 µl FD PacI and 4 µl FD buffer in a 
total volume of 40 µl. Both reactions were incubated at 37°C for 1 h and subsequently loaded 
on 1 % agarose gel. The digested vector band had a size of 6,265 bp and the insert size was 
2,712 bp, except for fragment 1 with 2,730 bp and fragment 26 and G5-428-G7-506 with 
2,727 bp. Bands of the specific size were cut out of gel, purified with the Wizard® SV Gel and 
PCR Clean-Up Kit (supplementary figure 40) and eluted in 30 µl water. DNA concentration was 
determined using the Nanodrop. A schematic representation of the restriction digestion is 
depicted in the upper part of figure 7. 
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The resulted overhang by XhoI and PacI both in vector and insert were mandatory for the 
subsequent ligation. The optimal insert to vector ratio for ligation was calculated using the 
formula: 

ng vector x kb insert
kb vector x 3 = ng insert 

Hundred ng vector was used for each ligation and the molecular ratio of insert to vector was 
set 3:1, resulting in approximately 130 ng insert. The reaction was set up with 100 ng digested 
vector, 130 ng digested insert, 2 µl T4 DNA reaction buffer and 1 µl T4 DNA ligase in a total 
volume of 20 µl. The same reaction was prepared with water instead of insert and both 
reactions were incubated at room temperature for at least 3 h. The lower part of figure 7 shows 
the schematic ligation of the digested insert into the digested pMXs vector. 

 

Figure 7: Illustration of restriction enzyme digestion and ligation of GLUT5-GLUT7-GFP 
fragments into pMXs 

Vector and insert were digested with the restriction enzymes XhoI and PacI and ligation was performed 

using T4 ligase.  
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10.3.4  Transformation 

Competent E. coli bacteria were used for transformation of the ligated vector. E. coli used were 
CH3 Blue E. coli, One Shot® TOP10 Competent E. coli and NEB® 5-alpha Competent E. coli. 
Basically, the E. coli were thawed on ice and 25 µl cells were gently mixed with 3 µl ligated 
vector. The mixture was incubated for 30 min on ice and a heat shock at 42°C for the 
manufacturer’s specific time was performed. The cells were put back on ice for one min and 
250 µl SOC medium was added. The cells grew at 37°C for 1 h shaking at 200 rpm and were 
plated on agar plates containing the antibiotic ampicillin in the concentration of 100 µg/ml. The 
plates were incubated upside down at 37°C overnight. 

 

10.3.5  Colony PCR 

A colony PCR was performed to distinguish between colonies containing the basic vector and 
colonies containing the cloned vector. In some cases, a similar growth of colonies on a blank 
plate and an insert plate was observed. Insert specific primers were used for this PCR, 
whereby the mutagenesis primers were mostly used. Single colonies were picked with a pipette 
tip and dissolved in 21 µl water. Two µl of this mixture was pipetted on a new agar plate 
containing ampicillin which was placed in the incubator at 37°C overnight. The colony PCR 
was performed using 900 µM MgCl2, 456 µM dNTPs, 0.06 µM of each primer and 0.85 U 
AmpliTaq® polymerase in a total volume of 25 µl using the remaining 19 µl water E. coli 
mixture. The reaction was overlaid with a drop of Bayol F. Cycle conditions started with an 
initial denaturation for 12 min at 95°C followed by 25 cycles of 20 s denaturation at 95°C, 40 s 
annealing at 60°C, 90 s extension at 72°C and a final elongation for 2 min at 72°C. The PCR 
products were loaded on a 1 % or 2 % agarose gel, depending on the expected size. Positive 
clones were used further. 

 

10.3.6  Plasmid DNA isolation and verification 

A pipette tip was used to pick E. coli and the tip was placed in inoculation tubes with 3 ml LB-
medium containing ampicillin (100 µg/ml). The tubes were incubated at 37°C overnight in a 
shaking cabinet at 200 rpm. The next day, the grown E. coli were centrifuged for 1 min at 
15,000 x g and the supernatant was discarded. The pellet was re-suspended in 200 µl Miniprep 
solution 1. The solution was mixed gently with 200 µl Miniprep solution 2. Within 5 min, 200 µl 
Miniprep solution 3 were added and again mixed by gently turning around the tube. The white 
precipitate, containing protein and genomic DNA, was separated from the plasmid by a 
centrifugation step for 5 min at 15,000 x g. The supernatant, containing the plasmid, was 
transferred to a new reaction tube and isopropanol was added at 0.7 volumes of sample, here 
420 µl. The reaction was mixed thoroughly and incubated for at least 10 min at room 
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temperature. The precipitated plasmid DNA was centrifuged at room temperature for 10 min 
at 15,000 x g, the pellet was dried in a vacuum centrifuge and re-suspended in 20 µl water. 
The plasmid was cleaned-up using the Wizard® SV Gel and PCR Clean-Up Kit (supplementary 
figure 40) and the concentration was determined by the Nanodrop. 

The plasmids were sent for sequencing to verify correct mutagenesis. For this, a mixture of 
5 µl vector (90 ng/µl) and 5 µl primer (5 pmol/µl) were sent to GATC biotech and sequenced 
on an ABI 3730xl fluorescence sequencer. The primer 5´-GAGGGATCCGATA 
AACCCTCC-3´, 5´-GCTGACGCTTGTGCTTGCC-3´, 5´-TCACTGTTGGCATCCTTGT 
GGC-3´, 5´-TCACCGTGGGCTT GATCTTCC-3´ and 5´-GCCGAGGTGAAGTTCGAGGG-3´ 
were used to sequence the entire GLUT5-GFP or GLUT5-GLUT7-GFP sequence. 

 

10.3.7  Cell culture 

The mammalian cell lines used in this thesis are the retroviral packaging cell line Platinum-E, 
which can produce ecotropic retroviruses and the mouse embryo fibroblast cell line NIH-3T3. 
Both were cultured at 37°C with 5 % CO2 in an incubator and were treated sterile under a 
laminar flow hood. Cells were split every 3 to 4 days but never grew confluent. The medium 
for Platinum-E cells contained 90.1 % DMEM (4.5 g/l glucose), 9 % FBS, 0.9 % pen/strep, 
1 μg/ml puromycin and 10 μg/ml blasticidin. The medium for NIH-3T3 cells contained 90.1 % 
DMEM (4.5 g/l glucose), 9 % FBS and 0.9 % pen/strep. Cells were frozen in cryomedium 
containing 70 % of the respective cell medium, 20 % FBS and 10 % DMSO and were stored 
at -80°C or in liquid nitrogen. 

 

10.3.8  Viral transduction to create a stable cell line 

One day previous to transfection, Platinum-E cells were split 1:3 and 6-well plates were coated 
with 5 µg/cm2 collagen. The next day, plates were washed with PBS and Platinum-E cells were 
seeded 106 cells/well on the coated plate. Here, the Platinum-E cells were seeded in medium 
without puromycin and blasticidin and were incubated for 3 to 5 h. Then, the cells were 
transfected using the ProFection® Mammalian Transfection System (see supplementary figure 
41 for a protocol) with 15 µl 2 M CaCl2 and 5 µg vector in a total volume of 120 µl. Another 
120 µl of 2x HBS were added, the entire mixture was incubated for 30 min at room temperature 
and added dropwise to the Platinum-E cells. The cells were incubated for 16 h and the 
supernatant was filtered through 0.45 µm cellulose acetate syringe filter and stored at -80°C. 
The cells were covered again by medium without puromycin and blasticidin. Approximately 
40 h and 64 h after transfection, the supernatant was again filtered and stored. Transfected 
Platinum-E cells were examined with regards to transfection rate by means of GFP using a 
fluorescence microscope 40 h after transfection. The supernatant containing the virus from 
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40 h after transfection was used for infection of NIH-3T3 cells. Therefore, NIH-3T3 cells were 
seeded 60,000 cells/well on a 6-well plate. One additional well was prepared as selection 
control and one as microscope control. On the next day, cells were grown 20-30 % confluent 
and medium was replaced by 2 ml medium containing 3 µg/ml polybrene®. One hour after 
medium replacement, 1 ml of the Platinum-E supernatant retrieved 40 h after transfection was 
added. The cells were incubated overnight and the medium was replaced by medium 
containing 10 μg/ml blasticidin (this concentration was determined using a kill curve). This 
selection medium did not harm transfected cells but killed all non-transfected cells. The cells 
were kept in selection medium until all cells from the selection control well were dead and thus 
it was ensured, that only transfected cells survived in the transfected wells. The cells were 
transferred to a 25 cm2 flask at 80-90 % confluence and were cultured further for freezing and 
experiments. 

 

10.3.9  Influx assay with NIH-3T3 and 14C-D-fructose 

NIH-3T3 cells were seeded with a density of 30,000 cells per well on a 24-well plate (triple 
determination). Three days after seeding, cells were washed two times with 400 µl uptake 
buffer before treated with 200 µl uptake solution. The uptake solution composed of 14C-D-
fructose (0.1 mCi/ml), 985 µM fructose and uptake buffer in a total volume of 200 µl, leading 
to a final fructose concentration of 1 mM. The cells were incubated for exactly 1 min at room 
temperature. The uptake solution was discarded and the cells were washed three times with 
400 µl ice-cold uptake buffer. By adding 200 µl 0.1 M NaOH, the cells lysed and were scraped 
off the well. The lysate was transferred into a scintillation tubes and the well was rinsed with 
another 200 µl 0.1 M NaOH and also pipetted in the scintillation tubes. After at least 30 min 
shaking, 3 ml of Rotiszint® scintillation cocktail were added, mixed thoroughly and radioactivity 
was measured on a scintillation counter. Four hundred µl 0.1 M NaOH served as blank. As 
internal reference, 5 µl of the pure uptake solution was mixed with 3 ml Rotiszint® scintillation 
cocktail. For normalization of fructose uptake per µg protein one well of the 24-well plate served 
for protein content determination. Therefore, cells were washed once with 400 µl PBS, lysed 
by a 100 µl 0.1 M NaOH and transferred to a reaction tube. The well was rinsed with additional 
100 µl 0.1 M NaOH, which was transferred to the same reaction tube. Lysate underwent a 
sonicator treatment for complete degradation. The protein content determination was 
performed using the Bio-Rad Protein Assay with standards dissolved in 0.1 M NaOH, see 
10.3.11 for more information. 

On the same day as the influx assay and protein extraction were performed, the NIH-3T3 cells 
were photographed with a fluorescence microscope DMI 4000 B, DFC490 camera and LAS 
V3.8.0 software to visualize the translocation of the GFP-tagged protein to the membrane. 
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Images were taken at 480 nm excitation and 505 nm emission wavelength at room 
temperature. 

 

10.3.10 Total and membrane protein extraction of NIH-3T3 with RIPA lysis buffer  

On the same day as the cells were seeded for influx assay, 144,000 cells per well were seeded 
on a 6-well plate (3 wells). Three days after seeding, the total protein of the cells was extracted. 
Therefore, the cells were washed twice with 1 ml PBS, were scraped off the plate in 1 ml PBS 
and transferred to a reaction tube. The 3 wells were rinsed together with 500 µl PBS and the 
solution was transferred to the same reaction tube. The sample was centrifuged at 4°C for 
2 min at 600 x g. The supernatant was discarded and the pellet was re-suspended in 90 µl 
RIPA Lysis buffer. The cells were lysed with a 24´G cannula by soaking up and down 15 times. 
The sample was centrifuged at 4°C for 3 min at 400 x g and the supernatant was transferred 
to a new tube. Another 45 µl of RIPA Lysis buffer were added to the pellet and cells were lysed 
further with a 24´G cannula by soaking up and down again 15 times. The sample was 
centrifuged again at 4°C for 3 min at 400 x g and the supernatant was transferred to the same 
tube as before. The lysate was mixed thoroughly and 25 µl were stored at -80°C. The 
remaining 110 µl were used for membrane protein extraction. Therefore, the lysate was 
centrifuged at 4°C for 45 min at 37,000 x g. The supernatant containing the cytosolic fraction 
was discarded and the pellet containing the membrane protein was re-suspended in 25 µl 
RIPA Lysis buffer. 

 

10.3.11 Protein determination 

Protein concentration of total protein and membrane protein was determined with the Bio-Rad 
Protein Assay based on the method of Bradford which relies on the fact that an acidic dye 
changes the color from brown to blue in response to the protein concentration [106]. Samples 
and standard curve samples (table 3) solved in RIPA lysis buffer or NaOH were thawed on ice 
and the Bio-Rad Protein Assay dye was diluted 1:5 with water. Two hundred µl diluted dye 
were pipetted into a well of a 96-well flat bottom plate and 2 µl standard or 1 µl sample were 
added. Triplicate measurements were performed for sample and standard. As blank, the pure 
diluted dye was measured. The mixture was incubated for 10 min at room temperature and 
measured in a Varioskan™ Flash at 595 nm. The concentration of the sample was determined 
by a standard curve and linear regression analysis. 
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Table 3: Set up of the standard curve samples used for the Bradford assay 
 S1 S2 S3 S4 S5 S6 S7 S8 
µg BSA/µl buffer 0.05 0.1 0.25 0.5 0.75 1 1.5 2 
BSA Standard (10 µg/µl) (µl) 0.5 1 2.5 5 7.5 10 15 20 
Buffer (µl) 99.5 99 97.5 95 92.5 90 85 80 

 

 

10.3.12 SDS polyacrylamide gel electrophoresis and Western blot 

SDS polyacrylamide gel electrophoresis (SDS PAGE) was performed using Mini-PROTEAN 
Tetra cell. Five µg of total NIH-3T3 protein was mixed with 4x Laemmli sample buffer and 
loaded on a SDS gel. The gel consisted of a 10 % running gel and a 4.5 % stacking gel. The 
running gel contained 1.5 ml 3x running gel buffer, 1.5 ml water, 1.5 ml 30 % acrylamide (Gel 
30, 37.5:1), 2.5 µl TEMED and 50 µl 10 % APS. The stacking gel composed of 1.7 ml stacking 
gel buffer, 0.3 ml 30 % acrylamide (Gel 30, 37.5:1), 1.5 µl TEMED and 12 µl 10 % APS. Two 
µl PAGE ruler prestained was used as marker. The electrophoretic separation was carried out 
in a separation chamber with SDS separation buffer at constant voltage of 120 V till the 
samples reached the running gel (approximately 10 min). The voltage was then increased to 
160 V and the total separation of protein was performed in approximately 45 min. 

Total protein that was separated by SDS PAGE was transferred to a nitrocellulose membrane 
using the wet blot system Mini Trans-Blot® Cell. Whatman paper, membrane and sponges 
were soaked with transfer buffer in advance. The assembly of the wet blot was as following: 2 
sponges, 2 Whatman paper, SDS gel, nitrocellulose membrane, 2 Whatman paper and 2 
sponges. It is necessary to ensure a bubble free connection between the different layers. The 
nitrocellulose membrane faced the anode whereas the gel faced the cathode. The tank was 
filled up with transfer buffer and blotting was performed at constant current strength of 360 mA 
for 30 min. 

After transfer to the membrane, the proteins were visualized by immunofluorescence staining. 
The nitrocellulose membrane was blocked with 5 % BSA in PBS (blocking solution). This step 
is necessary to occupy remaining open binding sites of the nitrocellulose membrane to 
minimize unspecific binding of the antibody to the membrane. After 1 h incubation, the 
membrane was incubated in blocking solution containing the first antibodies targeted against 
GFP (rabbit, 1:25,000) and against Actin (goat, 1:800) and 0.1 % Tween-20 at 4°C overnight, 
slight shaking. The next day, the membrane was washed three times with PBS-T, and 
incubated with the secondary fluorescent-dye-labelled antibodies targeted against rabbit (anti-
rabbit IRDye® 680RD, 1:10,000, red) and goat (and anti-goat IRDye® 800CW, 1:10,000, 
green) in PBS-T at room temperature for 2 h. After washing the membrane two times with PBS-
T and once with PBS, the membrane was scanned with the Odyssey® Infrared Imager.  
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10.3.13 In vitro transcription of pGEM-HE vectors for oocytes 

For an optimal in vitro transcription result, the DNA template is required in linear form. For this, 
the vector pGEM-HE was digested with NheI, this enzyme cuts 3´ of the poly(A) tail. Six µg 
DNA, 4 µl FD Buffer and 3 µl FD NheI were mixed in a total volume of 40 µl and incubated for 
1.5 h. Linearized vector was loaded on 2 % agarose gel and specific bands were cut out. DNA 
was purified with the Wizard® SV Gel and PCR Clean-Up Kit (supplementary figure 40).  

The linearized and purified DNA was filled up to 200 µl with water. The equal amount of Roti®-
Phenol was added and the DNA-phenol mixture was shaken on a Rocky 3D shaker at full 
speed for 10 min. Afterwards, the mixture was centrifuged at room temperature for 10 min and 
5,000 x g. The aqueous supernatant was transferred to a new tube and was mixed with 0.5 
volume of 7.5 M ammonium acetate (here 100 µl). After addition of 2.5 volume of 100 % 
ethanol (here 500 µl, -20°C cold) and 0.5 µl glycogen blue, the reaction was mixed thoroughly. 
The ethanol precipitation was performed over night at -20°C and was centrifuged at 4°C for 
15 min at 20,000 x g afterwards. The supernatant was discarded and 500 µl of 80 % ethanol 
(-20°C cold) was added to the pellet as washing step. An additional centrifugation step at 4°C 
for 10 min at 20,000 x g was performed and the pellet was dried in a vacuum centrifuge. The 
dried pellet was dissolved in 12 µl water and the concentration was measured using the 
Nanodrop. 

The promotor required for in vitro transcription is defined as T7 promotor. For this reaction, the 
T7 mMESSAGE mMACHINE® Kit was used. One µg linearized, purified and concentrated 
DNA was mixed with 10 µl 2x T7 NTP/CAP, 2 µl T7 reaction buffer and 2 µl enzyme mix in a 
total volume of 20 µl. After an incubation at 37°C for 1.5 h, 1 µl turbo DNase was added. This 
mixture was incubated for an additional 15 min at 37°C before the reaction was stopped by 
placing the tubes on ice. Afterwards, 30 µl nuclease free water and 30 µl lithium chloride 
precipitation solution were added. The reaction was precipitated for at least 1 h at -20°C and 
was then centrifuged at 4°C for 15 min at 20,000 x g. The supernatant was discarded and the 
pellet was washed with 200 µl 80 % ethanol. The reaction was centrifuged again at 4°C for 
15 min at 20,000 x g. The pellet was dried in a vacuum centrifuge and dissolved in 17 µl water. 
The concentration of the cRNA was measured using the Nanodrop and stored at -80°C.  

To visualize and thus verify the RNA, an RNA agarose gel electrophoresis was performed. For 
this, 800 mg agarose and 65 ml DEPC H2O were mixed and microwaved until complete 
solvation. Afterwards, 6.6 ml formaldehyde and 8 ml 10x MOPS were added. The gel 
polymerized in the gel device and 1x MOPS was prepared as running buffer. One µl of cRNA 
was mixed with 2 µl water and 9 µl formaldehyde loading dye containing 1 % ethidium bromide. 
Afterwards, the sample was heated to 75°C for 5 min and loaded on gel. Electrophoresis was 
carried out for 1 h, constant voltage of 80 V with 1000 mA.  
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10.3.14 Oocyte isolation and injection  

Xenopus laevis frogs were anaesthetized with tricaine mesylate (MS222) and disinfected with 
betaisodona. Oocytes, arranged in clusters and connected by collagen, were surgically 
removed, placed in OR II solution, and cut into small pieces. Oocytes were washed two times 
with OR II solution and 4 ml oocytes (in OR II solution) were incubated with 43 mg collagenase 
A and 12.5 mg trypsin in a total volume of 25 ml for 90 min on a shaker. After digestion, the 
oocytes were washed seven times with OR II solution and seven times with Barth’s solution. 
Oocytes were sorted and only mature oocytes in stage V and VI were selected. Remaining 
collagen around oocytes was removed. Selected oocytes were placed in Barth’s solution 
containing 6 mM pyruvate and 0.2 mM gentamicin and stored overnight at 17°C. Selected 
oocytes were injected with 18.4 or 23 nl cRNA using the Auto-Nanoliter Injector leading to a 
cRNA concentration of 12.9 ng or 12.7 ng per oocyte, respectively. Oocytes were stored in 
Barth’s solution containing 6 mM pyruvate and 0.2 mM gentamicin. Barth’s solution was 
replaced daily, deformed and defect oocytes were rejected. Four days after injection, the 
oocytes were used for further experiments. For biotinylation experiments of GLUT7, 13.8 ng 
cRNA were used. 

 

10.3.15 Flux assays with oocytes and 14C-D-fructose 

For uptake assays, 10 oocytes were placed four days after injection in 2 ml reaction tubes in 
Barth’s solution and were incubated together in 200 µl uptake solution for exactly 10 min. The 
uptake solution consisted of 14C-D-fructose (0.1 mCi/ml), 985 µM fructose and Barth’s solution 
in a total volume of 200 µl, leading to a final fructose concentration of 1 mM. The reaction was 
stopped by adding 1 ml ice-cold Barth’s solution. The oocytes were washed three times with 
Barth’s solution and transferred to scintillation tubes using minimal volume. For complete 
decay, oocytes were incubated with 100 µl of 10 % SDS at 50°C for approximately 60 min on 
a shaker. Three ml of Rotiszint® scintillation cocktail were added, mixed thoroughly and 
radioactivity was measured on a scintillation counter. Two hundred µl 10 % SDS served as 
blank. As internal reference, 5 µl of the pure uptake solution was mixed with 3 ml Rotiszint® 
scintillation cocktail. 

For efflux assays, oocytes were injected with 18.4 nl fructose solution (final fructose 
concentration 250 mM, 25 μCi/ml in Barth’s solution) four days after injection of cRNA. Groups 
of 10 oocytes were incubated for 0, 15, 30, 45 or 60 min in Barth’s solution and were washed 
twice with 1 ml ice-cold Barth’s solution. Single oocytes were treated as described above. Non-
injected oocytes were treated equally.  
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10.3.16 Western blot of oocyte proteins 

Four days after injection, 30 oocytes were used for total protein isolation. For this, oocytes 
were placed on ice and mixed with 200 µl Dong lysis buffer and 5 µl 1 M PMSF. Oocytes were 
homogenized with a Polytron 1600E, centrifuged at 4°C for 1 min at 20,000 x g and 
supernatant was transferred to a new reaction tube. Supernatant was centrifuged again at 4°C 
for 2 min at 20,000 x g and the remaining supernatant was used for determination of total 
protein concentration with the BioRad protein assay using standards dissolved in Dong lysis 
buffer. See 10.3.11 for further information on the Bradford Assay. The total protein was stored 
at -80°C until further usage. 

For oocytes, SDS PAGE was performed using 10 µg of total oocyte protein. Transfer and 
immunofluorescence staining were similar as described in 10.3.12. 

 

10.3.17 Fluorescence microscopy of oocytes 

On the same day as influx assay and protein extraction was performed, 5 oocytes were used 
for paraffin embedding. For dehydration, oocytes were incubated in 4 % paraformaldehyde 
solution at 4°C for 2 h slightly shaking, afterwards placed in embedding cassettes and put into 
a dehydration machine, running the following program (each step was performed 15 min at 
room temperature with vacuum expect for the paraffin steps, which were performed at 60°C): 
70 % ethanol, 70 % ethanol, 80 % ethanol, 96 % ethanol, 96 % ethanol, 100 % ethanol, 100 % 
ethanol, 100 % ethanol, xylol, xylol, paraffin and finally paraffin. Afterwards, oocytes were 
placed in paraffin blocks using an embedding machine and embedding cassettes were labeled. 
The paraffin blocks were stored at 4°C overnight for complete hardening. Subsequently, the 
paraffin blocks were cut into 6 μm slices using a microtome HM 355S. Slices were placed on 
microscope slides and dried completely before performing rehydration steps. For this, 
microscope slides with sliced oocytes were placed in xylol two times for 5 min, in 100 % ethanol 
two times for 5 min, in 100 % ethanol once for 2 min, in 96 % ethanol two times for 2 min and 
in 80 % ethanol once for 2 min. Finally, the microscope slides were washed with water and 
dried completely. Afterwards, the sliced oocytes were covered with one drop of Roti® Mount 
Fluor Care and a cover slice. GFP was visualized with 480 nm excitation and 505 nm emission 
wavelength at 22°C using the fluorescence microscope DMI 4000 B, DFC490 camera and LAS 
V3.8.0 software. 

 

10.3.18 Biotinylation of cell surface proteins 

Four days after injection, 35 oocytes were washed three times with ice-cold PBS and 
incubated in darkness for 15 min with 0.5 mg EZ-Link™ Sulfo-NHS-LC-Biotin solved in 1 ml 
PBS at room temperature. Control oocytes were incubated in PBS alone. The biotinylation was 
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stopped by washing oocytes three times with ice-cold PBS. Oocytes were incubated in 
quenching buffer (100 mM glycine in PBS) for 20 min on ice and were lysed in lysis buffer 
containing 1 % triton X-100, 150 mM NaCl, 20 mM TRIS, 1 mM EDTA and 0.5 mM PMSF by 
pipetting up and down. Samples were centrifuged at 4°C for 15 min at 20,000 x g and 
supernatant was saved. Ten µg lysate were loaded directly on 10 % polyacrylamide gel and 
200 µg lysate were used for streptavidin-pull down assay. Therefore, the protein was incubated 
with 50 µl streptavidin-agarose (beads were washed with lysis buffer in advance) and 
incubated at 4°C overnight slight shaking. A centrifugation step at 4°C for 1 min at 5,000 x g 
was performed. The supernatant was discarded and the biotin-streptavidin-agarose complex 
was washed 4 times with PBS. The complex was mixed with 20 µl of 4x Laemmli sample buffer 
and loaded on 10 % polyacrylamide gel (see 10.3.12 for further information). 

 

10.3.19 Molecular dynamics simulations 

The model of human GLUT5 was built with the MODELLER program [107, 108] using the open 
inward-facing conformation of the bovine crystal structure as template (PDB code 4YB9 [37], 
89.6 % sequence similarity). The HHPred program [109] was used for sequence alignment 
and QMEAN server [110] was applied for the evaluation of the 200 models. The chosen model 
was then embedded in a pure, pre-equilibrated 1-palmitoyl-2-oleylphosphatidylcholine (POPC) 
lipid model (kindly provided by T. A. Martinek [111]) using the gmembed tool of GROMACS 
[112]. Orientation of the protein was according to the OPM database model [113]. 
Subsequently, the system was neutralized and solvated with TIP3P [114] water molecules 
(92772 total atoms, box size of 94.1 x 92.7 x 105.5 Å3). 

Simulations were carried out with GROMACS4 package [115] using Amber03 [116] force field 
for the protein. GAFF [117] and the parameters supplied by T. A. Martinek [111] were applied 
for the simulation of the membrane. A careful equilibration was performed, meaning that the 
system was neutralized and minimized in three stages. (1) heating for more than 1 ns with the 
protein backbone completely fixed, while side chains were able to move freely. (2) 5 ns were 
run (keeping the backbone completely fixed) in a NPγT ensemble with a surface tension equal 
to 600.0 bar*nm [111]. (3) 40 ns molecular dynamics simulation was performed keeping the 
backbone restrained and the membrane area constant. Finally, free molecular dynamics was 
performed. For the two mutants, p.I174V and p.Q167E, the final conformation from step (3) 
was mutated, minimized and equilibrated for further 20 ns of restrained molecular dynamics 
before simulating it freely. All the simulations were done in periodic boundary conditions at 310 
K using the Nose-Hoover thermostat [118] and Parrinello-Rahman barostat [119] with a 
semisotropic pressure coupling type and a time step of 2 fs. Position restraints of atoms were 
fixed with a force constant (K) equal to 1000 kJ mol−1 nm−2. After this careful equilibration, 
three 200 ns-long molecular dynamics simulations were performed on three different systems: 
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wild-type (wt) and the two mutants I174V (M1) and Q167E (M2). The two mutants were 
additionally equilibrated by 20 ns of restrained backbone molecular dynamics before letting 
them free. Finally, all 12 mild reducing mutants (p.S41T, p.L168V, p.I170V, p.I174V, p.V293I, 
p.A323V, p.C331T, p.A362V, p.A364L, p.T368R, p.A388S, p.L398V; note that p.I174V was 
indeed re-simulated within this new frame) were simulated with molecular dynamics of 100 ns 
each on 12 new systems. These were built on the conformation representing the biggest 
cluster of the last 50 ns of the wild-type molecular dynamics.  

The molecular dynamics simulation experiments were performed by Dr. Ina Bisha, Theoretical 
Chemical Biology and Protein Modelling Group, Prof. Dr. Iris Antes, Technical University 
Munich. 

 

10.3.20 Statistical Analyses 

Statistical analyses were performed using SPSS 23 for experiments with n ≥ 6. Each dataset 
was tested for normal distribution and if normal distribution was assumed, T-test was applied. 
Mann-Whitney-U-test was used in case of missing normal distribution.  
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11 Results 

11.1 Genetic analyses 

11.1.1  Variants in the GLUT5-GLUT7 locus 

Approximately 112.5 kb of the GLUT5-GLUT7 locus were sequenced by Sanger sequencing 
(figure 8), which is assigned to hg38, GRCh38.p7. 

 

 

Figure 8: Schematic representation of GLUT5-GLUT7 locus 
Red bars depict exons of GLUT5 and blue bars depict exons of GLUT7. The reverse strand is shown. 
 

By DNA sequencing of the GLUT5 and GLUT7 coding regions, we found two rare non-
synonymous variants in GLUT5: p.T14M (c.41C>T, rs765084352) and p.R183Q (c.548G>A, 
rs138910454) (table 4). Both variants were found in two different patients, but neither in 
controls or blood donors. 

 

Table 4: GLUT5 coding variants in fructose malabsorption patients, controls and blood donors 

Nucleotide 
change Exon Amino acid 

change rs# Patients Controls Blood donors 

c.41C>T (het) 2 p.T14M rs765084352 1/45 (2.2 %) 0/43 (0 %) 0/75 (0 %) 

c.548G>A (het) 5 p.R183Q rs138910454 1/45 (2.2 %) 0/43 (0 %) 0/75 (0 %) 

 

 

Nine variants were detected in GLUT7: p.G70R (c.208G>A, rs142873567), p.I113I (c.339C>T, 
rs10864379), p.R224C (c.670C>T, rs35776221), p.E252K (c.754G>A, rs753910234), 
p.R261Q (c.782G>A, rs12402973), p.Q283Q (c.849G>A, rs147603199), p.P376L 
(c.1127C>T, rs374675660), p.E377K (c.1129G>A, rs144505778) and p.G382S (c.1144G>A, 
rs74767526) (table 5). 

The different GLUT7 variants were found in patients, controls and blood donors. Variants 
p.G70R, p.Q283Q and p.E377K were found once in three different patients, whereas the 

36.5 kb 32 kb 11 kb 23 kb 10 kb

~112.5 kb

GLUT5 GLUT7
Chromosome 1: 9,106,452 - 8,993,634
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variants p.E252K, p.P376L and p.G382S were detected in blood donors but not in patients or 
controls. p.I114I and p.R261Q were found in patients, controls and blood donors and variant 
p.R224C was found in patients and blood donors but not in controls. One patient was 
compound heterozygous for p.R261Q and p.E377K, another patient for p.I114I and p.R261Q. 
A blood donor showed compound heterozygosity for p.R261Q and p.G382S. 

 

Table 5: GLUT7 coding variants in fructose malabsorption patients, controls and blood donors 

Nucleotide 
change Exon Amino acid 

change rs# Patients Controls Blood donors 

c.208G>A (het) 3 p.G70R rs142873567 1/45 (2.2 %) 0/43 (0 %) 0/75 (0 %) 

c.339C>T (het) 4 p.I114I rs10864379 1/45 (2.2 %) 2/43 (4.7 %) 4/75 (5.3 %) 

c.670C>T (het) 6 p.R224C rs35776221 3/45 (6.7 %) 0/43 (0 %) 17/771 (2.2 %) 

c.754G>A (het) 7 p.E252K rs753910234 0/45 (0 %) 0/43 (0 %) 1/407 (0.3 %) 

c.782G>A (het) 
7 p.R261Q rs12402973 

6/45 (13.3 %) 7/43 (16.3 %) 74/407 (18.2 %) 

c.782G>A (hom) 0/45 (0 %) 1/43 (2.3 %) 5/407 (1.2 %) 

c.849G>A (het) 7 p.Q283Q rs147603199 1/45 (2.2 %) 0/43 (0 %) 0/407 (0 %) 

c.1127C>T (het) 10 p.P376L rs374675660 0/45 (0 %) 0/43 (0 %) 1/782 (0.1 %) 

c.1129G>A (het) 10 p.E377K rs144505778 1/45 (2.2 %) 0/43 (0 %) 0/782 (0 %) 

c.1144G>A (het) 10 p.G382S rs74767526 0/45 (0 %) 0/43 (0 %) 4/782 (0.5 %) 

 

 

The patient, that exhibited p.T14M in GLUT5, also showed p.I114I and p.R261Q in GLUT7. 
The found variants were all described in the 1,000 genomes dataset [120]. 

None of the coding variants found in GLUT5 and GLUT7 was significantly overrepresented 
neither in the patients nor in controls or blood donors. 

 

DNA sequencing of the non-coding regions of the GLUT5-GLUT7 locus showed a number of 
variants that were described in the 1,000 genomes dataset [120], but also variants not 
described earlier. Supplementary table 26 lists the variants found in the non-coding regions of 
GLUT5 and supplementary table 27 shows non-coding variants related to the GLUT7 region. 

DNA sequencing of the GLUT5-GLUT7 locus revealed 10 tagging variants: rs1974063, 
rs11121319, rs1751681, rs74973473, rs12082529, rs765617, rs12086124, rs770032, 
rs17389948 and rs11121289. Due to AT-rich regions, probe design and thus further analysis 
by melting curve assay was impossible for rs12082529. The other nine variants were 
investigated in 60 patients, 49 controls and 281 blood donors. Data are shown in table 6 and 
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table 7. The probe for rs1974063 captured another variant, rs1877126, for which data are also 
shown in table 6. Supplementary figure 42 to figure 50 show representative melting curves for 
each variant. 

 

Table 6: Tagging variants in GLUT5 locus analyzed by melting curve assay 
Base 
change Location rs# Patients Control  Blood donors 

AG (het) 
5´Cap rs1974063 

42/60 (70 %) 23/49 (46.9 %) 148/281 (52.7 %) 
AG (hom) 3/60 (5 %) 8/49 (16.3 %) 68/281 (24.2 %) 
CG (het) 

5´Cap rs1877126 
14/60 (23.3 %) 13/49 (26.5 %) 66/281 (23.5 %) 

CG (hom) 0/60 (0 %) 1/49 (2.0 %) 10/281 (3.6 %) 
TC (het) 

5´Cap rs11121319 
19/60 (31.7 %) 16/49 (31.6 %) 81/281 (28.8 %) 

TC (hom) 0/60 (0 %) 1/49 (2.0 %) 10/281 (3.6 %) 
AG (het) 

5´Cap rs1751681 
26/60 (43.3 %) 18/49 (36.7 %) 121/281 (43.1 %) 

AG (hom) 11/60 (18.3 %) 12/49 (24.5 %) 35/281 (12.5 %) 
CT (het) 

Intron 1 rs74973473 
4/60 (6.7 %) 7/49 (14.3 %) 102/644 (15.8 %) 

CT (hom) 0/60 (0 %) 1/49 (2.0 %) 6/644 (0.9 %) 
CT (het) 

Intron 1 rs765617 
23/60 (38.3 %) 22/49 (44.9 %) 122/281 (43.4 %) 

CT (hom) 6/60 (10 %) 4/49 (8.2 %) 27/281 (9.6 %) 
TC (het) 

Intron 1 rs12086124 
25/60 (41.7 %) 20/49 (40.8 %) 121/281 (43.1 %) 

TC (hom) 10/60 (16.7 %) 9/49 (18.4 %) 26/281 (9.3 %) 
GA (het) 

Intron 3 rs770032 
5/60 (8.3 %) 1/49 (2.0 %) 13/281 (4.6 %) 

GA (hom) 55/60 (91.7 %) 48/49 (98 %) 268/281 (95.4 %) 
 

 

Table 7: Tagging variants in GLUT7 locus analyzed by melting curve assay 
Base 
change Location rs# Patients Control  General 

subjects 
GA (het) 

3´Cap  rs17389948 
23/60 (38.3 %) 22/49 (44.9 %) 109/281 (38.8 %) 

GA (hom) 3/60 (5 %) 2/49 (4.1 %) 17/281 (6 %) 
TA (het) 

3´Cap  rs11121289 
17/60 (28.3 %) 9/49 (18.4 %) 42/281 (14.9 %) 

TA (hom) 2/60 (3.3 %) 0/49 (0 %) 2/281 (0.7 %) 
 

None of the found non-coding variant in the GLUT5-GLUT7 locus was significantly 
overrepresented neither in the patients nor in controls or blood donors.  
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11.1.2  Variants in GLUT6 

For GLUT6, all coding regions were analyzed, including the additional exon 8 of isoform 1 that 
isoform 2 does not exhibit. 

We found four missense mutation in GLUT6: p.R224Q (c.671G>A, rs147854160), p.R261Q 
(c.782G>A, rs367744627) p.P386S (c.1156C>T, rs147837646) and p.T500M (c.1499C>T, 
rs3094378). Moreover six synonymous variants were detected: p.G147G (c.441G>A, 
rs34209214), p.P270P (c.810C>A, rs2073935), p.G319G (c.957G>A, rs28584627), p.L387L 
(c.1161G>T, rs41309954), p.Y393Y (c.1179C>T, rs41297217) and p.G501G (c.1503G>C, 
rs142001028) (table 8). 

 

Table 8: GLUT6 variants in fructose malabsorption patients, controls and blood donors 
Nucleotide 
change Exon Amino acid 

change rs# Patients Controls Blood donors 

c.441G>A (het) 3 p.G147G rs34209214 2/44 (4.5 %) 3/42 (7.1 %) 2/64 (3.1 %) 
c.671G>A (het) 5 p.R224Q rs147854160 1/45 (2.2 %) 0/43 (0 %) 0/68 (0 %) 
c.782G>A (het) 6 p.R261Q rs367744627 0/43 (0 %) 0/42 (0 %) 1/69 (1.5 %) 
c.810C>A (het) 

6 p.P270P rs2073935 
19/43 (44.2 %) 15/42 (35.7 %) 29/69 (42.0 %) 

c.810C>A (hom) 3/43 (7.0 %) 4/42 (9.5 %) 11/69 (15.9 %) 
c.957G>A (het) 7 p.G319G rs28584627 4/44 (9.1 %) 3/43 (7.0 %) 7/68 (10.3 %) 
c.1156C>T (het) 8 (1) p.P386S rs147837646 1/45 (2.2 %) 0/43 (0 %) 0/69 (0 %) 
c.1161G>T (het) 

8 (1) p.L387L rs41309954 
6/45 (13.3 %) 9/43 (20.9 %) 5/69 (7.2 %) 

c.1161G>T (hom) 0/45 (0 %) 1/43 (2.3 %) 0/69 (0 %) 
c.1179C>T (het) 

8 (1) p.Y393Y rs41297217 
9/45 (20 %) 10/43 (23.3 %) 9/69 (13.0 %) 

c.1179C>T (hom) 0/45 (0 %) 1/43 (2.3 %) 0/69 (0 %) 
c.1499C>T (het) 

10 (1) p.T500M rs3094378 
5/44 (11.4 %) 7/42 (16.7 %) 11/69 (15.9 %) 

c.1499C>T (hom) 0/44 (0 %) 1/42 (2.4 %) 2/69 (2.9 %) 
c.1503G>C (het) 10 (1) p.G501G rs142001028 1/44 (2.3 %) 0/42 (0 %) 0/69 (0 %) 

Numbers in brakes for the exon describe the isoform. 

By analyzing the adjacent non-coding regions of GLUT6, we found 5 variants. All non-coding 
GLUT6 variants were described in the 1,000 genomes dataset [120] and are shown in 
supplementary table 28. 

None of the coding or non-coding variant in GLUT6 was significantly overrepresented in the 
patients or in controls or blood donors. 
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11.1.3  Variants in KHK 

The coding and adjacent intronic regions of KHK were sequenced by Sanger sequencing, 
including both exons 3 that differ between isoform 1 and 2. 

We found one common and two rare non-synonymous variants: p.V49I (c.658G>A, 
rs2304681), p.R108C (c.835C>T, rs141417422) and p.V264I (c.1303G>A, rs114353144) 
(table 9). 

The patient having p.V264I was compound heterozygous for p.V49I. 

 

Table 9: KHK variants in fructose malabsorption patients, controls and blood donors 
Nucleotide 
change Exon Amino acid 

change rs# Patients Controls Blood 
donors 

c.658G>A (het) 
2 p.V49I rs2304681 

22/53 (40.5 %) 14/34 (41.2 %) 6/9 (66.6 %) 
c.658G>A (hom) 8/53 (15.1 %) 6/34 (7.6 %) 2/9 (22.2 %) 
c.835C>T (het) 3 (1) p.R108C rs141417422 1/53 (1.9 %) 0/34 (0 %) 0/9 (0 %) 
c.1303G>A (het) 7 p.V264I rs114353144 1/53 (1.9 %) 0/34 (0 %) 0/9 (0 %) 

Numbers in brakes for the exon describe the isoform. 

 

By analyzing the adjacent non-coding regions of KHK, we found 11 variants (Supplementary 
table 29). Four variants were not described in the 1,000 genomes dataset [120]: c.-79C>A, 
c.92+76A>T, c.93-148C>T and c.93-10T>A. 

The patient, that showed c.92+76A>T was compound heterozygous for c.93-148C>T. Another 
patient showed compound heterozygosity for rs192615638 also rs574364844. 

None of the KHK coding or non-coding variant was significantly overrepresented in any group. 

 

11.1.4  Variants in SGLT4 

We analyzed all SGLT4 coding and adjacent intronic regions, including the additional exons 3 
that differ between isoform 201 and 203 by Sanger sequencing. 

 

We found one frameshift mutation (p.Gly492Alafs*13) and one nonsense mutation (p.E593*), 
6 non-synonymous (p.G103R, p.V152M, p.I178V, p.M207T, p.A600V, p.A644E) and 4 
synonymous mutations (p.S275S, p.F285F, p.E609E, p.Y679Y) (table 10). 
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Table 10: SGLT4 variants in fructose malabsorption patients and controls 
Nucleotide 
change Exon Amino acid 

change rs# Patients Controls 

c.307 G>A (het) 3 p.G103R rs61746559 2/60 (3.3 %) 0/4 (0 %) 
c.454 G>A (het) 

4 p.V152M rs212989 
21/60 (35 %) 1/4 (25 %) 

c.454 G>A (hom) 1/60 (1.7 %) 0/4 (0 %) 
c.532 A>G (het) 5 p.I178V rs200192358 1/60 (1.7 %) 0/4 (0 %) 
c.620 T>C (het) 6 p.M207T rs12047252 2/60 (3.3 %) 0/4 (0 %) 
c.825 C>T (het) 

7 p.S275S rs61997212 
18/60 (26.7 %) 1/4 (25 %) 

c.825 C>T (hom) 4/60 (6.7 %) 0/4 (0 %) 
c.855 C>T (het) 7 p.F285F rs12161316 2/60 (3.3 %) 0/4 (0 %) 
c.1472 del G (het) 12 p.Gly492Alafs*13 rs777247762 1/60 (1.7 %) 0/4 (0 %) 
c.1777 G>T (het) 

13 p.E593* rs850763 
20/60 (33.3 %) 1/4 (25 %) 

c.1777 G>T (hom) 1/60 (1.7 %) 0/4 (0 %) 
c.1799 C>T (het) 13 p.A600V rs78427303 12/60 (20 %) 1/4 (25 %) 
c.1827 G>A (het) 13 p.E609E rs75538709 14/60 (23.3 %) 1/4 (25 %) 
c.1931 C>A (het) 14 p.A644E rs12040115 2/60 (3.3 %) 0/4 (0 %) 
c.2036 T>C (het) 14 p.Y679Y rs7535096 11/60 (18.3%) 0/4 (0%) 

 

The analysis of the adjacent non-coding intronic regions of SGLT4 showed 19 variants 
(supplementary table 30). The variants c.162+74 T>G and c.162+83 G>T were not described 
in the 1,000 genomes dataset [120]. 

p.V152M, p.E593* and c.1292+16 C>T were in nearly complete linkage disequilibrium (LD), 
namely LD r2= 0.98 [121]. Also p.G103R, p.M207T, p.F285F and p.A644E are in complete or 
nearly complete LD with c.610+292 A>G, c.1033-29 G>A, c.1292+72 A>G, c.1837-71 A>G, 
c.*956 C>T and c.*973 C>T (LD r2= 1 or 0.73, average 0.95 [121]). 

Sequencing of SGLT4 was performed by Franziska Baumann during her bachelor thesis. 

 

11.1.5  mRNA expression of GLUTs, KHK, SGLT1 and SGLT4 

Expression of all GLUTs as well as of KHK, SGLT1 and SGLT4 was analyzed in 6 different 
gastrointestinal tissues and in two colorectal adenocarcinoma cell lines, CaCo2 and HT-19. Ct 
values that were marked not detectable (ND) by the software were set as 40 for further 
calculation. If 2 or more samples were undetectable in a 4-fold determination or if one was 
undetectable in a double determination, all values were set ND. 2-∆∆Ct data are shown in 
supplementary figure 51. 

Expression levels were compared to duodenal expression with exception of GLUT6 and 
GLUT11, where HT-29 cells or colon, respectively, served as reference because both genes 
were undetectable in the duodenum (table 11). 
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Expression of GLUT1 was comparable in all tissues and undetectable in ileum. Expression in 
CaCo2 and HT-29 cells was 40- or 20-fold higher, respectively. 

GLUT2 was detectable only in duodenum, jejunum and to smaller extent in ileum. Expression 
CaCo2 and HT-29 compared to duodenum was 28- and 280-fold lower, respectively. 

The highest GLUT3 expression was found in stomach, followed by ileum and colon (35-, 9- 
and 6-fold higher expression, respectively). CaCo2 shows up to 430-fold higher expression 
whereas HT-29 cells, esophagus and jejunum did not express GLUT3. 

GLUT4 was undetectable in esophagus, stomach, ileum and HT-29 cells, similar expressed in 
duodenum, jejunum and CoCo2 cells, and approximately 100-fold higher in colon. 

GLUT5 expression was highest in duodenum, followed by jejunum, ileum, colon and CaCo2 
cells and undetectable in esophagus and stomach. HT-29 cells showed a very low expression 
of GLUT5. 

GLUT6 was absent in all tested tissues, but similar expressed in CaCo2 and HT-29 cells. 

GLUT7 expression was similar in duodenum, jejunum and ileum, markedly lower in CaCo2 
and HT-29, and undetectable in the other tissues. 

Only duodenum, colon and the two cell lines expressed GLUT8. Expression in colon was 60-
fold and in HT-29 cells 10-fold lower comparing to duodenum. 

GLUT9 was detectable only in duodenum and jejunum and in low amounts in both cell lines. 

Esophagus, stomach, duodenum, jejunum and HT-29 cells exhibit a comparable GLUT10 
expression, which was undetectable in ileum, colon and CaCo2 cells. 

GLUT11 mRNA was undetectable in esophagus, duodenum and ileum and showed a similar 
expression in stomach, jejunum, colon, CaCo2 and HT-29 cells. 

GLUT12 was only detectable in stomach, duodenum and jejunum in similar amounts. 

Expression of GLUT13 was similar in all analyzed tissues and approximately 30-fold less in 
CaCo2 and HT-29 cells. 

GLUT14 expression was comparable in duodenum, jejunum, ileum and colon. Expression was 
12-fold and 18-fold higher in esophagus and stomach compared to duodenum, respectively. 
Expression of GLUT14 was 290-fold higher in CaCo2, but undetectable in HT-29 cells. 

Expression of KHK was detectable in all tissue samples and in both cell lines. The expression 
was comparable in duodenum, jejunum and ileum and was lower in esophagus, stomach and 
colon (14-, 34- and 77-fold lower expression, respectively). The expression of KHK in CaCo2 
and HT-29 was comparable to esophagus, stomach and colon. 
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SGLT1, as major glucose transporter in the intestine, was detectable in all tissue samples and 
both cell lines. Expression was highest in duodenum, jejunum and ileum, lower in esophagus 
and stomach and lowest in colon (30-, 130- and 1180-fold lower expression, respectively). 
Expression in CaCo2 and HT-29 showed levels comparable to the stomach. 

SGLT4 expression was highest in duodenum und jejunum, followed by ileum and CaCo2 cells, 
was approximately 40-fold lower in colon and HT-29 cells, and absent in esophagus and 
stomach. 

 
Table 11: Expression of GLUTs, KHK and SGLTs in different gastrointestinal tissues and cell 

lines 

 Esophagus Stomach Duodenum Jejunum Ileum Colon CaCo2 HT-29 

GLUT1 = = Ref. = ND = > > 
GLUT2 ND ND Ref. = = ND < << 
GLUT3 ND > Ref. ND = = >> ND 
GLUT4 ND ND Ref. = ND > = ND 
GLUT5 ND ND Ref. = < << < <<< 
GLUT6 ND ND ND ND ND ND = Ref. 
GLUT7 ND ND Ref. = = ND << << 
GLUT8 ND ND Ref. ND ND < = = 
GLUT9 ND ND Ref. = ND ND < < 
GLUT10 = = Ref. = ND ND ND = 
GLUT11 ND = ND = ND Ref. = = 
GLUT12 ND = Ref. = ND ND ND ND 
GLUT13 = = Ref. = = = < < 
GLUT14 > > Ref. = = = >> ND 
KHK < < Ref. = = < < < 
SGLT1 < << Ref. = = <<< << < 
SGLT4 ND ND Ref. = = < = > 

Ref.: reference tissue; ND: not detected; =: comparable as reference tissue; >: up to 100-fold higher 
expression as reference tissue, >>: up to 1,000-fold higher expression as reference tissue, <: up to 100-
fold lower expression as reference tissue, <<: up to 1,000-fold lower expression as reference tissue, 
<<<: up to 10,000-fold lower expression as reference tissue and thus almost undetectable. 
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11.2 Chimera 

To determine the amino acids involved in fructose transport of GLUT5, 93 different GLUT5-
GLUT7-GFP chimeras were generated. Six-teen of the primarily chosen 26 fragments showed 
normal or slightly elevated fructose uptake, whereas fructose uptake was moderately reduced 
in 5 fragments and strongly reduced in 4 fragments (figure 9). 

 
Figure 9: Schematic representation of GLUT5-GLUT7-GFP fragments for first 26 fragments 
Green fragments showed normal fructose uptake and white dots are amino acids that do not differ 
between GLUT5 and GLUT7. Blue depicts fragments with mild reduction in fructose uptake and red 
depicts fragments with pronounced reduction in fructose uptake. Squares represent amino acids that 
were introduced, since GLUT7 has more amino acids than GLUT5 at the N-terminus and C-terminus. 
 

Fragments 1, 3- 8, 10- 12, 14, 16, 22- 24 and 26 showed normal or slightly elevated fructose 
uptake in in comparison to GLUT5-GFP. These chimeras were classified as normal and were 
not analyzed further. Together with the 296 amino acids that do not differ between GLUT5 and 
GLUT7, 421 amino acids of GLUT5 seem not to be mandatory for fructose transport. Fragment 
25 showed reduced fructose uptake, however, by mutating the entire C-terminus (fragment 
G5-428-G7-506), the uptake was normal. Fragments 2, 13, 17, 18 and 19 showed moderately 
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reduced fructose uptake (30-80% of wild-type GLUT5-GFP), whereas fragments 9, 15, 20 and 
21 showed markedly reduced fructose uptake (<30% of wild-type GLUT5-GFP) (figure 10). 

 
Figure 10: Fructose uptake of first 26 fragments plus G5-428-G7-506 
GFP control, GLUT5-GFP and GLUT5-GLUT7-GFP chimera cells were incubated with 1 mM fructose 
(5 μCi/ml) for 1 min. Bars represent mean values of 6 wells as percentage of GLUT5-GFP after 
subtraction of GFP control values. Error bars indicate the standard deviation. Mann Whitney test was 
used to test for statistical significance compared to GLUT5-GFP (* p<0.05, ** p<0.005). Blue depicts 
fragments with mild reduction in fructose uptake (>30 % to <80 % of GLUT5-GFP fructose uptake), red 
depicts fragments with pronounced reduction in fructose uptake (<30 % GLUT5-GFP fructose uptake) 
and grey bars show fragments with normal fructose uptake. 
 

Supplementary figure 52, figure 53 and figure 54 depict the fluorescence microscope pictures 
of these chimeras and the corresponding Western blots of total and membrane protein, 
respectively. Besides fragment 9, all chimeric proteins were located in the plasma membrane 
of NIH-3T3 cells. 

The nine fragments with altered fructose transport were either directly analyzed in amino acid 
level (fragment 2 [6 different aa between GLUT5 and GLUT7] and fragment 15 [5 different aa]) 
or were divided into 3 or 4 sub-fragments (fragments 9, 13,17-21), which were broken down to 
single amino acid changes in a third round depending on the results of fructose uptake 
analyses. The fructose uptake data are shown in figure 11. 

Note, fructose uptake in fragment 13a, 13b and 13c and also in fragment 18a and 18b were 
normal. Altogether, fructose transport was affected in 24 different single amino acid mutants: 
Twelve displayed moderate and 12 pronounced reduction of fructose uptake (figure 12). 

Fluorescence microscope pictures of these chimeras are depicted in supplementary figure 55 
and the corresponding Western blots of total and membrane protein are shown in 
supplementary figure 56 and supplementary figure 57, respectively. All chimeric proteins were 
located in the plasma membrane of NIH-3T3 cells.  
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Figure 12: Illustration of GLUT5-GLUT7-GFP sub-fragments and single amino acid changes 
Green dots are amino acids that differ between GLUT5 and GLUT7 but showed normal fructose uptake. 
White dots are amino acids, which do not differ between GLUT5 and GLUT7. Blue depicts amino acids 
with mild reduction in fructose uptake and red depicts amino acids with pronounced reduction in fructose 
uptake. Yellow fragments could not be finally analyzed. Squares represent amino acids that were 
introduced, since GLUT7 has more amino acids than GLUT5 at the N-terminus and C-terminus. 
 

The variant p.Q167E, which shows no fructose influx, was also analyzed for fructose efflux. 
For this reason, radiolabeled fructose was injected and the remaining fructose that was not 
transported out of the oocyte over the time course was measured. Non-injected oocytes and 
GLUT5-GFP injected oocytes were used as controls. Figure 13 displays one representative 
efflux experiment. Non-injected oocytes were incapable to transport considerable amounts of 
fructose out of the oocyte into the surrounding medium over a time course of 60 min. In 
comparison to that, GLUT5-GFP expressing oocytes transported most of the injected fructose 
out of the oocyte within 15 min. Interestingly, even after 60 min, around 46 % of the initially 
injected fructose remains in the oocyte. In contrast, oocytes expressing the mutant p.Q167E 
transported just a small amount of fructose out of the oocyte over 60 min (11 %). 
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Figure 13: Fructose efflux by Xenopus laevis oocytes expressing GLUT5-GFP and GLUT5-
GFP p.Q167E 

GLUT5-GFP, GLUT5-GFP p.Q167E and non-injected oocytes were injected with 18.4 nl fructose 
solution (final fructose concentration 250 mM, 25 μCi/ml in Barth’s solution) 4 days after cRNA injection. 
The baseline was determined as 0 min value and all other time points were calculated as % of the 
corresponding baseline. Bars represent mean values of 9-10 oocytes from one representative 
experiment. Error bars indicate the standard deviation. 
 
 
By highlighting all the important amino acids for fructose transport in a three-dimensional 
structure of GLUT5, it is striking that the distribution of the residues is asymmetric with respect 
to the central pore. Figure 14 depicts the three-dimensional structure of GLUT5 from two 
directions.  
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Figure 14: Three-dimensional structure of GLUT5 with the important amino acids 
Upper left panel shows the top view of GLUT5 (cyan helices) with the amino acids that reduce the 
fructose uptake moderately (blue dots). The upper right panel depicts the same system, just visualized 
in the side view. Here, also the membrane is shown (grey). The lower panel shows the top view of 
GLUT5 (cyan helices) with the amino acids that reduce the fructose uptake moderately (blue dots) and 
strongly (red dots). It is notably, that the distribution is asymmetric with respect to the central pore. 

 
Molecular dynamics simulation of the wild-type and the two variants p.Q167E and p.I174V was 
performed for 200 ns. The analysis of the root mean square deviation (RMSD) of the α-carbons 
of the transporter for 200 ns molecular dynamics shows a strikingly different behavior among 
the wild-type and the p.Q167E and p.I174V systems (figure 15). While the wild-type and the 
p.I174V systems do not move away from the starting configuration for more than 2.5-3 Å, the 
p.Q167E system drifts significantly for up to 5.5 Å. Visual analysis suggested a unique flexibility 
of the intracellular (IC) loop between transmembrane domain 6 and 7 (IC loop 6-7) in this 
system. By excluding this part of the protein and subsequent analysis of the root mean square 
deviation, the p.Q167E system shows a similar behavior comparable to the wild-type and 
p.I174V systems (figure 16).   
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Figure 15: Root mean square deviation of 
α-carbons of the three systems along 200 
ns molecular dynamics simulations 
Black line for GLUT5 wild-type, blue for 
GLUT5 p.I174V and red for GLUT5 p.Q167E. 

 

 

 
 

 
 
Figure 16: Root mean square deviation of 
α-carbons of the three systems along 200 
ns molecular dynamics simulations, 
without intracellular loop 6-7 
Black line for GLUT5 wild-type, blue for 
GLUT5 p.I174V and red for GLUT5 p.Q167E, 
the calculation does not include the 
intracellular loop between transmembrane 
domain 6 and 7. 

 

 

 

To understand which residues fluctuate mostly during molecular dynamics, the root mean 
square fluctuation (RMSF) of all amino acids was calculated. It is apparent that the p.Q167E 
is much more flexible compared to wild-type, especially concerning the intracellular loop 
between transmembrane domain 6 and 7. Interestingly, p.I174V becomes even more stable 
than the wild-type (figure 17).  
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Figure 17: Root mean square fluctuation of 
all residues of the three systems along 200 
ns molecular dynamics simulations 
Black line for GLUT5 wild-type, blue for GLUT5 
p.I174V and red for GLUT5 p.Q167E. 

 

 

 

 

 

The RMSD calculation anticipates that the intracellular loop between transmembrane domain 
6 and 7 in the p.Q167E system moves dramatically during the simulation, ending in a 
completely changed position (figure 18). 

 

 
Figure 18: Movement of intracellular loop between transmembrane domain 6 and 7 in GLUT5 

wild-type (cyan) and GLUT5 p.Q167E (yellow) systems 
The left panel shows the side view of the protein with the intracellular loop between transmembrane 
domain 6 and 7 as cartoon of GLUT5 wild-type (cyan) and GLUT5 p.Q167E (yellow). The right panel 
shows both systems in the bottom views. The conformations represent the most populated cluster of 
the last 150 ns of the two molecular dynamics. 
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By visually analyzing the movement of the intracellular loop between transmembrane domain 
6 and 7, this loop seems to play an important role in the characteristics of this mutant. The loop 
might act as a lid and covers the pore thereby blocking flux of the substrate. 

Mutant p.I174V leads to a stable and thus less flexible status which impacts the fructose 
transport, whereas the mutant p.Q167E affects the dynamics of the intracellular loop between 
transmembrane domain 6 and 7 and thus shuts the pore as a lid and bocks fructose release. 

All mild reducing mutants (p.S41T, p.L168V, p.I170V, p.I174V, p.V293I, p.A323V, p.C331T, 
p.A362V, p.A364L, p.T368R, p.A388S, p.L398V; note that p.I174V was indeed re-simulated 
within this new frame) were simulated with molecular dynamics of 100 ns. All variants led to 
conformational changes in different regions of the protein (especially in the intracellular loop 
4-5, 6-7 and 10-11) compared to wild-type. Bends or shift of specific loops and helices were 
apparent (table 12). Compared to the GLUT5 wild-type, the variants have higher RMSD values 
in different regions of the protein (transmembrane domains or loops), which are not necessarily 
in structural or sequential proximity of the mutation, indicating allosteric effects of the mutated 
residues. 

 
 

Table 12: RMSD values of GLUT5 wild-type and mutants 
 TOT TM1 TM2 TM3 TM4 TM5 TM6 
wt 1.1 (0.2) 0.6 (0.1) 0.8 (0.2) 0.8 (0.2) 0.7 (0.2) 0.9 (0.2) 0.8 (0.2) 
S41T 1.5 (0.1) 0.7 (0.1) 0.9 (0.2) 1.0 (0.1) 0.9 (0.1) 1.2 (0.2) 0.7 (0.2) 
L168V 1.8 (0.3) 0.7 (0.1) 1.1 (0.2) 1.1 (0.2) 0.8 (0.1) 1.1 (0.2) 0.8 (0.1) 
I170V 1.6 (0.1) 0.8 (0.2) 0.8 (0.1) 0.9 (0.2) 0.9 (0.1) 1.1 (0.2) 1.0 (0.3) 
I174V 1.7 (0.2) 1.3 (0.1) 1.1 (0.2) 1.3 (0.2) 1.1 (0.1) 1.4 (0.2) 1.5 (0.2) 
V293I 1.5 (0.3) 1.4 (0.2) 0.9 (0.2) 1.2 (0.2) 0.8 (0.1) 1.0 (0.1) 1.4 (0.4) 
A323V 1.6 (0.1) 1.6 (0.1) 0.9 (0.1) 0.9 (0.2) 0.8 (0.2) 1.1 (0.2) 1.1 (0.2) 
C331T 1.6 (0.2) 0.7 (0.1) 0.8 (0.1) 0.9 (0.1) 1.5 (0.1) 1.0 (0.1) 0.9 (0.2) 
A362V 1.5 (0.2) 0.8 (0.2) 1.1 (0.2) 1.1 (0.2) 0.8 (0.1) 1.1 (0.2) 1.0 (0.2) 
A364L 1.9 (0.2) 0.8 (0.2) 1.2 (0.2) 1.3 (0.2) 1.0 (0.1) 1.0 (0.2) 1.1 (0.3) 
T368R 1.8 (0.2) 1.6 (0.1) 0.9 (0.2) 1.0 (0.1) 1.5 (0.2) 1.8 (0.2) 1.0 (0.2) 
A388S 1.7 (0.1) 1.2 (0.2) 1.0 (0.2) 1.0 (0.2) 1.2 (0.3) 1.7 (0.2) 1.1 (0.2) 
L398V 1.5 (0.1) 1.0 (0.3) 1.1 (0.1) 1.1 (0.2) 0.7 (0.1) 1.1 (0.1) 1.1 (0.2) 
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 TM7 TM8 TM9 TM10 TM11 TM12 
wt 0.7 (0.1) 0.8 (0.2) 0.7 (0.2) 0.8 (0.2) 0.8 (0.2) 0.9 (0.2) 
S41T 0.8 (0.1) 1.2 (0.2) 0.8 (0.1) 0.9 (0.1) 1.0 (0.1) 0.9 (0.1) 
L168V 0.9 (0.2) 0.9 (0.1) 1.0 (0.1) 0.9 (0.2) 1.4 (0.2) 1.1 (0.2) 
I170V 1.0 (0.1) 1.0 (0.2) 0.8 (0.1) 0.8 (0.1) 1.4 (0.2) 1.0 (0.2) 
I174V 0.9 (0.2) 1.5 (0.2) 1.0 (0.2) 1.3 (0.2) 1.1 (0.2) 1.0 (0.2) 
V293I 0.9 (0.1) 1.1 (0.2) 1.0 (0.2) 1.2 (0.3) 1.2 (0.2) 1.2 (0.3) 
A323V 1.2 (0.2) 1.0 (0.2) 0.9 (0.2) 0.9 (0.1) 1.1 (0.2) 1.1 (0.2) 
C331T 0.9 (0.2) 1.0 (0.2) 1.1 (0.2) 0.8 (0.1) 1.5 (0.2) 1.2 (0.2) 
A362V 0.9 (0.2) 1.1 (0.2) 1.1 (0.2) 1.0 (0.2) 1.4 (0.2) 1.1 (0.2) 
A364L 0.8 (0.1) 0.9 (0.2) 0.9 (0.2) 1.0 (0.2) 1.2 (0.1) 1.1 (0.2) 
T368R 1.0 (0.1) 1.4 (0.3) 1.2 (0.3) 1.6 (0.3) 1.0 (0.2) 1.4 (0.3) 
A388S 0.7 (0.1) 1.9 (0.2) 0.9 (0.2) 1.2 (0.3) 0.9 (0.2) 1.0 (0.2) 
L398V 0.9 (0.1) 1.3 (0.1) 1.0 (0.2) 1.0 (0.2) 1.3 (0.2) 1.3 (0.2) 

 

 Loop 1-2 Loop 4-5 Loop 6-7 Loop 7-8 Loop 9-
10 

Loop 10-
11 

wt 1.1 (0.3) 1.6 (0.5) 1.6 (0.7) 1.1 (0.3) 1.0 (0.3) 1.2 (0.3) 
S41T 1.6 (0.3) 1.4 (0.5) 2.8 (0.2) 1.3 (0.3) 1.3 (0.4) 1.6 (0.3) 
L168V 0.9 (0.2) 1.5 (0.6) 3.9 (0.8) 1.2 (0.2) 1.4 (0.4) 2.9 (0.6) 
I170V 1.0 (0.2) 1.7 (0.5) 3.0 (0.4) 1.3 (0.3) 1.1 (0.3) 3.0 (0.3) 
I174V 1.5 (0.4) 3.6 (1.3) 2.8 (0.6) 1.4 (0.2) 1.6 (0.5) 2.6 (0.7) 
V293I 1.1 (0.3) 1.8 (0.7) 2.4 (0.8) 1.6 (0.3) 1.7 (0.6) 2.2 (0.8) 
A323V 1.2 (0.4) 2.4 (0.7) 2.8 (0.4) 1.2 (0.2) 1.3 (0.3) 2.4 (0.3) 
C331T 1.0 (0.2) 1.2 (0.3) 2.8 (0.4) 2.2 (0.5) 1.4 (0.5) 1.8 (0.7) 
A362V 1.1 (0.3) 2.0 (0.1) 2.7 (0.5) 1.5 (0.4) 1.9 (0.5) 1.4 (0.3) 
A364L 1.2 (0.3) 1.7 (0.4) 4.3 (0.4) 1.6 (0.6) 1.3 (0.4) 1.6 (0.5) 
T368R 1.5 (0.3) 4.6 (0.5) 2.2 (0.7) 1.8 (0.4) 3.1 (0.4) 3.1 (0.7) 
A388S 2.4 (0.5) 4.0 (0.6) 2.6 (0.4) 1.5 (0.3) 1.6 (0.5) 1.6 (0.4) 
L398V 1.1 (0.3) 1.3 (0.5) 1.7 (0.3) 1.5 (0.2) 1.4 (0.4) 3.3 (0.6) 

Root mean square deviation (RMSD) values (in Angstrom, average, standard deviation in brackets) 
calculated for the backbone of the helices and loops of the protein, observed to differ considerable 
between the GLUT5 wild-type and the 12 variants. Values are calculated over the last 50 ns of 
simulations. The parts that changed the most are highlighted in blue bold font and are especially those 
in loop 4-5, 6-7 and 10-11. 
 

Most striking is this effect for p.T368R. Here, no structural or sequential proximity of the variant 
to the central helices is present. However, this residue far apart from the pore has an impact 
on the dynamics of the helices 4 and 5 (figure 19).  
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Figure 19: Localization of p.T368R and the impact on the dynamics of helices 4 and 5 
Side view of the GLUT5 wild-type protein (transparent grey and cyan) overlapped with part of 
transmembrane domain 4 (orange) and transmembrane domain 5 (red) in the p.T368R system. The 
mutated residue is shown in yellow. 

 

The decreased fructose uptake of the chimeras might be caused by unspecific inactivation of 
the transporter due to incorrect folding. Thus, we introduced the amino acids mildly and 
strongly affecting transport in GLUt5 into GLUT7 to analyze the transport ability of these 
chimeras. Eighteen different chimeras were generated and analyzed in NIH-3T3 cells as well 
as in oocytes (figure 20). For example, chimera G7-324,G5-440,G7-512-SM consists of the 
first 324 amino acids of GLUT7. Amino acids 325 to 440 of GLUT7 were replaced with the 
corresponding amino acids of GLUT5 and the amino acids from 441 to 512 remain GLUT7, 
but the amino acids that showed mild and strong effects in the first 324 amino acids in fructose 
uptake experiments were changed to the GLUT5 sequence. All changes are depicted in 
supplementary table 31. Numbering of amino acids is based on the GLUT7 sequence.  
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Figure 20: Illustration of GLUT7-GLUT5-GFP chimera 
Black dots are GLUT7 amino acids and grey dots are GLUT5 amino acids. Blue depicts amino acids 
with mild reduction (>30% to <80% of GLUT5-GFP) and red depicts amino acids are residues with 
pronounced reduction (<30% of GLUT5-GFP) of fructose uptake in GLUT5 background. Amino acid 
numbering is based on GLUT7. 
 

Fructose uptake was measured for all GLUT7-GLUT5-GFP chimeras in NIH-3T3 cells and 
oocytes. Uptake data of NIH-3T3 are depicted in figure 21. The GLUT7-GLUT5 chimera 
compromising the GLUT7 sequence at the N-terminus and the GLUT5 sequence from amino 
acid 220 (figure 21 D, G7-219,G5-507-control) did not transport fructose. After introduction of 
four amino acids in the N-terminal part, which showed moderate reduction previously (p.T47S, 
p.V174L, p.V176I, p.V180I), however, this chimera (figure 21 C, G7-219,G5-507-M) 
transported fructose comparable to GLUT5-GFP. None of the other chimeras showed elevated 
fructose uptake. The protein expression of the chimeras G7-219,G5-507-SM, G7-219,G5-507-
S and G7-219,G5-507-M was comparable. However, the corresponding control (G7-219,G5-
507-control) was poorly expressed in the membrane. The chimeras G7,G5F13F18-SM, 
G7,G5F13F18-S, G7-SM, G7-S and G7-M were expressed properly. Unfortunately, other 
GLUT7 chimeras containing variants found in the C-terminal part of GLUT5 did not 
appropriately translocate to the plasma membrane. Fluorescence images were taken from 
each cell line (Supplementary figure 58). The corresponding Western blots of total protein and 
membrane protein are shown in supplementary figure 59 and supplementary figure 60, 
respectively.  

G7,G5F13F18-SM G7,G5F13F18-S G7,G5F13F18-MM N O

G7-SM G7-S G7-MP Q R
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Figure 21: Fructose uptake of GLUT7-GLUT5-GFP chimeras in NIH-3T3 cells 
GFP control, GLUT5-GFP and GLUT7-GLUT5-GFP chimeric cells were incubated with 1 mM fructose 
(5 μCi/ml) for 1 min. Bars represent mean values of 6 or 4 wells as percentage of GLUT5-GFP after 
subtraction of GFP control values. Error bars indicate the standard deviation. 

 

Fructose uptake data of oocytes are shown in figure 22. Here, the chimera that showed 
comparable fructose uptake to GLUT5-GFP in NIH-3T3 cells (G7-219,G5-507-M), showed no 
fructose uptake. In contrast, chimera G7-219,G5-507-SM, which exhibited the amino acids that 
showed no and intermediate fructose uptake in GLUT5, showed fructose uptake comparable 
to GLUT5-GFP. None of the other chimeras showed elevated fructose uptake in oocytes. The 
protein expression of chimeras G7-219,G5-507-SM and G7-219,G5-507-S was comparable. 
The chimera G7-219,G5-507-M showed reduced expression in the membrane, whereas the 
control chimeras of these (G7-219,G5-507-control) showed almost no expression. The 
chimeras G7-219,G5-440,G7-512-M and G7-219,G5-440,G7-512-control showed a weak 
expression. The chimeras G7,G5F13F18-S showed normal expression in the membrane, 
whereas the expression was reduced for G7-SM. The chimeras G7,G5F13F18-SM and G7-S 
showed poorly expression in the membrane. Unfortunately, all other constructs showed no 
expression of the chimeric protein in the membrane. Fluorescence images were taken from 
one represented oocyte each (supplementary figure 61). The corresponding Western blots are 
shown in supplementary figure 62.  
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Figure 22: Fructose uptake of GLUT7-GLUT5-GFP chimeras in oocytes 
NI control, GLUT5-GFP and GLUT7-GLUT5-GFP chimeric oocytes were incubated with 1 mM fructose 
(5 μCi/ml) for 10 min. Bars represent mean values of 9-10 oocytes as percentage of GLUT5-GFP after 
subtraction of NI control values. Error bars indicate the standard deviation.  
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12 Discussion 

12.1 Variants in the GLUT5-GLUT7 locus do not explain the pathology of fructose 
malabsorption 

At the beginning of this work, we considered GLUT5 and GLUT7 as plausible candidate genes 
for the pathology of fructose malabsorption, since fructose transport for both transporters has 
been described [36, [5]). While sequencing the GLUT5-GLUT7 locus, studies in our own 
laboratory confirmed fructose transport by GLUT5 not for GLUT7 [9]. Thus, GLUT7 became 
unlikely as candidate gene for fructose malabsorption. Additionally, we did not find an 
association between GLUT7 coding variants and fructose malabsorption when comparing 45 
patients, 43 controls and at least 75 blood donors. Besides the coding regions, we sequenced 
the non-coding regions, and the results also did not show a correlation between non-coding 
variants of GLUT7 and fructose malabsorption. Even the two GLUT7 related tagging variants 
(rs17389948, rs11121289) did not show an association to fructose malabsorption. GLUT7 
expression was described to be high in small intestine and colon and low in testes and prostate 
[5]. Our own preliminary data described in this thesis show a similar trend for the small 
intestine: expression was measurable in duodenum, jejunum and ileum, but not detectable in 
colon. The small sample size does not allow an unambiguous statement. However, data from 
the GTEx Portal [19] show a very low GLUT7 expression in the small intestine and in the testes 
and no expression in other tissues analyzed. Expression levels, however, are 200- to 70-fold 
lower compared to GLUT5. Together with the sequencing data of this thesis and the functional 
analyses [9], GLUT7 is unlikely to be involved in the pathology of fructose malabsorption. 

Expression of GLUT5 was described to be abundant in the small intestine, especially in the 
upper jejunum and ileum, and in the testes [32, 36]. GTEx data are in line with these data and 
show a high abundance of GLUT5 in the small intestine, the testes and additional lower 
abundance in skeletal muscle. Our own preliminary data concerning the expression in the 
gastrointestinal tract show also an expression of GLUT5 in duodenum, jejunum, ileum and 
colon. However, sequencing the coding regions of this gene did not demonstrate an 
association between GLUT5 coding variants and fructose malabsorption. Additionally, the two 
variants found, p.T14M and p.R183Q, did not show a significant decrease in fructose uptake 
when analyzed in Xenopus laevis oocytes [122], 123]. As non-coding variants in GLUT5 were 
found in patients and controls without overrepresentation in one group, it is rather unlikely that 
they will have functional impact on fructose malabsorption. By melting curve assay, seven 
tagging variants (rs1974063, rs1877126, rs11121319, rs1751681, rs74973473, rs765617, 
rs12086124, rs770032) related to GLUT5 were additionally analyzed. These results also did 
not show an association between variants in the GLUT5 locus and fructose malabsorption. 
During the work on this thesis, a study was published that showed no difference in the 
expression of GLUT5 or GLUT2 in patients with fructose malabsorption compared to controls 
[124]. Wilder-Smith and co-workers analyzed the expression of GLUT5 and GLUT2 protein as 
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well as mRNA levels in small intestinal biopsies of 11 patients and 16 controls. These data 
support our opinion that variants in the promotor region of GLUT5 are unlikely to cause fructose 
malabsorption. However, the study was performed with 8 h fasted subjects and a possible 
defect in the upregulation of the expression of GLUT5 after a fructose load cannot be seen in 
this setting and thereby not be excluded. 

In summary, our investigation did not reveal an association between variants in the GLUT5- 
GLUT7 locus and fructose malabsorption. 

However, epigenetic modification such as DNA-methylation or glycosylation may influence the 
transport ability of GLUT5. It is known, that GLUT5 is phosphorylated at p.T199 [125], shows 
a methylation at p.K4 [126] and p.R120 [125] and also has an N-glycosylation site at p.N51 
[127]. 

Studies in our own laboratory showed that the exchange from N to Q at amino acid 51 of 
GLUT5 leads to the loss of glycosylation and subsequently to a reduction of fructose transport 
by 60 % [123] in NIH-3T3 cells. However, the other modifications were not analyzed thus far. 

 

12.2 Coding variants of GLUT6 are not associated with fructose malabsorption 

We detected 10 GLUT6 coding variants, four missense and six non-synonymous, with similar 
distribution in the different cohorts. In contrast to GLUT5 and GLUT7, non-coding regions of 
GLUT6 were not examined. An association between variants in these regions and fructose 
malabsorption cannot be excluded. However, the primary physiological substrate of GLUT6 
remains to be discovered. Although glucose might be transported by GLUT6 [40], fructose 
transport has not been investigated. 

 

12.3 KHK mutations do not explain fructose malabsorption either 

The enzyme ketohexokinase is involved in the upregulation of fructolytic and gluconeogenic 
enzymes after fructose load in mice and thus may enhance the ability to cope high dietary 
fructose concentrations [98]. A recent study [99] underlines the importance of ketohexokinase 
as it converts fructose to glucose in the enterocytes (figure 23). Khk-/-mice displayed higher 
fructose amounts entering the portal blood system. Thus, reduced KHK level or impaired 
enzyme activity might theoretically lower fructose absorption by intracellular fructose 
accumulation, which in turn might reduce the concentration gradient between the intestinal 
lumen and the enterocyte, which represents driving force for GLUT5 transport. We sequenced 
the KHK coding and adjacent intronic regions. We found two coding variants, which occurred 
both in patients only: p.R108C (isoform 1) and p.V264I. However, both variants alone cannot 
explain the pathology of fructose malabsorption. The other variant found, p.V49I, was 
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described as common polymorphism previously [128]. By sequencing the adjacent intronic 
regions of KHK, we found 7 variants that occurred in patients only (c.-245G>A, c.-79C>A, 
c.92+76A>T, c.93-148C>T, c.209+166G>A, c.344+47A>C (-001) and c.565-2A>G). One of 
these variant, c.565-2A>G, is located at the splice acceptor site. The position -2 is highly 
conserved in eukaryotes and the variant might lead to alternative splicing of KHK as predicted 
disease causing by MutationTaster [129]. We did not examine non-coding regions of KHK. 
Thus, a pathogenic role of these regions cannot be excluded, since genetic alterations leading 
to altered KHK expression might impair fructose absorption. This has to be elucidated in the 
future, by measuring KHK expression in patients and control, as done for GLUT2 and GLUT5 
by Wilder-Smith and co-workers [124]. 

 

 

Figure 23: Illustration of the conversion of fructose to glucose and organic acids by 
ketohexokinase (Khk) in an enterocyte at low dose fructose levels (according to 
[99]) 

Ingested fructose is taken up by Glut5 (G5). At low dose, fructose is almost completely phosphorylated 
by ketohexokinase (Khk) to fructose-1-phosphate (F1P) and further metabolized to glycerate and 
glucose. Both metabolites are transferred to the portal blood. Glucose is transported by Glut2 (G2). At 
high doses of fructose, Khk is saturated. Thus, fructose enters the portal blood and is further metabolized 
in the liver. Since the concentration gradient of fructose is the driving force of Glut5, and Khk capacity 
is overloaded with conversion at high dose, fructose might reach distal parts of the intestine and 
metabolized by gut microbiota. 
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12.4 SGLT4 is also not involved in fructose malabsorption 

Besides the involvement of a “GLUT5 pathway” in the pathology of fructose malabsorption, 
other mechanisms are conceivable. The sodium dependent transporter SGLT4 (SLC5A9) is 
known to transport glucose and fructose [8]. Although fructose uptake was not directly 
measured, inhibition of glucose transport by fructose was demonstrated. It is also interesting, 
that expression of SGLT4 in our experiments was high in duodenum, jejunum, ileum and colon. 
GTEx data demonstrate also a high expression of SGLT4 mRNA in the region from the small 
intestine to the terminal ileum, with even higher levels than reported for GLUT5 [19]. However, 
expression of SGLT4 in the apical membrane has not been specified yet and the involvement 
in intestinal fructose absorption remains to be elucidated. Additionally, by Sanger sequencing 
of SGLT4 coding regions, we failed to detect variants associated with fructose malabsorption. 
However, non-coding regions were not analyzed in our study. 

Analysis of other fructose transporters by Sanger sequencing or investigation of selected 
patients by next generation sequencing might be the key to ascertain the genetic basis of 
fructose malabsorption in the future. 

 

12.5 What do we know about the expression of these genes in the intestinal tract? 

In the present study, we analyzed the expression of all GLUTs and also of KHK, SGLT1 and 
SGLT4 in different tissues and cell lines. The most interesting candidates for fructose 
malabsorption were GLUT2, GLUT5, KHK and SGLT4. Therefore, these genes will be 
described here in more detail. It has to be stated, that the expression data presented in this 
thesis are preliminary and thus just give an idea about the pattern of expression. However, 
together with data from the Human Protein Atlas [130] and the GTEx Portal [19], we can 
interpret our data in the context. 

Our expression data show that GLUT2 is expressed in duodenum, jejunum and ileum in a 
comparable amount. We could not detect GLUT2 mRNA in the esophagus, stomach or colon. 
These data are in line with the data from the GTEx Portal as the part from the small intestine 
to the terminal ileum expresses the highest amounts of GLUT2 mRNA in the gastrointestinal 
tracts and with the data from the Human Protein Atlas, as just the small intestine expresses 
GLUT2 mRNA. An expression in esophagus, stomach and colon was also not detectable in 
both studies. Since GLUT2 is important in carbohydrate metabolism by exporting 
monosaccharides out of the enterocyte, it is plausible that the expression is highest in the small 
intestine. The main amount of carbohydrates is absorbed in this part of the intestine. Besides 
the intestinal tract, GLUT2 is also expressed in the liver. However, we did not analyze tissue 
outside the gastrointestinal tract and thus cannot confirm these data. Besides tissue, we also 
examined cell lines of the intestinal origin, namely CaCo2 and HT-29, both descend from 
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colonic cancer tissue. As the colon itself does not express GLUT2, it is mentionable that both 
cell lines express GLUT2. CaCo2 cells were also analyzed by the Human Protein Atlas which 
also describes GLUT2 expression. Most probably, the carcinogenesis is the reason for the 
unexpected expression of GLUT2 in this cell line [131]. Together with the data from the Human 
Protein Atlas and the GTEx Portal, we can state that GLUT2 is indeed just expressed in the 
small intestine. 

As major intestinal fructose transporter, GLUT5 was mainly expressed in the gastrointestinal 
tract as also reported by GTEx Portal and the Human Protein Atlas. Besides the 
gastrointestinal tract, GLUT5 mRNA is present in high amounts in the testes and in low 
amounts ubiquitously. Our data also show intestinal GLUT5 mRNA expression with 
descending expression from the duodenum to the colon. GLUT5 mRNA was undetectable in 
esophagus and stomach. 

Fructose that is taken up into enterocytes by GLUT5 is phosphorylated to fructose-1-phospate 
by ketohexokinase. Recently, it has been shown that Khk is involved in the conversion of 
fructose to glucose and organic acids [99]. By this mechanism, the driving force for GLUT5, 
namely the concentration gradient over the apical membrane of the enterocyte, declines. Thus, 
expression and abundance of KHK might represent important factors for intestinal fructose 
absorption. We detected a comparable KHK mRNA expression in duodenum, jejunum and 
ileum and in smaller amounts in esophagus, stomach and colon. CaCo2 and HT-29 express 
comparable amounts of KHK mRNA. Data from GTEx Portal and the Human Protein Atlas also 
show a high KHK expression in the small intestine as well as in the liver and kidney, but a quiet 
low expression in esophagus, stomach and colon. As KHK is of critical importance in the 
intestinal metabolism of fructose, it is logical, that the enzyme is expressed in the regions 
where the fructose is absorbed. 

Since SGLT4 might act as a fructose transporter [8], we investigated its expression pattern. 
GTEx Portal and the Human Protein Atlas data report the highest SGLT4 mRNA expression 
in the small intestine. Our qPCR analyses showed SGLT4 expression in the small intestine, 
but not in esophagus and stomach. 

In summary, the main proven or putative fructose transporters and ketohexokinase are 
expressed in the small intestine. However, our sample size was too low, for some tissues such 
as esophagus, ileum and colon, in which only one sample was analyzed. Moreover, we did not 
correct for primer efficiency and thus cannot compare the expression of different genes among 
each other. 
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12.6 Critical amino acids for the fructose transport capacity of GLUT5 

How GLUT transporters recognize their substrates and which regions and amino acids are 
important for the transport is still poorly understood. So far, a variety of chimeric transporters 
were generated to address these issues. Two research groups investigated GLUT5 by 
generating chimeras composed of Glut1 (rabbit) and Glut5 (rat) [100] or by creating human 
GLUT5-GLUT3 chimeras [101]. Both studies analyzed quiet huge fragments and did not 
analyze small fragments or even single amino acid changes. We investigated the entire GLUT5 
molecule by generating 26 different chimeras, in which the GLUT5 sequence was replaced by 
the corresponding GLUT7 sequence [131]. Some of the fragments had up to 24 amino acid 
changes. After analyzing the fructose transport of these chimeras, we split fragments with 
reduced transport into smaller sub-fragments and ended up in generating chimeras with single 
amino acid changes. Our results indicate that the amino acids involved in fructose transport 
are located within the first extracellular loop, the 5th, 7th, 8th, 9th and 10th transmembrane 
domains and the regions between the 9th and 10th and the 10th and 11th transmembrane 
domains. A schematic representation of these findings is given in chapter 11.2 (figure 12). 
Substitution of 24 different amino acids led to altered fructose transport capacity of GLUT5. 
Twelve changes led to a moderate decrease of fructose uptake (depicted in blue, >30 % to 
<80 % of GLUT5-GFP fructose uptake) and twelve other amino acid substitutions led to a 
pronounced reduction (depicted in red, <30 % of GLUT5-GFP fructose uptake). Furthermore, 
chimeras of two fragments (F13 and F18, presented in yellow), diminished fructose uptake as 
a whole, but when split to smaller fragments uptake was normal. We do not have an obvious 
explanation for these findings. Probably, the combination of several exchanged amino acids 
resulted in a conformational change, which did not happen if fewer residues were substituted. 
Also fragment 25 showed reduced fructose transport. However, uptake was normal by 
mutating the entire C-terminus (G5-428-G7-506 corresponding to fragment 22-26). It is 
conceivable that the additional 5 amino acids are mandatory for the right folding and thus lack 
of these residues reduces fructose uptake. The generated chimeric proteins were analyzed 
with regard to protein abundance and localization by fluorescence microscopy and Western 
blot analyses. All proteins were expressed in the plasma membrane, except F9. When this 
fragment was dissected to smaller sub-fragments, however, expression was unaltered. This 
may be explained by the same mechanism as observed for F13 and F18. As mentioned before, 
other research groups investigated chimeric GLUT5 proteins. Inukai and colleagues [100] 
generated chimeras which consists of Glut1 (rabbit) and Glut5 (rat). They postulated, that the 
N-terminus to the 6th transmembrane domains and the intracellular C-terminus are important 
for fructose transport (figure 24). This is partially in line with our findings. The N-terminus to 
the 6th transmembrane domain analyzed by Inukai exhibits seven amino acids that we claim to 
be involved in fructose transport. However, the intracellular C-terminus was unimportant for 
fructose transport in our experiments. Inukai stated the region from the 3rd intracellular loop to 
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the region including the 12th transmembrane domains as unimportant. In contrast, we found in 
this region the majority of amino acids affecting transport. Additionally, GLUT2-GLUT3 
chimeras demonstrated that the region between the 7th and 8th transmembrane domain of 
GLUT2 is essential for fructose transport [102]. This supports our findings, as seven amino 
acids were found in this region. The discrepancy might be explained by the different sequence 
and substrate specificity of the investigated GLUT proteins. Moreover, the Glut1 and Glut5 
chimeras were based on rabbit and rat sequence, whereas our chimeras were designed on 
the human sequence. 

 

 

Figure 24: Schematic representation of GLUT5 with the amino acids critical for fructose 
transport in comparison to the findings of Inukai and co-workers [100] 

Green and white dots illustrate amino acids which do not influence fructose transport of GLUT5. Blue 
dots depict amino acids with moderate reduction and red dots amino acids with pronounced reduction 
in fructose uptake. Displayed in yellow are fragments which could not finally analyzed. Grey clouds show 
regions important for fructose uptake when generating chimeras consisting of Glut1 (rabbit) and Glut5 
(rat). 
 

Buchs and co-workers [101] generated GLUT5-GLUT3 chimeras and postulated that the N-
terminus to the 1st intracellular loop and the sequence including the 3rd extracellular loop until 
the 11th transmembrane domain are important. The majority of amino acids that we designate 
to be involved in fructose transport are within these regions (figure 25). However, the amino 
acids in the 5th transmembrane domain (p.Q167, p.L168, p.I170, p.T171 and p.I174), which 
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were essential for transport are not located in the domains claimed by Buchs and colleagues. 
This disparity might be explained by the matter that Buchs et al. generated very large 
fragments, whereas we analyzed smaller fragments and even single amino acid residues. 
Furthermore, GLUT3 is a glucose transporter which may have other structural features 
compared to orphan transporter GLUT7. 

 

 

Figure 25: Schematic representation of GLUT5 with relevant amino acids for fructose transport 
in comparison to the findings of Buchs et al. [101] 

Green and white dots are amino acids that do not influence GLUT5 the fructose transport. Blue dots 
depict amino acids with moderate reduction and red dots indicate amino acids with pronounced 
reduction of fructose uptake. Shown in yellow are fragments which cannot be finally interpreted. Grey 
clouds show regions which were important for fructose uptake when generating GLUT5-GLUT3 
chimeras. 
 
One specific amino acid change, p.Q167E, which resulted in complete loss of fructose uptake, 
was further investigated by efflux experiments. Molecular dynamics studies of the variant 
indicated that the large intracellular loop between transmembrane domain 6 and 7 moves 
towards the pore and acts as a lid. This was supported by our influx and efflux experiments. 
The crystal structure of rat (open outward-facing) and bovine (open inward-facing) Glut5 was 
recently described [37]. Using a tryptophan quenching assay, this study reported also a 
reduced fructose binding of p.Q167E (p.Q166E in bovine and rat). Moreover, the authors 
observed glucose binding of the mutant in this assay. We could not replicate glucose transport 
by p.Q167E, however [9]. This discrepancy might be explained by the fact that Nomura et al. 
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[37] measured binding only, whereas we measured the actual glucose transport. As the variant 
most probably blocks the pore by movement of the large intracellular loop, it is possible that 
glucose indeed binds more effectively to GLUT5, but the ligand cannot pass through the pore. 

Nomura et al. also suggested other amino acids to be important in fructose binding, namely 
p.Y31 (p.Y32 in human GLUT5), p.I169 (p.I170), p.I173 (p.I174), p.Q287 (p.Q288), p.Q288 
(p.Q289), p.H386 (p.H387), p.S391 (p.S392) and p.H418 (p.H419), which are all located in the 
central cavity. We also analyzed two of these variants, p.I170 and p.I174 and both showed a 
reduced fructose uptake in our experiments supporting the findings of Nomura and colleagues. 
However, all other variants with reduced fructose binding reported by this group were not 
analyzed in our study because GLUT5 and GLUT7 are identical at these positions. Taken 
together, the three amino acids, p.Q167, p.I170 and p.I174, are critical for fructose binding and 
transport as reported by Nomura and co-workers. Furthermore, the amino acids identified by 
us to be important for transport are close to the amino acids analyzed by Nomura and co-
workers: p.Y31 (Nomura) is nearby p.V36, p.Q287 and p.Q288 (Nomura) close to p.V293, 
p.H386 (Nomura) nearby p.V384, p.S391 (Nomura) and p.A388 as well as p.H418 (Nomura) 
and p.G415 in our investigation. 

Based on the crystal structure of bovine Glut5, we also looked at the dynamics of the variant 
p.I174V. This variant leads to a more stable conformation and thus reduces fructose uptake to 
a small extend. This underlines, that the actual uptake experiment and the calculated deviation 
are comparable. The uptake of p.Q167E was dramatically reduced which was also shown by 
the dramatic change in the conformation of the protein due to amino acid substitution. 

The other amino acid changes that led to a mild reduction in fructose uptake (p.S41T, p.L168V, 
p.I170V, p.V293I, p.A323V, p.C331T, p.A362V, p.A364L, p.T368R, p.A388S and p.L398V) 
were also analyzed by molecular dynamics analyses and showed conformational changes in 
different regions of the protein (especially in loops 4-5, 6-7 and 10-11). Bends or shift of specific 
loops and helices were apparent, without the need of structural or sequential proximity of the 
mutation, indicating allosteric effects. This was most striking for p.T368R, which is located in 
the 5th extracellular loop but influences the dynamics of the helices 4 and 5. 

As proof of concept, we generated GLUT7-GLUT5 chimeras and analyzed the fructose uptake 
in NIH-3T3 cells and Xenopus laevis oocytes. Due to the missing translocation of most of these 
chimeras, uptake of fructose was low or undetectable. However, the GLUT7-GLUT5 chimeras 
G7-219,G5-507-SM, G7-219,G5-507-S and G7-219,G5-507-M showed comparable 
expression in NIH-3T3 cells. The corresponding control (G7-219,G5-507-control) was poorly 
expressed in the membrane. Additionally, the chimeras G7,G5F13F18-SM, G7,G5F13F18-S, 
G7-SM, G7-S and G7-M were expressed properly. However, chimeras G7,G5F13F18-M, G7-
219,G5-440,G7-512-M, G7-219,G5-440,G7-512-control, G7-324,G5-440,G7-512,G5F13-SM, 
G7-324,G5-440,G7-512,G5F13-S, G7-324,G5-440,G7-512,G5F13-M, G7-324,G5-440,G7-
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512-SM, G7-324,G5-440,G7-512-S and G7-324,G5-440,G7-512-M were all poorly or even not 
expressed in the membrane. 

Therefore, we were able to measure transport only in chimeras consisting of the N-terminus of 
GLUT7 and from amino acid 220 of the C-terminus of GLUT5. The only chimeric protein that 
transported fructose was the G7-219,G5-507-M, a protein consisting of 219 amino acids 
GLUT7 (C-terminal) and the remaining amino acids of GLUT5 with the mild reducing amino 
acids introduced. Interestingly, the chimeric proteins G7-SM, G7-S and G7-M, which show a 
proper expression in the membrane, did  not transport fructose, although it was expected. One 
might speculate that the transport is not only depending on these 24 amino acids but also on 
the complex structure of the protein as it is observed for F13 and F18. 

We analyzed the same GLUT7-GLUT5 chimeras in Xenopus laevis oocytes. Most of the 
chimeras were not translocated to the membrane making the determination of the actual 
fructose transport rate impossible. However, two chimeras, G7-219,G5-507-SM and G7-
219,G5-507-S, were appropriately expressed in the membrane. G7-219,G5-507-M showed 
reduced membrane expression, whereas its control chimera (G7-219,G5-507-control) showed 
almost no expression. The chimeras G7-219,G5-440,G7-512-M and 
G7-219,G5-440,G7-512-control, G7-324,G5-440,G7-512-SM, G7-324,G5-440,G7-
512,G5F13-SM, G7-324,G5-440,G7-512-S, G7-324,G5-440,G7-512,G5F13-S, G7-324,G5-
440,G7-512-M, G7-324,G5-440,G7-512,G5F13-M, G7-M and G7,G5F13F18-M were not or 
only weakly expressed. G7,G5F13F18-S showed normal expression in the membrane, 
whereas the expression was reduced for G7-SM. The chimeras G7,G5F13F18-SM and G7-S 
showed poorly expression in the membrane. Thus, only the chimeric proteins G7-219,G5-507-
SM and G7-219,G5-507-S, which compromise of the N-terminus of GLUT7 and from amino 
acid 220 to the C-terminus GLUT5 with all important amino acids, and the chimeric protein 
G7,G5F13F18-S, which consisted of a GLUT7 backbone and the strongly transport reducing 
amino acids and the fragments 13 and 18, could be properly analyzed regarding the fructose 
uptake. Interestingly, only chimera G7-219,G5-507-SM transported fructose. In contrast to 
NIH-3T3 cells, here the protein which was able to transport fructose in oocytes contained the 
mild and strongly reducing amino acids. As G7-219,G5-507-M, the one that transported 
fructose in NIH-3T3 cells, was not properly expressed in the membrane in oocytes, we cannot 
explain the discrepancies observed between the two systems. However, the fact that G7-
219,G5-507-SM transported fructose in this model underlines that the membrane composition 
can influence the transport rate of a protein. Even if these chimeric proteins are expressed in 
a human cell line, the results can completely differ, as the species differs in both systems used. 
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Figure 26: QIAamp DNA Mini Kit protocol 
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Table 13: PCR primer name, sequence and PCR conditions, GLUT5 locus 
Name Sequence PCR conditions 
G5-PP30FA 5´-AGGGAGCAGCCAGTGCGGAG-3´ AmpliTaq 64°C G5-PP30R 5´-CTCCAGGTCTTCTTGGCTGG-3´ 
G5-PP29F 5´-CTGCCTGAGACAGGACCTTG-3´ AmpliTaq 60°C G5-PP29RA 5´-GCAACTGGTTCCTCTGTTGAGC-3´ 
G5-PP28FA 5´-CCACCCAGTGGACCTTGATG-3´ AmpliTaq 60°C G5-PP28RA 5´-ACCAAGACCCTGGAGGTAGC-3´ 
G5-PP27F 5´-GTATTCAGCTGAGGTAAGTGGC-3´ AmpliTaq 60°C G5-PP27RA 5´-GGTCACCACCATTCACAGTGATC-3´ 
G5-PP26F 5´-GGCTCAGAAAATACCTGCTCCG-3´ AmpliTaq 60°C G5-PP26RA 5´-AAGAGGCAGAAAGCGGCTGG-3´ 
G5-PP25F 5´-CTTCTTTCTCCTCTGTTAGTGTGG-3´ AmpliTaq 60°C G5-PP25RA 5´-AACCTCAGGGTGGTCGCGTC-3´ 
G5-PP24F 5´-GACTTGCAGATCTGCACTGGC-3´ AmpliTaq 64°C G5-PP24R 5´-AAACCTAAGGTCAGTGCCTGAG-3´ 
G5-PP24FA 5´-TGGAGCTGGCTGCCTTGCTG-3´ AmpliTaq 64°C G5-PP24RA 5´-CTCCCCAAATTGCTCCTA-3´ 
G5-PP23F 5´-CCAGAGCATTTGGGGATCGAG-3´ AmpliTaq 64°C G5-PP23RA 5´-CTCTTTCCAGAGCCTCGTCG-3´ 
G5-PP22F 5´-GCAGGACAAGAATCTCCTGGG-3´ AmpliTaq 60°C G5-PP22RA 5´-AGATAAACCCCTCTCTGACCAG-3´ 
G5-PP21F 5´-GCTGAGTTAGGTCAGAGAGCC-3´ AmpliTaq 64°C G5-PP21RA 5´-CACTCACCCGGTTGACTACC-3´ 
G5-PP20F 5´-GAGGCCAAGGAGACACACCTAC-3´ AmpliTaq 64°C G5-PP20RA 5´-GGAAGGGACCTTACCAGATCATC-3´ 
G5-PP19FA 5´-GCGGCTTATGTGCACTCCTC-3´ AmpliTaq 60°C G5-PP19R 5´-GGCACACCCTCCCGACAAGC-3´ 
G5-PP18F 5´-CAAGTCAGCCTCATTGTTCCC-3´ AmpliTaq 60°C G5-PP18R 5´-ACCTGACTGTCCTCCCCCAG-3´ 
G5-PP17F 5´-GGATTCCTAGTACCCATTCAGCC-3´ AmpliTaq 60°C G5-PP17RA 5´-CAGACATCTCAGTGGGATCTCC-3´ 
G5-PP16F 5´-TCCAGGGTTGCCACATCAGA-3´ AmpliTaq 64°C G5-PP16RA 5´-CCGAACCCTACACCCAGCTG-3´ 
G5-PP15F 5´-GCTTGACTGGCTGAAGTAGC-3´ AmpliTaq 64°C G5-PP15R 5´-CACCACCATCCTAAGTTCCACTTG-3´ 
G5-PP14FA 5´-CCCACTGCCTCTTGGGTTGC-3´ AmpliTaq 60°C G5-PP14R 5´-CATTAACAGGTACTGCCCAACAAG-3´ 
G5-PP13FA 5´-GCTGGAGAAAGAGCCCTTGAG-3´ AmpliTaq 60°C G5-PP13RA 5´-GAACCAGACCATCCTCCAGC-3´ 
G5-PP12F 5´-CGGGAGGAATCACTGATGCG-3´ AmpliTaq 60°C G5-PP12R 5´-GACCTAGGTTTCACGTAGGACC-3´ 
G5-PP11FA 5´-AGGAACTGTCATGGCACTGG-3´ AmpliTaq 60°C G5-PP11RA 5´-CTCATACGTGCTACATGAGC-3´ 
G5-PP10F 5´-GCAGTACCATACATGATCATCG-3´ AmpliTaq 60°C G5-PP10R 5´-CCGGGAAACAGCATGAGACC-3´ 
G5-PP9F 5´-CATGCCACTGTACCCAGCTC-3´ AmpliTaq 60°C G5-PP9RA 5´-AAATGTACCAGTTGAGTTGTGG-3´ 
G5-PP8FA 5´-CCAGCCTCAGAGAGCAAGGC-3´ AmpliTaq 60°C G5-PP8R 5´-ACCATGAATTCCAAAACCCTGAAG-3´ 
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G5-PP7F 5´-CCCAGAGAGACGTGAGTGGG-3´ MyTaq 56°C G5-PP7RA 5´-CCATGCCAAGCCTTACAAGTGG-3´ 
G5-PP6FB 5´-CAGGACCAACACTCCCATTGC-3´ MyTaq 56°C G5-PP6R 5´-GGAGTGAAAGGCCCAAAGACCC-3´ 
G5-PP5FA 5´-CATGACATTCTGCCAAGTGGCAC-3´ AmpliTaq 64°C G5-PP5R 5´-GGAGTCAGGTTGGCAGCACC-3´ 
G5-PP4F 5´-AGGGCTACACTTCCTGGGAC-3´ AmpliTaq 64°C G5-PP4R 5´-CAGTACATGCTTCTGTACTGTGAG-3´ 
G5-PP3F 5´-CTCTTTCCCCTCCAGCCAGC-3´ AmpliTaq 64°C G5-PP3RA 5´-GAGAAGGAGCAGTGGAAGGTC-3´ 
G5-PP2FA 5´-TACAGGCTACCACGCCTGGC-3´ OneTaq 60°C G5-PP2R 5´-GGAGACGGGTACAGGTGTGC-3´ 
G5-PP1FA 5´-GAAGCAGGTGTCATGCACTTGAC-3´ AmpliTaq 64°C G5-PP1RA 5´-AAGATGCTCTCCCTGCCAGG-3´ 
G5-P1FA 5´-CAGTATTACACGGTGACTTGGG-3´ AmpliTaq 60°C G5-P1R 5´-GCAGCTCAGCTATGTTACTTGCTG-3´ 
G5-PI1F 5´-TGTGGAAATCATTCTACTGG-3´ OneTaq 56°C + GC 

enhancer G5-PI1R 5´-GGGAGTGGATTCTGCCCTCT-3´ 
G5-PI1aFA 5´-CTGGTTTCTCCACCTCCGCG-3´ AmpliTaq 60°C G5-PI1aRA 5´-CCTTGGTGCACATCTGATAGATG-3´ 
G5-PI1bF 5´-CAGTGGTTGTGTGGCAGTGG-3´ OneTaq 56°C + GC 

enhancer G5-PI1bR 5´-CACAAACAGGTAGTGGGAGG-3´ 
G5-PI1cFA 5´-CCAGGCCCATTATCCCCATTC-3´ AmpliTaq 64°C G5-PI1cR 5´-AAAGGGAGGGGCTGAAGAGG-3´ 
G5-PI1dFA 5´-AGCATGAGGAATGTGGTTTCTGG-3´ MyTaq 60°C G5-PI1dRA 5´-CAGAAGGGAGACCAGGTTAC-3´ 
G5-PI1eFA 5´-ACAGGGTGAGAAGTGGTGTC-3´ OneTaq 56°C + GC 

enhancer G5-PI1eR 5´-TGCAGCTCTTGACCACTCCC-3´ 
G5-PI1fFA 5´-GCTCCACCAGCTGGGCTGTG-3´ AmpliTaq 60°C G5-PI1fR 5´-TCCCTCCCCTATAGCTGTTC-3´ 
G5-PI1gFA 5´-GCAGTCTACCCATCTCAACCTCCC-3´ MyTaq 64°C G5-PI1gR 5´-GTGAGGAGCCAGAAAGGGAG-3´ 
G5-PI1hFA 5´-CTCCTTGCAGGTGCTGCTCTTC-3´ OneTaq 56°C + GC 

enhancer G5-PI1hR 5´-GACATTCCTGCCACGTGGGGC-3´ 
G5-PI1iF 5´-CTCTCCAACAGCAGATTCAC-3´ AmpliTaq 60°C G5-P2RA 5´-CAGCCAGAAAGGGATGACTC-3´ 
G5-P23FA 5´-CCCAAGTGTCAAAAGTGCCATGG-3´ AmpliTaq 60°C G5-P2RA 5´-CAGCCAGAAAGGGATGACTC-3´ 
G5-P3FA 5´-GTCTGGATGGACACACAGTGG-3´ AmpliTaq 60°C G5-P23R 5´-GTAAGGATTTCAGTTGTAGGCCTG-3´ 
G5-PI3aF 5´-GCTTTGTCTCCTAGCTCATGCAAC-3´ AmpliTaq 64°C G5-PI3aRA 5´-GAGGATGTTAGATCCCAAAGCTGC-3´ 
G5-PI3bFA 5´-GCCTGTAACCCCCCTACTCGGG-3´ MyTaq 64°C G5-PI3bRA 5´-CTCAGAAGTGAAACATCCTGGG-3´ 
G5-PI3cFA 5´-CAGGCACTGTCCTGACTGTG-3´ AmpliTaq 60°C G5-PI3cR 5´-TTACCTAGAAAGCACCCGAG-3´ 
G5-PI3dFA 5´-TGTGGCTCACTGCAGACTCC-3´ AmpliTaq 60°C G5-PI3dRA 5´-GGTACCACCTGTCAGAAGAAC-3´ 
G5-PI3eFA 5´-GCCGTAAACATCCATGCACATG-3´ AmpliTaq 60°C G5-PI3eRA 5´-ATTCACAGTGGTCACAGACC-3´ 
G5-PI3fFA 5´-AGTCCAGTTGACGCTGTATG-3´ AmpliTaq 60°C G5-PI3fRA 5´-GCATGGTGAAACCTCGTCGTC-3´ 
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G5-PI3gFA 5´-CCAGCCCAGCACCATCTTTTTG-3´ AmpliTaq 60°C G5-PI3gR 5´-GTCTGCCAGGTCAAAGTGATTC-3´ 
G5-PI3hF 5´-GGCTTGTTCCTGACTTCAATGGG-3´ AmpliTaq 64°C G5-PI3hRA 5´-GTCCCTGGGAACCTGTTGTC-3´ 
G5-P4F 5´-TTTGCTCCCCACACTGAGCG-3´ AmpliTaq 60°C G5-P4R 5´-CTGCCATGTAAGACAGGTCTGC-3´ 
G5-PI4aF 5´-GACAACAGGTTCCCAGGGAC-3´ MyTaq 64°C G5-PI4aR 5´-CTCACCATCCTCCCTTTGGC-3´ 
G5-PI4bF 5´-CCAAACGCAGGGATAGGGAC-3´ OneTaq 56°C G5-PI4bRA 5´-CAAATCAGTGAACTGTGAGC-3´ 
G5-PI4cFA 5´-GAGAACACTGGCCATTAGGGG-3´ MyTaq 64°C G5-PI4cRA 5´-TTTGCAGAGCAAAGAGGGGC-3´ 
G5-PI4dFA 5´-TGGGAGGTCCTAGTGGAGTC-3´ MyTaq 64°C G5-PI4dR 5´-GGAGGTGAAATAGAAACACCATC-3´ 
G5-P5FA 5´-GTGAGTGGGTCTAGACTCAGG-3´ AmpliTaq 60°C G5-P5R 5´-CACTTGACTGACTTGCAGACGG-3´ 
G5-PI5F 5´-CATGCGGCAGGTGCACAGAC-3´ AmpliTaq 64°C G5-PI5R 5´-GGAAGGCAGCGAGCTGGCAC-3´ 
G5-P67F 5´-TGGAGCCTGCACCCCACTCA-3´ AmpliTaq 64°C G5-P67R 5´-GCCCATGAGGACGATGATGG-3´ 
G5-P67FA 5´-GCTGGGAAAGCTGTGCCCTC-3´ OneTaq 64°C + GC 

enhancer G5-P68RA 5´-CAGCGTTGACGCCCGACAGC-3´ 
G5-PI8F 5´-GGAGGAGCACGTGCAGTACG-3´ AmpliTaq 64°C G5-PI8RA 5´-TACAGGAGGGTGGCAGGGCT-3´ 
G5-P910FA 5´-TCCCGCATCACAGCCACAGC-3´ AmpliTaq 60°C G5-P9RA 5´-GTTCACCTGGAGCAGACAAGC-3´ 
G5-P10FA 5´-CAACTGGCCAGACATCTGGG-3´ AmpliTaq 60°C G5-P610RA 5´-CATGTGGGGCAGCACGTAGG-3´ 
G5-P1112FA 5´-GGATGGCCAATGCAGCCTGG-3´ AmpliTaq 60°C G5-P1112RA 5´-CAGTGTCTCCACAGGAACCTG-3´ 
G5-P122FA 5´-ACGTGGCTCCACCTTGATGG-3´ AmpliTaq 60°C G5-P122RA 5´-GTATCAGAGACTGGGTAAATTGC-3´ 
G5-P123FA 5´-GAGGAAGCTTCCAAATGTCCTC-3´ AmpliTaq 60°C G5-P123R 5´-CTGTGCTGTCTGTTGCCTGG-3´ 

 

 

Table 14: PCR primer name, sequence and PCR conditions, GLUT6 coding region 
Name Sequence PCR conditions 
G6-P1F 5´-GCAGTCACGCCTGCAAGAGC-3´ OneTaq 64°C G6-P1R 5´-CTCGGTGGCGACTAGGTCAG-3´ 
G6-P2FA 5´-GAACCAGAGCCTCCTCTTCC-3´ AmpliTaq 64°C G6-P2RA 5´-ACCCACTAGTGGCCTGGATG-3´ 
G6-P3FA 5´-CCCGTTTGGGCATCCCTAAC-3´ AmpliTaq 64°C G6-P3R 5´-CTCATTGCCCAGAAGGCATG-3´ 
G6-P4FA 5´-AGAGAGAGATCAGGCAGGCC-3´ AmpliTaq 64°C G6-P4R 5´-CCCAGGATCTGTTCTGGGAC-3´ 
G6-P56F 5´-CAGGGGCTGAGCAATCCCTG-3´ AmpliTaq 64°C G6-P56RA 5´-TGCTGTGGCATCCCTGACAC-3´ 
G6-P7FA 5´-CCTGGATTCTGTGCCAGCTG-3´ AmpliTaq 64°C G6-P7RA 5´-CTAGGGAGGCAGGTGCTCTG-3´ 
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G6-P89FA 5´-GCTCCGAGTGGACACACTGG-3´ AmpliTaq 64°C G6-P89RA 5´-CTCTGAGTTCAGGGGGTGTG-3´ 
G6-P10FA 5´-GGGTCCAAGAAGAACCTGCG-3´ AmpliTaq 64°C G6-P10R 5´-TGTCCCTGGATGCAGGGTTG-3´ 

 

 

Table 15: PCR primer name, sequence and PCR conditions, GLUT7 locus 
Name Sequence PCR conditions 
G7-PP1FA 5´-CAGATAAGCAGGGAGAGAGCG-3´ AmpliTaq 64°C G7-PP1R 5´-CTCAGACACCCGTGTTGCTG-3´ 
G7-PP2F 5´-GAAGAGTCTGAAGGAGCCCAC-3´ AmpliTaq 64°C G7-PP2RA 5´-CTGGCTCTGGAGCATGCAGC-3´ 
G7-PP3FA 5´-GTGAAAGCTGAGGCGAAATGACGC-3´ AmpliTaq 64°C G7-PP3RA 5´-GCTTATGAACATGTCGCCTGG-3´ 
G7-PP4F 5´-GTCAGGACACTTGGCAGGTG-3´ AmpliTaq 64°C G7-PP4R 5´-CACAGATGGCTCTGGTGACC-3´ 
G7-PP5FA 5´-GTAGTTGGCATCCTGACACTCTC-3´ AmpliTaq 64°C G7-PP5RA 5´-GTGGCGTGGTCATGGCTGAC-3´ 
G7-PP6FA 5´-GAGACCACATGCCTCTCACC-3´ AmpliTaq 64°C G7-PP6RA 5´-GTTCCTTTCTGTGTGTTCCTAGG-3´ 
G7-PP7F 5´-GATCACTTCTCTTAAAGGTCATG-3´ AmpliTaq 60°C G7-PP7R 5´-GACACACGTTGCCAGTGCAC-3´ 
G7-P1FA 5´-GCATCCTAGATCCAGGTCACAG-3´ AmpliTaq 60°C G7-P1R 5´-GCCTTCACCTCCCTCCACAG-3´ 
G7-P1F 5´-ACAGCCTCACTGGGTCTCTG-3´ MyTaq 56°C G7-P2RA 5´-CCCTGGTCTCCAGGGGTGAG-3´ 
G7-P2FA 5´-CCCCTCACTAGAAAGTGAGCTTC-3´ AmpliTaq 60°C G7-P2R 5´-GTGAGCATCCAGGGTACTAGG-3´ 
G7-P2FA 5´-CCCCTCACTAGAAAGTGAGCTTC-3´ OneTaq 56°C G7-P3RA 5´-CAAGGCACTAAGCTAAGCACCG-3´ 
G7-P3FA 5´-CAGCCTAGTTTCTCATTTCAACCC-3´ AmpliTaq 60°C G7-P3RA 5´-CAAGGCACTAAGCTAAGCACCG-3´ 
G7-P3F 5´-GGGAATCAGTGGGTTTAACTGTG-3´ AmpliTaq 60°C G7-PI3RA 5´-GACAAGCAGGCTGGTGTTCTCAGG-3´ 
G7-PI3F 5´-AGCCTCCCCTTATAGTCATCAGG-3´ AmpliTaq 64°C G7-PI3RC 5´-GAAGGCCCTCACCAGGAAACAG-3´ 
G7-PI3FC 5´-CCCCACTGACCCCAAGTCTTCC-3´ AmpliTaq 60°C G7-P45RA 5´-CTCATCTGACTCGATCCGTCAG-3´ 
G7-P45FA 5´-GCTGATCCCATCACACTGGG-3´ AmpliTaq 60°C G7-P45RA 5´-CTCATCTGACTCGATCCGTCAG-3´ 
G7-PI5FA 5´-GTTGGAGTCTTCCTAGCACAGATC-3´ AmpliTaq 60°C G7-PI5R 5´-CATCCTCTTATCCTCTTTCCCTCC-3´ 
G7-PI5FB 5´-TGGGACTGAGACAGGGGGAC-3´ AmpliTaq 60°C G7-PI5RB 5´-TCACGCTCCTATGTGTGAACC-3´ 
G7-P67FA 5´-AGGCCCTGCCCTACCATGGC-3´ AmpliTaq 60°C G7-P67R 5´-GTGGGTGGAACTGTGTGTTGC-3´ 
G7-PI7FA 5´-GCAGCTCCTCTCCATCATCG-3´ AmpliTaq 60°C G7-P8RA 5´-CCATGTCCCTTAAATGACCCCAGG-3´ 
G7-P8FA 5´-GTCATTCTTTGGGATCTGAGCTC-3´ AmpliTaq 60°C G7-P8RA 5´-CCATGTCCCTTAAATGACCCCAGG-3´ 
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G7-P8F 5´-GAGGTCGTATGGTCTGACTTCC-3´ AmpliTaq 60°C G7-PI8R 5´-CCATTCAGGATGGGAGCGAA-3´ 
G7-PI8F 5´-AACTAGGACCTGCTTCACCATC-3´ AmpliTaq 60°C G7-PI8RC 5´-CACCAGCTACTCCTAAACCTGC-3´ 
G7-PI8FC 5´-CAGATCCCATGAGGAGGGTGC-3´ AmpliTaq 60°C G7-P9RA 5´-TTCCAGGCAGGATGCATGCC-3´ 
G7-P9F 5´-CCACAAAAGGAAGTGGAGGCTC-3´ AmpliTaq 60°C G7-P9RA 5´-TTCCAGGCAGGATGCATGCC-3´ 
G7-P9F 5´-CCACAAAAGGAAGTGGAGGCTC-3´ AmpliTaq 64°C G7-PI9RA 5´-GGAGCAGTGCTGTGATCTTG-3´ 
G7-PI9FA 5´-CAAGGCCTGGCGACGAACAG-3´ AmpliTaq 60°C G7-P10R 5´-CACGGGGACCAAGGACGTCC-3´ 
G7-P10FA 5´-GTAGAGTCACTCAGAGGGCAG-3´ AmpliTaq 60°C G7-P10R 5´-CACGGGGACCAAGGACGTCC-3´ 
G7-P10F 5´-GTGCAGAGAATGGCACCTGG-3´ AmpliTaq 60°C G7-PI10R 5´-CAGCAGCCAATAGTCCTTAGG-3´ 
G7-PI10F 5´-GTTCCAAGCCGTTCTGCCCC-3´ AmpliTaq 60°C G7-P11RB 5´-GTGGACCCTTGGATGTGTCTG-3´ 
G7-P11FB 5´-TCACTCCTGCTGCTCCCACG-3´ AmpliTaq 60°C G7-P11RB 5´-GTGGACCCTTGGATGTGTCTG-3´ 
G7-P11FA 5´-CTGCAAACCTTCATGGAGCGTC-3´ OneTaq 60°C G7-P12RA 5´-TGCCGGCCCCTTCCTCCAGG-3´ 
G7-P12F 5´-GCACTGTTGCCTTTCTCTGCC-3´ AmpliTaq 60°C G7-P12RA 5´-TGCCGGCCCCTTCCTCCAGG-3´ 
G7-PD1F 5´-CACAGCCTCTCCTGCCAAGG-3´ OneTaq 60°C G7-PD1RA 5´-GGACTGGGAATGGTCTTACTCCC-3´ 
G7-PD2FA 5´-GGCCATCTCCATGGGGGGAAGC-3´ OneTaq 60°C G7-PD2RA 5´-GCCACTATTGTGGGCCGGAG-3´ 
G7-PD3FA 5´-GGTGCTGGAGGGCAGTGAAACTG-3´ OneTaq 60°C G7-PD3R 5´-CCCCCTTACTATCCTGTCCCC-3´ 
G7-PD4FA 5´-ACAGTTGCTGCACTCTGGAG-3´ OneTaq 60°C G7-PD4R 5´-GCTGTCCTTTCACCACTCAG-3´ 
G7-PD5FA 5´-CCCACACCTATACAGACAACTG-3´ OneTaq 60°C G7-PD5R 5´-GAGGCTCACCCCTGCAATCCC-3´ 
G7-PD6FA 5´-GGTGGTGGGCACCTATGATTC-3´ OneTaq 60°C G7-PD6R 5´-GGCAGGTTTTGAAGTCCCAGGCTC-3´ 
G7-PD7F 5´-GCTGAGGTGATAATTTCACGAACG-3´ MyTaq 56°C G7-PD7RA 5´-GCGGAGACTAGACTTCAGATCTCC-3´ 

 

 

Table 16: PCR primer name, sequence and PCR conditions, KHK coding regions 
Name Sequence PCR conditions 
KHK-P1FA 5´-GGGAGTCGGAGACGCAGGTG-3´ AmpliTaq 60°C KHK-P1RA 5´-GAAATTGGCTAACACGATGC-3´ 
KHK-P2F 5´-GACTGGGGTGAAAGGTGAGG-3´ AmpliTaq 60°C KHK-P2RA 5´-GGCCAGGATAAGGGACTTAAG-3´ 
KHK-P3FA 5´-TCCAGGCTCTGCACTCCTGC-3´ AmpliTaq 60°C KHK-P3RA 5´-CTTTGGTGTTGACCAAGGCC-3´ 
KHK-P4F 5´-GGGAAGTGTAGGCTTGGCGC-3´ AmpliTaq 60°C KHK-P4RA 5´-CAGAGGCAGAGTTGGAGGC-3´ 
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KHK-P5FA 5´-AAGGAAATCCTGAGAAGTCC-3´ AmpliTaq 60°C KHK-P5R 5´-ATCCCCCATCTTCAAACACC-3´ 
KHK-P68F 5´-CTGTGGGTTTTCAATCCATTG-3´ MyTaq 60°C KHK-P68RA 5´-GCCAGGGCAGAGCTGGTGGC-3´ 

 

 

Table 17: PCR primer name, sequence and PCR conditions, SGLT4 coding regions 
Name Sequence PCR conditions 
SGLT4-P1F 5’-TAGTGGCAGCAAGGAAGAGG-3´ AmpliTaq 60°C  SGLT4-P1R 5’-GAAGGAAGGGCCTTCAGGAA-3´ 
SGLT4-P2FA 5’-CTGTGGAACCAGCCTCAGGC-3´ AmpliTaq 60°C  SGLT4-P2RA 5’-GGTGTGGCCCTACATCTGGC-3´ 
SGLT4-P34FA 5’-GTATTTATGAATGCAGTGCC-3´ AmpliTaq 56°C  SGLT4-P34RA 5’-GCCTAGATTTTTGGAGTTAG-3´ 
SGLT4-P5FA 5’-TCCAGCAGACCAGCTACGTG-3´ AmpliTaq 60°C  SGLT4-P5RA 5’-CCAGGCAGAGACCACAACCC-3´ 
SGLT4-P68F 5’-AAAGGCAGTGGCCAGAGTTC-3´ AmpliTaq 64°C  SGLT4-P68R 5’-CTTGGAAGGCTGAGGATCCTG-3´ 
SGLT4-P9FA 5’-ACACATAATAAGCAGTTTAGGCTTTGTG-3´ AmpliTaq 56°C  SGLT4-P9R 5’-CATGGATGGGAAGAGGGAAG-3´ 
SGLT4-P10F 5’-GTGCTGGATGGGAGCCTCATCC-3´ AmpliTaq 64°C SGLT4-P10R 5’-CCTTCGCCAACCCTGGACCA-3´ 
SGLT4-P11FA 5’-TGAGATTCTGGCTGCCAACC-3´ AmpliTaq 56°C  SGLT4-P11R 5’-CCTGACCACAGCATCCAGCC-3´ 
SGLT4-P12FA 5’-CCTTTAAGTCAAGACGAAGTC-3´ AmpliTaq 56°C  SGLT4-P12RA 5’-GGGCTATGAATTCCCCATTG-3´ 
SGLT4-P13F 5’-CAAGCCTGGGGTAGAGCACC-3´ AmpliTaq 60°C  SGLT4-P13RA 5’-CCATCCAGTCACCAGCAGATCT-3´ 
SGLT4-P14FA 5’-AGAGTACCAGCTCAGCACCC-3´ AmpliTaq 64°C SGLT4-P14R 5’-CCCCAGCCTACTGACAGACAC-3´ 
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Table 18: Sequencing primer name and sequence, GLUT5 locus 
Name Sequence 
G5-SP30aF 5´-GGTGTGGCTTCAGGGTTGGC-3´ 
G5-SP30bF 5´-GAGGGCTGCAGGACTTGCTG-3´ 
G5-SP30cF 5´-TCCACTCAAGTCTGCCCTCG-3´ 
G5-SP29aF 5´-GGCAGAGTGGGATCAGTGTG-3´ 
G5-SP29dF 5´-CCATGGCGGGGAGGATGGGG-3´ 
G5-SP29bF 5´-CGTGTCGCTGGGACTACAGG-3´ 
G5-SP29bR 5´-AGAAACGGCTAGGCTGGGTG-3´ 
G5-SP29cF 5´-CCAAGCCAGGAGAATCTCAGG-3´ 
G5-SP28aF 5´-TGTGCACCTATCCTCTGTGTG-3´ 
G5-SP28bF 5´-CCCACTGTCTCTCCAGCTCC-3´ 
G5-PP28R 5´-GCCGATGGCTCCTGTGACTG-3´ 
G5-SP27aF 5´-GGTAAGTGGCGGCATGGAGC-3´ 
G5-SP27bR 5´-GAGACATACCCAGAGATTTGCTG-3´ 
G5-SP27dR 5´-CGCTCCCTTCTAGAAGCTCAAGTG-3´ 
G5-SP27cF 5´-GTGAGACAGACATCCCCTTAGG-3´ 
G5-SP26aF 5´-CTTTGATGCCACTGGCCACTG-3´ 
G5-SP26eF 5´-CATCCTAAAAGTCCAGGAGGGGG-3´ 
G5-SP26fF 5´-CGTGTGCCTGTAGTGCCAGC-3´ 
G5-SP26cF 5´-CACCACTGCACTCCAGCCTG-3´ 
G5-SP26bR 5´-GGATCGCTTGAGCCTGGGAG-3´ 
G5-SP26gF 5´-GCTCCCTGAGAAGCTGGGACC-3´ 
G5-PP26R 5´-TGCATGGGAGAGGGACGCTG-3´ 
G5-PP26RA 5´-AAGAGGCAGAAAGCGGCTGG-3´ 
G5-SP25aF 5´-GCCTGCATCCCTGAGTCACC-3´ 
G5-SP25bF 5´-CCTGATGTGTTGTGCAGGGTG-3´ 
G5-SP25cF 5´-TCCAGGGCTGAGCTGCTGAC-3´ 
G5-PP25RA 5´-AACCTCAGGGTGGTCGCGTC-3´ 
G5-SP24aF 5´-CAACACAAACTGCATTGAATAGCC-3´ 
G5-SP24bF 5´-CTGACCTCCTGCTTCTGCCT-3´ 
G5-SP24cF 5´-CTTACCCTGTGCCAGGCCAG-3´ 
G5-PP25RA 5´-AACCTCAGGGTGGTCGCGTC-3´ 
G5-SP23aF 5´-TGTGCTGAGTCAGTTCCTGG-3´ 
G5-SP23dF 5´-GGCTAACAAGAAGGGGATCTACC-3´ 
G5-SP23cF 5´-CCATGTTGGCCAGGCTGGTC-3´ 
G5-SP23bR 5´-GTTCACGCCTGTAATCCCAGC-3´ 
G5-SP23eR 5´-CTTGCTAATCCCAAGAAGGCTG-3´ 
G5-SP22aF 5´-TTGATGAAGGCAGCCGTGTG-3´ 
G5-SP22bF 5´-CCAGGCTGGTCTTGAACTCC-3´ 
G5-SP22cF 5´-GAGAGGGGCCTGAATTCTGC-3´ 
G5-SP21aF 5´-GTGGGTGAGCTTATTGTAGGTTCAG-3´ 
G5-SP21bF 5´-CAGATGGCCATGATCCTGTTGG-3´ 
G5-SP21cF 5´-GTGGGTAATCCTCCTGCTCC-3´ 
G5-SP21dF 5´-GGAGGAACTAAGCCAATGGTGG-3´ 
G5-SP20eR 5´-CCAGTCTGACCAACATGGAG-3´ 
G5-SP20aF 5´-CCTCTTGTTGCCCAGACTGG-3´ 
G5-SP20dF 5´-TGTTGCCCAGACTGGAGGGC-3´ 
G5-SP20bF 5´-GAATGCTCCGTTCGCTTCAGG-3´ 
G5-SP20cF 5´-GTGTAAGCTGAGGAAGACAGCG-3´ 
G5-SP19aF 5´-GGAAGTTGGTCCTGTGGAGATG-3´ 
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G5-SP19bF 5´-AGGGTCTGAGCATTAGAGGCT-3´ 
G5-SP19cF 5´-TTTGGAAGGTGTCCTCTGGCT-3´ 
G5-SP18aF 5´-CCGATTGATGTACGTTGCAATGG-3´ 
G5-SP18bF 5´-TTATGTGAGTGGAAGTAAGGTGG-3´ 
G5-SP18cF 5´-GATGAAAAGGTCTTAGCGGATTTGG-3´ 
G5-SP17aF 5´-CAATATTTTAGGGAATGGCTGC-3´ 
G5-SP17eF 5´-TTTTAGGGAATGGCTGCAAAGGAG-3´ 
G5-SP17dF 5´-CAGAGAAGTTGCTAGTGTTGGGAG-3´ 
G5-SP17bF 5´-GATTATTGTGGGAAGAATGGGTGG-3´ 
G5-SP17cF 5´-CTGAAATGAGCAGTATAGTGGCAG-3´ 
G5-SP16aF 5´-ACAGACTCCCAGAGAGGTGG-3´ 
G5-SP16bF 5´-CATGCCCACAAGGAGACAGG-3´ 
G5-PP15RA 5´-CTGCCAGTCTTCCTCTCTGG-3´ 
G5-SP15aF 5´-CCACCACCAGGGGTGGTTGG-3´ 
G5-SP15bF 5´-GCACTGGGGCCAGGCTGTGT-3´ 
G5-SP15dF 5´-GAGTCTCACAGTCCCCTTCAG-3´ 
G5-PP14F 5´-TCTGCCGCCAACACCCATCC-3´ 
G5-SP14aR 5´-TTGGTGGGCAGTGGACTAGG-3´ 
G5-SP14bF 5´-GGTGATGCTCCTGCTCTGTC-3´ 
G5-SP14cR 5´-CTTCCCTCCCAGGTCCTCTG-3´ 
G5-SP13aF 5´-GAAGATTGAACTCCCTGTCCCAC-3´ 
G5-SP13bF 5´-CCTCCCGACACAACCATCTG-3´ 
G5-SP13cF 5´-GTGTTTGATTGATGTCTCATGCCTCC-3´ 
G5-SP12aF 5´-TGTGAGCTTGAACCACCAGG-3´ 
G5-SP12bF 5´-CCCAAACGCCAGTGGGACCT-3´ 
G5-SP12cF 5´-GAGACGGAGTCTCGCTGTCG-3´ 
G5-SP12dR 5´-GAGGTGGAGGTTGCAGTGAG-3´ 
G5-SP11aF 5´-ACTGCAACCTCCACCTCCTG-3´ 
G5-SP11bF 5´-ATTCTCCTGCGACCACCCTG-3´ 
G5-SP11cR 5´-CTGAGTGAAAGAAGCCAGACAG-3´ 
G5-SP10aF 5´-TGCACCCACAACTGGGCAGG-3´ 
G5-SP10bF 5´-GCTATGTAAATACTGCTGCTACG-3´ 
G5-SP10dR 5´-CACTTGTACCTTGCCGATGG-3´ 
G5-SP10cF 5´-GCCATGTTGTTCAGGCTGGTC-3´ 
G5-SP10eF 5´-AAGAGAAGGAGTCTACCTCC-3´ 
G5-PP9FA 5´-CCAAGTCGCTGGGAATATAGGC-3´ 
G5-SP10gR 5´-CAAAACCCACACTTTTGTGCCTC-3´ 
G5-SP10fR 5´-CACGACCAAAACAAAACCCACAC-3´ 
G5-SP9aF 5´-TCTGAAACAAGGTCTCATGCTG-3´ 
G5-SP9dR 5´-GCTGAGGGTGGTGGCACATGC-3´ 
G5-SP9bF 5´-AAAGGTCCCATAAGCACATTCC-3´ 
G5-SP9cF 5´-GTAAAATGGCGTAGCTACTGTGG-3´ 
G5-SP8aF 5´-GAATGGTGGTTGCCAGGGAC-3´ 
G5-SP8bF 5´-TTGGGAGGCTGAGGCAGGAG-3´ 
G5-SP8cF 5´-GACAGAATACAGAACTGGCTCCTG-3´ 
G5-SP7aF 5´-CGTGAGTGGGAACTTGAGTCAC-3´ 
G5-SP7bF 5´-GGCATTCTTAGTCACAGGATG-3´ 
G5-SP7cF 5´-CCTTACTCTATGGACTCACCCTG-3´ 
G5-SP6dR 5´-CCCAGAAAAGTCTGGACGCAGTGGC-3´ 
G5-SP6hF 5´-GAGACAGGTTTTGACTCTG-3´ 
G5-SP6iF 5´-AACCCACTTGTAAGGCTTGGCATGGTG-3´ 
G5-SP6cF 5´-CACCACACTTGTAACTATTGCTG-3´ 



108   Supplement 

G5-SP6gR 5´-GGGGAGAGGAAATGGCTCTTGG-3´ 
G5-SP5aF 5´-AAGCACAGCAGCTAGGGCAG-3´ 
G5-SP5bF 5´-CACGCCTGTAATCCCAGCAC-3´ 
G5-SP5dR 5´-CGGCCTCCCAAGTTCAAGTG-3´ 
G5-SP5cF 5´-CTGTCTGGGCCAGTGGCACG-3´ 
G5-SP5fR 5´-GCAGTCCGCTCCTCTTCTGC-3´ 
G5-SP4aF 5´-GTGGACCATGAAGAGAGGCAG-3´ 
G5-SP4bF 5´-ACCAGCCCAGAGCCCTGCAG-3´ 
G5-SP4dR 5´-CGCTGTCTGCTTAGGAACATAAGG-3´ 
G5-SP4cF 5´-CTGGGCATGTCCTTAACCTTGGC-3´ 
G5-PP4RA 5´-GTGGAGTCTCTTCTGCCTCAC-3´ 
G5-SP3bF 5´-GTTTCTGGAAGCTGCCTGCC-3´ 
G5-SP3dR 5´-CCATTTGGTCAGTGCCTCTTCTG-3´ 
G5-SP3cF 5´-GGAGACAAGAGTCTCGCTCTG-3´ 
G5-SP3eR 5´-GGTGTGCGCCTGTAATTCCAAC-3´ 
G5-SP3fF 5´-CTGGTCTCGAACTTCTGACCTCAAG-3´ 
G5-SP2eR 5´-TGCCGTAGCCCAGGTGAAAG-3´ 
G5-SP2aF 5´-CTCTCCCCCATCCTATCACC-3´ 
G5-SP2bF 5´-CACTAGGCTTCTCACAGTCTCC-3´ 
G5-SP2fF 5´-GTTGGTGACGCCATGGCTGTGC-3´ 
G5-SP2gR 5´-GGACACTCCCAGTCCCCGCC-3´ 
G5-SP1aF 5´-GGCTGGAGTGCAGTGGTGTG-3´ 
G5-SP1bF 5´-GTCAGTGTGCTAGGACAGTG-3´ 
G5-SP1dR 5´-CTGTGAGAAGCCTAGCAGCGTG-3´ 
G5-SP1cF 5´-CGGACCAGCAGGTGTGACTC-3´ 
G5-SP1fR 5´-CAAACAACAGCTGTCCTCCACCC-3´ 
G5-SP1eR 5´-CTACCAGTCAGGCTCATGGTG-3´ 
G5-S1aF 5´-CTCCACCAAGAGACACTTGACTG-3´ 
G5-S1bF 5´-CATGGCCAAAGTGCACCCAG-3´ 
G5-SI1aF 5´-CAGGATCTGTAACTGAATGG-3´ 
G5-SI1bF 5´-GGAGTGGAGGAAGGATAGTGC-3´ 
G5-SI1cR 5´-AACATTTACGGGGAACTCACTC-3´ 
G5-SI1dR 5´-GGGACATCGGTTGTCACTCC-3´ 
G5-SI1eF 5´-TTAACTCTTCAGTGCCTCAG-3´ 
G5-SI1aaF 5´-GCACTGGCTAACGCTTCGTTG-3´ 
G5-SI1abF 5´-CACGTGGCAGGCCCTGAAAC-3´ 
G5-SI1acR 5´-GTGGCTCAGGCCTACAATCC-3´ 
G5-SI1bbF 5´-CATGGGGACCGTGCCTATAG-3´ 
G5-SI1bdR 5´-ATCTCACTCTGGCTGGAGTC-3´ 
G5-SI1bcR 5´-AGATGAGCATCGTCAGCCGC-3´ 
G5-SI1caF 5´-AGGTGAAGGAACTGAGAAGC-3´ 
G5-SI1cbF 5´-GGTCAGCCTTGAGGATTGTC-3´ 
G5-SI1ccR 5´-AAGCACTGAAATACAGCAGC-3´ 
G5-SI1cdF 5´-GCCTGGCCTACATTGTTGAC-3´ 
G5-SI1daF 5´-GTCTTGGCAACCTCCTTAGCC-3´ 
G5-SI1deF 5´-GAGGTCAGGAGATCGAGACCATCC-3´ 
G5-SI1dcR 5´-CAGAGTCTCACTTTGTTGCCC-3´ 
G5-SI1ddF 5´-CTCTGTCTCAAAACAACAAC-3´ 
G5-SI1eaF 5´-CATTTGCCTCATGGGATAGC-3´ 
G5-SI1ebF 5´-AGTGATCCTCCCGCCTTGGC-3´ 
G5-SI1edF 5´-CCCCAGACCTCTCTTTTTAACC-3´ 
G5-SI1ecF 5´-TACTGTGCTTCCTGGAGTCC-3´ 
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G5-SI1faF 5´-TTGGCTGTGCTGCTGGCCAG-3´ 
G5-SI1fcF 5´-GAGTAGCTGGGACCACAGGC-3´ 
G5-SI1fbR 5´-TTCTATCTGAGTGTGATGGC-3´ 
G5-SI1fdR 5´-AGACAAAGAGAGAGGGGTGGGG-3´ 
G5-SI1gaF 5´-GTGCTGGGATTTATAGGCATG-3´ 
G5-SI1gdF 5´-GACGAGTGAATGAATGAATACAC-3´ 
G5-SI1geR 5´-CCTGCCTTGTCATGGGGCCCC-3´ 
G5-SI1hbF 5´-AATTAGCCAGGCATGATGGC-3´ 
G5-SI1haR 5´-TCTTGCCCTGGCTGGAGTGCT-3´ 
G5-SI1hdF 5´-TGGCTCACGCCTGTAATCCC-3´ 
G5-SI1hcR 5´-AGGCTGGAGTGCAGTGGCGC-3´ 
G5-SI1heR 5´-TTTAGCTATTTTGGCCACTG-3´ 
G5-SI1iaF 5´-TGGCAAACACTCTGGTAGGG-3´ 
G5-SI1ibR 5´-TACCCTCAACCCACCTTGGG-3´ 
G5-SI1icF 5´-ACTGGCACCATGTTCACAGG-3´ 
G5-S2F 5´-GTTACATCTTTCTACGAAACCGAAG-3´ 
G5-S3F 5´-GCCAGGGGTCTCCCAGCTGA-3´ 
G5-S3R 5´-TGGGCACACAGAGACCAACC-3´ 
G5-SI3aaF 5´-CCATTTGGAGGGTTTATCGGATCCC-3´ 
G5-SI3acR 5´-CTGTAGATCCCTGGCCACCC-3´ 
G5-SI3abF 5´-CGTGAGCCACTGCGCCTGGCCGGTC-3´ 
G5-SI3adF 5´-GCTGAGTGAGGTCACAGATC-3´ 
G5-SI3baF 5´-GCCGTGAGCTAAGATCGCACC-3´ 
G5-SI3bbF 5´-GTGTGAAATTGGCTCACTGC-3´ 
G5-SI3bcF 5´-TGAGATGGAGTCTCGCCCTGTCACC-3´ 
G5-SI3caF 5´-GCACCCGGCTAATCCCCACTCC-3´ 
G5-SI3cbF 5´-TAAGGGATCCTTCTGCCTCAGCCTG-3´ 
G5-SI3ccF 5´-CCCGGAAGAAAGATTCTGAC-3´ 
G5-SI3daF 5´-CAAGTGATCCTCCTCTCTAGTAGC-3´ 
G5-SI3dbF 5´-GATGTTGTGCATTCTATGGG-3´ 
G5-SI3dcF 5´-TACAGGTGCACGCCACCACACCCAG-3´ 
G5-SI3eaF 5´-CCAAGGAGTATGTGATTGCTGG-3´ 
G5-SI3ebF 5´-CCCATCTGCGTATCTTGGTGAGG-3´ 
G5-SI3ecF 5´-CTCAGGAGGGGTGTACTACC-3´ 
G5-SI3faF 5´-GGCTGTGTTGGAATCGTCTCTG-3´ 
G5-SI3fbF 5´-GATGTCCAGTTGTTCCAGCACC-3´ 
G5-SI3feF 5´-GAGACAGAGTCTTGCTATGTCACCC-3´ 
G5-SI3ffR 5´-CCAGTTACTCAGAAGACTGAGGC-3´ 
G5-SI3fcR 5´-ATAATAGATTGGCCAGGCGC-3´ 
G5-SI3fjF 5´-GGTCTGGAACTTCTGTACACAAG-3´ 
G5-SI3fiR 5´-GGAGCAAAGAGAACGCAATGGAG-3´ 
G5-SI3gdF 5´-TGGGATTACAGGCGTGAGCC-3´ 
G5-SI3gaR 5´-CACGTGAGAGCCGCTTATAC-3´ 
G5-SI3gcF 5´-TTCTGTCAGGATCTCCAGGG-3´ 
G5-SI3hdF 5´-GACCAGCCTGGCCAACATGGGGAAAC-3´ 
G5-SI3haF 5´-CTAGCTACTTGGAAGGCTGAGGTAC-3´ 
G5-SI3heF 5´-TTTTGAGGTGGAGTCTCGCTCTG-3´ 
G5-SI3hbF 5´-CCAGTGGGCCCTGCTAGTTTTTG-3´ 
G5-S4F 5´-ACCAGGCCATGCACTTGACC-3´ 
G5-SI4aFa 5´-GATGGTTGAGCCCTACCTGG-3´ 
G5-SI4aaF 5´-CAGTTAGTGGGTGGTGATGTC-3´ 
G5-SI4abF 5´-CCAAACCATATCCCCATCTC-3´ 
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G5-SI4acF 5´-CCACTCTGTTGCTTCCAAGCC-3´ 
G5-SI4adR 5´-CTAAGGATGCCAACTCAGGG-3´ 
G5-SI4baF 5´-GGATAATTTGGCTGGCTGTC-3´ 
G5-SI4bbR 5´-ATTTGTTATCTATTGGAGCC-3´ 
G5-SI4bcF 5´-GTTTTCTCTGCAGTGGGCTC-3´ 
G5-SI4bdF 5´-AGAGCAGATATCATCTCTGG-3´ 
G5-SI4caF 5´-CATGAGAATCGCTTGAACCC-3´ 
G5-SI4cdF 5´-CTACAGTGTCCAGCAGGAGG-3´ 
G5-SI4ceR 5´-CTCTTGTCGCCCAGGCTGG-3´ 
G5-SI4ccR 5´-GGAAAGGAAGGCCTCCTGGG-3´ 
G5-SI4daF 5´-ACAGGTAACCCCATCTCTTC-3´ 
G5-SI4dbF 5´-GAGCCTCCATTTGACTCAGG-3´ 
G5-SI4dcF 5´-ATGAAACTATCTCTGCATTGG-3´ 
G5-SI4ddR 5´-GCAATAACATTATTTGGGCC-3´ 
G5-S5F 5´-GGGCCCCTGTGCATGAGCTCC-3´ 
G5-SI5aF 5´-CCACCACCACAGGACAGGAC-3´ 
G5-SI5cF 5´-GAGCTCCATAGCAGGACTCAG-3´ 
G5-SI5dR 5´-GCTGGCTGCATTGGTACTGC-3´ 
G5-S67FA 5´-GCACCCCACTCAGGATGACG-3´ 
G5-P78F 5´-TCCGGCAGGAGGATGAGGCA-3´ 
G5-S8F 5´-TCCTGGCGCCGAGGCCGCCT-3´ 
G5-SI8FA 5´-AGCACGTGCAGTACGTGACG-3´ 
G5-S9F 5´-GTGAGTGTGCGTGCACATGG-3´ 
G5-S10F 5´-GTGGCTCATCGAGGTGGCAC-3´ 
G5-S11F 5´-GAACACACAGACTGTGCAGGC-3´ 
G5-S12aF 5´-ACCACCAGATCCCCATGCAG-3´ 
G5-S12bF 5´-CACCCCAGTGGGAACTGTGC-3´ 
G5-S122aF 5´-AGGTCTTCCGGGGCCATGGG-3´ 
G5-S122bR 5´-GAGATGGGATCTCACTGTGTTGC-3´ 
G5-S122cF 5´-AGCATCTCGAAGAGGGCCTC-3´ 
G5-S123aF 5´-TGGTTTGGCTGTGTCCCCAC-3´ 
G5-S123bF 5´-GGTGTGAGTGTGAGTGTATGTGC-3´ 
G5-S123cF 5´-GGTCCTGCCACATTAGTTGTGC-3´ 

 
 

Table 19: Sequencing primer name and sequence, GLUT6 coding regions 
Name Sequence 
G6-S1F 5´-CCGCATCCGAGCATCAGGAC-3´ 
G6-S2F 5´-CGGGCAGCCACTGGGTTCAG-3´ 
G6-S3F 5´-GGAAGAAGCTGTCCCTGGAC-3´ 
G6-S4F 5´-CAGGGGCTGACTCTCCCATC-3´ 
G6-S5F 5´-GGCCCTTGGACTAGACCTTG-3´ 
G6-S6F 5´-TCTCCCACACAACCCCTGGC-3´ 
G6-S7FA 5´-CACTGAGCTGCTGGCCTGAG-3´ 
G6-P89F 5´-CTCCACGGTGGGAGCCTAAC-3´ 
G6-S9F 5´-TCTCCAGCAGCTCAGCGGAG-3´ 
G6-P10F 5´-GAGGGGGTACCTGAGCTGAC-3´ 
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Table 20: Sequencing primer name and sequence, GLUT7 locus 
Name Sequence 
G7-SP1aF 5´-CTTGGTATGAACTCACATGCAG-3´ 
G7-SP1dF 5´-GGGGCTTGGATAGGGAGACC-3´ 
G7-SP1bF 5´-TGGATAGGGAGACCAGCTGG-3´ 
G7-SP1eF 5´-TGTGCCAGGCATGGCTCCAG-3´ 
G7-SP1cF 5´-GACAGGTGGAGAAGCAGCTG-3´ 
G7-SP1fR 5´-CCAACCCTCTCCCACAAGAC-3´ 
G7-SP2dF 5´-CCCAGGTTTGCCAACTGAGAGG-3´ 
G7-SP2aR 5´-GACATAACACCCACTCAAGCAGG-3´ 
G7-SP2bF 5´-GGTGAAGACTACAACTGAGGCAG-3´ 
G7-PP2R 5´-CTGTGAGGGCAGCGGGACCT-3´ 
G7-SP3dF 5´-GAGCAAACAGGAGCTCCCCG-3´ 
G7-SP3bF 5´-ACTGCCTGGCTTCTCTCCAC-3´ 
G7-SP3cF 5´-CCAATAGGCATGTACTTCCTCC-3´ 
G7-SP4aF 5´-GAGCTGAAGAGGGTTCAGCTG-3´ 
G7-SP4bF 5´-AGTGAGACTGTGTCTCTAATTTGC-3´ 
G7-SP4cR 5´-CTTGGAGTTCAAGGGTGCAAGG-3´ 
G7-SP5aF 5´-TGCACAGCACTGGGACATGC-3´ 
G7-SP5bF 5´-GTCAGACTTATGACACGTAGACC-3´ 
G7-SP5cF 5´-CACCTCTAACACCAGTACTTTGG-3´ 
G7-SP6aF 5´-AGCTGGGCATGGTGGGGCAC-3´ 
G7-SP6fF 5´-CCTACAACATAGTCAGGAGC-3´ 
G7-SP6dR 5´-AGGATACCTGGGGGAAAATGTG-3´ 
G7-SP6eF 5´-GTGCTGTGCTTATAGGCATG-3´ 
G7-SP6bR 5´-GATTGAATAAATTAGGAGTAAC-3´ 
G7-SP7dF 5´-GTTCTTTCCCCCAAATGGAC-3´ 
G7-SP7gR 5´-TTTGTTTGCTGCTCCTCTCC-3´ 
G7-SP7bF 5´-CCAGGTGCGGTGGCTCATGC-3´ 
G7-SP7hR 5´-CGTGAGCCACCGTACCCAGC-3´ 
G7-SP7kF 5´-AAAAATTAGCCAGGCATGGTG-3´ 
G7-SP7eR 5´-TGAGGTGGAGTCTCGCTTTGTC-3´ 
G7-SP7jF 5´-GCACGTGCCTATAATCCCGGC-3´ 
G7-SP7fR 5´-GAGACAGGGTCTTCCTTTGTTGC-3´ 
G7-SP7cR 5´-GTGCACAAATCATACACAGCACG-3´ 
G7-S1F 5´-TCTGCGGACCAATGTCAGGC-3´ 
G7-SI1aF 5´-CCCCTCCACCCATTCCATCC-3´ 
G7-SI1bF 5´-GTGAGGGTTGGGGTGAGGAC-3´ 
G7-SI1cF 5´-CGATGCTTACACAGCTGCTCC-3´ 
G7-S2F 5´-CTTCACACTTGGCCTCCAGG-3´ 
G7-SI2dF 5´-CCATCTTGCCTGTAGGAGGC-3´ 
G7-SI2eR 5´-CTGGAAAATGGAACAGGTCCC-3´ 
G7-SI2aR 5´-AGGTTTCACCATGTTGGCCAG-3´ 
G7-SI2bF 5´-ATATTTCCTGGGCTGGGAGC-3´ 
G7-SI2fF 5´-TTTTAATAGAGACAGGGTCTCCC-3´ 
G7-SI2gF 5´-GGGCGTGAGCCACTGCGTCC-3´ 
G7-SI2cR 5´-CTGCTAACACCTATAAGACACAG-3´ 
G7-S3F 5´-CTGTGTCTTATAGGTGTTAGCAG-3´ 
G7-S3F 5´-CTGTGTCTTATAGGTGTTAGCAG-3´ 
G7-SI3aF 5´-CCAGTCCCTAAATGTCTCTGGG-3´ 
G7-SI3bF 5´-GCACAGGCCAAGGTTCCCAGG-3´ 
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G7-SI3bbR 5´-GGCCTCATCCTGAGCCCAGGCTCA-3´ 
G7-SI3cR 5´-TCACGGGGAGGGTCAGCCAG-3´ 
G7-PI3FA 5´-TTGCCCAGTGGGGTCCTGAC-3´ 
G7-SI3kF 5´-CGGGGCTGCTTAGTCTTTTTGGGCC-3´ 
G7-SI3eF 5´-TACCAGGCTGGGCACGGGGG-3´ 
G7-SI3iF 5´-ACCATCAGACCTGGTGAGAC-3´ 
G7-SI3fcF 5´-GAGAATATCAGGATGCACCAG-3´ 
G7-SI3fdR 5´-CCGCCTTTGGCTTGGGTTTTGC-3´ 
G7-SI3fF 5´-GGCAGCAGGACGCACCTGGC-3´ 
G7-SI3jR 5´-GGGGTGCAGAATGGGACTAC-3´ 
G7-SI3gF 5´-CCCTTCTTCCCATCTGTCTTA-3´ 
G7-S4F 5´-ACGGCCCCCTGCTTCAGCTC-3´ 
G7-SI3hR 5´-GCGTGGAGGCCGCGGAAGCC-3´ 
G7-SI4aR 5´-GGAGTCACCAGGATGTGATGAGGAG-3´ 
G7-P45F 5´-GGGACACCATTCAGTCCACG-3´ 
G7-S5F 5´-ACACACGGAGGCCTAGGCTC-3´ 
G7-SI5aF 5´-CGGCAGCCGCAGAGGTCACG-3´ 
G7-SI5bF 5´-CGTCTCTGTCACTGGGTGGCTG-3´ 
G7-SI5cF 5´-CTTGGCCTCTGTACAGCCTTCC-3´ 
G7-SI5iF 5´-CTCGAACTCCTGACCTCAGG-3´ 
G7-SI5dF 5´-GAGAAAAACTTGCTTCTGAGGGC-3´ 
G7-SI5eF 5´-GGCACACACCACCATGCCCAG-3´ 
G7-SI5eaR 5´-AAAAAACCCCGGCCGGGCATAG-3´ 
G7-SI5gF 5´-CATCAGCTGGGGAATCCACCG-3´ 
G7-SI5fF 5´-TAATGCACGCGTGTAGTTCC-3´ 
G7-SI5faR 5´-GACAGAGTCTAGCTCTATCAGCCAAGC-3´ 
G7-SI5haR 5´-GTTTCTCTAAAGAATAGGCAATG-3´ 
G7-SI5hR 5´-GGGACTTCATTCTCACCAGGG-3´ 
G7-S6F 5´-GTATAACTCTCATGATTCCCTCCG-3´ 
G7-S7F 5´-GGGTCAGGGGTGAGAGCTGG-3´ 
G7-SI7aF 5´-GTGGCCAGGCAGGGAGACAG-3´ 
G7-SI7bF 5´-TGCGACCGTGGCTCTTTGGC-3´ 
G7-S8F 5´-ACGCCAAACCTGAGGCCCAG-3´ 
G7-S8F 5´-ACGCCAAACCTGAGGCCCAG-3´ 
G7-SI8aF 5´-TCGGTGAGTGAGCAGGAGGC-3´ 
G7-SI8cF 5´-GGCATTCCTTTCCCTAGACC-3´ 
G7-SI8kR 5´-CCCTGCCCTTCTAAACCTTCTGAG-3´ 
G7-SI8dF 5´-TTCCCTCTCCCTGGAGGAAC-3´ 
G7-SI8jF 5´-CGAGACCAGCCTGGCCAACATGG-3´ 
G7-SI8fF 5´-CCCAGAGAATAGGAGGGGGC-3´ 
G7-SI8eR 5´-CGCTTTGGGAGGCCGAGACAG-3´ 
G7-SI8gF 5´-CCACGCCATTCCGGGCCTGC-3´ 
G7-SI8hF 5´-GAAGGGCAGTCCCTCCAGGGC-3´ 
G7-S9F 5´-CCAAGAACCGTGGGCGCCAG-3´ 
G7-S9F 5´-CCAAGAACCGTGGGCGCCAG-3´ 
G7-SI9aF 5´-GGATAGATGGTCCAGCTGTCATGGG-3´ 
G7-SI9fF 5´-CTGAGCCTGGGAGGTCAAGGC-3´ 
G7-SI9bF 5´-TGCAGGAACGGCAGCACTGTCC-3´ 
G7-SI9cF 5´-GTATAAGTTCTCAGCCAGACGC-3´ 
G7-SI9cF 5´-GTATAAGTTCTCAGCCAGACGC-3´ 
G7-SI9eF 5´-CTCGCCATCCAGCTCTGCTG-3´ 
G7-SI9dR 5´-TGCCCCCAGATGAACTTCCC-3´ 
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G7-SI9gR 5´-AGAGGCAGGGCTGTCTGGGC-3´ 
G7-P10F 5´-GTGCAGAGAATGGCACCTGG-3´ 
G7-SI10aF 5´-CATCCTGGTCCATTCCTGGG-3´ 
G7-SI10bF 5´-GTCCCCAATGTCCTGTTGCC-3´ 
G7-SI10cR 5´-AGCCCATGCTCTGACCTCGCG-3´ 
G7-PI10F 5´-GTTCCAAGCCGTTCTGCCCC-3´ 
G7-SI10dF 5´-CATGGTGCTTCTCCAAGAACGG-3´ 
G7-SI10fF 5´-AGGCCGGTCTCGAACTCCTG-3´ 
G7-SI10eR 5´-CTGTCCCTCCTCCTCCAAGC-3´ 
G7-SI10gF 5´-GACGCCAGCGCAAAGGAAGC-3´ 
G7-S11F 5´-TCCAGGCTCTCCAACCAGAC-3´ 
G7-S11F 5´-TCCAGGCTCTCCAACCAGAC-3´ 
G7-SI11dF 5´-GGACGGGGCAGTGCACTGGC-3´ 
G7-SI11aF 5´-TCTGGTCCGCGGAGCTCAAAG-3´ 
G7-SI11eR 5´-GTTTATGGCCTCTGTGCCCTG-3´ 
G7-SI11daF 5´-GACCACAGGCATGGGCCACCACACATGGC-3´ 
G7-SI11bR 5´-GCTAGAAATTGGATTCCCCCTC-3´ 
G7-SI11cR 5´-GAAACTGTAGGCACCGATGGC-3´ 
G7-PD1FA 5´-GCCAAGAGAAACAGGGTGAAGC-3´ 
G7-S12R 5´-ATTATCCTCCCCAGAGCCTGG-3´ 
G7-SD1aF 5´-GGACGGGAGCCCATATTCAAGGC-3´ 
G7-SD1bF 5´-AGGCTCTGAATGCCATTGCC-3´ 
G7-SD1cF 5´-GGTGAGGGGGATGTGGCAGG-3´ 
G7-SD1dF 5´-CCTTTACGGGTGTCGGGCTG-3´ 
G7-SD2aF 5´-CCAAGCACACTGCCTGCAAAC-3´ 
G7-SD2eR 5´-CTTCTGCCTTGAGATGCTG-3´ 
G7-SD2bF 5´-CCGGGCGTGGTGACTCACACC-3´ 
G7-SD2dF 5´-GGTCCTCTCACCTCTGGGCCC-3´ 
G7-SD2cR 5´-GGACACTACAGGGCAACAGG-3´ 
G7-SD3dF 5´-GTATTTTTAGTAGAGATGGGG-3´ 
G7-SD3bF 5´-GAGACAGGGTCTCGCTCTGTTG-3´ 
G7-SD3aR 5´-CTGCAGTGAGCCATGATTGCC-3´ 
G7-SD3cF 5´-GCTGCGTCCCCTGCACGCTC-3´ 
G7-SD4aF 5´-GATCTGGTGGTCTTTGTAGTTGG-3´ 
G7-SD4bF 5´-CTTCAGGCCCATATGGCTTC-3´ 
G7-SD4cF 5´-GTTTTTGGCAGGGGGTGGGG-3´ 
G7-SD5aF 5´-CTGCAACCTCCACCTCCTGGG-3´ 
G7-SD5bF 5´-GAACACAAACTGGAGCAGAG-3´ 
G7-SD5cF 5´-CCAGGTCAGGAGTTCGAGAC-3´ 
G7-SD6aR 5´-CAAGTGATCCACCCACCTCGG-3´ 
G7-SD6bF 5´-GATCCTCAACATTGGCCGGG-3´ 
G7-SD6dF 5´-ACAGTGGCCTAGCCACACAG-3´ 
G7-SD6cR 5´-GCAGAGCGTGTCAATAGTTCGTG-3´ 
G7-SD7fF 5´-ATTACAGGCACCTGCCACCG-3´ 
G7-SD7eR 5´-GGCCAGGCACGGTGGCCTAC-3´ 
G7-SD7gF 5´-CGGTGTTAGCCAGGATGATC-3´ 
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Table 21: Sequencing primer name and sequence, KHK coding regions 
Name Sequence 
KHK-P1R 5´-GGGTCTTCTTATTAAAGGCC-3´ 
KHK-S2F 5´-CTGTCAGCTTGAATTTAGCC-3´ 
KHK-S3Fa 5´-CTCCTGCCCTGTTGCACTGCC-3´ 
KHK-S4F 5´-AGACTGTAACAGGGACAACC-3´ 
KHK-S5F 5´-TTCTAGCTCCATCATTTAACC-3´ 
KHK-S6F 5´-CTCAGGGAGACCGTCTTCAC-3´ 

 

 

Table 22: Sequencing primer name and sequence, SGLT4 coding regions 
Name Sequence 
SGLT4-P1R 5’-TTCCTGAAGGCCCTTCCTTC-3´ 
SGLT4- P2F 5’-AGCAGGACCACTCAGGTTGC-3´ 
SGLT4-S3F 5’-CAGCTCCTCAYTACTCATGG-3´ 
SGLT4-S5F 5’-ACCCACACTCCTTAGCATAGC-3´ 
SGLT4-S6Fa 5’-GAGTTCCCCTGCTAAGAGGG-3´ 
SGLT4-S8F 5’-AAAGGCAGTGGCCAGAGTTC-3´ 
SGLT4-S9F 5’-AAAACCCAGTGCCTGGATGC-3´ 
SGLT4-S10F 5’-ACCTTGTAGACATGGGTCCC-3´ 
SGLT4-S11F 5’-ACCCCTTCCCTCTCTCATCC-3´ 
SGLT4-S12F 5’-CTTTCTCCCTTCCTGGTTCC-3´ 
SGLT4-S13F 5’-TGCCCAACATGGCAATAAAC-3´ 
SGLT4-S14aF 5’-GTGTAGAGCAGAATTGCTC-3´ 
SGLT4-S14bFc 5’-CTTTCCATCAGTATCTCAC-3´ 
SGLT4-S14dF 5’-TGGAGATCACAGAAGTCAAG-3´ 
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Figure 27: Melting curve assay design, rs1974063 
Melting curve assay was performed using a forward (red, 15114_spez) and reverse (blue) primer for 
PCR and a probe (red, Probe [A]). The resulting PCR product is 209 bp. The probe is specific for wild-
type (red arrow, A) but also overlays variant rs1877126 for which the probe is specific for the minor allele 
(blue arrow, G). 
 

 

 

Figure 28: Melting curve assay design, rs11121319 
Melting curve assay was performed using a forward (red) and reverse (blue, 33258_F) primer for PCR 
and a probe (blue, Probe [T]). The resulting PCR product is 193 bp. The probe is specific for wild-type. 
 

TCCCAAAGACCTGGGATTACAGACGTGCATCACCATGCCTGGCTAATTTTTGTATTTTTAGTAGAGACAGCGTTTCACCATGTTGGCCAGGC
AGGGTTTCTGGACCCTAATGTCTGCACGTAGTGGTACGGACCGATTAAAAACATAAAAATCATCTCTGTCGCAAAGTGGTACAACCGGTCCG

TGGTCTTGAACTCCTGACCTCAGGTGATCTGCCTGCCTTGGCCTCCCAAAGTGCTAGGGTTACAGGTGTGAGCCACTGTGCCCGGCCTGAGA
ACCAGAACTTGAGGACTGGAGTCCACTAGACGGACGGAACCGGAGGGTTTCACGATCCCAATGTCCACACTCGGTGACACGGGCCGGACTCT

ATCGTATTTGGATTACTCATCTCTCCGGCCACTTTACTTACAAA
TAGCATAAACCTAATGAGTAGAGAGGCCGGTGAAATGAATGTTT

15114_spez

15114_A

Probe [A]

CTGGGAGG TTACAGAGG CGTGCATCA

GAG GTAGAGGG AGG GGCCGGTGAGG AAA

A>G

TGTCGCAAAA AAA GTGGTACAAAA CCGGT

GGGCACTGGCTGACTGCCACAGCACTCTATGCCTGCTCTCTGACTCTGTCACGCGTCTGCTTTTCCTCCTGGGATAATGTGGTGCTGGTGTT
CCCGTGACCGACTGACGGTGTCGTGAGATACGGACGAGAGACTGAGACAGTGCGCAGACGAAAAGGAGGACCCTATTACACCACGACCACAA

GATGAAAAGAGTCAAACTGTAAAATATTTTTAGAGATTTATTCTGAGCCAAGTATGAGTGACTACGGCCTATGACACAGCCCTCAGGGGGTT
CTACTTTTCTCAGTTTGACATTTTATAAAAATCTCTAAATAAGACTCGGTTCATACTCACTGATGCCGGATACTGTGTCGGGAGTCCCCCAA

CTGAGAACATGTGCCCAAGGGTACAGCTT
GACTCTTGTACACGGGTTCCCATGTCGAA

33258_R

33258_F

Probe [T]

CTGAGG CTGCCACAGCACTCTATGC

GAGG CTCTTGTACACGGGTTC

CAA
TGAGG GTGAGG CTACGGCCTATGAGG CACAGC

T>C
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Figure 29: Melting curve assay design, rs1751681 
Melting curve assay was performed using a forward (red, 45482_R) and reverse (blue) primer for PCR 
and a probe (red, Probe [A]). The resulting PCR product is 193 bp. The probe is specific for wild-type.  
 

 

 

Figure 30: Melting curve assay design, rs74973473 
Melting curve assay was performed using a forward (red) and reverse (blue, 9124705_R) primer for 
PCR and a probe (blue, Probe [T]). The resulting PCR product is 260 bp. The probe is specific for the 
minor allele. 

CTTCAGCCTGGGTGACAGAGCGAGACTCTTGTCTCCAAAAAAAAAAAGTAAAACAGAAATAAAAGTTACTTTTCTGAATCAGAATGAAAAGC
GAAGTCGGACCCACTGTCTCGCTCTGAGAACAGAGGTTTTTTTTTTTCATTTTGTCTTTATTTTCAATGAAAAGACTTAGTCTTACTTTTCG

AAATGTTTTATATAAGAAAAATTTAACCAGGGCAAAATATTGGGTTAACACCATACCACAAAGCAAGCTGGCACATCTCCGGGCTGTTCTGT
TTTACAAAATATATTCTTTTTAAATTGGTCCCGTTTTATAACCCAATTGTGGTATGGTGTTTCGTTCGACCGTGTAGAGGCCCGACAAGACA

GACCAGACAATGATACCAGGACTTCAGTC
CTGGTCTGTTACTATGGTCCTGAAGTCAG

45482_R

45482_S

Probe [A]

GGGTGAGG CAGAGG GCGAGG GAGG CTCTTGT

CTGGTCTGTTACTATGGTC

ACAAAA GAGG CA

A>G

GGAGGTTGCCAAGACTCTGAGCTGTGCTTCAGGGAAAACCAGAAACCACATTCCTCATGCTGTCAGTAAACCAGCTTCCTCCCTTTCATAAT
CCTCCAACGGTTCTGAGACTCGACACGAAGTCCCTTTTGGTCTTTGGTGTAAGGAGTACGACAGTCATTTGGTCGAAGGAGGGAAAGTATTA

ACAGAGAACATTTTGAGACTTTAGTAATAACGACCACCCCAAGAAAGAAAAGAAACTTTTTGGGGGATGTGTACCCCTTTAAATGACCGGGC
TGTCTCTTGTAAAACTCTGAAATCATTATTGCTGGTGGGGTTCTTTCTTTTCTTTGAAAAACCCCCTACACATGGGGAAATTTACTGGCCCG

CAGCAAAGCACTGAAATACAGCAGCAGTCACATCTTATTCCCACGTGAGCTAAGTCATCTGCCTGCTATGTGGACTCTACACTGAGTGTTGC
GTCGTTTCGTGACTTTATGTCGTCGTCAGTGTAGAATAAGGGTGCACTCGATTCAGTAGACGGACGATACACCTGAGATGTGACTCACAACG

9124705_S

9124705_R

Probe [T]

AAAA GAGG CTCTGAGG GCTGTGCTTCAGG

GGAGG CGAGG TACACCTGAGG GAGG TGTGAGG CTC

C>T

TATTCCCACGTGAGG GCTAAAA GTCATCTGCC
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Figure 31: Melting curve assay design, rs765617 
Melting curve assay was performed using a forward (red, 921782_S) and reverse (blue) primer for PCR 
and a probe (red, Probe [C]). The resulting PCR product is 260 bp. The probe is specific for wild-type. 
 

 

 

 

Figure 32: Melting curve assay design, rs12086124 
Melting curve assay was performed using a forward (red, 9121144_S) and reverse (blue) primer for 
PCR and a probe (red, Probe [C]). The resulting PCR product is 124 bp. The probe is specific for the 
minor allele. 
 

 

 

 

AGCCAAGTGCAGCTCTTGACCACTCCCTCAGTCTGATGAGTGCCCTAAGGTTTGAAGTCCTTTGGGGTCAGGGGTGGGGTTCTGGCCAGCAG
TCGGTTCACGTCGAGAACTGGTGAGGGAGTCAGACTACTCACGGGATTCCAAACTTCAGGAAACCCCAGTCCCCACCCCAAGACCGGTCGTC

CACAGCCAACAAGCACAGCCCAGCTGGTGGAGCTGGCTGGTTCCCAGGGCTCATGCCCCAGAGTTGGGGGTTCTGCCAGGCACCATGGAGAG
GTGTCGGTTGTTCGTGTCGGGTCGACCACCTCGACCGACCAAGGGTCCCGAGTACGGGGTCTCAACCCCCAAGACGGTCCGTGGTACCTCTC

CCAGCTCCCTGACCGCTTTGATGGGATCCCAGCAAAAATGATCAGAGAGACTATGGAGGAGAGATCAGAGCGACTAAATGATCAGGCTATAG
GGTCGAGGGACTGGCGAAACTACCCTAGGGTCGTTTTTACTAGTCTCTCTGATACCTCCTCTCTAGTCTCGCTGATTTACTAGTCCGATATC

921782_S

9121782_R

Probe [C]

AGCTCTTGAGG CCACTCCCTCAGT

TCTAGTCTCGCTGATTTACTAGTCC

ACTACTCACGGGAGG TTCCAAAA AAA CTTCAGG

C>T

AGCACTTTGGGAGGTTGAGATGGGTAGACTGCTTGAGCCCAGGAGTTCTCAGCCAGCCCGGGCAACATGGTGAAACCTCGTCTCTACTAAAA
TCGTGAAACCCTCCAACTCTACCCATCTGACGAACTCGGGTCCTCAAGAGTCGGTCGGGCCCGTTGTACCACTTTGGAGCAGAGATGATTTT

ATTCAAAAATTTGCTGGGCATGATGTGCACCTGTAATCCCAACTACTCAGGA
TAAGTTTTTAAACGACCCGTACTACACGTGGACATTAGGGTTGATGAGTCCT

9121144_S

9121144_A

Probe [C]

GAGG GGTTGAGG GAGG TGGGTAGAGG CTGCTT

TACTACACGTGGACATTAGGGTT

T>C

TCGGGTCCTCAAAA GAG GTCGGTCG
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Figure 33: Melting curve assay design, rs770032 
Melting curve assay was performed using a forward (red, 91029363_S) and reverse (blue) primer for 
PCR and a probe (red, Probe [G]). The resulting PCR product is 111 bp. The probe is specific for the 
minor allele. 
 

 

 

Figure 34: Melting curve assay design, rs17389948 
Melting curve assay was performed using a forward (red) and reverse (blue, 24453_R) primer for PCR 
and a probe (blue, Probe [G]). The resulting PCR product is 126 bp. The probe is specific for wild-type.  
 

 

 

Figure 35: Melting curve assay design, rs11121289 
Melting curve assay was performed using a forward (red, 33356_S) and reverse (blue) primer for PCR 
and a probe (red, Probe [A]). The resulting PCR product is 228 bp. The probe is specific for the minor 
allele.  

GGAGGCCGAGGTGGGCAGATCACTTGAGGTCAAGTGCTCAAGATCAGCCTGGCCAACATGGTAAAACACTGTCTTTACTAAAAATACAAAAA
CCTCCGGCTCCACCCGTCTAGTGAACTCCAGTTCACGAGTTCTAGTCGGACCGGTTGTACCATTTTGTGACAGAAATGATTTTTATGTTTTT

CTAGCAGGGCCCACTGGTGGCAGGTGCCTGTAATCCCAG
GATCGTCCCGGGTGACCACCGTCCACGGACATTAGGGTC

9108363_S

Probe [G]

9108363_A

GTGAGG CCACCGTCCACGGA

GTGGGCAGAGG TCACTTGAGG GGTC

G>A

CAGTTCACGAGG GTTCTAGTCGGAGG CC

GGGCTGGCCCCCTTCACCCTGTGATCGACAGGACAGAGCTGGGCACGCAGGCTGGGATTCACGGTGCAACCTGCAGCCACGGGGTGGAGAAA
CCCGACCGGGGGAAGTGGGACACTAGCTGTCCTGTCTCGACCCGTGCGTCCGACCCTAAGTGCCACGTTGGACGTCGGTGCCCCACCTCTTT

GGAAGCCACGTCGCCAGGAAGGCAATGCCATTCAGAGCCTTGGACTCCTTAATT
CCTTCGGTGCAGCGGTCCTTCCGTTACGGTAAGTCTCGGAACCTGAGGAATTAA

24453_Fmis

Probe [G]

24453_R

TTACGGTAAAA GTCTCGGAGG AAA CCT

CCTTCACCCTGTGAGG TCGAGG CA AGAGG AAAA

GGAGG AAA GCCACGTCGCCAGG

G>A

AGAATGTTCTCTTTATTCAAGGGTACAACTTATGGCAAATTAATTGTTGACCAAGTTATCTGCAAGAAGAGGTCCTATGACTCCTGCATTAA
TCTTACAAGAGAAATAAGTTCCCATGTTGAATACCGTTTAATTAACAACTGGTTCAATAGACGTTCTTCTCCAGGATACTGAGGACGTAATT

TAGATACTGAATTTTCAATCAGCACTATTTTTTTCTATGCCTGAAAATGGAATTGCTCTGGTTTTTTGAGTGACTTTTCACTAGAGGGCCTT
ATCTATGACTTAAAAGTTAGTCGTGATAAAAAAAGATACGGACTTTTACCTTAACGAGACCAAAAAACTCACTGAAAAGTGATCTCCCGGAA

CCAGTTACTCCTGTAAGCTGCCTAACCTGGCACACCACGCCCAAGTGTAACCGTGAATCCAAAT
GGTCAATGAGGACATTCGACGGATTGGACCGTGTGGTGCGGGTTCACATTGGCACTTAGGTTTA

33356_S

Probe [A]

33356_A

GGTGCGGGTTCACATTGGCA

CTTTATTCAAAA GGGTACAAAA CTTATGGC

T>A

GTTTAAAA TTAAAA CAAAA CTGGTTCAAAA TAGAGG CGTTCTTC
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Figure 36: RNeasy Mini Kit protocol 
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Figure 37: QuantiTect Reverse Transcription Kit protocol 
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Figure 38: Clustal W (1.81) multiple sequence alignment of GLUT5 and GLUT7 
Stars indicate single, fully conserved residues, meaning amino acids that are identical between 
GLUT5 to GLUT7. Colons represent the conservation of strong groups and a point shows 
conservation of weak groups. All other show no consensus. Hyphen indicates residues that 
are present in GLUT7, but absent in GLUT5 (GLUT7 has 11 extra amino acids). 
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Figure 39: Schematic representation of GLUT5-GLUT7-GFP structure 
Blue dots show the amino acids that were changed from GLUT5 to GLUT7 in the different 
fragments. White dots represent amino acids that do not differ between GLUT5 and GLUT7 
and thus were not changed. Squares represent amino acids that were introduced, since 
GLUT7 has more amino acids than GLUT5 at the N-terminus and C-terminus.  
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Table 23: Mutagenesis primers for GLUT5-GLUT7-GFP chimera 
Name Sequence 
pMXs-XhoI-F 5’-TTAGTTCTCGAGCTTTTGGAGTACGTCGTCTTTAGG-3’ 
pMXs-PacI-R 5’-AGCTAGTTAATTAAGGATCTTCCCCAGCATGCCTGC-3’ 
G5G7-F1-R 5´-CCTGCTGGGAATGGGTGGAGGGGTTCCCGCCTCCTTGTTCTCCATGGTGGCCCTAGGATCC-3´ 
G5G7-F1-F 5´-CCTCCACCCATTCCCAGCAGGGAAGGGAGGCTGCAGCCTACGCTTCTCCTGGCAACCCTG-3´ 
G5G7-F2-R 5´-AGGTTGTACCCATACTGGAAGGCTGACCCAAAGGCAGCGCTCAGGGTTGCCAGGGCAAGC-3´ 
G5G7-F2-F 5´-GGTCAGCCTTCCAGTATGGGTACAACCTGTCTGTGGTCAACACCCCAGCACTGCTCATGC-3´ 
G5G7-F2a-R 5´-GAAGGATGACCCAAAGGCAGCGCTCAGGGTTGCCAGG-3´ 
G5G7-F2a-F 5´-CCTGGCAACCCTGAGCGCTGCCTTTGGGTCATCCTTC-3´ 
G5G7-F2b-R 5´-CGTTGTACCCATACTGGAAGGCTGACCCAAAGGCAGCTA-3´ 
G5G7-F2b-F 5´-TAGCTGCCTTTGGGTCAGCCTTCCAGTATGGGTACAACG-3´ 
G5G7-F2c-R 5´-GAGTTGACAGCAGCCAGGTTGTACCCATACTG-3´ 
G5G7-F2c-F 5´-CAGTATGGGTACAACCTGGCTGCTGTCAACTC-3´ 
G5G7-F2d-R 5´-GGGGAGTTGACAGCAGACACGTTGTACCCATACTG-3´ 
G5G7-F2d-F 5´-CAGTATGGGTACAACGTGTCTGCTGTCAACTCCCC-3´ 
G5G7-F2e-R 5´-GTGCTGGGGAGTTGACCACAGCCACGTTGTACCCATACTG-3´ 
G5G7-F2e-F 5´-CAGTATGGGTACAACGTGGCTGTGGTCAACTCCCCAGCAC-3´ 
G5G7-F2f-R 5´-GCATGAGCAGTGCTGGGGTGTTGACAGCAGCC-3´ 
G5G7-F2f-F 5´-GGCTGCTGTCAACACCCCAGCACTGCTCATGC-3´ 
G5G7-F3-R 5´-TCTCATTGTAAAATGATTTGAAGACCTTGTGTGGGGAGTTGACAGCAGCCACGTTGTACC-3´ 
G5G7-F3-F 5´-CAACTCCCCACACAAGGTCTTCAAATCATTTTACAATGAGACTTACTATGGTAGGACCGG-3´ 
G5G7-F4-R 5´-CCACAGCAACAGCATGAGCTTGCCGTCCATGAATGTAGCGTGCCTCTCAAAGTAAGTCTC-3´ 
G5G7-F4-F 5´-AGGCACGCTACATTCATGGACGGCAAGCTCATGCTGTTGCTGTGGTCTTGCACCGTGTCC-3´ 
G5G7-F5-R 5´-CACCAAGAGGCCGACCAGGAGGGATCCGAGAAGCCCTCCAAGTGGAAACATGGACACGG-3´ 
G5G7-F5-F 5´-GGAGGGCTTCTCGGATCCCTCCTGGTCGGCCTCTTGGTGGATAGCTGTGGCAGAAAAGGG-3´ 
G5G7-F6-R 5´-GATGATAGCAAATATGTTGTTGATCAGCAAGGTCCCTTTTCTGCCAAATTTATTCACC-3´ 
G5G7-F6-F 5´-ACCTTGCTGATCAACAACATATTTGCTATCATCCCTGCGATCTTAATGGGATGCAGC-3´ 
G5G7-F7-R 5´-CTCTGGAAAAAACGATAAGCTCAAATGCCTTGGCGACTTTGCTGACTCCCATTAAGATCG-3´ 
G5G7-F7-F 5´-TTGAGCTTATCGTTTTTTCCAGAGTTGTGCTGGGAGTATGTGCAGGTATATCTTCCAACG-3´ 
G5G7-F8-R 5´-CAGGTTTTTAGGGGCCAGCTCCCCTAAGTACATGGGGAGCGCGCTGTAAGATACACCTGC-3´ 
G5G7-F8-F 5´-TACTTAGGGGAGCTGGCCCCTAAAAACCTGCGGGGGATGGTCGGGGTGGTGCCCCAGCTC-3´ 
G5G7-F9-R 5´-AGATCTGGGCCAGAAAGACGCCAACAATGACGAAGACCTCGGTCATCGTCCCGAGAGCCC-3´ 
G5G7-F9-F 5´-CCGAGGTCTTCGTCATTGTTGGCGTCTTTCTGGCCCAGATCTTTAGTCTTCGGAATCTCC-3´ 
G5G7-F9a-R 5´-GATGAAGAGCTGGGGCATCGTCCCGAGAGCCCCCCGCAGG-3´ 
G5G7-F9a-F 5´-GGGGGCTCTCGGGACGATGCCCCAGCTCTTCATC-3´ 
G5G7-F9b-R 5´-GCCAACAGTGATGAAGACCTCGGTCACCACCCCGAGAGCC-3´ 
G5G7-F9b-F 5´-GGCTCTCGGGGTGGTGACCGAGGTCTTCATCACTGTTGGC-3´ 
G5G7-F9ba-R 5´-GCCAACAGTGATGAAGAGCTGGGTCACCACCCC-3´ 
G5G7-F9ba-F 5´-GGGGTGGTGACCCAGCTCTTCATCACTGTTGGC-3´ 
G5G7-F9bb-R 5´-GCCAACAGTGATGAAGAGCTCGGGCACCACCCCG-3´ 
G5G7-F9bb-F 5´-CGGGGTGGTGCCCGAGCTCTTCATCACTGTTGGC-3´ 
G5G7-F9bc-R 5´-GCCAACAGTGATGAAGACCTGGGGCACCACCCC-3´ 
G5G7-F9bc-F 5´-GGGGTGGTGCCCCAGGTCTTCATCACTGTTGGC -3´ 
G5G7-F9c-R 5´-GGGCCACAAGGACGCCAACAATGACGAAGAGCTGGGGC-3´ 
G5G7-F9c-F 5´-GCCCCAGCTCTTCGTCATTGTTGGCGTCCTTGTGGCCC-3´ 
G5G7-F9ca-R 5´-GGATGCCAACAGTGACGAAGAGCTGGGGC-3´ 
G5G7-F9ca-F 5´-GCCCCAGCTCTTCGTCACTGTTGGCATCC-3´ 
G5G7-F9cb-R 5´-CCACAAGGATGCCAACAATGATGAAGAGCTGG-3´ 
G5G7-F9cb-F 5´-CCAGCTCTTCATCATTGTTGGCATCCTTGTGG-3´ 
G5G7-F9cc-R 5´-GGGCCACAAGGACGCCAACAGTGATGAAGAGC-3´ 
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G5G7-F9cc-F 5´-GCTCTTCATCACTGTTGGCGTCCTTGTGGCCC-3´ 
G5G7-F9d-R 5´-GAGATTCCGAAGACTAAAGATCTGGGCCAGAAAGATGCCAACAGTG-3´ 
G5G7-F9d-F 5´-CACTGTTGGCATCTTTCTGGCCCAGATCTTTAGTCTTCGGAATCTC-3´ 
G5G7-F10-R 5´-CCAGCAGGACCGGCCAGCCAGCTGGGTTTCCAAGGATAGCCTGAAGACCAAAGATCTGGG-3´ 
G5G7-F10-F 5´-TATCCTTGGAAACCCAGCTGGCTGGCCGGTCCTGCTGGCGCTGACCGGGGTCCCCGCGGC-3´ 
G5G7-F11-R 5´-GCGAGTACCTGGGGCTCTCGGGGAAGAAGGGCAGCGTAAGGAGCTGCAGCAGCGCGGGGAC-3´ 
G5G7-F11-F 5´-GCTGCCCTTCTTCCCCGAGAGCCCCAGGTACTCGCTGATTCAGAAGGGAGACGAAGCGGC-3´ 
G5G7-F12-R 5´-TGGCCGCGCAGCCTCCGTAGGGCTTGCCTGGCGGTCGCTTCGTCTTTCTTCTGAATCAGC-3´ 
G5G7-F12-F 5´-GCCAGGCAAGCCCTACGGAGGCTGCGCGGCCACACCTCTGTGGACAGGGAGGTGGCCGAG-3´ 
G5G7-F13-R 5´-TCCGCCCGCATGTCCTCCAGCTCCGCCTCCATATCGTCCCAGCCGCGCAGCGTCTGTAGG-3´ 
G5G7-F13-F 5´-TGGAGGCGGAGCTGGAGGACATGCGGGCGGAGGCTGAGGCAGAGAAGGCCGCGGGCTTC-3´ 
G5G7-F13a-R 5´-GGATCTCGGCCACCTCCGCCTCCATATCGTCCCAGCCGCGCAGC-3´ 
G5G7-F13a-F 5´-GCTGCGCGGCTGGGACGATATGGAGGCGGAGGTGGCCGAGATCC-3´ 
G5G7-F13b-R 5´-CTCATCCTCCTGCCGGATGTCCTCCAGCTCCCTGTCCACAGAG-3´ 
G5G7-F13b-F 5´-CTCTGTGGACAGGGAGCTGGAGGACATCCGGCAGGAGGATGAG-3´ 
G5G7-F13c-R 5´-GCGGCCTTCTCTGCCTCAGCCTCCGCCCGCATCTCGGCCACCTCCC-3´ 
G5G7-F13c-F 5´-GGGAGGTGGCCGAGATGCGGGCGGAGGCTGAGGCAGAGAAGGCCGC-3´ 
G5G7-F14-R 5´-GGTGCAGCACGGAGAGGTGGCCCTCGGCCCTCTCTGCCCGATCCTCCTGCCGGATCTCGG-3´ 
G5G7-F14-F 5´-GCCGAGGGCCACCTCTCCGTGCTGCACCTGTGCGCGCTGCGCTCGCTGCGCTGGCAGCTG-3´ 
G5G7-F15-R 5´-GTCCGCGTAGTAGTTGATAGCGTTGATGCCCGACAGCTGCTGGCCGGCCATGAGGACG-3´ 
G5G7-F15-F 5´-AGCTGTCGGGCATCAACGCTATCAACTACTACGCGGACACGATCTACACGAGCGCCGGCG-3´ 
G5G7-F15a-R 5´-CCCGACAGCTGCTGGCCGGCCATGAGGACGATGATGG-3´ 
G5G7-F15a-F 5´-CCATCATCGTCCTCATGGCCGGCCAGCAGCTGTCGGG-3´ 
G5G7-F15b-R 5´-CGTAGTAGTAGATAGCGTTGATGCCCGACAGCTGCTGGC-3´ 
G5G7-F15b-F 5´-GCCAGCAGCTGTCGGGCATCAACGCTATCTACTACTACG-3´ 
G5G7-F15c-R 5´-CTGGTCCGCGTAGTAGTTGATAGCGTTGACGCCCGAC-3´ 
G5G7-F15c-F 5´-GTCGGGCGTCAACGCTATCAACTACTACGCGGACCAG-3´ 
G5G7-F15d-R 5´-CCGGCGCTCAGGTAGATCGTGTCCGCGTAGTAGTAG-3´ 
G5G7-F15d-F 5´-CTACTACTACGCGGACACGATCTACCTGAGCGCCGG-3´ 
G5G7-F15e-R 5´-CGGCACGCCGGCGCTCGTGTAGATCTGGTCCGC-3´ 
G5G7-F15e-F 5´-GCGGACCAGATCTACACGAGCGCCGGCGTGCCG-3´ 
G5G7-F16-R 5´-GCTGCCGACCGTCACGTACTGCGAGTGCGCCGCCTCCACGCCGGCGCTCAGGTAGATCTG-3´ 
G5G7-F16-F 5´-GGCGGCGCACTCGCAGTACGTGACGGTCGGCAGCGGGGCCGTGAACGTGGTCATGACC-3´ 
G5G7-F17-R 5´-GCTCCACCAGGACCGCGGAGGTGATGGTCATGACTATGTTCACGACCCCGGTGCCGGCCG-3´ 
G5G7-F17-F 5´-GTGAACATAGTCATGACCATCACCTCCGCGGTCCTGGTGGAGCGCCTGGGTCGGAGGCTG-3´ 
G5G7-F17a-F 5´-CGTGACGGCCGGCACCGGGGTCGTGAACATAGTCATGACCATCTGCGCCGTGTTCGTGG-3´ 
G5G7-F17a-R 5´-CCACGAACACGGCGCAGATGGTCATGACTATGTTCACGACCCCGGTGCCGGCCGTCACG-3´ 
G5G7-F17aa-R 5´-CATGACCACGTTCACGACCCCGGTGCCGGCC-3´ 
G5G7-F17aa-F 5´-GGCCGGCACCGGGGTCGTGAACGTGGTCATG-3´ 
G5G7-F17ab-R 5´-GCAGAAGGTCATGACTATGTTCACGGCCCCGGTGC-3´ 
G5G7-F17ab-F 5´-GCACCGGGGCCGTGAACATAGTCATGACCTTCTGC-3´ 
G5G7-F17ac-R 5´-CACGAACACGGCGCAGATGGTCATGACCACG-3´ 
G5G7-F17ac-F 5´-CGTGGTCATGACCATCTGCGCCGTGTTCGTG-3´ 
G5G7-F17b-F 5´-CGTGGTCATGACCTTCACCTCCGCGTTCGTGGTGGAGCTC-3´ 
G5G7-F17b-R 5´-GAGCTCCACCACGAACGCGGAGGTGAAGGTCATGACCACG-3´ 
G5G7-F17ba-R 5´-CACCACGAACACGGCGGTGAAGGTCATGACC-3´ 
G5G7-F17ba-F 5´-GGTCATGACCTTCACCGCCGTGTTCGTGGTG-3´ 
G5G7-F17bb-R 5´-CCACCACGAACACGGAGCAGAAGGTCATGAC-3´ 
G5G7-F17bb-F 5´-GTCATGACCTTCTGCTCCGTGTTCGTGGTGG-3´ 
G5G7-F17bc-R 5´-GAGCTCCACCACGAACGCGGCGCAGAAGGTC-3´ 
G5G7-F17bc-F 5´-GACCTTCTGCGCCGCGTTCGTGGTGGAGCTC-3´ 
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G5G7-F17c-F 5´-GACCTTCTGCGCCGTGGTCCTGGTGGAGCGCCTGGGTCGGAGGCTGCTGC-3´ 
G5G7-F17c-R 5´-GCAGCAGCCTCCGACCCAGGCGCTCCACCAGGACCACGGCGCAGAAGGTC-3´ 
G5G7-F18-R 5´-AGGCAGGCTGAGCCGCAGATGCCGTAGCCCGCCAGCAGCAGGTGCCTCCGACCCAGGAGC-3´ 
G5G7-F18-F 5´-CTGCTGCTGGCGGGCTACGGCATCTGCGGCTCAGCCTGCCTCGTGCTCACTGCAGCTCTG-3´ 
G5G7-F18a-R 5´-GGCTATGAGGCAGATGGAGTAGCCCGCCAGCAGCAGGTGCCTCCGACCCAGGAGCTCC-3´ 
G5G7-F18a-F 5´-GGAGCTCCTGGGTCGGAGGCACCTGCTGCTGGCGGGCTACTCCATCTGCCTCATAGCC-3´ 
G5G7-F18b-R 5´-GAGCTGCAGTGAGCACGAGGCAGGCTGAGCCGCAGATGCCGAAGCCCAGCAGCAGCAG-3´ 
G5G7-F18b-F 5´-CTGCTGCTGCTGGGCTTCGGCATCTGCGGCTCAGCCTGCCTCGTGCTCACTGCAGCTC-3´ 
G5G7-F19-R 5´-GATGCCGAGGTATGACAGCTCGGGCACTCTGTTCTGGAATAGCAGAACTACAGTGAGCACG-3´ 
G5G7-F19-F 5´-TCCAGAACAGAGTGCCCGAGCTGTCATACCTCGGCATCATCTGTGTCTTCTCCTACGTCAT-3´ 
G5G7-F19a-R 5´-CACTGTGTCCTGCAGTAGCAGAACTACAGTGAGCACGCAGC-3´ 
G5G7-F19a-F 5´-GCTGCGTGCTCACTGTAGTTCTGCTACTGCAGGACACAGTG-3´ 
G5G7-F19aa-R 5´-GCAGTGCCAGAGCTACAGTGAGCACGCAGC-3´ 
G5G7-F19aa-F 5´-GCTGCGTGCTCACTGTAGCTCTGGCACTGC-3´ 
G5G7-F19ab-R 5´-CCTGCAGTGCCAGAACTGCAGTGAGCACGC-3´ 
G5G7-F19ab-F 5´-GCGTGCTCACTGCAGTTCTGGCACTGCAGG-3´ 
G5G7-F19ac-R 5´-CTGTGTCCTGCAGTAGCAGAGCTGCAGTGAG-3´ 
G5G7-F19ac-F 5´-CTCACTGCAGCTCTGCTACTGCAGGACACAG-3´ 
G5G7-F19b-R 5´-GGCATCCAGGACACTCTGTTCTGGAATGCCAGAGCTGC-3´ 
G5G7-F19b-F 5´-GCAGCTCTGGCATTCCAGAACAGAGTGTCCTGGATGCC-3´ 
G5G7-F19ba-R 5´-GGACACTGTGTCCTGGAATGCCAGAGCTGCAG-3´ 
G5G7-F19ba-F 5´-CTGCAGCTCTGGCATTCCAGGACACAGTGTCC-3´ 
G5G7-F19bb-R 5´-CATCCAGGACACTGTGTTCTGCAGTGCCAGAGC-3´ 
G5G7-F19bb-F 5´-GCTCTGGCACTGCAGAACACAGTGTCCTGGATG-3´ 
G5G7-F19bc-R 5´-GGCATCCAGGACACTCTGTCCTGCAGTGCCAG-3´ 
G5G7-F19bc-F 5´-CTGGCACTGCAGGACAGAGTGTCCTGGATGCC-3´ 
G5G7-F19c-R 5´-CGATGCTGATGTATGACAGCTCGGGCACTGTGTCCTGC-3´ 
G5G7-F19c-F 5´-GCAGGACACAGTGCCCGAGCTGTCATACATCAGCATCG-3´ 
G5G7-F19d-R 5´-CCTATGACGTAGGAGAAGACACAGATGATGCCGAGGTATGGCATCCAGG-3´ 
G5G7-F19d-F 5´-CCTGGATGCCATACCTCGGCATCATCTGTGTCTTCTCCTACGTCATAGG-3´ 
G5G7-F20-R 5´-GGTACGGGACTGGGCCCGATGGAATGTCCTGCGATGTAGGCGATGACACAGACGATGCTG-3´ 
G5G7-F20-F 5´-GGACATTCCATCGGGCCCAGTCCCGTACCCTCGGTGGTCAGGACTGAGATCTTCCTGCAG-3´ 
G5G7-F20a-R 5´-CGAGGGCATGTCCTATGATGTAGGCGATGACACAGACGATGC-3´ 
G5G7-F20a-F 5´-GCATCGTCTGTGTCATCGCCTACATCATAGGACATGCCCTCG-3´ 
G5G7-F20aa-R 5´-CCTATGACGTAGGCGATGACACAGACGATGC-3´ 
G5G7-F20aa-F 5´-GCATCGTCTGTGTCATCGCCTACGTCATAGG-3´ 
G5G7-F20ab-R 5´-GCATGTCCTATGATGTAGGAGATGACACAGACG-3´ 
G5G7-F20ab-F 5´-CGTCTGTGTCATCTCCTACATCATAGGACATGC-3´ 
G5G7-F20b-R 5´-GGTATGGGACTGGGCCCGATGGAATGTCCTGCGACGTAGGAGATGACAC-3´ 
G5G7-F20b-F 5´-GTGTCATCTCCTACGTCGCAGGACATTCCATCGGGCCCAGTCCCATACC-3´ 
G5G7-F20ba-R 5´-CGAGGGCATGTCCTGCGACGTAGGAGATGAC-3´ 
G5G7-F20ba-F 5´-GTCATCTCCTACGTCGCAGGACATGCCCTCG-3´ 
G5G7-F20bb-R 5´-GGACTGGGCCCGAGGGAATGTCCTATGACG-3´ 
G5G7-F20bb-F 5´-CGTCATAGGACATTCCCTCGGGCCCAGTCC-3´ 
G5G7-F20bc-R 5´-GGACTGGGCCCGATGGCATGTCCTATGACG-3´ 
G5G7-F20bc-F 5´-CGTCATAGGACATGCCATCGGGCCCAGTCC-3´ 
G5G7-F20c-R 5´-GATCTCAGTGATGAGCACCGAGGGTACGGGACTGGGCCCGAGG-3´ 
G5G7-F20c-F 5´-CCTCGGGCCCAGTCCCGTACCCTCGGTGCTCATCACTGAGATC-3´ 
G5G7-F20d-R 5´-GCAGGAAGATCTCAGTCCTGACCAGCGCGGGTATGGGAC-3´ 
G5G7-F20d-F 5´-GTCCCATACCCGCGCTGGTCAGGACTGAGATCTTCCTGC-3´ 
G5G7-F20da-R 5´-CAGGAAGATCTCAGTGATGACCAGCGCGGG-3´ 



Supplement 127 

G5G7-F20da-F 5´-CCCGCGCTGGTCATCACTGAGATCTTCCTG-3´ 
G5G7-F20db-R 5´-GATCTCAGTCCTGAGCAGCGCGGGTATGGG-3´ 
G5G7-F20db-F 5´-GCGCTGCTCAGGACTGAGATCTTCCTGCAG-3´ 
G5G7-F21-R 5´-AAGTTGGTGAGCCAGTGCACAGCGCCGTCCACCATGAAGGCAGCTCGCCGAGAGGACTGC-3´ 
G5G7-F21-F 5´-TGGTGGACGGCGCTGTGCACTGGCTCACCAACTTCATCATAGGCTTCATCTTCCCGTTCA-3´ 
G5G7-F21a-R 5´-CCCCACCATGAAGGCAGCTCGCCGAGAGGACTGCAGG-3´ 
G5G7-F21a-F 5´-CCTGCAGTCCTCTCGGCGAGCTGCCTTCATGGTGGGG-3´ 
G5G7-F21aa-R 5´-CCCCACCATGAAGGCAGATCGCCGAGAGGACTG-3´ 
G5G7-F21aa-F 5´-CAGTCCTCTCGGCGATCTGCCTTCATGGTGGGG-3´ 
G5G7-F21ab-R 5´-CCCCACCATGAAGGCAGCTGGCCGAGAGGACTG-3´ 
G5G7-F21ab-F 5´-CAGTCCTCTCGGCCAGCTGCCTTCATGGTGGGG-3´ 
G5G7-F21b-R 5´-GGAGAGCCAGTGCACAGCGCCGTCCACCATGAAGGCAG-3´ 
G5G7-F21b-F 5´-CTGCCTTCATGGTGGACGGCGCTGTGCACTGGCTCTCC-3´ 
G5G7-F21ba-R 5´-CCAGTGCACACTGCCGTCCACCATGAAGGC-3´ 
G5G7-F21ba-F 5´-GCCTTCATGGTGGACGGCAGTGTGCACTGG-3´ 
G5G7-F21bb-R 5´-CCAGTGCACAGCGCCCCCCACCATGAAGGC-3´ 
G5G7-F21bb-F 5´-GCCTTCATGGTGGGGGGCGCTGTGCACTGG-3´ 
G5G7-F21c-R 5´-GGAAGATCAAGCCCACGATGAAGTTGGTGAGCCAGTGCACAC-3´ 
G5G7-F21c-F 5´-GTGTGCACTGGCTCACCAACTTCATCGTGGGCTTGATCTTCC-3´ 
G5G7-F21d-R 5´-GGATGAACGGGAAGATGAAGCCTATGGTGAAGTTGGAGAGCC-3´ 
G5G7-F21d-F 5´-GGCTCTCCAACTTCACCATAGGCTTCATCTTCCCGTTCATCC-3´ 
G5G7-F21da-R 5´-CGGGAAGATCAAGCCTATGGTGAAGTTGGAGAG-3´ 
G5G7-F21da-F 5´-CTCTCCAACTTCACCATAGGCTTGATCTTCCCG-3´ 
G5G7-F21db-R 5´-GGATGAACGGGAAGATGAAGCCCACGGTGAAGTTGG-3´ 
G5G7-F21db-F 5´-CCAACTTCACCGTGGGCTTCATCTTCCCGTTCATCC-3´ 
G5G7-F22-R 5´-AGATAATGAAGCTGTACGCGCCGATGGCCTCCTGGATGGACGGGAAGAGCAAGCCCACGG-3´ 
G5G7-F22-F 5´-TCCATCCAGGAGGCCATCGGCGCGTACAGCTTCATTATCTTCGCCGGGATCTGCCTCCTCA-3´ 
G5G7-F23-R 5´-TACGAACGTCTTGCCCTTGGTCTCCGGGATAACCACGTAGATGTAGATGGCGGTGAGGAG-3´ 
G5G7-F23-F 5´-TGGTTATCCCGGAGACCAAGGGCAAGACGTTCGTAGAGATCAACCGGATTTTCACCAAGA-3´ 
G5G7-F24-R 5´-TTTCTCCTCCGGTAGCTTCACCCTATTCCTCTTGGCGAAAATCTGGTTGATCTCTATG-3´ 
G5G7-F24-F 5´-CCAAGAGGAATAGGGTGAAGCTACCGGAGGAGAAAAAGGAGGAACTGAAAGAGCTTCC-3´ 
G5G7-F25-R 5´-CGCTGGCGAAGCGGTAGGTGGACCCGCATCAATTGTCTCTTCTTCCGGGTACACTTCAG-3´ 
G5G7-F25-F 5´-GAGACAATTGATGCGGGTCCACCTACCGCTTCGCCAGCGGCGAGCGTGAGCAAGGGCGAG-3´ 
G5G7-F26-R 5´-AAAGGAAGTTTCCTTCTGTTCCGAAGTGACAGGTGGAAGCTCTTTCAGTTCCTCCTTTTC-3´ 
G5G7-F26-F 5´-AAGGAAACTTCCTTTGCGAGCGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCC-3´ 
G5-428-G7-
506-R 5´-GGCCTCCTGGATGGATGGGAACAGCAAGCCCACGGTGAAGTTGGAGAGC-3´ 

G5-428-G7-
506-F 5´-GCTCTCCAACTTCACCGTGGGCTTGCTGTTCCCATCCATCCAGGAGGCC-3´ 
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Table 24: GLUT5-GLUT7-GFP fragments 

Fr 
Amino acids of 
GLUT5 replaced by 
GLUT7 amino acids 

Fr 
Amino acids of 
GLUT5 replaced by 
GLUT7 amino acids 

Fr 
Amino acids of  
GLUT5 replaced by 
GLUT7 amino acids 

1 1-18 plus 6 aa of 
GLUT7 13c 250-254 19c 370-373 

2 23-41 14 255-271 19d 375-381 

2a p.I23S 15 286-305 20 382-399 

2b p.S29A 15a p.G286A 20a 382-384 

2c p.V36L 15b p.V293I 20aa p.S382A 

2d p.A37S 15c p.Y297N 20ab p.V384I 

2e p.A38V 15d p.Q302T 20b 385-389 

2f p.S41T 15e p.L305T 20ba p.I385A 

3 43-48 16 310-321 20bb p.A388S 

4 55-73 17 323-338 20bc p.L389I 

5 80-96 17a 323-330 20c 394-397 

6 101-111 17aa p.A323V 20d 398-399 

7 118-141 17ab p.V326I 20da p.L398V 

8 143-162 17ac p.F330I 20db p.I399R 

9 164-181 17b 331-333 21 409-428 

9a 164-165 17ba p.C331T 21a 409-410 

9b 166-168 17bb p.A332S 21aa p.P409R 

9ba p.P166T 17bc p.V333A 21ab p.S410A 

9bb p.Q167E 17c 334-338 21b 415-417 

9bc p.L168V 18 343-357 21ba p.G415D 

9c 170-174 18a 343-349 21bb p.S417A 

9ca p.I170V 18b 350-357 21c 422-425 

9cb p.T171I 19 361-381 21d 426-428 

9cc p.I174V 19a 361-364 21da p.V426I 

9d 175-181 19aa p.A361V 21db p.L428F 

10 183-197 19ab p.A362V 22 429-447 

11 204-225 19ac p.A364L 23 453-473 

12 229-241 19b 365-368 24 476-487 

13 242-254 19ba p.L365F 25 488-501 

13a 242-245 19bb p.D367N 26 501 plus 5 aa of 
GLUT7 

13b 247-249 19bc p.T368R G5-428-
G7-506  

1-428 of GLUT5 and 
429-C-terminus of 
GLUT7 
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Table 25: Mutagenesis primers for GLUT7-GLUT5-GFP chimera 
Chimera Name Sequence 

G7-219,G5-
507-SM 

5´-CTGACCCTGCCCTTCTTCCCCGAGAGCCCCAGG-3´ 
5´-CCTGGGGCTCTCGGGGAAGAAGGGCAGGGTCAG-3´ 
5´-GAAGACCTTGTGCGGCGAGTTGACCACAGAGACGTTGTAGCCGTAC-3´ 
5´-GTACGGCTACAACGTCTCTGTGGTCAACTCGCCGCACAAGGTCTTC-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGGTGATGAAAAGCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGCTTTTCATCACCGTTGGAATCTTCCTAGCACAGATC-3´ 

G7-219,G5-
507-S 

5´-CTGACCCTGCCCTTCTTCCCCGAGAGCCCCAGG-3´ 
5´-CCTGGGGCTCTCGGGGAAGAAGGGCAGGGTCAG-3´ 
5´-GGCGTGTTGACCACAGAGACGTTGTAGCCGTACTGG-3´ 
5´-CCAGTACGGCTACAACGTCTCTGTGGTCAACACGCC-3´ 
5´-GATCTGTGCTAGGAAGACTCCAACGGTGACGAAAACCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGGTTTTCGTCACCGTTGGAGTCTTCCTAGCACAGATC-3´ 

G7-219,G5-
507-M 

5´-CTGACCCTGCCCTTCTTCCCCGAGAGCCCCAGG-3´ 
5´-CCTGGGGCTCTCGGGGAAGAAGGGCAGGGTCAG-3´ 
5´-CTTGAAGACCTTGTGCGGCGAGTTGACCACAGAGAGG-3´ 
5´-CCTCTCTGTGGTCAACTCGCCGCACAAGGTCTTCAAG-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGATGATGAAAAGCTCGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCGAGCTTTTCATCATCGTTGGAATCTTCCTAGCACAGATC-3´ 

G7-219,G5-
507-control  

5´-CTGACCCTGCCCTTCTTCCCCGAGAGCCCCAGG-3´ 
5´-CCTGGGGCTCTCGGGGAAGAAGGGCAGGGTCAG-3´ 

G7-219,G-
440,G7-512-M 

5´-CTGACCCTGCCCTTCTTCCCCGAGAGCCCCAGG-3´ 
5´-CCTGGGGCTCTCGGGGAAGAAGGGCAGGGTCAG-3´ 
5´-CTTGAAGACCTTGTGCGGCGAGTTGACCACAGAGAGG-3´ 
5´-CCTCTCTGTGGTCAACTCGCCGCACAAGGTCTTCAAG-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGATGATGAAAAGCTCGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCGAGCTTTTCATCATCGTTGGAATCTTCCTAGCACAGATC-3´ 
5´-CTTCACCGTGGGCTTGCTGTTCCCATCCATCCAG-3´ 
5´-CTGGATGGATGGGAACAGCAAGCCCACGGTGAAG-3´ 

G7-219,G-
440,G7-512-
control 

5´-CTGACCCTGCCCTTCTTCCCCGAGAGCCCCAGG-3´ 
5´-CCTGGGGCTCTCGGGGAAGAAGGGCAGGGTCAG-3´ 
5´-CTTCACCGTGGGCTTGCTGTTCCCATCCATCCAG-3´ 
5´-CTGGATGGATGGGAACAGCAAGCCCACGGTGAAG-3´ 

G7-324,G5-
440-G7-
512,G5F13-SM 

5´-GTAACGGTGGGCTCTGGCGCCGTGAACGTGGTCATG-3´ 
5´-CATGACCACGTTCACGGCGCCAGAGCCCACCGTTAC-3´ 
5´-CTTCACCGTGGGCTTGCTGTTCCCATCCATCCAG-3´ 
5´-CTGGATGGATGGGAACAGCAAGCCCACGGTGAAG-3´ 
5´-GAAGACCTTGTGCGGCGAGTTGACCACAGAGACGTTGTAGCCGTAC-3´ 
5´-GTACGGCTACAACGTCTCTGTGGTCAACTCGCCGCACAAGGTCTTC-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGGTGATGAAAAGCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGCTTTTCATCACCGTTGGAATCTTCCTAGCACAGATC-3´ 
5´-GGTGTCCGCATAGTAGTAGATCGCATTGACGCCCGACAGCTGC-3´ 
5´-GCAGCTGTCGGGCGTCAATGCGATCTACTACTATGCGGACACC-3´ 
5´-GGACCGCGAGGTGGCGGAGATCCGTCAGGAGGACCGGGCCGAGCGCGCCGAGGGCCACC-3´ 
5´-CTCCTGACGGATCTCCGCCACCTCGCGGTCCACGGACGTGTGGCCTCTCAGCCTCCTCAG-3´ 

G7-324,G5- 
440-G7- 
512,G5F13-S 

5´-GTAACGGTGGGCTCTGGCGCCGTGAACGTGGTCATG-3´ 
5´-CATGACCACGTTCACGGCGCCAGAGCCCACCGTTAC-3´ 
5´-CTTCACCGTGGGCTTGCTGTTCCCATCCATCCAG-3´ 
5´-CTGGATGGATGGGAACAGCAAGCCCACGGTGAAG-3´ 
5´-GGCGTGTTGACCACAGAGACGTTGTAGCCGTACTGG-3´ 
5´-CCAGTACGGCTACAACGTCTCTGTGGTCAACACGCC-3´ 
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G7-324,G5-
440-G7-
512,G5F13-S 

5´-GATCTGTGCTAGGAAGACTCCAACGGTGACGAAAACCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGGTTTTCGTCACCGTTGGAGTCTTCCTAGCACAGATC-3´ 
5´-GGTGTCCGCATAGTAGTAGATCGCATTGATGCC-3´ 
5´-GGCATCAATGCGATCTACTACTATGCGGACACC-3´ 
5´-GGACCGCGAGGTGGCGGAGATCCGTCAGGAGGACCGGGCCGAGCGCGCCGAGGGCCACC-3´ 
5´-CTCCTGACGGATCTCCGCCACCTCGCGGTCCACGGACGTGTGGCCTCTCAGCCTCCTCAG-3´ 

G7-324,G5-
440-G7-
512,G5F13-M  

5´-GTAACGGTGGGCTCTGGCGCCGTGAACGTGGTCATG-3´ 
5´-CATGACCACGTTCACGGCGCCAGAGCCCACCGTTAC-3´ 
5´-CTTCACCGTGGGCTTGCTGTTCCCATCCATCCAG-3´ 
5´-CTGGATGGATGGGAACAGCAAGCCCACGGTGAAG-3´ 
5´-CTTGAAGACCTTGTGCGGCGAGTTGACCACAGAGAGG-3´ 
5´-CCTCTCTGTGGTCAACTCGCCGCACAAGGTCTTCAAG-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGATGATGAAAAGCTCGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCGAGCTTTTCATCATCGTTGGAATCTTCCTAGCACAGATC-3´ 
5´-GTAGTTGATCGCATTGACGCCCGACAGCTGCTGG-3´ 
5´-CCAGCAGCTGTCGGGCGTCAATGCGATCAACTAC-3´ 
5´-GGACCGCGAGGTGGCGGAGATCCGTCAGGAGGACCGGGCCGAGCGCGCCGAGGGCCACC-3´ 
5´-CTCCTGACGGATCTCCGCCACCTCGCGGTCCACGGACGTGTGGCCTCTCAGCCTCCTCAG-3´ 

G7-324,G5-
440-G7-512-
SM 

5´-GTAACGGTGGGCTCTGGCGCCGTGAACGTGGTCATG-3´ 
5´-CATGACCACGTTCACGGCGCCAGAGCCCACCGTTAC-3´ 
5´-CTTCACCGTGGGCTTGCTGTTCCCATCCATCCAG-3´ 
5´-CTGGATGGATGGGAACAGCAAGCCCACGGTGAAG-3´ 
5´-GAAGACCTTGTGCGGCGAGTTGACCACAGAGACGTTGTAGCCGTAC-3´ 
5´-GTACGGCTACAACGTCTCTGTGGTCAACTCGCCGCACAAGGTCTTC-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGGTGATGAAAAGCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGCTTTTCATCACCGTTGGAATCTTCCTAGCACAGATC-3´ 
5´-GGTGTCCGCATAGTAGTAGATCGCATTGACGCCCGACAGCTGC-3´ 
5´-GCAGCTGTCGGGCGTCAATGCGATCTACTACTATGCGGACACC-3´ 

G7-324,G5-
440-G7-512-S 

5´-GTAACGGTGGGCTCTGGCGCCGTGAACGTGGTCATG-3´ 
5´-CATGACCACGTTCACGGCGCCAGAGCCCACCGTTAC-3´ 
5´-CTTCACCGTGGGCTTGCTGTTCCCATCCATCCAG-3´ 
5´-CTGGATGGATGGGAACAGCAAGCCCACGGTGAAG-3´ 
5´-GGCGTGTTGACCACAGAGACGTTGTAGCCGTACTGG-3´ 
5´-CCAGTACGGCTACAACGTCTCTGTGGTCAACACGCC-3´ 
5´-GATCTGTGCTAGGAAGACTCCAACGGTGACGAAAACCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGGTTTTCGTCACCGTTGGAGTCTTCCTAGCACAGATC-3´ 
5´-GGTGTCCGCATAGTAGTAGATCGCATTGATGCC-3´ 
5´-GGCATCAATGCGATCTACTACTATGCGGACACC-3´ 

G7-324,G5-
440-G7-512-M  

5´-GTAACGGTGGGCTCTGGCGCCGTGAACGTGGTCATG-3´ 
5´-CATGACCACGTTCACGGCGCCAGAGCCCACCGTTAC-3´ 
5´-CTTCACCGTGGGCTTGCTGTTCCCATCCATCCAG-3´ 
5´-CTGGATGGATGGGAACAGCAAGCCCACGGTGAAG-3´ 
5´-CTTGAAGACCTTGTGCGGCGAGTTGACCACAGAGAGG-3´ 
5´-CCTCTCTGTGGTCAACTCGCCGCACAAGGTCTTCAAG-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGATGATGAAAAGCTCGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCGAGCTTTTCATCATCGTTGGAATCTTCCTAGCACAGATC-3´ 
5´-GTAGTTGATCGCATTGACGCCCGACAGCTGCTGG-3´ 
5´-CCAGCAGCTGTCGGGCGTCAATGCGATCAACTAC-3´ 

G7,G5F13F18-
SM  

5´-GAAGACCTTGTGCGGCGAGTTGACCACAGAGACGTTGTAGCCGTAC-3´ 
5´-GTACGGCTACAACGTCTCTGTGGTCAACTCGCCGCACAAGGTCTTC-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGGTGATGAAAAGCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGCTTTTCATCACCGTTGGAATCTTCCTAGCACAGATC-3´ 
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G7,G5F13F18- 
SM 

5´-GGTGTCCGCATAGTAGTAGATCGCATTGACGCCCGACAGCTGC-3´ 
5´-GCAGCTGTCGGGCGTCAATGCGATCTACTACTATGCGGACACC-3´ 
5´-GACAACCGCGCAGATGGTCATCACCACGTTGACGGCGCCAGAGCCCACC-3´ 
5´-GGCGCCGTCAACGTGGTGATGACCATCTGCGCGGTTGTCCTTGTGGAGC-3´ 
5´-GGACCGTGTTCTGGAATGCGAGCGCCACCGTCAGCACCAGGC-3´ 
5´-GTGGCGCTCGCATTCCAGAACACGGTCCCCGAGCTGTCCTACC-3´ 
5´-GGACAGGACTGGGCCCAATGGCATGTCCCGCGACGTAGGCAAAGACACAGATGATGCC-3´ 
5´-GCGGGACATGCCATTGGGCCCAGTCCTGTCCCCTCGGTGCTGATCACCGAGATCTTCC-3´ 
5´-AGTTGGTGAGCCAGTGCACTGCCCCGCCCACCATGAAAGCTGCCGGCCGGGAGGACTGC-3´ 
5´-TGGTGGGCGGGGCAGTGCACTGGCTCACCAACTTCATCATAGGCCTCCTGTTCCCATCC-3´ 
5´-GGACCGCGAGGTGGCGGAGATCCGTCAGGAGGACCGGGCCGAGCGCGCCGAGGGCCACC-3´ 
5´-CTCCTGACGGATCTCCGCCACCTCGCGGTCCACGGACGTGTGGCCTCTCAGCCTCCTCAG-3´ 
5´-AGGCAATGAGGCAGATGCTGAAGCCGAGCAGCAGGAGGAGCCGCCGTCCCAGCCGCTCC-3´ 
5´-TGCTCGGCTTCAGCATCTGCCTCATTGCCTGCTGCGTGCTGACGGTGGCGCTCGCATTCC-3´ 

G7,G5F13F18-
S 

5´-GGCGTGTTGACCACAGAGACGTTGTAGCCGTACTGG-3´ 
5´-CCAGTACGGCTACAACGTCTCTGTGGTCAACACGCC-3´ 
5´-GATCTGTGCTAGGAAGACTCCAACGGTGACGAAAACCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGGTTTTCGTCACCGTTGGAGTCTTCCTAGCACAGATC-3´ 
5´-GGTGTCCGCATAGTAGTAGATCGCATTGATGCC-3´ 
5´-GGCATCAATGCGATCTACTACTATGCGGACACC-3´ 
5´-GACAACCGCGGTGATGGTCATCACCACGTTGACGACGCCAGAGCCCACC-3´ 
5´-GGCGTCGTCAACGTGGTGATGACCATCACCGCGGTTGTCCTTGTGGAGC-3´ 
5´-GGACAGGACTGGGCCCAATGGAATGTCCCGCGACGTAGGCAAAGACACAGATGATGCC-3´ 
5´-GCGGGACATTCCATTGGGCCCAGTCCTGTCCCCTCGGTGGTGATCACCGAGATCTTCC-3´ 
5´-AGTTGGTGAGCCAGTGCACTGCCCCGCCCACCATGAAAGCTGCCGGCCGGGAGGACTGC-3´ 
5´-TGGTGGGCGGGGCAGTGCACTGGCTCACCAACTTCATCATAGGCCTCCTGTTCCCATCC-3´ 
5´-GGACCGCGAGGTGGCGGAGATCCGTCAGGAGGACCGGGCCGAGCGCGCCGAGGGCCACC-3´ 
5´-CTCCTGACGGATCTCCGCCACCTCGCGGTCCACGGACGTGTGGCCTCTCAGCCTCCTCAG-3´ 
5´-AGGCAATGAGGCAGATGCTGAAGCCGAGCAGCAGGAGGAGCCGCCGTCCCAGCCGCTCC-3´ 
5´-TGCTCGGCTTCAGCATCTGCCTCATTGCCTGCTGCGTGCTGACGGTGGCGCTCGCATTCC-3´ 

G7,G5F13F18-
M 

5´-CTTGAAGACCTTGTGCGGCGAGTTGACCACAGAGAGG-3´ 
5´-CCTCTCTGTGGTCAACTCGCCGCACAAGGTCTTCAAG-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGATGATGAAAAGCTCGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCGAGCTTTTCATCATCGTTGGAATCTTCCTAGCACAGATC-3´ 
5´-GTAGTTGATCGCATTGACGCCCGACAGCTGCTGG-3´ 
5´-CCAGCAGCTGTCGGGCGTCAATGCGATCAACTAC-3´ 
5´-GACAGCCGAGCAGATGGTCATCACTATGTTGACGGCGCCAGAGCCCACC-3´ 
5´-GGCGCCGTCAACATAGTGATGACCATCTGCTCGGCTGTCCTTGTGGAGC-3´ 
5´-GGACCGTGTTCTGGAATGCGAGCGCCACCGTCAGCACCAGGC-3´ 
5´-GTGGCGCTCGCATTCCAGAACACGGTCCCCGAGCTGTCCTACC-3´ 
5´-GGACAGGACTGGGCCCAATGGCATGTCCCGCGATGTAGGCAAAGACACAGATGATGCC-3´ 
5´-GCGGGACATGCCATTGGGCCCAGTCCTGTCCCCTCGGTGCTGAGGACCGAGATCTTCC-3´ 
5´-GGACCGCGAGGTGGCGGAGATCCGTCAGGAGGACCGGGCCGAGCGCGCCGAGGGCCACC-3´ 
5´-CTCCTGACGGATCTCCGCCACCTCGCGGTCCACGGACGTGTGGCCTCTCAGCCTCCTCAG-3´ 
5´-AGGCAATGAGGCAGATGCTGAAGCCGAGCAGCAGGAGGAGCCGCCGTCCCAGCCGCTCC-3´ 
5´-TGCTCGGCTTCAGCATCTGCCTCATTGCCTGCTGCGTGCTGACGGTGGCGCTCGCATTCC-3´ 

G7-SM 

5´-GAAGACCTTGTGCGGCGAGTTGACCACAGAGACGTTGTAGCCGTAC-3´ 
5´-GTACGGCTACAACGTCTCTGTGGTCAACTCGCCGCACAAGGTCTTC-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGGTGATGAAAAGCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGCTTTTCATCACCGTTGGAATCTTCCTAGCACAGATC-3´ 
5´-GGTGTCCGCATAGTAGTAGATCGCATTGACGCCCGACAGCTGC-3´ 
5´-GCAGCTGTCGGGCGTCAATGCGATCTACTACTATGCGGACACC-3´ 
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G7-SM 

5´-GACAACCGCGCAGATGGTCATCACCACGTTGACGGCGCCAGAGCCCACC-3´ 
5´-GGCGCCGTCAACGTGGTGATGACCATCTGCGCGGTTGTCCTTGTGGAGC-3´ 
5´-GGACCGTGTTCTGGAATGCGAGCGCCACCGTCAGCACCAGGC-3´ 
5´-GTGGCGCTCGCATTCCAGAACACGGTCCCCGAGCTGTCCTACC-3´ 
5´-GGACAGGACTGGGCCCAATGGCATGTCCCGCGACGTAGGCAAAGACACAGATGATGCC-3´ 
5´-GCGGGACATGCCATTGGGCCCAGTCCTGTCCCCTCGGTGCTGATCACCGAGATCTTCC-3´ 
5´-AGTTGGTGAGCCAGTGCACTGCCCCGCCCACCATGAAAGCTGCCGGCCGGGAGGACTGC-3´ 
5´-TGGTGGGCGGGGCAGTGCACTGGCTCACCAACTTCATCATAGGCCTCCTGTTCCCATCC-3´ 

G7-S 

5´-GGCGTGTTGACCACAGAGACGTTGTAGCCGTACTGG-3´ 
5´-CCAGTACGGCTACAACGTCTCTGTGGTCAACACGCC-3´ 
5´-GATCTGTGCTAGGAAGACTCCAACGGTGACGAAAACCTGGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCCAGGTTTTCGTCACCGTTGGAGTCTTCCTAGCACAGATC-3´ 
5´-GGTGTCCGCATAGTAGTAGATCGCATTGATGCC-3´ 
5´-GGCATCAATGCGATCTACTACTATGCGGACACC-3´ 
5´-GACAACCGCGGTGATGGTCATCACCACGTTGACGACGCCAGAGCCCACC-3´ 
5´-GGCGTCGTCAACGTGGTGATGACCATCACCGCGGTTGTCCTTGTGGAGC-3´ 
5´-GGACAGGACTGGGCCCAATGGAATGTCCCGCGACGTAGGCAAAGACACAGATGATGCC-3´ 
5´-GCGGGACATTCCATTGGGCCCAGTCCTGTCCCCTCGGTGGTGATCACCGAGATCTTCC-3´ 
5´-AGTTGGTGAGCCAGTGCACTGCCCCGCCCACCATGAAAGCTGCCGGCCGGGAGGACTGC-3´ 
5´-TGGTGGGCGGGGCAGTGCACTGGCTCACCAACTTCATCATAGGCCTCCTGTTCCCATCC-3´ 

G7-M 

5´-CTTGAAGACCTTGTGCGGCGAGTTGACCACAGAGAGG-3´ 
5´-CCTCTCTGTGGTCAACTCGCCGCACAAGGTCTTCAAG-3´ 
5´-GATCTGTGCTAGGAAGATTCCAACGATGATGAAAAGCTCGGTCATTGTTCCCAC-3´ 
5´-GTGGGAACAATGACCGAGCTTTTCATCATCGTTGGAATCTTCCTAGCACAGATC-3´ 
5´-GTAGTTGATCGCATTGACGCCCGACAGCTGCTGG-3´ 
5´-CCAGCAGCTGTCGGGCGTCAATGCGATCAACTAC-3´ 
5´-GACAGCCGAGCAGATGGTCATCACTATGTTGACGGCGCCAGAGCCCACC-3´ 
5´-GGCGCCGTCAACATAGTGATGACCATCTGCTCGGCTGTCCTTGTGGAGC-3´ 
5´-GGACCGTGTTCTGGAATGCGAGCGCCACCGTCAGCACCAGGC-3´ 
5´-GTGGCGCTCGCATTCCAGAACACGGTCCCCGAGCTGTCCTACC-3´ 
5´-GGACAGGACTGGGCCCAATGGCATGTCCCGCGATGTAGGCAAAGACACAGATGATGCC-3´ 
5´-GCGGGACATGCCATTGGGCCCAGTCCTGTCCCCTCGGTGCTGAGGACCGAGATCTTCC-3´ 
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Figure 40: Wizard® SV Gel and PCR Clean-Up Kit protocol 
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Figure 41: ProFection® Mammalian Transfection System protocol 
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Table 26: Non-coding GLUT5 related variants in fructose malabsorption patients, controls and 
blood donors 

Location Genomic 
position Base change rs# Patients Controls Blood donors 

5´Cap 9106413 AG rs117156784 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9106285 
GA (het) 

rs6693258 
5/12 (41.7 %) 0/1 (0 %) 4/11 (36.4 %) 

GA (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9106086 TC rs12738957 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9105809 CT rs1705303 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9105759 
GT (het) 

rs12753196 
3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

GT (hom) 0/12 (0 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9105626 
CT (het) 

rs72637739 
5/12 (41.7 %) 0/1 (0 %) 4/11 (36.4 %) 

CT (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9105610 CT rs12075362 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9105224 GA rs116563540 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9104818 TA rs2666432 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9104141 
CT (het) 

rs3737668 
11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

CT (hom) 0/12 (0 %) 1/1 (100 %) 4/11 (36.4 %) 

5´Cap 9104074 
CT (het) 

rs3737669 
11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

CT (hom) 0/12 (0 %) 1/1 (100 %) 4/11 (36.4 %) 

5´Cap 9103780 
TC (het) 

rs3820035 
11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

TC (hom) 0/12 (0 %) 1/1 (100 %) 4/11 (36.4 %) 
5´Cap 9103777 GC rs3795312 3/12 (25 %) 0/1 (0 %) 7/11 (63.6 %) 

5´Cap 9103365 
AG (het) 

*rs1974063 
11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

AG (hom) 0/12 (0 %) 1/1 (100 %) 4/11 (36.4 %) 
5´Cap 9103355 CG rs1877126 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9103256 GA rs61785817 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9103249 
GA (het) 

rs1974062 
11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

GA (hom) 0/12(0 %) 1/1 (100 %) 4/11 (36.4 %) 

5´Cap 9103104 
AT (het) 

rs1751674 
3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

AT (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9102431 TC rs12128468 11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

5´Cap 9102412 
TG (het) 

rs10864388 
0/12(0 %) 0/1 (0 %) 0/11 (0 %) 

TG (hom) 11/12 (91.7 %) 1/1 (100 %) 11/11 (9.1 %) 
5´Cap 9102149 GT rs775583169 0/12(0 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9102126 
AC (het) 

rs10864387 
11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

AC (hom) 0/12 (0 %) 1/1 (100 %) 4/11 (36.4 %) 

5´Cap 9101992 
GA (het) 

rs6697376 
11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

GA (hom) 0/12 (0 %) 1/1 (100 %) 4/11 (36.4 %) 
5´Cap 9101955 CG rs17033266 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9101609 
AG (het) 

rs6661122 
11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

AG (hom) 0/12 (0 %) 1/1 (100 %) 4/11 (36.4 %) 

5´Cap 9101560 
GA (het) 

rs6694515 
9/12 (75 %) 0/1 (0 %) 7/11 (63.6 %) 

GA (hom) 1/12 (8.3 %) 1/1 (100 %) 4/11 (36.4 %) 

5´Cap 9101491 
CT (het) 

rs1061907 
11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

CT (hom) 0/12 (0 %) 1/1 (100 %) 4/11 (36.4 %) 
5´Cap 9101262 CT rs3004242 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

  



136   Supplement 

5´Cap 9101016 TG rs113133160 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9100961 AG rs183314752 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9100811_ 
9100812 

ins GAACTCC 
TGGGCTC (het) rs142447675 

11/12 (91.7 %) 0/1 (0 %) 7/11 (63.6 %) 

ins GAACTCC 
TGGGCTC (hom) 0/12 (0 %) 1/1 (100 %) 4/11 (36.4 %) 

5´Cap 9100518 TC rs7555782 2/12 (16.7 %) 0/1 (0 %) 3/11 (27.3 %) 
5´Cap 9100480 GA rs61785815 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9100306 TC rs7555576 2/12 (16.7 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9099953 TC rs77975395 2/12 (16.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9099679 CT rs72637735 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9099655_ 
9099656 

Ins GTGACTT 
GCAGATCTGC 
ACTGGC (het) rs143925765 

9/12 (75 %) 0/1 (0 %) 7/11 (63.6 %) 

Ins GTGACTT 
GCAGATCTGC 
ACTGGC (hom) 

1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9099679 CT rs72637735 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9099612 GA rs17033261 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9099477 
AG (het) 

rs728869 
7/12 (58.3 %) 0/1 (0 %) 5/11 (45.5 %) 

AG (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9099471 
GA (het)  1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 
GA (hom) 0/12 (0 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9099172 TC  1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9098949 del C   1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9098938 
AG (het) 

rs729829 
3/12 (25 %) 0/1 (0 %) 6/11 (54.5 %) 

AG (hom) 4/12 (33.3 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9098706 
TG (het) 

rs1751670 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

TG (hom) 4/12 (33.3 %) 1/1 (100 %) 5/11 (45.5 %) 

5´Cap 9098541 
CT (het) 

rs12742380 
3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

CT (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9098136 
AG (het) 

rs34275124 
3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

AG (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9098073 GC rs67839111 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9098072 CT rs72637734 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9098022 TC rs34902933 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9097898 CA rs74521618 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9097879 CT rs75515402 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9097798 GT rs35315512 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9097737 GA rs76976126 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9097618 CT rs12071551 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9097597 TC rs12066884 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9097566 CA rs148379861 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9097303_ 
9097304 del AT   3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9096802 TC rs12065456 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9096755 CT rs12070216 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9096012 CG rs11121323 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9095975 AG rs56234523 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9095904 TA rs12239200 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
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5´Cap 9095652 GA rs12239637 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9095642 GA rs12239636 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9095632 TG rs79643310 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9095351 CT rs11121322 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9094691 AC rs60814949 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9094629_ 
9094630 ins GTTTTTTGTT  rs57778081 5/12 (41.7 %) 0/1 (0 %) 3/11 (27.3 %) 

5´Cap 9094616 del T  rs527695833 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9094563 GA rs11121321 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9094471 GA rs770021 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9094247 GA rs11485224 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9093826 TA rs12736630 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9093570 AG rs12061999 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9093513 TA rs111839417 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9093472 del G  rs145703541 1/12 (8.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9093379 AG rs12061918 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9093111 GA rs12405816 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9092382 TC rs11485223 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9092021 GA rs12738912 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9091889 TG rs76799504 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9091691 
GA (het) 

rs11121320 
4/12 (33.3 %) 0/1 (0 %) 7/11 (63.6 %) 

GA (hom) 0/12 (0 %) 1/1 (100 %) 0/11 (0 %) 
5´Cap 9091630 GT rs190026274 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9091423 TC rs79438229 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9091266 GA rs12080794 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9090793 AG rs77263919 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9090730 CG rs12727982 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9089391 TC rs12711519 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9089273 GC rs139503236 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9088887 GA rs12760830 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9088880 GT rs12756959 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9088773 TC rs113076909 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9088764 AG rs113642255 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9088761 AG rs111754851 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9088655 AG rs12742056 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9088645 
AG (het) 

rs41280756 
5/12 (41.7 %) 0/1 (0 %) 7/11 (63.6 %) 

AG (hom) 0/12 (0 %) 1/1 (100 %) 0/11 (0 %) 
5´Cap 9088502 TC rs12737731 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9088465 TC rs113856060 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9088411 
AC (het) 

rs41280754 
5/12 (41.7 %) 0/1 (0 %) 7/11 (63.6 %) 

AC (hom) 0/12 (0 %) 1/1 (100 %) 0/11 (0 %) 
5´Cap 9088125 GA rs12755780 2/12 (16.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9087812 CT rs76908754 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9087797 GA rs12751466 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9087736 TC rs59054004 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9087673 GA  0/12 (0 %) 1/1 (100 %) 0/11 (0 %) 
5´Cap 9087456 TC rs112898297 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9087042 GA rs12750121 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
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5´Cap 9086281 CT rs12402661 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9086233 CT rs12402657 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9085747 CT rs12739327 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9085437 CG rs182213306 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9085221 TC *rs11121319 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9085040 GC rs72632944 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9084985 CT rs76839349 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9084954 AG rs12057692 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9084476 
AG (het) 

rs1125648 
7/12 (58.3 %) 0/1 (0 %) 5/11 (45.5 %) 

AG (hom) 5/12 (41.7 %) 1/1 (100 %) 6/11 (54.5 %) 
5´Cap 9084037 CT rs12732623 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9083920 CT rs12732432 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9083604 GA rs12729328 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9083273 
AG (het) 

rs770036 
7/12 (58.3 %) 0/1 (0 %) 7/11 (63.6 %) 

AG (hom) 4/12 (33.3 %) 1/1 (100 %) 4/11 (36.4 %) 
5´Cap 9083230 AT rs12096072 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9083145 TC rs12748352 3/12 (25 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9082261 TG rs12733425 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9081829 AG rs12733088 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9081296 GA  0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9081130 GA rs574169002 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9080590 CT  0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9080268 
GA (het) 

rs12127491 
4/12 (33.3 %) 0/1 (0 %) 4/11 (36.4 %) 

GA (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9080086 CT rs78479011 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9080019 AG rs12726360 5/12 (41.7 %) 1/1 (100 %) 3/11 (27.3 %) 
5´Cap 9080002 AG rs6673259 0/12 (0 %) 1/1 (100 %) 1/11 (9.1 %) 
5´Cap 9079939 CT rs72632943 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9079775 GC rs772116894 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9079767 CT rs12735499 5/12 (41.7 %) 1/1 (100 %) 3/11 (27.3 %) 

5´Cap 9079568 
TG (het) 

rs797187 
7/12 (58.3 %) 0/1 (0 %) 7/11 (63.6 %) 

TG (hom) 4/12 (33.3 %) 1/1 (100 %) 4/11 (36.4 %) 
5´Cap 9079401 CT rs17392750 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9079337_ 
9079338 del CT  rs145677657 1/12 (8.3 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9079098 GA rs11121318 3/12 (25 %) 1/1 (100 %) 6/11 (54.5 %) 
5´Cap 9078831 TC rs1327257 1/12 (8.3 %) 1/1 (100 %) 1/11 (9.1 %) 
5´Cap 9078669 TA rs11590201 5/12 (41.7 %) 1/1 (100 %) 3/11 (27.3 %) 
5´Cap 9078408 CG rs11121317 4/12 (33.3 %) 1/1 (100 %) 2/11 (18.2 %) 
5´Cap 9076100 GA rs111616764 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9076081 
CT (het) 

rs55875903 
4/12 (33.3 %) 0/1 (0 %) 4/11 (36.4 %) 

CT (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9076080 GA rs112205261 1/12 (8.3 %) 1/1 (100 %) 1/11 (9.1 %) 
5´Cap 9075347 GC rs12752678 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9075310 
AG (het) 

rs12141742 
5/12 (41.7 %) 0/1 (0 %) 6/11 (54.5 %) 

AG (hom) 0/12 (0 %) 1/1 (100 %) 0/11 (0 %) 
5´Cap 9075197 AG rs117964643 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9074990 GT rs79567532 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
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5´Cap 9074969 TG rs12733328 3/12 (25 %) 1/1 (100 %) 3/11 (27.3 %) 

5´Cap 9074900 
TC (het) 

rs11121314 
6/12 (50 %) 1/1 (100 %) 3/11 (27.3 %) 

TC (hom) 1/12 (8.3 %) 0/1 (0 %) 3/11 (27.3 %) 

5´Cap 9074879 
AG (het) 

rs11121313 
7/12 (58.3 %) 1/1 (100 %) 3/11 (27.3 %) 

AG (hom) 1/12 (8.3 %) 0/1 (0 %) 3/11 (27.3 %) 
5´Cap 9074821 GA rs12748005 3/12 (25 %) 1/1 (100 %) 3/11 (27.3 %) 
5´Cap 9074548 GT rs77917183 0/12 (0 %) 1/1 (100 %) 1/11 (9.1 %) 
5´Cap 9074370 CT rs35710492 4/12 (33.3 %) 1/1 (100 %) 3/11 (27.3 %) 

5´Cap 9074324 
AG (het) 

rs28475361 
8/12 (66.7 %) 1/1 (100 %) 3/11 (27.3 %) 

AG (hom) 1/12 (8.3 %) 0/1 (0 %) 3/11 (27.3 %) 

5´Cap 9074037 
TC (het) 

rs6698677 
7/12 (58.3 %) 1/1 (100 %) 3/11 (27.3 %) 

TC (hom) 1/12 (8.3 %) 0/1 (0 %) 3/11 (27.3 %) 

5´Cap 9074009 
TG (het)  1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 
TG (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9073981 TC rs6698570 5/12 (41.7 %) 1/1 (100 %) 3/11 (27.3 %) 
5´Cap 9073966 GC (het) 

rs6686195 
7/12 (58.3 %) 1/1 (100 %) 3/11 (27.3 %) 

  GC (hom) 2/12 (16.7 %) 0/1 (0 %) 3/11 (27.3 %) 
5´Cap 9073825 GA rs6683701 5/12 (41.7 %) 1/1 (100 %) 4/11 (36.4 %) 
5´Cap 9073640 CT rs6658278 5/12 (41.7 %) 1/1 (100 %) 3/11 (27.3 %) 
5´Cap 9073346 TG rs41280748 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9072997 
AG (het) 

*rs1751681 
5/12 (41.7 %) 1/1 (100 %) 3/11 (27.3 %) 

AG (hom) 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9072393_ 
9072394 

ins T (het) 
rs35276984 

4/12 (33.3 %) 1/1 (100 %) 5/11 (45.5 %) 
ins T (hom) 5/12 (41.7 %) 0/1 (0 %) 5/11 (45.5 %) 

5´Cap 9072472 
TC (het) 

rs1705285 
5/12 (41.7 %) 1/1 (100 %) 6/11 (54.5 %) 

TC (hom) 2/12 (16.7 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9072461 
CT (het) 

rs12117043 
2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

CT (hom) 2/12 (16.7 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9071922 

c.-58-2328C>T 
(het) rs145295531 

5/12 (41.7 %) 0/1 (0 %) 3/11 (27.3 %) 

c.-58-2328C>T 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9071876_ 
9071877 

c.-58-2282_ 
c.-58-2283 ins 
CCGAGGGGGA 
TCCGGGCTGA 
GGCAGAGG 
(het)  

5/12 (41.7 %) 0/1 (0 %) 3/11 (27.3 %) 

c.-58-2282_ 
c.-58-2283 ins 
CCGAGGGGGA 
TCCGGGCTGA 
GGCAGAGG 
(hom) 

0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9070709 c.-58-1115 del A rs370453099 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9070655 c.-58-1061A>G rs3753272 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9070591 c.-58-997T>C rs12736085 6/12 (50 %) 0/1 (0 %) 4/11 (36.4 %) 

5´Cap 9069886 

c.-58-292T>C 
(het) rs770041 

14/45 (31.1 %) 17/43 (39.5 %) 29/75 (38.7 %) 

c.-58-292T>C 
(hom) 26/45 (57.8 %) 22/43 (51.2 %) 36/75 (48 %) 

  



140   Supplement 

5´Cap 9069808 

c.-58-214C>T 
(het) rs3820034 

18/45 (40 %) 11/43 (25.6 %) 30/75 (40 %) 

c.-58-214C>T 
(hom) 2/45 (4.4 %) 6/43 (14.0 %) 2/75 (2.7 %) 

5´UTR 9069561 
c.-25G>A (het) 

rs5438 
5/45 (11.1 %) 5/43 (11.6 %) 6/75 (8 %) 

c.-25G>A (hom) 0/45 (0 %) 1/43 (2.3 %) 0/75 (0 %) 

Intron 1 9068430 

c.33+1074A>C 
(het) rs770040 

6/12 (50 %) 0/1 (0 %) 5/11 (45.5 %) 

c.33+1074A>C 
(hom) 4/12 (33.3 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 1 9068347 c.33+1157T>G rs78972482 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9067904 c.33+1600G>A rs56129826 5/12 (41.7 %) 0/1 (0 %) 3/11 (27.3 %) 

Intron 1 9067399 

c.33+2105A>T 
(het) rs3765962 

1/12 (8.3 %) 1/1 (100 %) 6/11 (54.5 %) 

c.33+2105A>T 
(hom) 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 1 9067312 c.33+2192A>G rs2505974 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9067157 

c.33+2347G>T 
(het) rs2478868 

4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.33+2347G>T 
(hom) 5/12 (41.7 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 1 9067100 

c.33+2404G>T 
(het) rs2478869 

5/12 (41.7 %) 0/1 (0 %) 5/11 (45.5 %) 

c.33+2404G>T 
(hom) 4/12 (33.3 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 1 9066919 c.33+2585C>T rs77739871 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9066891 c.33+2613A>G rs113671593 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9066889 c.33+2615C>T rs552319575 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9066838 c.33+2666C>G rs113044031 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9066803 c.33+2701 del G rs142997134 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9066410 c.33+3094G>A rs78360541 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9066236_ 
9066237 

c.33+2920_ 
c.33+2921 ins C 

 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9066052 

c.33+3452C>A 
(het) rs1705297 

4/12 (33.3 %) 0/1 (0 %) 7/11 (63.6 %) 

c.33+3452C>A 
(hom) 3/12 (25 %) 1/1 (100 %) 1/11 (9.1 %) 

Intron 1 9066008 c.33+3496G>A  1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9065944 

c.33+3560 del T 
(het) rs34396789 

4/12 (33.3 %) 0/1 (0 %) 3/11 (27.3 %) 

c.33+3560 del T 
(hom) 0/12 (0 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 1 9065489 c.33+4015C>T rs533983874 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9065339 c.33+4165C>T rs72632934 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 
Intron 1 9064646 c.33+4858C>T *rs74973473 1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 
Intron 1 9064433 c.33+5071C>A rs17033202 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9064074 c.33+5430G>A rs111378514 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9063682 c.34-5432A>T rs111908456 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9063595 

c.34-5345T>C 
(het) rs112759384 

1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

c.34-5345T>C 
(hom) 1/12 (8.3 %) 1/1 (100 %) 11/11 (9.1 %) 

Intron 1 9063528 c.34-5278T>C rs112969678 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9063377 c.34-5127A>C *rs12082529 3/12 (25 %) 1/1 (100 %) 0/11 (0 %) 
Intron 1 9063251 c.34-5001A>G rs143730506 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
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Intron 1 9062878 

c.34-4628A>T 
(het) rs2457717 

4/12 (33.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-4628A>T 
(hom) 4/12 (33.3 %) 1/1 (100 %) 4/11 (36.4 %) 

Intron 1 9062610 

c.34-4360T>C 
(het) rs2505973 

1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

c.34-4360T>C 
(hom) 8/12 (66.7 %) 1/1 (100 %) 9/11 (81.8 %) 

Intron 1 9062586 

c.34-4336A>C 
(het) rs79306237 

0/12 (0 %) 0/1 (0 %) 0/11 (0 %) 

c.34-4336A>C 
(hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9062498 

c.34-4248T>C 
(het) rs1612895 

5/12 (41.7 %) 1/1 (100 %) 6/11 (54.5 %) 

c.34-4248T>C 
(hom) 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 1 9062449 

c.34-4199C>T 
(het) rs1751679 

1/12 (8.3 %) 1/1 (100 %) 5/11 (45.5 %) 

c.34-4199C>T 
(hom) 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 1 9062343 

c.34-4093T>C 
(het) rs1751680 

3/12 (25 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-4093T>C 
(hom) 6/12 (50 %) 1/1 (100 %) 6/11 (54.5 %) 

Intron 1 9062323 

c.34-4073A>G 
(het) rs1705295 

3/12 (25 %) 0/1 (0 %) 3/11 (27.3 %) 

c.34-4073A>G 
(hom) 9/12 (75 %) 1/1 (100 %) 8/11 (72.7 %) 

Intron 1 9062242 c.34-3992C>T  0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9062173 

c.34-3923G>A 
(het) rs17033199 

0/12 (0 %) 0/1 (0 %) 0/11 (0 %) 

c.34-3923G>A 
(hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9062139 

c.34-3889G>A 
(het) rs17033196 

0/12 (0 %) 0/1 (0 %) 0/11 (0 %) 

c.34-3889G>A 
(hom) 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 

Intron 1 9061723 
c.34-3473C>T 
(het) *rs765617 

1/12 (8.3 %) 1/1 (100 %) 6/11 (54.5 %) 
c.34-3473C>T 
(hom) 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 1 9061628 

c.34-3378A>G 
(het) rs765615 

1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-3378A>G 
(hom) 3/12 (25 %) 1/1 (100 %) 4/11 (36.4 %) 

Intron 1 9061620 

c.34-3370 del A 
(het) rs201906915 

1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-3370 del A 
(hom) 3/12 (25 %) 1/1 (100 %) 4/11 (36.4 %) 

Intron 1 9061564 

c.34-3314G>A 
(het) rs765618 

1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-3314G>A 
(hom) 3/12 (25 %) 1/1 (100 %) 4/11 (36.4 %) 

Intron 1 9061562 

c.34-3312G>A 
(het) rs2986631 

1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-3312G>A 
(hom) 3/12 (25 %) 1/1 (100 %) 4/11 (36.4 %) 

Intron 1 9061448 

c.34-3198A>T 
(het) rs2896012 

1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-3198A>T 
(hom) 4/12 (33.3 %) 1/1 (100 %) 4/11 (36.4 %) 

Intron 1 9061439 

c.34-3189G>A 
(het) rs2986630 

1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-3189G>A 
(hom) 4/12 (33.3 %) 1/1 (100 %) 4/11 (36.4 %) 
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Intron 1 9061338 

c.34-3088T>C 
(het) rs3004249 

1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-3088T>C 
(hom) 4/12 (33.3 %) 1/1 (100 %) 4/11 (36.4 %) 

Intron 1 9061221 

c.34-2971C>T 
(het) rs113674154 

2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

c.34-2971C>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9061139 

c.34-2889C>A 
(het) rs12090683 

0/12 (0 %) 0/1 (0 %) 0/11 (0 %) 

c.34-2889C>A 
(hom) 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9061085 
c.34-2835T>C 
(het) *rs12086124 

1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
c.34-2835T>C 
(hom) 3/12 (25 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9060966 

c.34-2716T>C 
(het) rs12086036 

4/12 (33.3 %) 1/1 (100 %) 3/11 (27.3 %) 

c.34-2716T>C 
(hom) 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9060743 c.34-2493T>G rs61785807 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9060721 

c.34-2471G>T 
(het) rs34509773 

4/12 (33.3 %) 1/1 (100 %) 3/11 (27.3 %) 

c.34-2471G>T 
(hom) 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9060670 

c.34-2420T>G 
(het) rs67481793 

4/12 (33.3 %) 1/1 (100 %) 3/11 (27.3 %) 

c.34-2420T>G 
(hom) 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9059829 c.34-1579 del T  1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9059562_ 
9059563 

c.34-1313_34-
1312 ins GCAA 
GACTC (het) rs58799445 

3/12 (25 %) 1/1 (100 %) 3/11 (27.3 %) 

c.34-1313_34-
1312 ins GCAA 
GACTC (hom) 

3/12 (25 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9059389 

c.34-1139A>G 
(het) rs66930610 

4/12 (33.3 %) 1/1 (100 %) 3/11 (27.3 %) 

c.34-1139A>G 
(hom) 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9059365 c.34-1115T>C rs139095453 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9059353 

c.34-1103G>A 
(het) rs113568511 

2/12 (16.7 %) 0/1 (0 %) 3/11 (27.3 %) 

c.34-1103G>A 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9059259 c.34-1009A>G rs142404867 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 1 9059212 c.34-962C>T rs145255562 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 1 9059182 

c.34-932T>C  
(het) rs12354229 

4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.34-932T>C 
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 1 9059181 

c.34-931G>A  
(het) rs12353934 

4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.34-931G>A 
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 1 9059174 

c.34-924C>A 
(het) rs12354271 

4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.34-924C>A 
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 1 9059173 

c.34-923A>G  
(het) rs12354239 

4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.34-923A>G 
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 
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Intron 1 9059166 

c.34-916T>C 
(het) rs12354226 

4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.34-916T>C 
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 1 9059163 

c.34-913G>C 
(het) rs12353933 

3/12 (25 %) 0/1 (0 %) 5/11 (45.5 %) 

c.34-913G>C 
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 1 9059136 

c.34-886G>A 
(het) rs1081179 

4/12 (33.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.34-886G>A 
(hom) 6/12 (50 %) 1/1 (100 %) 6/11 (54.5 %) 

Intron 1 9058766 

c.34-516 del T 
(het) rs70985576 

4/12 (33.3 %) 0/1 (0 %) 3/11 (27.3 %) 

c.34-516 del T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 1 9058537 

c.34-287G>T  
(het) rs12145292 

5/12 (41.7 %) 0/1 (0 %) 3/11 (27.3 %) 

c.34-287G>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 2 9057889 

c.132+263G>A 
(het) rs74595111 

4/45 (8.9 %) 7/43 (16.3 %) 9/75 (12 %) 

c.132+263G>A 
(hom) 1/45 (2.2 %) 0/43 (0 %) 1/75 (1.3 %) 

Intron 2 9057888 c.132+264G>A rs13306770 0/45 (0 %) 1/43 (2.3 %) 0/75 (0 %) 

Intron 2 9057727 

c.133-119G>A 
(het) rs79114714 

3/45 (6.7 %) 5/43 (11.6 %) 5/75 (6.7 %) 

c.133-119G>A 
(hom) 0/45 (0 %) 1/43 (2.3 %) 0/75 (0 %) 

Intron 2 9057689 c.133-81A>G rs6680123 2/45 (4.4 %) 0/43 (0 %) 1/75 (1.3 %) 

Intron 3 9057312 

c.293+136T>C 
(het) rs11121310 

2/12 (16.7 %) 1/1 (100 %) 3/11 (27.3 %) 

c.293+136T>C 
(hom) 3/12 (25 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 3 9056840 

c.293+608T>G 
(het) rs2505972 

3/12 (25 %) 1/1 (100 %) 6/11 (54.5 %) 

c.293+608T>G 
(hom) 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 3 9056684 

c.293+764A>G 
(het) rs12080175 

3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

c.293+764A>G 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 3 9056672 c.293+776A>G rs57405729 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 3 9056450_ 
9056451 c.293+997 dup A rs201684672 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 3 9055895 c.293+1553C>T rs750016722 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
Intron 3 9055837 c.293+1611T>C  8/12 (66.7 %) 1/1 (100 %) 6/11 (54.5 %) 

Intron 3 9055702 

c.293+1746G>A 
(het) rs12142229 

4/12 (33.3 %) 0/1 (0 %) 3/11 (27.3 %) 

c.293+1746G>A 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 3 9055641 

c.293+1807A>G 
(het) rs4908809 

4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.293+1807A>G 
(hom) 3/12 (25 %) 1/1 (100 %) 3/11 (27.3 %) 

Intron 3 9055328 c.293+2120G>A rs770025 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 3 9055292 

c.293+2156A>G 
(het) rs770024 

3/12 (25 %) 0/1 (0 %) 5/11 (45.5 %) 

c.293+2156A>G 
(hom) 7/12 (58.3 %) 1/1 (100 %) 5/11 (45.5 %) 
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Intron 3 9055175 c.293+2273A>G rs770023 2/12 (16.7 %) 0/1 (0 %) 0/11 (0 %) 

Intron 3 9054684 

c.293+2764C>T 
(het) rs11121309 

1/12 (8.3 %) 1/1 (100 %) 4/11 (36.4 %) 

c.293+2764C>T 
(hom) 2/12 (16.7 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 3 9054655 c.293+2793G>A rs770022 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 3 9054213 c.293+3235G>C rs140851857 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 3 9052725 c.293+4723G>A rs140275575 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 
Intron 3 9052681 c.293+4767G>A rs2941660 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 3 9052101 

c.294-4367A>G 
(het) rs6680525 

6/12 (50 %) 0/1 (0 %) 6/11 (54.5 %) 

c.294-4367A>G 
(hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

Intron 3 9051567 

c.294-3833T>G 
(het) rs3004245 

5/12 (41.7 %) 0/1 (0 %) 6/11 (54.5 %) 

c.294-3833T>G 
(hom) 4/12 (33.3 %) 1/1 (100 %) 2/11 (18.2 %) 

Intron 3 9051282_ 
9051285 

c.294-3551_294-
3548 del GTTT rs200105298 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 3 9051132 c.294-3398C>T rs117684183 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 3 9050594 c.294-2860T>C rs770033 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 3 9050342 c.294-2608G>A rs77111503 0/12 (0 %) 0/1 (0 %) 2/11 (18.2 %) 
Intron 3 9050306 c.294-2572A>T rs182527249 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 3 9050143 

c.294-2409C>T 
(het) rs1961351 

6/12 (50 %) 0/1 (0 %) 6/11 (54.5 %) 

c.294-2409C>T 
(hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

Intron 3 9049749_ 
9049750 

c.294-2016_294-
2015 del CT rs142569870 2/12 (16.7 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 3 9049078 c.294-1344A>G   0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
Intron 3 9048949 c.294-1215C>T rs118147493 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 3 <9048704 c.294-970 ins/ del  1/12 (8.3 %) 0/1 (0 %) 3/11 (27.3 %) 
Intron 3 9048563 c.294-829G>A rs7368193 7/12 (58.3 %) 1/1 (100 %) 5/11 (45.5 %) 
Intron 3 9048304 c.294-570A>G *rs770032 3/12 (25 %) 0/1 (0 %) 1/11 (9.1 %) 
Intron 3 9048286 c.294-552T>C rs150604829 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 3 9047824 c.294-90G>A rs79280727 1/45 (2.2 %) 0/43 (0 %) 0/75 (0 %) 

Intron 3 9047790 

c.294-56C>A  
(het) rs3737661 

8/45 (17.8 %) 3/43 (7.0 %) 13/75 (17.3 %) 

c.294-56C>G 
(hom) 0/45 (0 %) 0/43 (0 %) 1/75 (1.3 %) 

Intron 3 9047767 c.294-33C>G  0/45 (0 %) 0/43 (0 %) 1/75 (1.3 %) 
Intron 4 9047512 c.418+98G>A rs13306772 0/45 (0 %) 1/43 (2.3 %) 0/75 (0 %) 

Intron 4 9047262 

c.418+348A>C 
(het) rs34742522 

3/12 (25 %) 0/1 (0 %) 22/59 (37.3 %) 

c.418+348A>C 
(hom) 0/12 (0 %) 0/1 (0 %) 1/59 (1.7 %) 

Intron 4 9046964 c.418+646C>T rs2986633 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 4 9046896 

c.418+714A>G 
(het) rs2457718 

3/12 (25 %) 0/1 (0 %) 5/11 (45.5 %) 

c.418+714A>G 
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 4 9045962 c.418+1648G>A rs140126411 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 4 9045762 

c.418+1848G>C 
(het) rs12137228 

4/12 (33.3 %) 0/1 (0 %) 3/11 (27.3 %) 

c.418+1848G>C 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
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Intron 4 8044078 

c.419-2141G>A 
(het) rs56342884 

4/12 (33.3 %) 0/1 (0 %) 3/11 (27.3 %) 

c.419-2141G>A 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 4 9043361 

c.419-1424G>A 
(het) rs34605482 

4/12 (33.3 %) 0/1 (0 %) 3/11 (27.3 %) 

c.419-1424G>A 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 4 9042898 

c.419-961G>A 
(het) rs4908526 

4/12 (33.3 %) 0/1 (0 %) 6/11 (54.5 %) 

c.419-961G>A 
(hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

Intron 4 9042830 c.419-893C>T rs55909245 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 

Intron 4 9042406_ 
9042407 

c.419-470_419-
469 del TA  rs140230747 1/12 (8.3 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 5 9041667 c.571+118C>T rs41280746 0/45 (0 %) 0/43 (0 %) 1/75 (1.3 %) 
Intron 5 9041582 c.571+203G>A rs113429161 3/45 (6.7 %) 1/43 (2.3 %) 1/75 (1.3 %) 

Intron 5 9041096 

c.571+689A>C 
(het) rs34488100 

3/12 (25 %) 0/1 (0 %) 3/11 (27.3 %) 

c.571+689A>C 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 5 9040420 

c.572-231C>T 
(het) rs1060998 

5/19 (26.3 %) 4/6 (66.7 %) 25/64 (39.1 %) 

c.572-231C>T 
(hom) 5/19 (26.3 %) 0/6 (0 %) 5/64 (7.8 %) 

Intron 7 9039696 c.886-34C>T rs13306769 0/45 (0 %) 1/43 (2.3 %) 0/75 (0 %) 
Intron 7 9039668 c.886-6T>C rs769897 0/45 (0 %) 3/43 (7 %) 1/75 (1.3 %) 

Intron 9 9038683 

c.1098+145C>T 
(het) rs11121306 

13/45 (28.9 %) 16/43 (37.2 %) 30/75 (40 %) 

c.1098+145C>T 
(hom) 5/45 (11.1 %) 1/43 (2.3 %) 5/75 (6.7 %) 

Intron 10 9038302 c.1174+129C>G rs111429581 6/45 (13.3 %) 1/43 (2.3 %) 3/75 (4 %) 
Intron 10 9038389 c.1174+42 del T rs141461807 2/45 (4.4 %) 1/43 (2.3 %) 2/75 (2.7 %) 

Intron 10 9038213 

c.1175-189G>A 
(het) rs875995 

13/45 (28.9 %) 19/43 (44.2 %) 28/75 (37.3 %) 

c.1175-189G>A 
(hom) 4/45 (8.9 %) 0/43 (0 %) 4/75 (5.3 %) 

Intron 10 9038171 

c.1175-147G>A 
(het) rs875996 

20/45 (44.4 %) 10/43 (23.3 %) 27/75 (36 %) 

c.1175-147G>A 
(hom) 1/45 (2.2 %) 6/43 (14 %) 2/75 (2.7 %) 

Intron 11 9037793 c.1303-4G>A rs748856047 1/45 (2.2 %) 0/43 (0 %) 0/75 (0 %) 

3´UTR 9037192 
c.*394T>C (het) 

rs1063137 
16/36 (44.4 %) 11/35 (31.4 %) 32/70 (45.7 %) 

c.*394T>C (hom) 4/36 (11.1 %) 3/35 (8.6 %) 9/70 (12.9 %) 

3´UTR 9037182 
c.*404G>A (het) 

rs5840 
16/36 (44.4 %) 11/35 (31.4 %) 32/70 (45.7 %) 

c.*404G>A (hom) 4/36 (11.1 %) 3/35 (8.6 %) 9/70 (12.9 %) 

3´UTR 9036871_ 
9036870 

c.*715 dup T  
(het) rs60743290 

18/43 (41.9 %) 14/40 (35 %) 30/73 (41.1 %) 

c.*715 dup T  
(hom) 8/43 (18.6 %) 6/40 (15 %) 15/73 (20.6 %) 

3´UTR 9036697 c.*889G>A rs6677822 2/41 (4.9 %) 2/41 (4.9 %) 8/72 (11.1 %) 

3´UTR 9036636 

c.*950A>G  
(het) rs6692768 

19/41 (46.3 %) 15/41 (36.6 %) 35/72 (48.6 %) 

c.*950A>G  
(hom) 7/41 (17.1 %) 3/41 (7.3 %) 8/72 (11.1 %) 

3´UTR 9036580 c.*1006G>A rs113665082 6/41 (14.6 %) 1/41 (2.4 %) 3/72 (4.2 %) 

3´UTR 9036346 

c.*1240A>T  
(het) rs6692445 

11/45 (24.4 %) 6/43 (14 %) 18/75 (24 %) 

c.*1240A>T  
(hom) 0/45 (0 %) 0/43 (0 %) 1/75 (1.3 %) 
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3´UTR 9036345 c.*1241T>A rs185044086 0/45 (0 %) 1/43 (2.3 %) 0/75 (0 %) 
3´UTR 9036304 c.*1282C>G rs538396176 1/45 (2.2 %) 0/43 (0 %) 1/75 (1.3 %) 

3´UTR 9035991 

c.*1595G>T  
(het) rs10864383 

20/45 (44.4 %) 16/43 (37.2 %) 30/75 (40 %) 

c.*1595G>T  
(hom) 7/45 (15.6 %) 3/43 (7 %) 12/75 (16 %) 

3´UTR 9035903 

c.*1683C>G  
(het) rs12125486 

21/45 (46.7 %) 16/43 (37.2 %) 35/75 (46.7 %) 

c.*1683C>G  
hom) 6/45 (13.3 %) 3/43 (7 %) 9/75 (12 %) 

3´UTR 9035890 

c.*1696A>C 
(het) rs707453 

12/45 (26.7 %) 19/43 (44.2 %) 27/75 (36 %) 

c.*1696A>C 
(hom) 26/45 (57.8 %) 20/43 (46.5 %) 40/75 (53.4 %) 

3´UTR 9035788 

c.*1798G>A  
(het) rs11121305 

21/45 46.7 %) 16/43 (37.2 %) 35/75 (46.7 %) 

c.*1798G>A 
(hom) 6/45 (13.3 %) 3/43 (7 %) 9/75 (12 %) 

3´UTR 9035551 

c.*2035A>G  
(het) rs10864382 

8/45 (17.7 %) 4/43 (9.3 %) 28/75 (37.3 %) 

c.*2035A>G 
(hom) 5/45 (11.1 %) 1/43 (2.3 %) 10/75 (13.3 %) 

3´UTR 9035435 
c.*2151C>T (het) 

rs10864381 
19/42 (45.2 %) 16/43 (37.2 %) 33/75 (44 %) 

c.*2151C>T (hom) 6/42 (14.3 %) 3/43 (7 %) 10/75 (13.3 %) 

3´UTR 9035385 

c.*2201G>A  
(het) rs11121304 

20/42 (4.8 %) 16/43 (37.2 %) 34/75 (45.3 %) 

c.*2201G>A 
(hom) 5/42 (11.9 %) 3/43 (7 %) 9/75 (12 %) 

3´UTR 9035170 
c.*2416C>T (het) 

rs12068539 
19/42 (45.2 %) 16/43 (37.2 %) 33/75 (44 %) 

c.*2416C>T (hom) 6/42 (14.3 %) 3/43 (7 %) 10/75 (13.3 %) 

3´UTR 9035143 

c.*2443G>A 
(het) rs769898 

13/45 (28.9 %) 19/43 (44.2 %) 28/75 (37.3 %) 

c.*2443G>A 
(hom) 25/45 (55.6 %) 21/43 (48.8 %) 39/75 (52 %) 

3´Cap 9034823 
CA (het) 

rs7547369 
20/45 (44.4 %) 16/43 (37.2 %) 33/75 (44 %) 

CA (hom) 7/45 (15.6 %) 3/43 (7 %) 10/75 (13.3 %) 
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Table 27: Non-coding GLUT7 related variants in fructose malabsorption patients, controls and 
blood donors 

Location Genomic 
position Base change rs# Patients Controls Blood donors 

5´Cap 9034592 
AG (het) 

rs12025782 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

AG (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9034504 
GA (het) 

rs12035518 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

GA (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9034472 
TA (het) 

rs707452 
6/12 (50 %) 0/1 (0 %) 5/11 (45.5 %) 

TA (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9034461 
AG (het) 

rs12025713 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

AG (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9034341 
CG (het) 

rs12759131 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

CG (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 
9034194- 
9034195 ins TA (het) 

rs34973106 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

 ins TA (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9034182 
AG (het) 

rs35754078 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

AG (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9034070 
AG (het) 

rs6685329 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

AG (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 
5´Cap 9033873 TC rs55998306 0/12 (0 %) 0/1 (0 %) 3/11 (27.3 %) 

5´Cap 9033856 
TC (het) 

rs6680169 
3/12 (25 %) 0/1 (0 %) 5/11 (45.5 %) 

TC (hom) 4/12 (33.3 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9033854 
CG (het) 

rs6691104 
3/12 (25 %) 0/1 (0 %) 5/11 (45.5 %) 

CG (hom) 4/12 (33.3 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9033837 
GA (het) 

rs12130301 
3/12 (25 %) 0/1 (0 %) 5/11 (45.5 %) 

GA (hom) 4/12 (33.3 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9033831 
AT (het) 

rs12119987 
3/12 (25 %) 0/1 (0 %) 5/11 (45.5 %) 

AT (hom) 4/12 (33.3 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9033750 
GC (het) 

rs6667506 
3/12 (25 %) 0/1 (0 %) 5/11 (45.5 %) 

GC (hom) 4/12 (33.3 %) 1/1 (100 %) 2/11 (18.2 %) 
5´Cap 9033645 GC rs61785791 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9033395 
del A (het) 

rs61349869 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

del A (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9033375 
AG (het) 

rs11121303 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

AG (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9033224_ 
9033223 

 ins ATAA (het) 
rs201389784 

0/12 (0 %) 0/1 (0 %) 0/11 (0 %) 
 ins ATAA (hom) 5/12 (41.7 %) 0/1 (0 %) 4/11 (36.4 %) 

5´Cap 9033210 
del T (het) 

rs59918123 
5/12 (41.7 %) 0/1 (0 %) 4/11 (36.4 %) 

del T (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9032861 
GA (het) 

rs12740565 
3/12 (25 %) 0/1 (0 %) 3/11 (27.3 %) 

GA (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9032753 
GA (het) 

rs769899 
5/12 (41.7 %) 0/1 (0 %) 4/11 (36.4 %) 

GA (hom) 5/12 (41.7 %) 1/1 (100 %) 5/11 (45.5 %) 
  



148   Supplement 

5´Cap 9032684 
CT (het) 

rs10779708 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

CT (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 

5´Cap 9032284 
AG (het) 

rs11121302 
5/12 (41.7 %) 0/1 (0 %) 4/11 (36.4 %) 

AG (hom) 5/12 (41.7 %) 1/1 (100 %) 6/11 (54.5 %) 

5´Cap 9032200 
AG (het) 

rs769900 
5/12 (41.7 %) 0/1 (0 %) 4/11 (36.4 %) 

AG (hom) 5/12 (41.7 %) 1/1 (100 %) 6/11 (54.5 %) 
5´Cap 9031964 CA rs528994594 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 

5´Cap 9031771 
AC (het) 

rs12758903 
3/12 (25 %) 0/1 (0 %) 3/11 (27.3 %) 

AC (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9031650 GT rs72632914 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
5´Cap 9031107 GA rs12566126 2/12 (16.7 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9030979 
GA (het) 

rs12133453 
2/12 (16.7 %) 0/1 (0 %) 3/11 (27.3 %) 

GA (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9030966 
CT (het) 

rs35072764 
3/12 (25 %) 0/1 (0 %) 3/11 (27.3 %) 

CT (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9030935 GA rs114878963 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9028965 
AG (het) 

rs707450 
4/12 (33.3 %) 0/1 (0 %) 4/11 (36.4 %) 

AG (hom) 6/12 (50 %) 1/1 (100 %) 6/11 (54.5 %) 
5´Cap 9029809 AC rs707451 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9028364 
AC (het) 

rs12120126 
2/12 (16.7 %) 0/1 (0 %) 3/11 (27.3 %) 

AC (hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9028355 GA rs116762737 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

5´Cap 9028323_ 
9028324 

ins CAGGAG 
(het) rs201793496 

1/12 (8.3 %) 1/1 (100 %) 3/11 (27.3 %) 

ins CAGGAG 
(hom) 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

5´Cap 9027783 
CT (het) 

rs72632913 
3/12 (25 %) 0/1 (0 %) 3/11 (27.3 %) 

CT (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9027669 TC rs2485196 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

5´Cap 9026881 
GA (het) 

rs6661680 
5/12 (41.7 %) 0/1 (0 %) 6/11 (54.5 %) 

GA (hom) 3/12 (25 %) 1/1 (100 %) 2/11 (18.2 %) 
5´Cap 9026874 GA rs11121301 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 
5´Cap 9026865 CT  1/12 (8.3 %) 0/1 (0 %) 0/11 
5´Cap 9026771 CT rs532002409 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
5´Cap 9026555 GA rs192251756 0/45 (0 %) 0/43 (0 %) 2/75 (2.7 %) 
5´Cap 9026447 GC rs12032857 1/45 (2.2 %) 0/43 (0 %) 1/75 (1.3 %) 

Intron 1 9025220 

c.52-146G>A 
(het) rs12072306 

10/45 (22.2 %) 6/43 (14 %) 18/75 (24 %) 

c.52-146G>A 
(hom) 0/45 (0 %) 0/43 (0 %) 1/75 (1.3 %) 

Intron 2 9024958- 
9024959 

c.150+27_ 
c.150+28 
ins ACAAGG 
TGGGC  

rs760691497 10/45 (22.2 %) 6/43 (14 %) 17/75 (22.7 %) 

Intron 2 9024865 

c.150+111A>G 
(het) rs2027222 

13/45 (28.9 %) 16/43 (37.2 %) 24/75 (32 %) 

c.150+111A>G 
(hom) 29/45 (64.4 %) 24/43 (55.8 %) 48/75 (64 %) 

Intron 2 9024755 c.150+221C>T rs138322676 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 2 9023677 

c.151-599G>A  
(het) rs112904968 

2/12 (16.7 %) 0/1 (0 %) 2/11 (18.2 %) 

c.151-599G>A 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
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Intron 2 9023329 

c.151-251G>A  
(het) rs809966 

5/12 (41.7 %) 0/1 (0 %) 5/11 (45.5 %) 

c.151-251G>A 
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 3 9022682_ 
9022686 

c.311+233_ 
311+237 
del AGGTG (het) rs56162637 

5/12 (41.7 %) 0/1 (0 %) 5/11 (45.5 %) 

c.311+233_ 
311+237 
del AGGTG (hom) 

6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 3 9022447 

c.311+471A>G  
(het) rs1705280 

2/12 (16.7 %) 0/1 (0 %) 3/11 (27.3 %) 

c.311+471A>G  
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 3 9022300 

c.311+618G>A  
(het) rs28532953 

5/12 (41.7 %) 0/1 (0 %) 5/11 (45.5 %) 

c.311+618G>A  
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 3 9022114 c.311+804C>T  
(het) rs707469 

5/12 (41.7 %) 0/1 (0 %) 5/11 (45.5 %) 

  c.311+804C>T 
(hom) 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 3 9020907 

c.312-1574A>G 
(het) rs769902 

2/12 (16.7 %) 1/1 (100 %) 3/11 (27.3 %) 

c.312-1574A>G 
(hom) 3/12 (25 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 3 9020740 

c.312-1407A>G  
(het) rs769903 

6/12 (50 %) 0/1 (0 %) 4/11 (36.4 %) 

c.312-1407A>G 
(hom) 5/12 (41.7 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 3 9020681 c.312-1348A>C  0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 3 9020675 

c.312-1342G>A  
(het) rs813983 

6/12 (50 %) 0/1 (0 %) 4/11 (36.4 %) 

c.312-1342G>A  
(hom) 5/12 (41.7 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 3 9020352 c.312-1019A>G rs9803660 6/12 (50 %) 1/1 (100 %) 5/11 (45.5 %) 

Intron 4 9019095 

c.436+114G>A  
(het) rs12031065 

20/45 (44.4 %) 13/43 (30.2 %) 40/75 (53.3 %) 

c.436+114G>A  
(hom) 2/45 (4.4 %) 9/43 (20.9 %) 4/75 (5.3 %) 

Intron 4 9018851_ 
9018852 

c.436+357_ 
436+358 
insAC (het) rs60713928 

2/12 (16.7 %) 1/1 (100 %) 4/11 (36.4 %) 

c.436+357_ 
436+358 
insAC (hom) 

0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 4 9018822 
c.436+387 
del CT 
ins ACA  

 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 5 9018014 

c.589+209T>A 
(het) rs707468 

2/12 (16.7 %) 0/1 (0 %) 2/11 (18.2 %) 

c.589+209T>A 
(hom) 10/12 (83.3 %) 1/1 (100 %) 9/11 (81.8 %) 

Intron 5 9017997 

c.589+226C>T 
(het) rs7529394 

7/12 (58.3 %) 1/1 (100 %) 8/11 (72.7 %) 

c.589+226C>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 5 9017682 c.589+541T>C rs11121298 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 
Intron 5 9017416 c.589+807 del A rs35083002 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
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Intron 5 9017281 

c.589+942A>G 
(het) rs7518462 

2/12 (16.7 %) 0/1 (0 %) 4/11 (36.4 %) 

c.589+942A>G 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 5 9016838 

c.589+1385G>A 
(het) rs1004557 

7/12 (58.3 %) 1/1 (100 %) 7/11 (63.6 %) 

c.589+1385G>A 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 5 9016650_ 
9016653 

c.590-1411_590-
1408 
del TCCT 

rs111801535 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 5 9016524 c.590-1282C>T rs190756810 0/12 (0 %) 0/1 (0 %) 2/11 (18.2 %) 
Intron 5 9016359 c.590-1117G>A rs12028131 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 
Intron 5 9016185 c.590-943C>A rs528365605 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 5 9015310 

c.590-68C>G 
(het) rs12410702 

7/45 (15.6 %) 7/43 (16.3 %) 121/771 (15.7 %) 

c.590-68C>G  
(hom) 0/45 (0 %) 1/43 (2.3 %) 6/771 (0.8 %) 

Intron 6 9015092 

c.715+25C>T  
(het) rs556506517 

0/45 (0 %) 0/43 (0 %) 19/771 (2.5 %) 

c.715+25C>T  
(hom) 0/45 (0 %) 0/43 (0 %) 2/771 (0.3 %) 

Intron 6 9015034 

c.715+83G>A  
(het) rs750968604 

0/45 (0 %) 0/43 (0 %) 1/771 (0.1 %) 

c.715+83G>A 
(hom) 0/45 (0 %) 0/43 (0 %) 1/771 (0.1 %) 

Intron 6 9014873 

c.716-5C>T 
(het) rs1556757 

23/45 (51.1 %) 15/43 (34.9 %) 196/407 (48.2 %) 

c.716-5C>T 
(hom) 2/45 (4.4 %) 12/43 (27.9 %) 45/407 (11.1 %) 

Intron 7 9014669 c.903+12G>A rs1751676 0/45 (0 %) 0/43 (0 %) 3/407 (0.7 %) 
Intron 7 9014406 c.903+275G>A rs12063980 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 
Intron 7 9014181 c.903+500G>A rs11121296 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 
Intron 7 9013873 c.904-238C>T rs560822833 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 7 9013742 

c.904-107G>A  
(het) rs7537425 

22/45 (48.9 %) 15/43 (34.9 %) 45/75 (60 %) 

c.904-107G>A 
(hom) 3/45 (6.7 %) 12/43 (37.9 %) 5/75 (6.7 %) 

Intron 8 9013424 

c.1014+101G>T 
(het) rs35277164 

1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.1014+101G>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 8 9013278 c.1014+247G>A rs72632907 4/12 (33.3 %) 0/1 (0 %) 3/11 (27.3 %) 

Intron 8 9013204 

c.1014+321A>C 
(het) rs28594609 

3/12 (25 %) 1/1 (100 %) 4/11 (36.4 %) 

c.1014+321A>C 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 8 9012714 

c.1014+811G>C 
(het) rs12076084 

3/12 (25 %) 1/1 (100 %) 4/11 (36.4 %) 

c.1014+811G>C 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 8 9012230 

c.1014+1295C>T 
(het) rs67643706 

1/12 (8.3 %) 0/1 (0 %) 4/11 (36.4 %) 

c.1014+1295C>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 8 9011750 c.1014+1775 
G>A 

 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 8 9011066 

c.1015-822G>A 
(het) rs11121294 

8/12 (66.7 %) 1/1 (100 %) 7/11 (63.6 %) 

c.1015-822G>A 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 8 9010871 c.1015-627T>G rs12116944 5/12 (41.7 %) 0/1 (0 %) 3/11 (27.3 %) 
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Intron 8 9010530 c.1015-286C>A rs2401422 5/12 (41.7 %) 1/1 (100 %) 3/11 (27.3 %) 

Intron 8 9010426 

c.1015-182A>T  
(het) rs2012842 

7/12 (58.3 %) 1/1 (100 %) 7/11 (63.6 %) 

c.1015-182A>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9010125 c.1116+18G>A rs79843700 1/45 (2.2 %) 1/43 (2.3 %) 2/75 (2.7 %) 

Intron 9 9010119 

c.1116+24T>C  
(het) rs67090552 

3/45 (6.7 %) 3/43 (7 %) 9/75 (12 %) 

c.1116+24T>C 
(hom) 1/45 (2.2 %) 1/43 (2.3 %) 0/75 (0 %) 

Intron 9 9009894_ 
9009896 

c.1116+247_ 
1116+249 
del AAG 

rs558085303 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9009872 c.1116+271A>G rs72632905 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 
Intron 9 9009704 c.1116+439A>G rs11121293 5/12 (41.7 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 9 9009697 

c.1116+446C>T 
(het) rs11121292 

7/12 (58.3 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1116+446C>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9009684 

c.1116+459G>A 
(het) rs12126931 

4/12 (33.3 %) 0/1 (0 %) 6/11 (54.5 %) 

c.1116+459G>A 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9009680 

c.1116+463C>T 
(het) rs11121291 

7/12 (58.3 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1116+463C>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9009664 

c.1116+479A>G 
(het) rs10864378 

6/12 (50 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1116+479A>G 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9009519 c.1116+624G>A rs12126873 4/12 (33.3 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 9 9009496 

c.1116+647G>A 
(het) rs11121290 

7/12 (58.3 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1116+647G>A 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9009353 

c.1116+790C>T 
(het) rs66463959 

1/12 (8.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.1116+790C>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9009029 

c.1116+1114G>A 
(het) rs66544814 

2/12 (16.7 %) 0/1 (0 %) 5/11 (45.5 %) 

c.1116+1114G>A 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9009023 

c.1116+1120C>G 
(het) rs12060786 

4/12 (33.3 %) 0/1 (0 %) 6/11 (54.5 %) 

c.1116+1120C>G 
(hom) 1/12 (8.3 %) 0/1 (0 %) 2/11 (18.2 %) 

Intron 9 9008942 

c.1116+1201C>T 
(het) rs769901 

8/12 (66.7 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1116+1201C>T 
(hom) 2/12 (16.7 %) 0/1 (0 %) 4/11 (36.4 %) 

Intron 9 9008843 c.1116+1300C>T rs112722116 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 
Intron 9 9008834 c.1116+1309C>T rs149008672 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
Intron 9 9008798 c.1116+1345G>A rs4908807 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 
Intron 9 9008786 c.1116+1357C>T rs4908806 1/12 (8.3 %) 1/1 (100 %) 0/11 (0 %) 
Intron 9 9008410 c.1117-1025C>T rs140143662 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
Intron 9 9008327 c.1117-942C>T rs7530465 4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 
Intron 9 9008258 c.1117-873G>A rs144310824 1/12 (8.3 %) 0/1 (0 %) 2/11 (18.2 %) 
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Intron 9 9008154 

c.1117-769A>G 
(het) rs17027186 

1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

c.1117-769A>G 
(hom) 0/12 (0 %) 1/1 (100 %) 0/11 (0 %) 

Intron 9 9007994 c.1117-609C>T rs17027181 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 
Intron 9 9007961 c.1117-576G>A rs2039631 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
Intron 9 9007947 c.1117-562G>A rs546524714 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 9 9007614 

c.1117-229G>A 
(het) rs61785781 

7/45 (15.6 %) 7/43 (16.3 %) 0/782 (0 %) 

c.1117-229G>A 
(hom) 1/45 (2.2 %) 1/43 (2.3 %) 0/782 (0 %) 

Intron 9 9007599 c.1117-214C>T  0/45 (0 %) 0/43 (0 %) 2/782 (0.3 %) 
Intron 10 9007281 c.1192+29G>A rs76363982 1/45 (2.2 %) 0/43 (0 %) 0/782 (0 %) 

Intron 10 9007083 

c.1192+227C>T 
(het) rs6672506 

2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1192+227C>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 10 9006908 c.1192+402G>T rs12164533 1/12 (8.3 %) 0/1 (0 %) 3/11 (27.3 %) 
Intron 10 9006756 c.1192+554C>A  1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 10 9006636 

c.1192+674G>A 
(het) rs10864377 

7/12 (58.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.1192+674G>A 
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

Intron 10 9006497_ 
9006500 

c.1192+811_ 
1192+814 del 
GAGG (het) rs58504491 

2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1192+811_ 
1192+814 del 
GAGG (hom) 

1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 10 9006112 

c.1192+1198 
C>A (het) rs17392216 

2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1192+1198 
C>A (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 10 9006073 c.1193-1194 
G>A rs17033013 3/12 (25 %) 1/1 (100 %) 3/11 (27.3 %) 

Intron 10 9005888 c.1193-1009 
A>C rs182746967 0/12 (0 %) 1/1 (100 %) 0/11 (0 %) 

Intron 10 9005820 

c.1193-941T>G 
(het) rs7556128 

8/12 (66.7 %) 0/1 (0 %) 2/11 (18.2 %) 

c.1193-941T>G 
(hom) 4/12 (33.3 %) 1/1 (100 %) 7/11 (63.6 %) 

Intron 10 9005363 

c.1193-484G>A 
(het) rs7544111 

1/12 (8.3 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1193-484G>A 
(hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 10 9005271 c.1193-392C>G rs141331643 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 10 9005060 

c.1193-181T>G 
(het) rs60512841 

5/12 (41.7 %) 0/1 (0 %) 1/11 (9.1 %) 

c.1193-181T>G 
(hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 11 9004551 

c.1320+201 del C 
(het) rs111448504 

2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1320+201 del C 
(hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 11 9003813 

c.1321-295C>T 
(het) rs61785778 

2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

c.1321-295C>T 
(hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 11 9003812 

c.1321-294G>A 
(het) rs34897790 

1/12 (8.3 %) 0/1 (0 %) 5/11 (45.5 %) 

c.1321-294G>A 
(hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
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Intron 11 9003587 

c.1321-69A>G  
(het) rs4908805 

8/12 (66.7 %) 0/1 (0 %) 2/11 (18.2 %) 

c.1321-69A>G  
(hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

Intron 11 9003543 

c.1321-25C>G 
(het) rs4908804 

28/45 (62.2 %) 21/43 (48.9 %) 33/75 (44 %) 

c.1321-25C>G 
(hom) 8/45 (17.8 %) 16/43 (37.2 %) 20/75 (26.7 %) 

3´ Cap 9003206 
GA (het) 

rs12402611 
5/12 (41.7 %) 0/1 (0 %) 1/11 (9.1 %) 

GA (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
3´ Cap 9003179 CT rs11810507 3/12 (25 %) 1/1 (100 %) 3/11 (27.3 %) 
3´ Cap 9003047 GA rs34494379 2/12 (16.7 %) 1/1 (100 %) 3/11 (27.3 %) 
3´ Cap 9003044 TC rs34111359 2/12 (16.7 %) 1/1 (100 %) 3/11 (27.3 %) 

3´ Cap 9002893 
GA (het) 

*rs17389948 
2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

GA (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
3´ Cap 9002873 CT rs12727906 1/12 (8.3 %) 1/1 (100 %) 3/11 (27.3 %) 
3´ Cap 9002838 GA rs147194436 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

3´ Cap 9002085 
CG (het) 

rs28846711 
8/12 (66.7 %) 0/1 (0 %) 5/11 (45.5 %) 

CG (hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

3´ Cap 9002082 
GT (het)  1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 
GT (hom) 0/12 (0 %) 0/1 (0 %) 2/11 (18.2 %) 

3´ Cap 9002079_ 
9002085 

del CATTGTC 
(het)  

8/12 (66.7 %) 0/1 (0 %) 5/11 (45.5 %) 

del CATTGTC  
(hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

3´ Cap 9002075 
TG (het) 

rs7517508 
4/12 (33.3 %) 0/1 (0 %) 5/11 (45.5 %) 

TG (hom) 1/12 (8.3 %) 1/1 (100 %) 2/11 (18.2 %) 
3´ Cap 9001966 GC rs58957717 2/12 (16.7 %) 1/1 (100 %) 3/11 (27.3 %) 
3´ Cap 9001863 AG rs12410411 2/12 (16.7 %) 1/1 (100 %) 3/11 (27.3 %) 
3´ Cap 9001828 CA rs77568758 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

3´ Cap 9001664 
GA (het) 

rs7548457 
2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

GA (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

3´ Cap 9001606 
GA (het) 

rs7548439 
2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

GA (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

3´ Cap 9001323 
AG (het) 

rs12047015 
2/12 (16.7 %) 1/1 (100 %) 6/11 (54.5 %) 

AG (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
3´ Cap 9001102 AC rs7516862 2/12 (16.7 %) 1/1 (100 %) 3/11 (27.3 %) 
3´ Cap 9000730 CT rs17033008 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 
3´ Cap 8999779 CT rs72642911 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 
3´ Cap 8999327 AG rs72642910 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 
3´ Cap 8998675 CT rs9651157 2/12 (16.7 %) 1/1 (100 %) 5/11 (45.5 %) 

3´ Cap 8998487 
CT (het) 

rs2895997 
9/12 (75 %) 0/1 (0 %) 8/11 (72.7 %) 

CT (hom) 2/12 (16.7 %) 1/1 (100 %) 2/11 (18.2 %) 

3´ Cap 8998226 
CT (het) 

rs10746483 
9/12 (75 %) 1/1 (100 %) 5/11 (45.5 %) 

CT (hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 
3´ Cap 8998182 AG rs35994272 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 

3´ Cap 8997969 
TC (het) 

rs10779707 
9/12 (75 %) 0/1 (0 %) 8/11 (72.7 %) 

TC (hom) 2/12 (16.7 %) 1/1 (100 %) 2/11 (18.2 %) 
3´ Cap 8997598 GA rs144548992 1/12 (8.3 %) 0/1 (0 %) 2/11 (18.2 %) 
3´ Cap 8997379 AG rs9651156 1/12 (8.3 %) 0/1 (0 %) 2/11 (18.2 %) 
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3´ Cap 8996872 
TA (het) 

rs7367376 
8/12 (66.7 %) 0/1 (0 %) 8/11 (72.7 %) 

TA (hom) 1/12 (8.3 %) 1/1 (100 %) 2/11 (18.2 %) 

3´ Cap 8996854 
GA (het) 

rs7366316 
9/12 (75 %) 1/1 (100 %) 5/11 (45.5 %) 

GA (hom) 2/12 (16.7 %) 0/1 (0 %) 1/11 (9.1 %) 
3´ Cap 8996742 CT rs72641602 1/12 (8.3 %) 0/1 (0 %) 2/11 (18.2 %) 

3´ Cap 8996710 
GA (het) 

rs7532691 
9/12 (75 %) 0/1 (0 %) 5/11 (45.5 %) 

GA (hom) 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
3´ Cap 8996511 AT rs72641601 1/12 (8.3 %) 1/1 (100 %) 3/11 (27.3 %) 

3´ Cap 8996014 
AG (het) 

rs4908524 
9/12 (75 %) 0/1 (0 %) 8/11 (72.7 %) 

AG (hom) 2/12 (16.7 %) 1/1 (100 %) 2/11 (18.2 %) 
3´ Cap 8995752 TA rs181748452 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 
3´ Cap 8995316 GA rs138370454 3/12 (25 %) 1/1 (100 %) 5/11 (45.5 %) 
3´ Cap 8995267 AG rs147070668 0/12 (0 %) 0/1 (0 %) 1/11 (9.1 %) 

3´ Cap 8995081_ 
8995083 del AAT rs112747363 3/12 (25 %) 1/1 (100 %) 5/11 (45.5 %) 

3´ Cap 8994525 
CT (het) 

rs10746482 
8/12 (66.7 %) 1/1 (100 %) 5/11 (45.5 %) 

CT (hom) 1/12 (8.3 %) 0/1 (0 %) 1/11 (9.1 %) 

3´ Cap 8993990 
TA (het) 

*rs11121289 
5/12 (41.7 %) 0/1 (0 %) 1/11 (9.1 %) 

TA (hom) 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
3´ Cap 8993935 TC rs76140495 3/12 (25 %) 0/1 (0 %) 1/11 (9.1 %) 

3´ Cap 8993630_ 
8993633 del TAAA rs150380203 1/12 (8.3 %) 0/1 (0 %) 0/11 (0 %) 
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Figure 42: Representative melting curve for rs1974063 and rs1877126 
Green melting curve represents the minor alleles for rs1974063 (GG) and the major alleles for 
rs1877126 (CC). The blue curve shows the major alleles for rs1974063 (AA) and the major alleles for 
rs1877126 (CC). The grey melting curve demonstrates the major alleles for rs1974063 (AA) but the 
minor allele for rs1877126 (GG). The red melting curve displays major and minor alleles for rs1974063 
(AG) and the major alleles for rs1877126 (CC). The pink melting curve displays major and minor alleles 
for rs1974063 (AG) and major and minor allele for rs1877126 (CG). The yellow melting curve displays 
the major alleles for rs1974063 (AA) and major and minor alleles for rs1877126 (CG). 
 

 

 
Figure 43: Representative melting curve for rs11121319 
The blue melting curve represents the minor allele (CC) for variant rs11121319. The green curve shows 
the wild- type (TT) and the red curve demonstrates the heterozygotes genotype (TC). 
 

45 50 55 60 65

Temperatur [°C]

0.16

0.36

0.56

0.76

0.96

1.16

1.36

1.56

1.76

1.96

2.16
-(d

/d
T)

Fl
uo

re
sc

en
ce

(4
65

- 5
10

)

55 60 65 70

Temperatur [°C]

0.10

0.18

0.26

0.34

0.42

0.50

0.58

0.66

0.74

0.82

0.90

-(d
/d

T)
Fl

uo
re

sc
en

ce
(4

65
-5

10
)



156   Supplement 

 
Figure 44: Representative melting curve for rs1751681 
The blue melting curve represents the minor allele (GG) for variant rs1751681. The green curve shows 
the wild- type (AA) and the red curve demonstrates the heterozygotes genotype (AG). 
 
 

 
Figure 45: Representative melting curve for rs74973473 
The green melting curve represents the major allele (CC) for variant rs74973473. The blue curve shows 
the minor allele (TT) and the red curve demonstrates the heterozygotes genotype (CT). 
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Figure 46: Representative melting curve for rs765617 
The blue melting curve represents the minor allele (TT) for variant rs765617. The green curve shows 
the wild-type (CC) and the red curve demonstrates the heterozygotes genotype (CT). 
 
 

 
Figure 47: Representative melting curve for rs12086124 
The green melting curve represents the major allele (TT) for variant rs12086124. The blue curve shows 
the minor (CC) and the red curve demonstrates the heterozygotes genotype (TC). 
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Figure 48: Representative melting curve for rs770032 
The blue melting curve represents the major allele (AA) for variant rs770032 and the red curve 
demonstrates the heterozygotes genotype (AG). The minor allele was not present in this group of 
samples. 
 
 

 

Figure 49: Representative melting curve for rs17389948 
The blue melting curve represents the minor allele (AA) for variant rs17389948. The green curve shows 
the wild-type (GG) and the red curve demonstrates the heterozygotes genotype (GA). 
 

50 55 60 65

Temperatur [°C]

0.33

0.49

0.63

0.78

0.93

1.08

1.23

1.38

1.53

1.68

1.83

-(d
/d

T)
Fl

uo
re

sc
en

ce
(4

65
-5

10
)

1.98

50 55 60 65

Temperatur [°C]

70

0.01

0.14

0.19

0.24

0.29

0.34

0.39

0.44

0.49

0.54

-(d
/d

T)
Fl

uo
re

sc
en

ce
(4

65
-5

10
)

0.59

0.64



Supplement 159 

 

Figure 50: Representative melting curve for rs11121289 
The green melting curve represents the major allele (TT) for variant rs11121289. The blue curve shows 
the minor (AA) and the red curve demonstrates the heterozygotes genotype (TA). 
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Table 28: Non-coding GLUT6 variants in fructose malabsorption patients, controls and blood 
donors 

Location Genomic 
position Base change rs# Patients Controls Blood donors 

Intron 5 133475314 c.774+86A>G rs28393320 4/45 (8.9 %) 3/43 (7 %) 7/68 (10.3 %) 

Intron 6 133474837 
c.927+124A>G (het) 

rs3124760 
13/43 (30.2 %) 11/42 (26.2 %) 19/69 (27.5 %) 

c.927+124A>G (hom) 0/43 (0 %) 1/42 (2.4 %) 2/69 (2.9 %) 

Intron 9 
(001) 133473065 

c.1368+40T>G (het) 
rs3124762 

10/44 (22.7 %) 9/43 (20.9 %) 20/69 (29 %) 

c.1368 +40T>G (hom) 1/44 (2.3 %) 3/43 (7 %) 2/69 (2.9 %) 

3´-UTR 133471811 c.*210C>T rs4962054 5/44 (11.4 %) 0/42 (0 %)  7/69 (10.1 %) 
 
 
 
Table 29: Non-coding KHK variants in fructose malabsorption patients, controls and blood 

donors 

Location Genomic 
position Base change rs# Patients Controls Blood 

donors 
5´-UTR 27087015 c.-245G>A rs192615638 1/53 (1.9 %) 0/34 (0 %) 0/9 (0 %) 

5´-UTR 27087180 c.-79C>A  1/53 (1.9 %) 0/34 (0 %) 0/9 (0 %) 

Intron 1 27087427 c.92+76A>T  1/53 (1.9 %) 0/34 (0 %) 0/9 (0 %) 

Intron 1 27092184 c.93-148C>T  1/53 (1.9 %) 0/34 (0 %) 0/9 (0 %) 

Intron 1 27092196 
c.93-136A>G (het) 

rs6754371 
19/53 (35.8 %) 14/34 (41.2 %) 6/9 (66.7 %) 

c.93-136A>G (hom) 11/53 (20.8 %) 6/34 (17.6 %) 2/9 (22.2 %) 

Intron 1 27092322 c.93-10T>A  0/53 (0 %) 0/34 (0 %) 1/9 (11.1 %) 

Intron 2 27092596 c.209+148G>A rs149671001 0/53 (0 %) 1/34 (2.9 %) 1/9 (11.1 %) 

Intron 2 27092614 c.209+166G>A rs574364844 1/53 (1.9 %) 0/34 (0 %) 0/9 (0 %) 
Intron 3 
(001) 27094658 c.344+47A>C rs201070693 1/53 (1.9 %) 0/34 (0 %) 0/9 (0 %) 

Intron 4 27097053 c.417+252Cg rs574952391 0/53 (0 %) 1/34 (2.9 %) 0/9 (0 %) 

Intron 5 27099194 c.565-2A>G rs780388899 1/53 (1.9 %) 0/34 (0 %) 0/9 (0 %) 

3´-UTR 27099769-
27099770 c.*24_*25 del AC rs370253620 3/53 (5.7 %) 1/34 (2.9 %) 0/9 (0 %) 

 
  



Supplement 161 

Table 30: Non-coding SGLT4 variants in fructose malabsorption patients and controls 

Location Genomic 
position Base change rs# Patients Controls 

5’-UTR 1:48222579 c.1-158 G>A rs116077357 2/60 (3.3 %) 0/4 (0 %) 

5’-UTR 1:48222704 c.1-33 A>G rs41287916 14/60 (23.3 %) 1/4 (25 %) 

Intron 1 1:48222972 c.162+74 T>G - 4/60 (6.7 %) 0/4 (0 %) 

Intron 1 1:48222981 c.162+83 G>T - 1/60 (1.7 %) 0/4 (0 %) 

Intron 2 1:48224983 c.470+188 C>T rs148413965 1/60 (1.7 %) 0/4 (0 %) 

Intron 5 1:48230997 c.610+292 A>G rs12026864 2/60 (3.3 %) 0/4 (0 %) 

Intron 7 1:48232256 
c.897+105 T>C (het) 

rs1004833 
24/60 (40 %) 1/4 (25 %) 

c.897+105 T>C (hom) 1/60 (1.7 %) 0/4 (0 %) 

Intron 7 1:48232338 c.1033-29 G>A rs12161552 2/60 (3.3 %) 0/4 (0 %) 

Intron 9 1:48233778 c.1141+16 C>T rs79196143 4/60 (6.7 %) 0/4 (0 %) 

Intron 10 1:48235895 
c.1292+16 C>T (het) 

rs6694372 
20/60 (33.3 %) 1/4 (25 %) 

c.1292+16 C>T (hom) 1/60 (1.7 %) 0/4 (0 %) 

Intron 10 1:48235951 c.1292+72 A>G rs12563106 2/60 (3.3 %) 0/4 (0 %) 

Intron 12 1:48242386 c.1837-71 A>G rs75324786 2/60 (3.3 %) 0/4 (0 %) 

3’-UTR 1:48247722 
c.*179 C>T (het) 

rs986027 
24/60 (40 %) 0/4 (0 %) 

c.*179 C>T (hom) 32/60 (53.3 %) 3/4 (75 %) 

3’-UTR 1:48247846 c.*303 G>A rs534059538 1/60 (1.7 %) 0/4 (0 %) 

3’-UTR 

between 
1:48247994 
and 
1:48247995 

c.*451 ins TCTA rs549513753 1/60 (1.7 %) 0/4 (0 %) 

3’-UTR 1:48248461 c.*918 C>T rs2275698 1/60 (1.7 %) 0/4 (0 %) 

3’-UTR 1:48248499 c.*956 C>T rs41287930 2/60 (3.3 %) 0/4 (0 %) 

3’-UTR 1:48248516 c.*973 C>T rs41287932 2/60 (3.3 %) 0/4 (0 %) 

3’-UTR 1:48248530 c.*991 C>G rs891680875 1/60 (1.7 %) 0/4 (0 %) 
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Table 31: GLUT7-GLUT5-GFP chimera constructs 
Chimera Name Backbone amino acids Amino acid changes 

G7-219,G5-507-SM 1 to 219 GLUT7 - p.L42V, p.T47S, p.E173Q, p.V174L, p.V176T, p.I177T, 
  p.V180I 220 to 507 GLUT5 

G7-219,G5-507-S 1 to 219 GLUT7 - p.L42V, p.E173Q, p.I177T 
220 to 507 GLUT5 

G7-219,G5-507-M 
1 to 219 GLUT7 

- p.T47S, p.V174L, p.V176T, p.V180I 220 to 507 GLUT5 

G7-219,G5-507-
control 

1 to 219 GLUT7  
220 to 507 GLUT5 

G7-219,G-440,G7-
512-M 

1 to 219 GLUT7 

- p.T47S, p.V174L, p.V176T, p.V180I 220 to 440 GLUT5 

441 to 512 GLUT7 

G7-219,G-440,G7-
512-control 

1 to 219 GLUT7 
 220 to 440 GLUT5 

441 to 512 GLUT7 

G7-324,G5-440-G7-
512,G5F13-SM 

1 to 324 GLUT7 - p.L42V, p.T47S, p.E173Q, p.V174L, p.V176T, p.I177T,  
  p.V180I, p.I299V, p.N303Y 
- p.D248S, p.M249V, p.E250D, p.A251R, p.L253V, 
  p.E254A, p.D255E, p.M256I, p.A258Q, p.A260D 

325 to 440 GLUT5 
441 to 512 GLUT7 

G7-324,G5-440-G7-
512,G5F13-S 

1 to 324 GLUT7 - p.L42V, p.E173Q, p.I177T, p.N303Y 
- p.D248S, p.M249V, p.E250D, p.A251R, p.L253V, 
  p.E254A, p.D255E, p.M256I, p.A258Q, p.A260D 

325 to 440 GLUT5 

441 to 512 GLUT7 

G7-324,G5-440-G7-
512,G5F13-M 

1 to 324 GLUT7 - p.T47S, p.V174L, p.V176T, p.V180I, p.I299V 
- p.D248S, p.M249V, p.E250D, p.A251R, p.L253V,  
  p.E254A, p.D255E, p.M256I, p.A258Q, p.A260D 

325 to 440 GLUT5 

441 to 512 GLUT7 

G7-324,G5-440-G7-
512-SM 

1 to 324 GLUT7 
- p.L42V, p.T47S, p.E173Q, p.V174L, p.V176T, p.I177T,  
  p.V180I, p.I299V, p.N303Y 

325 to 440 GLUT5 

441 to 512 GLUT7 

G7-324,G5-440-G7-
512-S 

1 to 324 GLUT7 

- p.L42V, p.E173Q, p.I177T, p.N303Y 325 to 440 GLUT5 

441 to 512 GLUT7 

G7-324,G5-440-G7-
512-M 

1 to 324 GLUT7 

- p.T47S, p.V174L, p.V176T, p.V180I, p.I299V 325 to 440 GLUT5 

441 to 512 GLUT7 

G7,G5F13F18-SM 1 to 512 GLUT7 

- p.L42V, p.T47S, p.E173Q, p.V174L, p.V176T, p.I177T,  
  p.V180I, p.I299V, p.N303Y,p.V329A, p.I332V, p.T337C, 
  p.S338A, p.A339V, p.V368A, p.L370A, p.R374T, p.I390V, 
  p.S394A, p.V404I, p.R405I, p.R415P, p.D421G, p.F434L 
- p.D248S, p.M249V, p.E250D, p.A251R, p.L253V, 
  p.E254A, p.D255E, p.M256I, p.A258Q, p.A260D 
- p.H349L, p.A353L, p.Y355F, p.G356S, p.G359L, 
  p.S360T, p.L363C 

G7,G5F13F18-S 1 to 512 GLUT7 

- p.L42V, p.E173Q, p.I177T, p.N303Y, p.I332V, p.S338A,  
  p.A339V, p.I390V, p.R405I, p.R415P, p.D421G, p.F434L 
- p.D248S, p.M249V, p.E250D, p.A251R, p.L253V,  
  p.E254A, p.D255E, p.M256I, p.A258Q, p.A260D 
- p.H349L, p.A353L, p.Y355F, p.G356S, p.G359L,  
  p.S360T, p.L363C 
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G7,G5F13F18-M 1 to 512 GLUT7 

- p.T47S, p.V174L, p.V176T, p.V180I, p.I299V, p.V329A,  
  p.T337C, p.V368A, p.L370A, p.R374T, p.S394A, p.V404I 
- p.D248S, p.M249V, p.E250D, p.A251R, p.L253V,  
  p.E254A, p.D255E, p.M256I, p.A258Q, p.A260D 
- p.H349L, p.A353L, p.Y355F, p.G356S, p.G359L,  
  p.S360T, p.L363C 

G7-SM 1 to 512 GLUT7 

- p.L42V, p.T47S, p.E173Q, p.V174L, p.V176T, p.I177T, 
  p.V180I, p.I299V, p.N303Y,p.V329A, p.I332V, p.T337C, 
  p.S338A, p.A339V, p.V368A, p.L370A, p.R374T, p.I390V, 
  p.S394A, p.V404I, p.R405I, p.R415P, p.D421G, p.F434L 

G7-S 1 to 512 GLUT7 - p.L42V, p.E173Q, p.I177T, p.N303Y, p.I332V, p.S338A, 
  p.A339V, p.I390V, p.R405I, p.R415P, p.D421G, p.F434L 

G7-M 1 to 512 GLUT7 - p.T47S, p.V174L, p.V176T, p.V180I, p.I299V, p.V329A,  
  p.T337C, p.V368A, p.L370A, p.R374T, p.S394A, p.V404I 
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Figure 51: Relative mRNA expression of different genes in different tissues and cell lines, 

preliminary data 
mRNA was isolated from human esophagus, stomach, duodenum, jejunum, ileum and colon 
and also from CaCo2 and HT-29 cells. RNA was reverse transcribed into cDNA und qPCR 
was performed in a LightCycler® 480. Bars represent mean values of 1 to 3 samples. Green 
bordered bars represent the reference tissue. ND not detectable.  
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Figure 52: Fluorescence images of stable cell lines NIH-3T3 GFP, GLUT5-GFP and GLUT5-
GLUT7-GFP chimeras, first 26 fragments 

GFP fluorescence was visualized with 10x magnification.  



Supplement 169 

 
Figure 53: Western blot of total protein from NIH-3T3 cells overexpressing GLUT5-GLUT7-

GFP chimeras, first round 
Protein was extracted from stably transfected NIH-3T3 cells using RIPA lysis buffer. 
Membranes were stained with GFP and actin antibody.  
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Figure 54: Western blot of membrane protein from NIH-3T3 cells overexpressing GLUT5-
GLUT7-GFP chimeras, first round 

Protein was extracted from stably transfected NIH-3T3 cells using RIPA lysis buffer. 
Membranes were stained with GFP and actin antibody.  
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Figure 55: Fluorescence images of stable cell lines NIH-3T3 GFP, GLUT5-GFP and GLUT5-
GLUT7-GFP chimeras, sub-fragments and single amino acid changes 

GFP fluorescence was visualized with 10x magnification.  
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Figure 56: Western blot of total protein from NIH-3T3 cells overexpressing GLUT5-GLUT7-
GFP chimeras, sub-fragments and single amino acid changes 

Protein was extracted from stably transfected NIH-3T3 cells using RIPA lysis buffer. 
Membranes were stained with GFP and actin antibody.  
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Figure 57: Western blot of membrane protein from NIH-3T3 cells overexpressing GLUT5-
GLUT7-GFP chimeras, sub-fragments and single amino acid changes 

Protein was extracted from stably transfected NIH-3T3 cells using RIPA lysis buffer. 
Membranes were stained with GFP and actin antibody.  
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Figure 58: Fluorescence images of stable cell lines NIH-3T3 GLUT5-GFP and GLUT7-GLUT5-
GFP chimeras 

GFP fluorescence was visualized with 10x magnification.  
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Figure 59: Western blot of total protein from NIH-3T3 cells overexpressing GLUT7-GLUT5-
GFP chimeras 

Protein was extracted from stably transfected NIH-3T3 cells using RIPA lysis buffer. 
Membranes were stained with GFP and actin antibody.  
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9: G7-324,G5-440,G7-512-M
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13: G7-M
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Figure 60: Western blot of membrane protein from NIH-3T3 cells overexpressing GLUT7-
GLUT5-GFP chimeras 

Protein was extracted from stably transfected NIH-3T3 cells using RIPA lysis buffer. 
Membranes were stained with GFP and actin antibody. 
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Figure 61: Fluorescence images of oocytes NI control, GLUT5-GFP and GLUT7-GLUT5-GFP 
chimeras 

GFP fluorescence was visualized with 10x magnification.  
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Figure 62: Western blot of total protein from oocytes overexpressing GLUT7-GLUT5-GFP 
chimeras 

Protein was extracted from oocytes using Dong lysis buffer. Membranes were stained with 
GFP and actin antibody. 
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