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Abstract
Thiamine diphosphate (ThDP) is a coenzyme for several essential enzymes in cell metabolism (mainly transketolase, pyruvate and 2-oxoglutarate dehydrogenases). In eukaryotic cells ThDP is synthesized by pyrophosphorylation of thiamine (vitamin B1) by ATP or UTP and catalyzed by thiamine pyrophosphokinase isoform 1 (TPK1). Complete inactivation of TPK1 is lethal, but recently several hereditary mutations in the corresponding gene were described in human families. The phenotype is generally severe with acute encephalopathy and fatal outcome when not treated with excess thiamine. This suggests that the mutated enzyme still retains a fraction of its native activity. In order to estimate the effect of the mutations on enzyme activity it is essential to benefit from a reliable assay of TPK1 activity. This enzyme has a low KM for thiamine (KM < 0.1 µM) but a low turnover (kcat = 0.03 s-1) requiring very sensitive methods for the detection of the product ThDP by HPLC followed by fluorometric (after derivatization into fluorescent thiochrome derivatives) or mass spectrometric detection. Moreover, ThDP is a noncompetitive inhibitor of TPK1 with a KI = 0.4 µM. Hence, when measuring TPK1 activity care must be taken that the reaction is stopped before inhibition becomes significant. Here, we present a powerful HPLC method coupled to fluorometric detection allowing TPK1 assay either in the forward or the reverse direction. The importance of such a method is further highlighted by recent data showing decreased expression of TPK1 in blood and brain of Alzheimer patients making TPK1 assay an interesting alternative to the estimation of TPK1 expression.
[bookmark: _Toc231896573]Introduction
Thiamine (vitamin B1) is an essential nutrient for animals, which are unable to synthesize this molecule. After intestinal absorption thiamine enters the bloodstream and it is rapidly captured by the cells by means of specific transporters. The best known of these transporters are ThTr1 and ThTr2, which are the products of genes SLC19A2 and SLC19A3 belonging to the folate transporter family (Makarchikov et al., 2025; Marcé-Grau et al., 2019). Inside the cells thiamine is pyrophosphorylated to thiamine diphosphate (ThDP) by a specific enzyme, thiamine pyro- or diphosphokinase (TPK1, EC 2.7.6.2) (Fig. 1):

While the co-substrate is generally indicated as ATP, recent data suggest that, at least in mammals, UTP could be a better substrate (Sahu et al., 2024). Another isoform, TPK2, is present only in plants (Luo et al., 2025).
[image: ]
Figure 1. Thiamine is transported into eukaryotic cells by the specific plasma membrane transporters ThTR1 and ThTR2. Inside the cytoplasm thiamine is pyrophosphorylated to ThDP by TPK1. ThDP is a coenzyme for the cytosolic transketolase. The bulk of ThDP is transported into mitochondria by the specific inner mitochondrial membrane ThDP transporter (TM) SLC25A19 (Jiang, 2024) where it associates with at least four 2-oxoacid dehydrogenases. ThDP is also coenzyme for the peroxisomal 2-hydroxyacyl-CoA-lyase.
ThDP is an essential coenzyme for over 40 enzymes and enzyme complexes, among which 6 are found in animals (Prajapati et al., 2022). They include such important enzymes such as transketolase in the pentose phosphate pathway and the mitochondrial enzyme complexes pyruvate, 2-oxoglutarate and branched chain 2-oxoacid dehydrogenases. These enzymes occupy key strategic positions in cellular catabolism and ThDP deficiency impairs their activity with severe consequences on cell survival. In humans, thiamine deficiency mainly affects the nervous and the cardiovascular systems resulting in beriberi or Wernicke-Korsakoff syndrome (a complication of chronic alcoholism) (Smith et al., 2021). In addition to nutritional thiamine deficiency, mutations leading to partial inactivation of ThDP-dependent enzymes, thiamine and ThDP transporters, and TPK1 leads to thiamine deficiency disorders with severe consequences for the nervous system (Makarchikov et al., 2025). In some cases, the patients respond to the administration of high doses of thiamine, highlighting the importance of identifying the underlying cause and start a therapeutic strategy before irreversible lesions occur.
With the advent of cheap and high throughput DNA sequence facilities, several mutations in the human tpk1 gene were identified, with widespread and severe consequences: decreased blood ThDP levels, decreased pyruvate utilization and decreased amounts of the transketolase product D-sedoheptulose 7-phosphate (Sahu et al., 2024). While extremely rare, mutations in tpk1 are often underdiagnosed. TPK1 deficiency is known as thiamine dysfunction syndrome 5 (OMIM 614458) and, as of beginning 2026, only about 28 patients worldwide are known suffering from this disease (Dallan et al., 2025; Zhao et al., 2023). Clinical manifestations can be extremely severe, with acute encephalopathy, seizures and elevated lactate plasma concentrations with often fatal outcome. Improvements can be observed in response to thiamine treatment (Thompson et al., 2023). It must be emphasized that if TPK1 deficiency is very rare, because most probably only patients with a residual enzyme activity are viable. It can be expected that total inactivation of tpk1 will results in embryos dying at early stages of development.
Very recently, an interesting observation has shown that ThDP levels are decreased in blood and brain of patients with Alzheimer’s disease and that astrocytic TPK1 deficiency exacerbates Aβ burden leading to spatial memory deficits in a mouse model of AD (Zhang et al., 2026).
For these reasons and in addition to a purely academic interest, it is important to evaluate the effect of TPK1 mutations on enzyme activity and to have a reliable method for measuring TPK1 activity. This is particularly important as TPK1 is inhibited by its product ThDP, potentially leading to an important underestimation of enzyme activities. For instance, one of the first enzymatic characterizations of this enzyme concluded that the equilibrium (eq. 1) was strongly displaced to the left (Keq = 10-5) (Peterson et al., 1975), though the reaction is coupled to ATP consumption. This result is of course erroneous and due to product inhibition by ThDP. For that reason, it is important not only to measure the forward reaction but also the reverse reaction (Sambon et al., 2022). Here we report a reliable and high sensitivity HPLC-based method for the determination of TPK1 activity in both directions (forward and reverse).
[bookmark: _Toc231896574]Assay of TPK1 activity
2.1 [bookmark: _Toc231896575]Rationale
TPK1 has a very high apparent affinity for its substrate thiamine (KM < 0.1 µM), moreover the ThDP product is a non-competitive inhibitor of the enzyme with a KI ~ 0.4 µM (for a litterature review see Sambon et al., 2022). Hence, for an accurate determination of the enzyme activity, thiamine concentrations must be ≤ 0.1 µM and the reaction must be stopped before significant ThDP concentrations accumulate. In order to overcome this difficulty, we show that the determination of the reverse reaction is also possible by detecting the formation of thiamine. Both methods require a very sensitive method for the determination of either ThDP in the forward direction or thiamine for the reverse reaction. A sufficiently high sensitivity can be achieved by a HPLC separation using fluorescent detection after derivatization of thiamine derivatives in fluorescent thiochrome (Fig. 2).

[image: ]
Figure 2. Oxidation of thiamine derivatives to thiochrome derivatives in strongly alkaline medium, typically 5% NaOH and 0.2 mM potassium ferricyanide with ex = 365-370 nm and em = 433-435 nm (Bettendorff et al., 1991; Lu & Frank, 2008) (Thiamine, R = H; ThMP, R = –PO32−; ThDP, R = –PO2––O–PO32−).
While the TPK protein can be easily quantified using antibody-based techniques, there is no simple (colorimetric) method available for the assay of TPK activity. This is due in large part because of the low specific activity (1 nmol.mg−1.s−1, corresponding to kcat = 0.03 s−1 and the low KM of the enzyme for thiamine (low nanomolar range) (Sambon et al., 2022). This requires that any TPK assay must be able to reliably detect nanomolar concentrations of substrate. This is highly improbable with absorbance-based techniques in the absence of specific chromophores. In addition, without chromatographic separation discrimination between thiamine and ThDP would be impossible.

2.2 [bookmark: _Toc231896576]Materials, equipment and reagents
HPLC equipment for isocratic or gradient elution equipped with a flow-through fluorescence spectrometer. A fluorescence spectrometer is required rather than a filter fluorometer as it provides a much better selectivity. Injection loop 20 µL.
Hamilton PRP-1 HPLC column, 5 µm, 150 × 4.1 mm, pore size 100 Å (N° 79444). Alternatively, a 250 × 4.1 mm column (N° 79820) from the same manufacturer can be used.
ATP (A2383 Sigma-Aldrich)
AMP (01970 Fluka Biochemika)
Thiamine (T4625 Sigma-Aldrich)
Thiamine monophosphate (T8637 Sigma-Aldrich)
ThDP (Sigma-Aldrich C8754)
MgSO4 (5886 Merck)
Tetrahydrofuran (HPLC grade, without stabilizer)
Diethyl ether (analytical grade without stabilizer)
Tris-HCl buffer (0.1 M, pH 7.5), analytical grade
NaOH (prepare an 15% solution in water, 3.75 M solution), analytical grade
Potassium ferricyanide, analytical grade
Trichloroacetic acid, analytical grade
Na2HPO4, analytical grade
NaH2PO4, analytical grade
Tetra-n-butylammonium hydrogen sulfate (TBA, 8.18858 Sigma-Aldrich)
2.3 [bookmark: _Toc231896577]Protocols
The protocol is described for recombinant mouse TPK1 (Sambon et al., 2022) and can be adapted for any enzyme source. All solutions are prepared with milli-Q water. The preparation of a suitable enzyme source is a prerequisite. Because of the low enzymatic activity care must be taken to avoid unnecessary dilution of the sample during preparation. All steps should be carried out at 4 °C.
[bookmark: _Hlk226791783]2.3.1.	Forward reaction: Thiamine + ATP  ThDP + AMP
Prepare an ATP solution (20 mM) adjusted to pH 7 with NaOH 15%.
Prepare a MgSO4 solution (25 mM).
Prepare an enzyme solution from the stock solution (in this case 12.9 mg.mL-1), of approximately 1.29 µg.mL-1 by dilution in Tris-HCl buffer (180 mM, pH 7.5).
For the forward reaction, the assay mixture (300 μL) contained Tris-HCl (0.084 M, pH 7.5), 2.0 mM ATP, 2.5 mM MgSO4 and 0.5 µM thiamine (Table 1). Note that under Mg2+ and ATP concentrations close to physiological ones, an optimum enzyme activity is obtained with Mg+2/ATP ratio of 1.2 (Sambon et al., 2022). The specific activity of the preparation (pure recombinant protein, see 2.4.1) was 60 nmol.mg-1.min-1 (kcat = 0.03 s−1, considering a molecular mass of 29 473 for the recombinant His-tagged protein). In the incubation medium (300 µL), the enzyme concentration was 0.19 μg.mL-1 corresponding to an activity of 11.10-6 µmol.mL-1.min-1 or 3.3.10-6 µmol.min-1 (U, enzyme units).

Table 1. Incubation medium for the forward reaction (Alternatively, a 10 mM ATP – 12.5 mM MgSO4 can be prepared and 60 µL are added to the reaction mixture).
	
	Initial concentration
	Volume
	Final concentration

	Thiamine
	3 µM
	50 µL
	0.5 µM

	ATP
	20 mM
	30 µL
	2 mM

	MgSO4
	25 mM
	30 µL
	2.5 mM

	Tris-HCl (pH 7.5)
	180 mM
	140 µL
	84 mM

	TPK
	1.14 µg.mL-1
	50 µL
	0.19 µg.mL-1

	Total
	
	300 µL
	



All solution should be at 4 °C and the incubation medium prepared in an ice bath. The incubation is carried out for 20 min at 37 °C with the controls being incubated in the absence of enzyme. The reaction is stopped by addition of 60 μL trichloroacetic acid (TCA, 60%). After centrifugation (10,000 × g, 15 min), the TCA is extracted with 1.5 mL diethyl ether by vigorous shaking for 10 s using a table vortex mixer. The ethereal phase is siphoned with a glass pipette connected to a vacuum pump. The procedure is repeated twice. Bubble nitrogen through the remaining non-ether layer to thoroughly remove any dissolved ether. ThDP and thiamine are determined by HPLC in the aqueous phase (Bettendorff et al., 1991).

[bookmark: _Hlk227782059]2.3.2.	Reverse reaction: ThDP + AMP  Thiamine + ATP
1. Prepare an AMP solution (500 mM) adjusted to pH 7 with NaOH 15%.
Prepare a MgSO4 solution (30 mM).
For the reverse reaction, which proceeds at a slower rate than the forward reaction, the assay mixture (300 μL) contained Tris-HCl (0.1 M, pH 7.5), AMP (50 mM), MgSO4 (30 mM), ThDP (0.3 µM) and an enzyme concentration of 2.4 µg.mL-1 (Table 2). As the reverse reaction is much slower than the forward reaction, a much higher enzyme concentrations must be used than for the forward reaction.

Table 2. Incubation medium for the forward reaction.
	
	Initial concentration
	Volume
	Final concentration

	ThDP
	1.8 µM
	50 µL
	0.3 µM

	AMP
	500 mM
	30 µL
	50 mM

	MgSO4
	300 mM
	30 µL
	30 mM

	Tris-HCl (pH 7.5)
	180 mM
	140 µL
	84 mM

	TPK
	14.4 µg.mL-1
	50 µL
	2.4 µg.mL-1

	Total
	
	300 µL
	



The incubation is carried out for 20 min at 37 °C with the controls being incubated in the absence of enzyme. The reaction is stopped by addition of 60 μL TCA (60%). The samples are treated exactly as for the forward reaction (2.3.1.). The samples can be stored at -20 °C until use.

2.3.3. HPLC procedure
1. Derivatization. Thiamine is derivatized into fluorescent thiochromes (Fig. 2) by addition of 80 L alkaline ferricyanide solution (4.3×10-3 M potassium ferricyanide in 15% sodium hydroxide) to 50 L of the extracted sample. Inject the sample onto the HPLC column within 1 minute of derivatization. Longer delays may lead to side reactions leading to decreased fluorescence.
The chromatographic system is equipped with a fluorescence spectrometer. The excitation wavelength is set at 365 nm and the emission wavelength at 433 nm. A PRP-l reversed-phase analytical column (150 or 250 mm) is used, protected by a PRP-l guard column cartridge (25 – 2.3 mm I.D.). A 20-L injection loop was used. An isocratic system is sufficient for the analysis, but a system with two pumps for gradient elution allows automatic washing of the column after use.
[bookmark: _Hlk224243999]The mobile phase is composed of sodium phosphate buffer (50 mM), tetrabutylammonium hydrogen sulfate (TBA, 25 mM), and 4% tetrahydrofuran adjusted at pH 9.0 with NaOH. Elution is isocratic at a flow rate of 0.5 mL.min-1. A stock solution of phosphate buffer and TBA can be prepared and filtered on 0.45 µm pore ultrafilters. Before use, add 4% THF and homogenize.
Prepare standard solutions of thiamine, thiamine monophosphate, ThDP at 10 mM. The standard solutions are diluted and combined to one solution containing 0.25 µM of each derivative. Thiamine monophosphate is included to detect any side reaction catalyzed by phosphatases and leading to hydrolysis of ThDP in whole tissue samples. Thiamine (reverse reaction) and ThDP (forward reaction) formed are estimated by comparing the peak areas to those of the standard solution.
When starting a day’s analysis, run a 10-minute gradient from 90% methanol to water. Wash the column with water for 10 more minutes before connecting the column to the elution buffer. Allow a further 45 minutes for the column to equilibrate in the elution buffer. Indeed, equilibration of the column with the relatively low concentration of THF requires at least 10 column volumes of buffer. At the end of the day put the column in water and make a 2-hour wash with water followed by a 1-hour gradient to methanol 90% and a 2-hour wash in 90% methanol, all at a flowrate of 0.25 mL.min-1.
Any other HPLC separation method allowing a good resolution between the thiamine and ThDP peaks can be used (Jonus et al., 2018; Lu & Frank, 2008), provided the detection limit is at least 10 nmol.L-1.
Fig. 3. shows a chromatogram obtained for a typical reaction carried out with the recombinant TPK.
[image: ]
Figure 3. Superposition of two chromatograms (relative fluorescence at 433 nm as a function of elution time) illustrating the synthesis of ThDP by purified recombinant TPK1. In orange, a control obtained in the absence of enzyme and in blue in the presence of enzyme (0.19 µg. mL-1). The incubation was carried out as described in Table 1. The first peak (9 min) corresponds to the substrate thiamine and the second peak (11.5 min) corresponds to the product ThDP.
2.3.4.	Determination of kinetic parameters of TPK
TPK1 activity was measured as a function of thiamine concentration in the presence of an ATP concentrations close to physiological (2 mM) and 2.5 mM Mg2+ (Fig. 4). The relationship was hyperbolic and non-linear regression to the Michaelis-Menten equation gave a KM value of 0.072 μM (R2=0.96). The Vmax was calculated to be 60 nmol.mg-1.min-1, corresponding to a kcat of 0.03 s−1 for the recombinant enzyme (MW = 29,473). When the same data were drawn as a Lineweaver-Burk, a linear relationship between 1/vi and 1/[thiamine] was obtained (Fig 4, insert)

[image: ]
Figure 4. Kinetic properties of mouse recombinant TPK1. Dependence of ThDP synthesis on thiamine concentration (2 mM ATP, 2.5 mM Mg2+). The data were fitted to the Michaelis-Menten equation using non-linear regression. The inset shows a Lineweaver-Burk plot of the same data fitted to a linear regression line (From Sambon et al., 2022).

As we previously discussed at length, it was impossible to obtain an equilibrium constant for the forward reaction because of the retro-inhibition of TPK1 by the product ThDP (Sambon et al., 2022). Therefore, we used the reverse reaction which can proceed at a significant, though very low rate, provided there is a large excess of AMP (≥ 5 mM) and a relatively high amount of enzyme (Fig. 5). First, the activity was estimated by measuring the appearance of thiamine in the assay medium at two different concentrations of ThDP, 0.3 and 3.0 μM and a large excess of AMP (50 mM) (Fig. 5A).
The initial rate is strongly dependent on AMP concentration between 5 and 50 μM (Fig. 5B), suggesting a low affinity (KM ~20 mM). In contrast, the affinity for ThDP seems to be very high: apparent KM values of 0.043 ± 0.017 μM (5 mM AMP) and 0.053 ± 0.011 μM (50 mM AMP) were calculated (Fig. 5B). A maximum specific activity of 5.3 nmol.mg−1.min−1 (Vmax in Fig. 5B) was calculated, corresponding to a kcat of 0.0026 s−1, a value 10–20 times lower than for the forward reaction.
As for the forward reaction, the reverse reaction absolutely required Mg2+ ions with an EC50 (apparent Ka) of 7.1 ± 1.7 mM and 12 ± 5 mM in the presence of 5 or 50 mM AMP, respectively (Fig. 5C). 
For the determination of Keq, we repeated the experiment under different conditions (1 μM ThDP, 5 mM AMP and 15 mM Mg2+) and measured the disappearance of ThDP and the appearance of thiamine as a function if time (Fig. 5D). In order to rapidly reach a plateau and thus minimize enzyme denaturation, we used a significantly higher enzyme concentration (86 μg.mL-1 instead of 2.42 μg.mL-1). The plateau was reached after 30 min and maintained over a significant time with [Thiamine]eq = 0.34 μM (Fig. 5D). We calculated the apparent equilibrium constant using the simplified equation (Eq. (I)) used by Peterson et al., 1975 (Peterson et al., 1975; Sambon et al., 2022). It is assumed that at equilibrium the thiamine and ATP concentrations are equal and the AMP concentration, largely in excess with respect to the ThDP concentration, is considered equal to its initial value:



With Keq = 3.5 10-5 for the reverse reaction (ThDP + AMP  Thiamine + ATP), the reaction is largely in favor of the physiological direction, i.e., the synthesis of ThDP from ATP. The order of magnitude of the Keq was confirmed under several different conditions (Sambon et al., 2022).


[image: ]
Figure 5. Kinetic parameters for the mouse TPK reverse reaction ThDP +AMP → Thiamine + ATP at 37 °C. (A) Kinetics of thiamine synthesis at two concentrations of ThDP (0.3 and 3 μM). The AMP concentration was 50 mM and Mg2+ concentration was 30 mM. (B) Dependence of the initial rate of the TPK reverse reaction on ThDP concentration at two different concentrations of AMP and at [Mg2+] = 30 mM. (C) Dependence of the TPK reverse reaction on Mg2+ concentration at two different concentrations of AMP and at [ThDP] =3 μM. (D) Kinetics of the reverse reaction catalyzed by TPK with ThDP (1 μM), AMP (5 mM), Mg2+ (15 mM). The enzyme concentrations were 2.42 μg.mL-1 in A, B and C and 86 μg.mL-1 in D. Data were analyzed and regression curves were generated using GraphPad Prism 9. In panels A and D, the curves were obtained by a non-linear fit for one phase association: Y = Ymax×(1-e-kt). In panel C, we used a agonist concentrtaion vs response model: Y=Ymax×x/(EC50 + x), while a Michaelis-Menten model was used in panel B. (Mean ± SD, n =3–6) (From Sambon et al., 2022).

2.4 [bookmark: _Toc231896578]Precursor techniques
2.4.1 Preparation of recombinant human or mouse TPK1
TPK1 from any species can be prepared as described with well-established techniques (Nosaka et al., 1993, 1999, 1999, 2001; Onozuka & Nosaka, 2003; Sahu et al., 2024; Sambon et al., 2022). Preparation of recombinant precursor techniques are now most often handled by contract with specialized technical platforms. In our case, mouse TPK1 was produced by the Protein Factory of the Center for Protein Engineering at the University of Liège (Belgium) as a His-tagged protein and purified to homogeneity as described earlier (Sambon et al., 2022). In this study, we used a batch at a concentration of 12.9 mg.mL-1, as determined by UV absorption at 280 nm.
2.4.2 Preparation of TPK extracts from biological sources
This can be done from animal (Artsukevich et al., 1977; Peterson et al., 1975), plant (Mitsuda et al., 1975, 1979) or bacterial (Sanemori & Kawasaki, 1980) sources. Note that enterobacteria such as E. coli lack TPK. Considering the importance of thiamine metabolism in brain tissue, we will briefly describe the method for the isolation of TPK from human brain samples (Bettendorff et al., 1996).
Typically, a minimum of 25 mg of brain tissue is required. Here we describe the procedure for 100 mg of brain tissue all volumes can be adapted according to the amount of starting material.
1. 100 mg of human brain tissue are rinsed in 0.32 M sucrose containing 10 mM Hepes-Tris (pH 7.4) and homogenized in a Teflon—glass homogenizer in 1 mL of Tris-HC1 buffer (20 mM, pH 7.4) containing 2 mM 2-mercaptoethanol and 1 mM EDTA. 
Centrifuge (15,000 × g, 40 mm) and use the supernatant for determination of TPK activity as described above.
2.5 [bookmark: _Toc231896579]Safety considerations and standards

2.5.1 General remark
All procedures must be approved by the local ethical committees, in particular the use of animal tissues, human biopsies or post-mortem tissues.

2.5.2 Specific safety considerations for some chemicals
Diethyl ether: Keep away from heat, hot surfaces, sparks, open flames and another ignition sources. Wear protective gloves/eye protection. Store in a well-ventilated place. Keep cool.
Methanol: flammable liquids, highly toxic (even vapors) in oral, dermal contact, even in small amounts. Work in well-ventilated area. Do not leave open to the air. Check with your local environmental office to dispose of excess methanol.
NaOH: highly irritating, caustic, corrosive, Wear chemical-resistant gloves, goggles, and face shields, ensuring proper ventilation. Always add NaOH to water—never water to NaOH—to avoid violent boiling. Store in sealed containers, away from acids and metals. Do not store in glass vessels
Tetrahydrofuran (THF): flammable: very low flash point (−14 °C), highly flammable vapors, Wear solvent-resistant gloves (nitrile thickness ≥ 0.4 mm or butyl). Preferentially work under an extractor hood at all times.
Trichloroacetic acid: Causes severe skin burns and eye damage. May cause respiratory irritation. Very toxic to aquatic life with long lasting effects. Wear protective gloves/eye protection. In general, never dispose of it down the drain. Collect in labelled canisters for halogenated/non-halogenated solvent waste according to your establishment's recommendations.
2.6 [bookmark: _Toc231896580]Analysis and statistics
The main point with this enzyme assay is to be sure to work as close as possible to conditions of initial velocity so as to prevent inhibition by excess of the product ThDP. Therefore, the enzyme concentration and the time of incubation should be set so as that less than 10% of thiamine is consumed for the forward reaction. The HPLC separation allows the simultaneous visualization of the thiamine and ThDP peaks on the same chromatogram facilitating the estimation of the ThDP/thiamine ratio.
The enzyme has a very low catalytic power in the reverse direction. It must however be kept in mind that at 2.4 μg.mL-1 and assuming a molecular mass of 29.5 kDa for the recombinant enzyme, the enzyme concentration is 0.08 μM, the same order of magnitude as the substrate concentration. Hence, an essential condition for the validity of the Michaelis-Menten equation ([E] ≪ [S]) is not verified and, the reverse reaction should only be used when the forward reaction is not feasible, for instance for the determination of equilibrium constants (Sambon et al., 2022).
2.7 [bookmark: _Toc231896581]Related techniques
Estimation of TPK expression either by estimation of mRNA or protein abundance can be an alternative (Jonus et al., 2018; Xia et al., 2024; Zhang et al., 2026). However, the abundance of the protein is not necessarily related to the enzyme activity as it does not consider regulations of the enzyme activity by allosteric regulators, covalent modification. Nevertheless, these techniques represent an interesting alternative when kinetic properties are the main issue of the study. For estimation of the residual activity in mutated human TPK1 and its correlation with the severity of the disease, there is no alternative to an enzymatic technique. 
2.8 [bookmark: _Toc231896582]Pros and cons
	Pros
	Cons

	Direct method

High sensitivity for detection of ThDP and thiamine.



Allows assay of the forward (physiological) and reversed direction with the same equipment, but the equilibrium constant can only be measured in the reverse reaction
	Requires sophisticated equipment

While it was generally assumed that the phosphoryl donor is ATP, some reports suggest that the more physiological substrate could be UTP (Sahu et al., 2024).




2.9 [bookmark: _Toc231896583]Alternative methods/procedures
According to our knowledge there are no existing valuable alternative to HPLC coupled either to fluorescence or mass-spectrometric detection.
Sometimes yeast pyruvate decarboxylase is used for enzymatic detection of ThDP (Parkhomenko et al., 2011). However, this method is indirect, with questionable reliability and does not allow assay of the reverse reaction.
One could imagine mass spectrometric determination of ThDP formed directly in the assay medium without prior HPLC separation, but no such method has been published to our knowledge.
Another option could be the quantification of AMP for the forward reaction (Mondal et al., 2017) or ATP for the reverse reaction. The limiting factor is the sensitivity of these methods as the assay of TPK requires the detection of product concentrations as low as 10 nM. Furthermore, in biological samples, where AMP is already present at relatively high concentrations, it would be difficult to detect the increment of AMP produced by TPK. On the other hand, the use of AMP (luciferase/luciferin) assay kits has the advantage of being rapid and allowing the assay of many samples simultaneously using microtiter plates.
2.10 [bookmark: _Toc231896584]Troubleshooting & Optimization
	Problem
	Solution

	
The enzyme (recombinant or native) is soluble and relatively resistant towards denaturation. 

Too low enzyme activity, to be detected






Thiamine and ThDP peaks are poorly separated (low resolution)

When recombinant enzymes are used, the total protein concentrations are very low and posing a risk of adsorption tube walls. 


ThDP and thiamine (to a lesser extent) is subject to adsorption on glass surfaces

The use of a high AMP concentration interferes with the elution on the HPLC column by considerably shifting the retention times
	
Nevertheless, care must be taken to keep the preparation on ice.

Use a preparation with a higher enzyme content. This should not be an issue with recombinant enzyme. For native enzyme, avoid unnecessary dilution during preparation. Use a more sensitive fluorescence detector

Change column or use a PRP-1column with a length of 25 cm rather than 15 cm.

Use polypropylene tubes for enzyme assays. Alternatively, bovine serum albumin can (0.1 mg.mL-1) be added in the reaction medium.

Use polypropylene tubes.


When higher AMP concentrations (> 5 mM) are used, the sample can be diluted 10 times in water before injection on the HPLC system.




[bookmark: _Toc231896585]2.11 Summary 
The TPK assay described here is an extremely powerful method allowing the assay of the enzyme activity from nearly every source (microorganisms, plants, animal tissues or recombinant sources). The method allows the determination of the enzyme activity in the forward (physiological) and reverse direction. Concerning the fact that the enzyme is subject to product inhibition by ThDP, testing the activity in the reverse direction can be a valuable control. However, the estimation of TPK activity is arduous as the enzyme is inhibited by excess product ThDP in the forward direction and must be stopped before a significant inhibition occurs. This also make it impossible to measure an equilibrium constant in the forward direction (Sambon et al., 2022). The reverse reaction is so slow that enzyme concentrations must be used in the same order of magnitude as the substrate ThDP, not fulfilling Michaelis-Menten conditions.
[bookmark: _Toc231896586]Conclusion
TPK1 is an essential enzyme for most living organisms. The enzyme has a very high affinity for its substrates, thiamine for the forward reaction and ThDP for the reverse reaction and the kcat is low (0.03 s-1 for the forward reaction and 10 times less for the reverse reaction, Sambon et al., 2022). This requires not only a very sensitive method but also a method able to separate the different thiamine derivatives in a single step before detection. In view of the recent developments implicating reduced TPK1 activity in Alzheimer’s disease patients, determination of TPK1 activity in human tissues will be a challenging issue. In addition, several mutations in the human tpk1 gene have been described (Makarchikov et al., 2025; Marcé-Grau et al., 2019). The characterization of these mutant enzymes and the implication of the mutations on enzyme activity requires a reliable method for the assay of TPK1 activity. In view of the competitive inhibition of TPK1 by the product ThDP the assay is challenging and requires carefully executed control experiments. In summary, we present here a sensitive reliable method for the assay of TPK1 activity in animal tissues or recombinant proteins produced in the laboratory.
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