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INTRODUCTION

A phosphorylated derivative of vitamin , thiamine tri-

phosphate, was found in rat liver in 1952. It is reported to occur

in other mammalian tissues, bacteria, yeast, and plants. Thiamine

triphosphate is not active as a coenzyme in reactions where thiamine

diphosphate participates. It has been suggested that thiamine tri-

phosphate might have some role in nerve conduction. Furthermore,

a defective metabolism of thiamine triphosphate is suggested to be

implicated in a fatal disease in children (subacute necrotizing

encephalomyelopathy or Leigh's disease).

Attempts to demonstrate the content and formation of

thiamine triphosphate in biological material v/ere unsuccessful. On

closer examination it was discovered that the methods were unreliable

and insufficiently established. This paper now presents improved

methods for the investigation of the metabolism of thiamine phosphate

esters.

Because the existence of thiamine triphosphate in biological

material could not be established with reasonable certainty, and no

formation of thiamine triphosphate could be detected in tissue extracts,

the soluble thiamine triphosphatase from various rat tissues was

characterized in order to obtain some information about the formation,

degradation and the biological significance of thiamine triphosphate.



SUMMARY

Methods for investigating of the metabolism of thiamine

phosphate esters are presented.

In contrast to the prevailing view, the intensities of

thiochrome fluorescence produced by thiamine and its mono-, di-, and

triphosphate esters were found to be unequal.

A new electrophoretic technique for the separation of

thiamine phosphate esters is presented. This technique was found

to be suitable for the assessment of enzyme activities forming thiamine

phosphate esters as well as for the determination of thiamine compounds

-n various tissue extracts.

For the measurement of activities responsible for the hydro

lysis of thiamine phosphate ester, a modification of the procedure for

the determination of inorgan"^*c phosphate is presented. This technique

avoids the precipitation of proteir and formation of a complex between

ammonium molybdate and thiamine phosphate. It is also adaptable to the

continuous flow system.

The soluble thiamine triohosphatase (E.C. 3.6.1.28) of rat

brain and liver was found to be different from alkaline and acid phospha-

tases. This was in contrast to the activity present in the intestine

preparation which resembled that of alkaline phosphatase. The apparent

molecular weight of the specific thiamine triphosphatase was about 30 000

and the isoelectric point (p I) 4.6.

The present state of knowledge forming the basis for the exist

ence of thiamine triphosphate in biological material is critically dis

cussed.



REVIEW OF LITERATURE

Determination of thiamine

Thiamine (vitamin B-j) (Fig. 1) was isolated and chrystallized
from rice by Janssen and Donath in 1926 (1). The first chemical

method for its determination, presented by Kinnersley and Peters in 1934,

(2) required highly purified samples. The method of Jansen (3) was based

on the fluorescence of the thiochrome derivative (Fig. 1) of thiamine

produced by oxidation with potassium ferricyanide in alkaline medium.

Fujiwara and Matsui (4) have used cyanogen bromide as the oxidising agent.

In addition to these thiochrome methods which are more commonly used,

some other chemical methods have been presented such as coupling with

diazotized 6-aminothymol (5) and the method using bromothymol blue (6).
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phosphate and R = thiamine triphosphate.

Abbreviations: TMP = thiamine monophosphate, TOP = thiamine diphosphate,
TTP = thiamine triphosphate



Microbiological methods have also been used for the deter

mination of thiamine (7,8). These methods are based on the measurement

of growth response of organisms (e.g. Streptococcus salivarius or Lacto-

bacillus fermenti) which are dependent on this vitamin.

Attempts to determine thiamine by gas-liquid chromatography.

(GLC) have not been successful because thiamine is not volatile and de
composes at high temperatures. However, Dwivedi and Arnold (9) have
succeeded to estimate thiamine by GLC after cleaving it into pyrimidine

and thiazole moieties. The latter compound was chromatographed as a

volatile trimethylsilyl derivative.

Field desorption mass spectrometry (10) and high-pressure

liquid chromatography (11) have also been used in the determination of
thiamine.

Determination of thiamine phosphate esters

The function of thiamine diphosphate as a coenzyme of pyruvate

decarboxylase (E.G. 4.1.1.1) has been employed for its quantitation.

These methods involve either determination of carbon dioxide (12-14) or

acetaldehyde (15,16) formed in the reaction. Determination of the activ
ity of transketolase (E.G. 2.2.1.1), another thiamine diphosphate re
quiring enzyme, has also been used as an indicator of the amount of this
compound (17).

The separation of thiamine from its phosphate esters (Fig. 1)
was originally accomplished by extracting the thiochrome into isobutanol,
the thiamine phosphate esters remained in the aqueous phase (18). This
method did not allow the separation of thiamine mono-, di-, and triphosphate

esters from each other. For this purpose paper chromatography (19-23) and

paper electrophoresis (22,24) have been widely employed. Different
ion-exchange columns, e.g. Amberlite IRG 50 (22), Dowex lX-8 (25),
Dowex lX-4 (26), and DEAE-Sephadex A-25 (27), have also been used in the
separation of these compounds. High-performance liquid chromatography
(28-30) and gel filtration on Sephadex G-10 (31) have been presented for
the same purpose. Oxidation of thiamine compounds to thiochrome derivatives
are required before the separation.



Function of thiamine diphosphate in animal tissues

Thiamine is physiologically active as its

phosphorylated form, thiamine diphosphate (32). This compound has
been sho',vn to be a coenzyme for pyruvate dehydrogenase (E.C. 1.2.4.1),

a-ketoglutarate dehydrogenase (E.C. 1.2.4.2) (33,34), and trans-
ketolase (E.C. 2.2.1.1) (35). Thiamine diphosphate may also participate
in the oxidative decarboxylation of glyoxylic acid (36). It has been

suggested that this coenzyme may be involved in the catabolism of other

a-keto acids, especially in the degradation of the branched-chain keto

derivatives of leucine, isoleucine, and valine (37). .

Mechanism of action of thiamine diphosphate as a coenzyme has

been clarified by Reed (38) and Koike et al. (39).

Metabolism of thiamine phosphate esters in animal tissues

Thiamine is absorbed in the small intestine by two mechanisms:

at high concentrations thiamine is transported by passive diffusion (40,41)

and at low concentrations by an active process (40,42,43). In the mucosal

cells thiamine is enzymatically phosphorylated and dephosphorylated (44).

Thiamine leaves the cells in the nonphosphorylated form by an active

Na'''-dependent mechanism (45).
The phosphorylation of thiamine

(thiamine + ATP ^ thiamine diphosphate + AMP)

is catalyzed by thiamine pyrophosphokinase (thiamine kinase, E.C. 2.7.6.2).

This soluble enzyme has been isolated from pig brain (46), rat brain (47),

and rat liver (48). Artsukevich et al. (49) have recently reported

a 3000-fold purification of this enzyme from rat liver.

The phosphorylation of thiamine diphosphate to thiamine tri-

phosphate has been reported by Eckert and Mbbus (50) to occur in an ex

tract of pig spinal cold. Similar activity was detected in rat heart
OC

after the administration of { Slthiamine (51). Itokawa and Cooper (52,53)

found most of the activity of thiamine diphosphate kinase (ATP: thiamine

diphosphate phosphotransferase, E.C. 2.7.4.15) catalysing the reaction:

(thiamine diphosphate + ATP ^ thiamine triphosphate + ADP)

to be located in the mitochondrial fraction of rat brain. In addition to

brain, this activity has been reported in the kidney, heart, intestine.
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muscle, blood and liver of the rat (54). The formation of thiamine

triphosphate was also observed in the soluble fraction of rat liver (55).

In this reaction, the substrate however, would be an endogenous protein-

-bound thiamine diphosphate (56). In contrast, Schrijver et al. (57),

using rat and calf brain homogenates as the source of enzyme could not

demonstrate any definite thiamine triphosphate-forming activity. On the

other hand, Voskoboev and Luchko (58) have presented a 70-fold purifi

cation of thiamine diphosphate kinase from rat liver.

Thiamine triphosphate has been found to be hydrolyzed by a

soluble and membrane-associated thiamine triphosphatase (59). The partially

purified soluble thiamine triphosphatase (E.G. 3.6.1.28)

(thiamine triphosphate thiamine diphosphate + P^)

was claimed to be specific for thiamine triphosphate and was inhibited
2+

by Ca (60,61). The membrane-associated thiamine triphosphatase activity

has been indicated to be distinct from the activity of adenosine tri

phosphatase and nucleoside triphosphatase (62). This thiamine triphosphat

ase activity had an absolute requirement for divalent cations, and the
2+

substrate for this activity was therefore suggested to be the Mg thiamine

triphosphate complex (63,64). Both the soluble and the membrane-associated

thiamine triphosphatase activities have been found in rat intestine, kidney,

spleen, brain, liver, heart and skeletal muscle (62).

The hydrolysis of thiamine diphosphate to monophosphate

(thiamine diphosphate -> thiamine monophosphate + P.j)

in bovine liver microsomes was demonstrated to be catalyzed by nucleoside

diphosphatase that was activated by ATP (65). Similar nonspecific thiamine

diphosphatase was found in rat brain microsomes, although this enzyme was

not activated by ATP (66). The activity of thiamine diphosphatase in rat

brain has been found to be influenced by lipids, monovalent cations', and

ATP (67-69). A soluble thiamine diphosphatase activity of low pH optimum

was reported in the bovine brain by Castner and Evans (70). Intestinal

thiamine diphosphatase activity has been suggested to be identical with the

activity of alkaline phosphatase (71). The activities of thiamine di

phosphatase and nucleoside diphosphatase in different mice tissues have

been compared with each other by Allen (72) using a gel electrophoretic

technique.



The information on the dephosphorylation of thiamine

monophosphate, i.e.

thiamine monophosphate thiamine +

is very poor. It is assumed that this reaction is catalyzed by nonspecific

phosphatases. Thiamine metabolites have been shown to be excreted finally

in urine (73).

Biochemical defects of thiamine metabolism

The classical syndrome of thiamine deficiency in human is called

beriberi (74). The clinical manifestations are peripheral polyneuropathy

and cardiac enlargement (75,76). Experimental thiamine deficiency has

been shown to cause severe neurological disturbances leading finally to

death (77,78). Neurological signs were found in thiamine deficient rats

before any significant reduction could be shown in the activities of

thiamine dependent enzymes (79). The pathophysiology of thiamine de

ficiency has been described by Gubler (80), Dreufys (81) and Sturman

and Rivlin (82) in more detail.

Another disease associated with thiamine deficiency in human is

Wernicke's encephalopathy characterized by neurological and mental dis
turbances. This syndrome is frequently seen among chronic alcoholics,

and the significance of thiamine deficiency as an etiological factor has

been established (83-86). The finding of an abnormality of thiamine-

-dependent transketolase in the patients with Wernicke-Korsakoff syndrome

suggests an inherited etiology of this disease (87).

An inherited defect in the thiamine-dependent pyruvate dehydrogen-

ase enzyme has been shown to be responsible for cerebellar ataxia and

lactic acidosis (88,89). Low activity of another thiamine-requiring en

zyme, a-ketoglutarate dehydrogenase, in white cells has been described

in a patient with spinocerebellar disease and cortical atrophy (88).

An impairment in the catabolism of branched-chain a-keto metabolites of

leucine, isoleucine and valine (Maple syrup urine disease) is suggested to

be due to a defect in thiamine-dependent decarboxylation of these compounds

(90).

Subacute necrotizing encephalomyelopathy (Leigh's disease), a fatal

inherited disease in children, has been suggested to be associated with

defective thiamine metabolism as well. Cooper et al. (91) found that in
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this disease extracts of blood, urine, and spinal fluid contained

a factor that inhibited the synthesis of thiamine triphosphate. The

brain tissue of the patient was deficient in thiamine triphosphate.

Since then several papers have appeared supporting these findings (92-99).

The molecular weight of the inhibitor is about 37 000, and it inhibits

only the brain enzyme with no effect on the liver enzyme.

Role of thiamine in the nervous tissue

As early as 1938, Minz (100) found that electrical stimulation

of a nerve released thiamine into the medium. This observation was con

firmed later by other investigators (101-105). The observation that

thiamine triphosphate was associated with membrane fractions of nervous

tissue led to the suggestion that this might be the neurophysiologically

active form of thiamine (106). Hov/ever, Goldberg (107) could not

demonstrate any function for thiamine and its phosphate esters in the

nerve conduction. This opinion was supported by Bergman and Fishman (108).

On the other hand, Eder et al.have suggested that thiamine may be in

volved in acetylcholine release (109), and Fox and Duppel (110) presented

evidence that thiamine phosphates may stabilize the negative surface

charges at the inner side of the nerve membrane. Furthermore, the
electrophysiological studies of Waldenlind (111, 112) support the hypo

thesis that thiamine may play some role in neuromuscular transmission.

Although the data suggesting a non-coenzyme role for thiamine seem to be
conflicting, the majority of investigators still hold the view that it
has some specific function in the nervous tissue (82, 112-114).

OUTLINES OF THE PRESENT STUDY

Since Rossi-Fanelli et al. (115) in 1952 found thiamine tri

phosphate in rat liver, many papers on its physiological function have
been published but its biochemical role is still unclear. Evidence has
been presented that it might be involved in nerve conduction (82,100-106,
109-111,113,114).

All methods used so far for the determination of thiamine tri

phosphate in biological material have employed different chromatographi.c
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and electrophoretic techniques (24-26,30,115-119). The electrophoretic

separation described by Itokawa and Cooper (24) has been used most

frequently in studies concerning thiamine triphosphate (52,57,60,61,91,

92,95-98,104-106,120). This method, however, was found to be suitable

only for aqueous samples of pure thiamine phosphate esters.

The aim of the present study was to obtain more reliable in

formation about the occurrence of thiamine triphosphate and its meta

bolism in animal tissues. For this purpose it was found necessary to:

-  improve methods for the preparation of thiamine triphosphate

-  examine the formation and properties of thiochrome derivatives from

various thiamine phosphate esters in order to make reliable

quantitative determinations possible

-  develop a reliable electrophoretic method for the separation of

thiamine phosphate esters from each other in suspensions of different

chemical composition

-  characterize enzymes metabolizing thiamine phosphate derivatives,

and determine their substrate specificity and organ distribution.

MATERIALS AND METHODS

Synthesis of thiamine triphosphate (I, 121)

Orthophosphoric acid was heated to 320 °C and allowed to cool
to 100 °C; thereafter a mixture of thiamine hydrochloride and phosphorus
pentoxide (1:1, w/w) was added in small amounts, and the temperature was

maintained at about 100 - 105 °C for a further 20 min. After cooling,
the mixture was dissolved in water and poured slowly into a cold (4 °C)
ethanol-acetone mixture (1:1, v/v). The precipitate was collected and

dissolved in water. Precipitation was repeated three times and the final

volume of the aqueous mixture was adjusted to 150 ml after the removal of

acetone and ethanol under reduced pressure. The mixture was divided into

15-ml portions, which were stored at - 18 °C. One portion was applied
to a Dowex 50 W column (4x16 cm, H"*" form) and eluted at room temperature
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with water at a rate of 10 ml/min. The effluent between 300-800 ml

was collected and lyophilized. The white powder obtained was dissolved

in 1 ml of water. Ethanol was added until the solution became slightly

turbid. The mixture was kept at 4 °C for 3 h and thereafter at - 18 °C
overnight. The precipitate was collected and redissolved in water and

the precipitation repeated twice. The clystals were washed successively

with cold ethanol and ether, dried at room temperature and stored at

- 70 °C. The column was regenerated with 5 litres of 4 M HCl and washed
with water. The crystals from 10 chromatograms were pooled and then

recrystallized as described above.

Fluorometric determination of th^'amine and its phosphate esters (II, 122)

A 5-pl sample of thiam-ine or its phosphate ester was added to

3 ml of 50 % ethanol and shaken. After a few minutes, 0.5 ml of alkaline

ferr-cyanide (15 ml of 15 1 NaOH and 1 ml of 2 % potassium ferricyanide)

was added, and the mixture was agitated for 2 min. Then 10 jil of 30 %

H2O2 was added to destroy the yellow color of ferricyanide, and the
fluorescence was measured. Fluorometric measurements were conducted in

a Farrand fluorometer A4 with PC Corning Filters numbers 7-37 as primary,

and 3-73 and 5-60 as secondary filters, respectively, or in a Zeiss

PMQ II spectrophotometer fitted with a ZFM 4 fluorometer attachment. The

excitation wavelength was 365 nm, and the emission maximum was 430 nm.

The background fluorescence was determined by omitting the

thiamine compound. It was also estimated by dissolving the sample in

2.8 ml of 50 % ethanol, to which 0.2 ml of benzenesulfonyl chloride

(diluted with ethanol, 1:6, v/v) was added and the mixture was stirred.

Determination was then continued as described before.

Electrophoretic separation of thiamine and its phosphate esters (III, 123)

A sample of 5 pi was applied on a paper strip (2,5 x 48 cm,

Munktells S311) that had been soaked in the sodium citrate buffer

(50 mM, pH 5.6, containing 0.025 part, v/v, of a mixture of methanol,

ethanol and propanol, 1:1:1, v/v/v) and blotted. A similar sample con

taining 5 nmol each of thiamine and its phosphate esters was applied on
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another strip that was used later to locate the fluorescent compounds.

The strips were subjected to electrophoresis for 45-75 min at a constant

current of 3 mA per strip in a high-voltage apparatus (Analysteknik AB,

Vallentuna, Sweden). The voltage ranged from 2 to 4 kV. The electrode

vessels contained 50 mM sodium acetate buffer, pH 3.8. The reference

strip containing added thiamine compounds was sprayed with alkaline ferri-

cyanide reagent (76 ml of 50 % ethanol, v/v, 15 ml of 15 % NaOH, and 1 ml

of 2 % potassium ferricyanide), and the fluorescent bands were visualized

with UV light. The thiamine compounds were eluted from the cut out pieces

of paper with 3 ml of 50 % ethanol (v/v) for 45 min. After removal of

the paper, fluorometric determination were carried out as described

before.

When thiamine compounds were determined from biological material,

the protein was first precipitated with perchloric acid. The sample was

neutralized with K2CO2 and then lyophilized to concentrate it. Blanks
were determined using benzenesulfonyl chloride to prevent the oxidation

of thiamine to thiochrome as described before.

Determination of inorganic phosphate (IV)

To a sample of 1 ml was added 0.2 ml of a mixture consisting of

one part of sodium dodecyl sulfate (8 %, w/v), one part of perchloric

acid (7 %, v/v) and two parts of ascorbic acid (2 %, w/v). Thereafter,

0.6 ml of ammonium molybdate (1 %, w/v) was added, and the reaction

mixture was shaken. After 2 min 0.6 ml of a mixture containing 10 %

(w/v) disodium hydrogen arsenite, and 10 % (w/v) sodium acetate was

added, and shaking was continued. The absorbance was measured at 730 nm

with a Gilford photometer. When the absorbance was measured with a FP-9

Analyzer System (Labsystems Oy, Finland) the final volume of the assay

medium was 720 yl. The determination of phosphatase activities using

a continuous flow system is described in the original paper IV.

The final volume of the assay medium was 10 ml. The reaction was started

by the addition of the substrate, mixed, and immediately introduced into

the continuous flow system of Gilford spectrophotometer (Fig. 1, IV).

The linear portion of the slope recorded was taken for the determination

of the activity.
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Assays of enzyme activities

Thiamine pyrophosphokinase was assayed in 110 mM Tris-HCI

pH 8.5, 13 mM MgClg, 33 mM ATP and 2 pM{^^C}thiamine in a total
volume of 100 pi. After incubation for 60 min at 37 °C the
reaction was stopped by adding 0.3 volume of 1.13 M HC10« containing

14
2 mM thiamine and 2 mM thiamine diphosphate. The { Cithiamine di-

phosphate formed was then separated from the substrate by paper

electrophoresis. The radioactivity in the cut out pieces of electro-

phoretic paper was determined using a Packard Tri-Carb liquid scintillation

spectrometer (model 2002). The scintillation medium contained 0.4 % (w/v)

PPO and 0.01 % (w/v) POPOP in toluene.

Phosphatase assays were carried out as described in the

original paper V.

Other methods

Gel electrophoresis, gel chromatography, isoelectric focusing,

and the determination of molecular weight and Stokes radius were carried

out as described in the original paper V.

Protein was determined either by the biuret method (124) or

a fluormetric method (125).

RESULTS

Synthesis of thiamine triphosphate (I)

The chemical synthesis of thiamine triphosphate from thiamine

hydrochloride, phosphorus pentoxide and orthophosphoric acid was performed
essentially according to Yusa (126). The strong cation ion-exchange resin

Dowex 50 W was used instead of the weak Amberlite IRC 50 used by Yusa (126).

With this technique thiamine triphosphate was retained in the column and

eluted slowly with water, whereas higher phosphorylated thiamines and in

organic phosphate were eluted in the void volume, and lower phosphorylated

thiamine esters were bound in the column (Fig. 1,1). When Amberlite
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IRC 50 was used, thiamine triphosphate was eluted in the void volume

together with impurities. The crystallization of the compound gave

pure thiamine triphosphate as estimated by elemental analysis.

Fluorometric determination of thiamine and its phosphate esters (II)

Fluorescent thiochrome derivatives were formed from thiamine,

thiamine mono-, di-, and triphosphate esters in an alkaline medium by

the oxidation with potassium ferricyanide. The structures of these

thiamine compounds are given in Fig. 1. Ethanol enhanced the formation

of fluorescence of all these compounds, which was maximum with thiamine

(3.6 fold) and minimum with TTP (2.8 fold).

Thiamine mono-, di-, and triphosphate esters produced unequal

molar thiochrome fluorescence (Table 2, II), probably due to the

phosphoric acid chains. Thus the fluorescent values for TOP and TTP had

to be multiplied by 0.87 and 0.80, respectively, if thiamine was used as

the standard; the value of TMP needed no correction. The identity of

the UV absorption spectra of thiamine phosphates together with the in

formation given in Table 2 (II) justifies the conclusion that the

light-absorption properties of the different thiamine phosphate esters

are identical and not influenced by the phosphate group.

Electrophoretic separation of thiamine and its phosphate esters (III)

Sodium citrate buffer was shown to give the best electrophoret'ic

separation of thiamine and its phosphate esters. This buffer was satis

factory even if the sample contained perchloric acid, another buffer or

tissue extract as shown in Fig. 1 (III), whereas no acceptable separation

was achieved by the method of Itokawa and Cooper (Fig. 2). In experiments

depicted in Fig. 1 (III) different mobilities of thiamine compounds on

different strips were due to unequal times used for electrophoresis.

Addition of methanol, ethanol and propanol to the electrophoretic

buffer improved the elution of thiamine compounds from the paper strip

(Table 1, III). Even when the sample contained thiamine compounds in small

amounts (25 pmol) recovery was always as high as 96.0 % in contrast to the

method of Itokawa and Cooper, which gave a recovery of only 66 %. Table 2

(III) shows the recovery after electrophoretic separation and elution.
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Fig. 2. Comparison of the electrophoretic separation of thiamine and

its phosphate esters between the present method and that of Itokawa

and Cooper (24). The strips A, B, C and D were treated according to

the method of Itokawa and Cooper, and the strip E according the

present method. A sample of 5 yl of 0.5 mM thiamine and its mono-, di-,

and triphosphate esters was applied in the middle of the strip (white

lines) and subjected to electrophoresis, and treated with alkaline

ferricyanide as described in Materials and Methods. The solvents for

thiamine compounds in the samples applied to each strip were as follows:

strip A, water; strip B, 0.05 M potassium phosphate buffer, pH 7.0;

strip C, rat brain extract as in Fig. 1 (III), diluted with water

1:2, v/v; and strip D, 0.4 M HCIO^. Strip E demonstrates the separa
tion of a sample containing 0.4 M HCIO^ with the present method.
Similar separations were achieved with this method also when the solvent

of the sample was as for strips A, B and C.
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When the amount of thiamine applied was about 100 pmol, recoveries

ranged from 88 to 101 %, With even higher sample loads, up to 2.5 nmol,

recoveries were similar.

Determination of thiamine and its phosphate esters in tissues (III)

The content of thiamine and its phosphate esters in rat brain

was determined using the present electrophoretic and fluorometric method.

The distribution of the different thiamine compounds were as follows:

thiamine 0.70 nmol/g (6.3 %), TMP 2.3 nmol/g (20.6 %), TOP 7.2 nmol/g

(64.6 %), and TTP 0.95 nmol/g (8.5 %). These values are calculated

from Table 3 (III). Thiamine and its phosphate esters could be deter

mined also from other rat tissues.

Thiamine pyrophosphokinase of rat tissues

Among the enzymes catalyzing the metabolism of thiamine

phosphate esters~thiamine pyrophosphokinase (E.G. 2.7.6.2) has been

perhaps most thoroughly studied. This enzyme has been purified from

rat liver (48), rat brain (47), and pig brain (46). Subcellular frac-

tionation has indicated that the enzyme is soluble in rat intestine and

liver (44,55). The present study of thiamine pyrophosphokinase was

carried out to test the presented electrophoretic method and to obtain

information about its distribution in various rat tissues. The results

indicated that the activity of thiamine pyrophosphokinase was found in all

rat tissues studied: in brain, heart, intestine, kidney, liver, lung,

muscle, and spleen (Table I). Kidney and liver were found to be the

richest sources of the enzyme, - perhaps an indication of the active

metabolism of these tissues. The specific activity of rat liver enzyme

(1.6 nmol of TDP/mg protein/h) was comparable to the previously published

values (0.8 - 1.0 nmol of TDP/mg protein/h) (127). The present electro

phoretic method was proved to be suitable for the determination of the

activity of thiamine pyrophosphokinase.



18

Table I. Specific activities of thiamine pyrophosphokinase in rat

tissues. The tissues were prepared as described for gel electrophoresis

in paper V, and the activity was determined as described in Materials

and Methods. The activity in kidney was chosen as 100 %.

n mol of TDP/mg protein/h %

Brain 0.34 13

Heart 0.44 17

Intestine 0.22 8

Kidney 2.66 100

Liver 1.58 59

Lung 0.28 11

Muscle 0.10 4

Spleen 0.38 14

Specificity of thiamine triphosphatase of rat tissues (IV,V)

Because attempts to determine the activity of the enzyme

synthesizing thiamine triphosphate were unsuccessful, an attempt was made

to investigate thiamine triphosphatase. This soluble enzyme (E.G. 3.6.1.28),
isolated from rat brain (60) and claimed to be specific for thiamine tri

phosphate, has not been shown to be distinct from alkaline and acid phos-

phatase. To clarify the relationship of these activities, eight tissue

extracts of the rat were subjected to gel electrophoresis. Table 1 (V)

indicates that thiamine triphosphatase of brain, heart,, kidney, liver, lung,

muscle, and spleen have rather identical electrophoretic mobility and dif

fered clearly from alkaline and acid phosphatase, whereas the activity of

thiamine triphosphatase of intestine was detected at the location of alkaline

phosphatase. To obtain more information on the specificity of thiamine
triphosphatase, rat brain, liver, and intestine were further fractionated

by gel filtration. Because phosphatase assays were complicated by the

formation of a precipi table complex between ammonium molybdate and thiamine

phosphate, a new modification was developed and used in this study. The
characteristics of the method are presented in the paper IV.
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The relation between the absorbance of the phosphomolybdate

complex and the phosphate concentration of the sample is shown in Fig. 2

(IV). The response was linear up to a phosphate concentration of 1 mM,

which corresponds to an absorbance of about 1.8 units. The variation

coefficients for 10 replicates for samples containing 10, 100 and 250 nmol

of phosphate were 3.6, 0.5 and 1.1 %, respectively. The continuous flow

system also gave reproducible results (Fig. 3, IV).

Because the citrate-arsenite solution prevents the formation of

phosphomolybdate complex, it was essential to investigate the rate of

formation of the colored complex. It was shown that the formation of the

phosphomolybdate complex was very rapid, and the most suitable time for

the addition of citrate-arsenite reagent was 1-3 min after the addition of

molybdate (Fig. 5, IV). The reaction mixture must be acidic; otherwise

the formation of color is disturbed.

The citrate-arsenite reagent was found to prevent precipitation

of the ammonium molybdate-thiamine phosphate complex. Although some

turb'^dity was produced in the presence of these two compounds, the reaction

m-xture cleared up upon the addition of citrate-arsenite reagent. Except

for thiamine triphosphatase, the activities of alkaline and acid phosphat-

ase could also be determined using this method.

Different preparations from rat liver, brain,and small intestine

were fractionated on Sephadex G-lOO for the activities of various phosphat-

ases (Fig. 1, V). The thiamine triphosphatase activity from both liver and

brain was clearly separated from alkaline phosphatase (i.e. us-'ng

p-nitrophenyl phosphate in alkaline pH) and acid phosphatase (employing

p-nitrophenyl phosphate in acid pH). The intestine, however, gave quite

different results. The intestinal thiamine triphosphatase activity was

eluted as two separate peaks which exactly corresponded to the peaks of

alkaline phosphatase (determined with p-nitrophenyl phosphate as the sub

strate) (Fig. 1, V). The intestinal preparations contained no thiamine

triphosphatase activity corresponding to that present in the liver and

brain. Acid phosphatase assay gave a single activity peak for the intestine

which was located at the second alkaline phosphatase peak (Fig. 1, V).

Apparent molecular weight (30 000) and the Stokes radius (2.5 nm)

for brain and liver thiamine triphosphatase were calculated according to

the standard curves as presented in paper V.
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The brain enzyme was specific for thiamine triphosphate

(Table 3, V) whereas the liver preparation exhibited some activity for

thiamine diphosphate, OTP, UTP, GTP and ITP indicating that the liver

preparation was contaminated with nonspecific phosphatase activity (V).

The preparations of brain and liver thiamine triphosphatase were free

from alkaline and acid phosphatase activities (with p-nitrophenyl

phosphate as substrate). Thiamine triphosphate was not hydrolyzed in

acid pH (Table 3, V).

The partially purified thiamine triphosphatase had a pH optimum

of pH 9.0. The apparent for thiamine triphosphate was 0.5 mM (deter

mined for the liver enzyme only). The isoelectric point of the brain

enzyme, determined by isoelectric focusing in column, was 4.6 (at 4 C).

The crude cytosolic fraction gave a single symmetrical peak of thiamine

triphosphatase. This was partially separated from alkaline phosphatase

peaks (pi values 4.4 and 9.4) and totally separated from acid phosphatase

(pi values 5.3 and 5.7).

DISCUSSION

The content of thiamine phosphate esters in rat brain obtained

by the present method is comparable to the values presented by othPr in

vestigators (25,118,119,128,129). The fluorescence of thiamine tri

phosphate was about twice as that of background (Table 3, III). The low

amount of TTP in rat brain made it impossible to estimate the thiamine/

phosphate ratio of the fluorescent compound electrophoresed at the location

of TTP. Furthermore, the possible interference of nucleotides in the

estimation of hydrolyzable phosphates of thiamine triphosphate was not ex

cluded in the original study of Rossi-Fanelli et al. (115). At least ADP

was found to migrate identically with TTP in the electrophoresis under

conditions described in the paper III.

Although TTP has been separated by different chromatographic

methods in biological material (24-26,30,115-119,128,129) and estimated by

fluorometry, no data have been presented so far on-the exact structure of

the fluorescent compound. The possibility can not be excluded that dif

ferent thiamine phosphates may form a complex which has identical chromato-
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graphic properties with thiamine triphosphate as suggested by Schrijver

et al. (57) before. Thiamine phosphate esters have been found to form

complex with Na^, K^, Ca^^ (130), Tris-HCl (127) and ammonium formate
(131). Thus the occurrence of TTP in biological material should not be

regarded as established. Similar doubts have been raised by other in

vestigators before (132,133). Furthermore, the verification of the

biological synthesis of TTP has been proved very difficult. Moreover,

the published methods for the determination of this activity (52-55)

have not been reproducible as tested in this laboratory. Schrijver et al.

(57) have also concluded that there is no suitable method for the estimation

of the activity responsible for the synthesis of TTP. Perhaps one reason

for this difficulty is that thiamine triphosphate may be rapidly hydrolyzed

by different phosphatases, especially by thiamine triphosphatase, which

has been detected both in soluble and membraneous fractions of various

cells (59,60,62). However, the recently reported 70-fold purification of

thiamine diphosphate kinase in rat liver (58) gives support to the occur

rence of TTP.

To obtain information about the metabolism of TTP the soluble

thiamine triphosphatase of some rat tissues was characterized in more

detail. The present data indicate that the activity of thiamine triphos

phatase of rat brain and liver is separable from the activities of alkaline

and acid phosphatases (Fig. 1, V)- This is in contrast to the intestinal

preparation where the activity seems to be related to that of alkaline

phosphatase. The last observation is at variance with the view (60,62)

that intestine contains the highest activity of the soluble thiamine tri

phosphatase among rat tissues. In agreement with the present results

Iwata et al. (71) have noticed that the activity hydrolyzing TOP in rat

small intestine resembles that of alkaline phosphatase. Thiamine tri

phosphatase of rat brain and liver was found to be specific for thiamine

triphosphate, supporting the previous results of Hashitani and Cooper (60).

Gel electrophoretic studies revealed that the soluble thiamine

triphosphatase occurs in several rat tissues. In addition to brain and

liver, it was found in heart, kidney, lung, muscle, and spleen (Table 1, V).

On the basis of electrophoretic mobility of thiamine triphosphatase in these

tissues (Table 1, V) it is possible, even likely, that the molecular pro

perties of these enzymes are similar and thus the substrate specificity

might be similar to brain enzyme.
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Among thiamine phosphate esters only thiamine diphosphate,

a cofactor for many enzymes in intermediary metabolism, has an

established biochemical function. It is of interest to note that the

specific thiamine triphosphatase described in the present study is

much more generally distributed than the specific thiamine diphosphatase.

According to the electrophoretic studies of Allen (72) the latter enzyme

was present in only a Few tissues of the mouse (e.g. epididymis, parotid

gland and submaxillary gland) and was totally lacking in most of the

tissues, for example liver, brain and intestine.

Although the occurrence of TIP in living material is poorly

documented, the evidence suggesting a specific thiamine triphosphatase

in the soluble fraction of rat brain and liver supports the view that

thiamine triphosphate - if it really exists in cells - may have some

specific role in metabolism.

Finally, it should be stated that the mystery of TIP is rather

difficult to solve at the present time. The first and most important

step toward this end would be to ensure the existence of TIP in bio

logical material. Hopefully the methods presented in this study would

be of help in obtaining more reliable and unconflicting information on

the occurrence and biological significance of thiamine triphosphate.
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Synthesis of Thiamine Triphosphate

H. K. PENTTINEN

Department of Medical Chemistry University of Helsinki. SF-00170 Helsinki 17. Finland

Thiamine triphosphate is synthesized by heating a mixture of thiamine hydrochloride and
phosphorus pentoxide in orthophosphoric acid. TTie puriflcation procedure has been simplified
by using the strong acid cation ion-exchange resin. Dowex 50 W. in the separation of thiamine
triphosphate from other phosphorylated thiamines and inorganic phosphate.

Although thiamine triphosphate (TTP) was found as early as 1952 by Rossi-Fanelli * in rat liver and
later in other biological materials, its physiological function is still obscure. It has been supposed
to have a specific role in nerve conduction.^

Thiamine triphosphate was first synthesized by Velluz et al,^ and later by other investigators.®"
In this study the synthesis was performed according to Yusa. *' The purification of TTP was accomplished
with the strong acid ion-exchange resin Dowex 50 W, rather than the weak acid resin (Amberlite
IRC 50) used by Yusa. The main advantage of the Dowex 50 resin is that TTP, despite some
retardation in the column, is slowly eluted by water, whereas thiamine and its mono- and diphosphate
esters are tightly bound in the column. Consequently, separation of TTP from other thiamine esters was
achieved (Fig. 1). The purification of TTP by Amberlite IRC 50 resin was not adequate because it was
eluted in the void volume together with thiamine polyphosphates and inorganic phosphate.
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Fig. I. Purification of a crude mixture of
thiamine phosphate esters on a Dowex 50 W
column. For details, see text. TPP = thiamine
polyphosphate.
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EXPERIMENTAL

A mixture of 50 g of thiamine hydrochloride (Sigma Chemical Company, St.Louis, Mo., U.S.A.) and 50 g of
phosphorus pentoxide was added in small amounts to phosphoric acid at a constant temperature of 1(X) —105 °C.
The phosphoric acid had been prepared from 77 ml of 15 M orthophosphoric acid at 320 °C. The solution was
kept a further 20 min at 1(X)-105 °C and then allowed to cool to room temperature. Thereafter, 100 ml of water
was added and the resulting solution was poured slowly into two liters of a cold (+4 '^C) ethanol acetone mixture
(1:1, v/v) undergoing agitation by a magnetic mixer. The precipitate was collected and dissolved in 1(X) ml of water.
After three successive precipitations the mixture of thiamine and its phosphate esters did not contain significant
amounts of inorganic phosphate when tested by the method of Fiske and SubbaRow.^^ By contrast, the final
ethanol-acetone mixture u^ in the precipitation procedure contained 1 mM inorganic phosphate. The final
precipitate was dissolved in water and evaporated under reduced pressure at 30 for 10 min in order to remove
most of the ethanol and acetone. The volume of the mixture was adjusted to 100 ml, and 10 ml (about 3 mmoles)
was applied to a Dowex 50 W column (X-8,200 — 400 mesh, 4 x 16 cm, IL^-form). The column was eluted at 24 X
with water at a rate of 10 ml per min. Thiamine was located in the effluent by spraying a ferricyanide reagent (76 ml
of 50 % ethanol, v/v, 15 ml of 15 % sodium hydroxide and 1 ml of 2 % potassium ferricyanide) onto a drop of
effluent on a piece of paper and examining the paper under ultraviolet li^t. The effluent Ixtween 325 and 825 ml
was collected and lyophilized. The white powder obtained was dissolved in a minimal amount (ca. 0.8 ml) of water
and absolute ethanol was added until some turbidity appeared in the solution. Thiamine triphosphate crystallized
from this solution sifter a few hours at +4 ""C. llie crystallization was repeated twice and the crystals dried
overnight in a desiccator. The final yield of analytically pure thiamine triphosphate (see below) was 31 mg.

Thiamine and its mono- and diphosphate esters were removed from the column by washing with four liters of
4 M HCl at +24 ""C. Thiamine diphosphate was partly hydrolyzed to thiamine monophosphate during this
regeneration. Thiamine and its phosphate esters were determined sis described elsewhere.

Identification of thiamine triphosphate. The melting point of the polarizing crystals of thiamine triphosphate
was 194 ®C (decomp.). Elemental analysis gave the following composition: C 27.27 ±0.34, H 4.00 ±0.09,
N 10.59 ± 0.16 (N = 4), and P 18.25 ± 0.15 (N = 2). The calculated values from the formula C, 2H,9N40|oP3S* 1/2
H2O are C 28.08, H 3.93, N 10.92 and P 18.10.*®

The ultraviolet absorption spectrum of thiamine triphosphate was similar to that of thiamine and its mono-
and diphosphate forms in 0.1 M HCl, 0.1 M NaOH and 0.05 M potsissium phosphate buffer, pH 7.0. Infrared
absorption analysis indicated characteristic differences between thiamine phosphate esters.

For paper chromatography a sample of 5 /il of 0.5 mM thiamine and its phosphate esters was applied to a
Whatman No. 1 chromatography paper. The ascending chromatography was conducted at 24 °C for 6 hours.
The Rf values for thiamine and its mono-, di- and triphosphate were ().58,0.27,0.17 and 0.12, respectively, with
the solvent propanol-water-formic acid (1 M, pH 5.0) (65:20:15, v/v/v). In propanol-water-acetic acid (1 M,
pH 5.0) (70:20:10, v/v/v) the corresponding R f values were 0.56,0.20,0.08 and 0.05. These results accord with the
Rfvalues given by other investigators.****®

Stability of thiamine triphosphate. When samples of crystallized thiamine triphosphate were stored for two
months at -70, +4 and +24 °C, no destruction was detected, but if they were dissolved in water and kept at
-18 C for a similar time, about 18 per cent was hydrolyzed to thiamine diphosphate. In solutions containing
0.4 M HCIO4, more than 30 per cent was hydrolyzed after one week at +4 X. When thiamine triphosphate was
incubated in an alkaline medium its ability to form the fluorescent thiochrome derivative was partly or totally
lost depending on the degree of alkalinity.

Acknowledgements. The author is indebted to Mr. B. Bjdrnholm, M.Sc., and Mr. U. Koivuniemi, M.Sc. (The
Finnish Pulp and Paper Research Institute) for the elemental analyses.
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Differences in Thiochrome Fluorescence Produced by Thiamine

and Its Mono-, Di-, and Tiiphosphate Esters

HANNU K. PENTTINEN

Department of Medical Chemistry, University of Helsinki,
Siltavuorenpenger 10 A, SF-00170 Helsinki 17, Finland

Equimolar amounts of thiamine and its mono-,
di-, and triphosphate esters, when oxidized
with potassium hexacyanofeiTate(III) in an
alkaline medium, were foimd to produce
imequal intensities of thiochrome. fluorescence.
These differences were less pronounced if the
oxidation medium contained ethanol. Assuming
that the phosphate groups do not increase the
fluorescence, then in 60 % ethanol (v/v); 74 %
of thiamine and thiamine monophosphate,
85 % of thiamine diphosphate and 93 % of
thiamine triphosphate are converted to thio
chrome. The differences observed may be
due to the formation of different amoimts of
nonfluorescent oxidation products, especially
the disulflde derivative. This view is supported
by the observation that thiamine and its
phosphate esters differ in their stabihty to
alkalinity.

In 1936 Jansen ̂ found that oxidation of thi

amine with potassium hexacyanoferrate(III)
in an alkaline medium leads to the formation

of the fluorescent thiochrome derivative. This

reaction has frequently been used in the quan
titative determination of thiamine. Methanol

and ethanol, when present in the oxidation
medium, favor the production of thiochrome
from thiamine,^*® but there is no study on their
possible effect on the formation of thiochrome
from thiamine phosphate esters. In addition
to thiamine, its mono-, di-, and triphosphate
esters are found in biological materials
and can also be oxidized to fluorescent thio

chrome derivatives. Lewin and Wei' claimed

that thiamine and its mono- and diphosphate
esters in equimolar amounts produce fluores
cence of the same intensity. This view seems
not to be generally accepted, because most
investigators still treat thiamine phosphate

Acta Chem. Scand. B 30 (1976) No. 7

esters with phosphatase ® to liberate the thi
amine before oxidation. The aim of the present
study was to characterize the formation of
thiochrome from thiamine phosphate esters,
and to examine some factors influencing this
reaction.

EXPERIMENTAL

Abbreviations, TMP = thiamine monophos
phate, TDP = thiamine diphosphate and TTP =
thiamine triphosphate.

Reagents, Thiamine and its mono- and di
phosphate esters were obtained from Sigma
Chemical Company, St. Louis, Mo., U.S.A.
Thiamine triphosphate was prepared as descri
bed elsewhere.® All these preparations were
crystalhzed three times and were free from
inorganic phosphate. A standard solution of
thiamine was made from the U.S.P. Reference
Standard.^® Thiochrome was obtained from
Pfalz & Bauer, Inc., New York, U.S.A., and
crystallized twice before use.
The quinine standard was 0.01 % (w/v

quinine sulfate in 0.1 M H2SO4, diluted 1:10
and was taken to have a fluorescence of 100.
Formation 0/ thiochrome, Tliiamine and its

phosphate esters were oxidized to thiochrome
by the method of Lewin and Wei,' except that
the oxidation medium contained ethanol. A
sample (6 //I) of the compound was added to
3.0 ml of 60 % ethanol (v/v) and shaken, and
after a few minutes 0.6 ml of alkaline hexa-
cyanoferrate(III) reagent (16 ml of 16 %
NaOH and 1 ml of 2 % potassium hexacyano-
ferrate(III)) was added. The mixture was
agitated for 2 min, and 10 //I of 30 % H2O2
was added to destroy the yellow color of
hexacyanoferrate(III). The fluorescence was
then measured with a Zeiss PMQ II spectro-
photometer fltted with a ZFM 4 fluorometer
attachment (Carl Zeiss, Germany). The excita
tion wavelength was 366 nm and the emission
maximum 430 nm.
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Determination of phosphate. Total and hydro-
lyzable phosphate were determined according
to Fiske and SubbaRow.^^ The hydrolyzable
phosphate was determined after the specimen
had been incubated in 1 M HCl for 10 min in
a boiling water bath.

Infrared absorption analysis. Pellets contain
ing 1 mg of thiamine compoimd in 120 mg
of KBr were analyzed with a Beckman IR 10
spectrophotometer.

RESULTS

Effect of different alcohols on thiochrome forma
tion and fluorescence. The effects of methanol,
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Fig, 1, The effect of different alcohols on
formation of thiochrome from a mixture con
taining the same amovmts of thiamine and
its mono-, di-, and triphosphate esters.

ethanol and propanol on thiochrome formation
from a mixture of thiamine and its phosphate
esters were compared (Fig. 1). In the light of
this experiment, 60 % ethanol was chosen
for the oxidation medium. Wlien thiamine

compounds were separately oxidized in media
containing different proportions of ethanol,
it was noted that the increase in thiochrome

formation due to the presence of ethanol was
greatest with thiamine, and smaller with
TMP, TDP, and TTP, in this order. This con

clusion can be drawn from the values of the

index FjFyf in Table 1 as well.
When thiochrome was dissolved in 50 %

ethanol its fluorescence was 2.6 times as intense

as in water. Inclusion of potassium hexa-
cyanoferrate(III) and NaOH in the assay
medium was foimd to reduce the fluorescence

of thiochrome to 70 % of the maximal. The
presence of ethanol did not alter the pH of the
assay medium, which was foimd to be 13.4
under all conditions used.

Differences in absorhance and in thiochrome
fluorescence between thiamine and its phosphate
esters. In Table 1 the absorhance in 0.1 M

HCl is collated with the fluorescence of thio

chrome derived from thiamine and its phosphate
esters in water and in 60 % ethanol. When
oxidized in 60 % ethanol, the thiamine com-
poimds gave equal intensities of fluorescence,
but after oxidation in an aqueous medium
the intensities were imequal. The absorbances
were also imequal. Because of these differences
the concentrations were estimated in another

way: by determining the total and hydrolyzable
phosphate of the thiamine phosphate esters.
As the data in Table 2 show, equimolar amounts
of thiamine and its phosphate esters have the
same absorhance, but do not produce the same

Table 1, Differences in absorhance and in thiochrome fluorescence between thiamine and its phosphate
esters oxidized in 60 % ethanol and in water. The preparations were diluted to get equal thiochrome fluo
rescence in 60 % ethanol. The index F/Fw is the amount of fluorescence when the oxidation was performed
in 60 % ethanol compared with that in water. ̂7"= 6.

Absorhance x 10~^± S.D.
In 0.1 N HCl at 248 nm

Fluorescence + S.D.

In 60 % ethanol In water

Thiamine

TMP

TDP

TTP

434+ 6.34

422+7.23

379+6.47

370+ 10.23

27.60+0.90

28.10+0.67

28.00+1.11

28.14+0.16

3.60

3.34

2.88

2.84

7.66±0.25
8.41 + 0.23
9.72±0.I6
9.91±0.1I

Acta Ghem. Scand. B 30 (1976) No. 7
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Table 2. The relationship between molarity, absorbance and fluorescence of thiochrome, thiamine and its
phosphate esters. The preparations were diluted to get equal absorbance in 0.1 M HCl at 248 nm.

Molarity+S.D.® according to Relative
Weight Total Hydrolyzable absorbance

phosphate phosphate + S.D.^

Relative

fluorescence + S.D.^
in 60 % ethanol
Before After Correction

hydrolysis hydrolysis index

Thiochrome 1.0 100+0.6
Thiamine 1.0 — — 100+0.9 74+0.3 74+2.4 1.36
TMP 1.0 1.0+0.01 — 100+0.9 74+0.4 74+3.7 1.36
TDP 1.1 1.9+0.02 1.0+0.02 100+0.6 86+1.6 76+2.6 1.18
TTP 1.0 3.2+0.16 2.0±0.03 100+0.12 93+1.3 79+1.1 1.08

«iV=3. &iV=4.

intensity of thiochrome fluorescence. The molar
absorption coefflcient of thiamine and its
mono-, di-, and triphosphate esters at 248
nm in 0.1 M HCl was 13 400.

When the oxidation medium contained 50 %
ethanol, the fluorescence intensities produced
by thiamine and thiamine monophosphate
were equal, but the intensities from thiamine
di- and triphosphate were higher (Table 2).
To correct for the deflcient thiochrome forma

tion, the intensities produced by thiamine,
TMP, TDP, and TTP must be multiplied by
1.35, 1.35, 1.18, and 1.08, respectively. On the
other hand, if thiamine is taken as the standard,

the fluorescence values of TMP need no correc

tion but that of TDP and TTP must be multi

plied by 0.87 and 0.80, respectively. The correc
tion indices were found to be constant and

independent of the concentration of thiamine
compounds.
UV and IR absorption spectra of thiamine

and its phosphate esters. The UV absorption
spectra of the different thiamine phosphate
esters were recorded in 0.1 M HCl, 0.1 M NaOH,

and 0.05 M potassiiun phosphate buffer, pH
7.0. Under the same conditions, all thiamine

compounds showed identical spectra. At 234
and 265 nm (the absorption maxima) molar
absorption coefflcients of thiamine and its
phosphate esters in 0.05 M potassium phosphate
buffer were found to be 10 900 and 8100 at

pH 7.4 and 11 300 and 8250 at pH 7.0, respec
tively. These results are comparable with the
corresponding values reported earlier for thi-
amine.^®»^^^®

Ada Chem. Scand. B 30 (1976) No. 7

The stabilities of the thiamine compounds
were tested under conditions in which the UV

spectra were measured. In 0.1 M HCl, absorb

ance at 248 nm was unchanged, ability to
form fluorescent thiochrome was not reduced

and no inorganic phosphate was liberated. In
0.1M NaOH, in contrast, the ability to form fluo
rescent thiochrome disappeared within 1 min,
but returned if the sample was acidified with
HCl before oxidation. Neither a decrease in

the absorbance at 230 nm nor liberation of

inorganic phosphate occurred during the time
needed for measurement of the UV spectra.

Characteristic differences, however, were

found in the IR spectra of the different thiamine
phosphate esters. Thiamine had a unique peak
at 1050 cm~^, whereas all three phosphate esters
showed peaks at 1160 cm~^. In the spectra of
TMP, TDP, and TTP, additional peaks at
940, 1000, and 2560 — 2700 cm"^ became

amplified as the number of phosphate groups
increased. These results are in keeping with
the structures of these esters presented in
Fig. 2.

Inhibitory effect of alkalinity on formation
of thiochrome from thiamine arid its phosphate
esters. Table 3 shows the effect of changing
the pH values of the preincubation medium
on formation of thiochrome from thiamine

compoimds. When the pH of the medium
or preincubation tune or both were increased,
less thiochrome was formed, the effect being
greater with thiamine than with its esters.
The ester least susceptible to alkali was TTP,
followed by TDP and TMP. At pH 9.0 the
decrease in ability to form fluorescent thio-
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THIOCHROME THIAMINE DISULFIDE

CH^ HoC

OHC—N

OH

I
HO—P=0 HO—P=0 HO—P=0

HO—P=0 HO—P=0
I  I
OH O

I
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Fig, 2, Structures of thiamine, thiochrom© and thiamine disulfide. R^ = thiamin0 monophosphate
(TMP), R2 = thiamine diphosphate (TDP) and R' = thiamine triphosphate (TTP).

chrome after incubation for 48 h was irrevers

ible, whereas at pH 8.0 it was reversible, pro
vided the sample was acidified with HCl
before oxidation.

DISCUSSION

It is not clear why thiamine esters give rise
to different intensities of thiochrome fiuores-

cence. They may produce different amoimts
of thiochrome, or the phosphate groups may

intensify the fluorescence, or both mechanisms
may be involved. Several observations support
the first alternative. The other major oxidation
product is the nonfiuorescent disulfide (Fig.
2).2 This is formed when thiamine is exposed
to air in an alkaline mediiim, but can be reduced

to thiamine with hydrochloric acid.^® When
incubated in an alkaline buffer, thiamine and

its phosphate esters may well show the same
tendency to form disulfide (Table 3). The ex
perimental results suggest that on mild oxida-

Table 3. The stability of 1 mM thiamine and its phosphate esters in 0.6 M potassium phosphate buffer of
different pH values at 24 °C.

Relative fluorescence

pH of buffer 9.0
Incubation time 6 min 1 h 24 h 48 h

8.0

2 h 24 h 48 h

7.0

2 h 24 h 48 h

Thiamine 73 37 36 8« 90 93 78^ 100 97 72

TMP 94 89 79 66« 96 91 94 91 94

TDP 100 91 60 46« 99 96 102 97 93 100

TTP 101 96 79 70® 99 97 101 99 99 101

® Irreversible change. ̂  Reversible change.

Acta Chem. Scand. B 30 (1976) No. 7



Thiamine and Its Phosphate Esters 663

tion in an aqueous medium, thiamine is most
easily converted to the disulMe, whereas TMP,
TDP, and TTP, in this order, show weaker
tendencies to form corresponding disuI6.de
derivatives. Thus possibly, the proportions
of thiochrome and disulfide may differ. This
notion is indirectly supported by observations
on the effect of ethanol on thiochrome forma

tion. In the oxidation of thiamine, Risinger
and Pell ̂ have suggested that solvents of low
dielectricity will increase the formation of
thiochrome, whereas those with a high di
electric constant will favor the production of
disuIQde. Comparison of the thiochrome fluores
cence values derived from the oxidation of

thiamine compounds in media with and
without ethanol (Table I, index FjFy,) showed
that in the presence of ethanol, fluorescences
of thiamine, TMP, TDP, and TTP were in

creased 3.6, 3.3, 2.9, and 2.8-fold, respectively,
whereas that of thiochrome increased only
2.5-fold. The differences are small, but the

tendency is clear; the more phosphorylated
the thiamine compound, the smaller the effect
of ethanol. Thus ethanol has the greatest effect
on thiamine because thiamine has the greatest
tendency to form disulflde. Furthermore, the
weaker tendency of phosphorylated thiamines
to form the disulfides may be due to the electro
static repulsion between the phosphoric acid
chains in the disulflde structure (Fig. 2).
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Determination of Thiamine and its Phosphate Esters by

Electrophoresis and Fluorometry

HANNU K. PENTTINEN

Department of Medical Chemistry University of Helsinki, Siltavuorenpenger 10 A,
SF-00170 Helsinki 17, Finland

An improved modification for electrophoretic
separation of thiamine and its phosphate esters
is described. In the modified procedure, electro
phoresis is performed in 0.06 M sodium citrate
buffer, pH 5.6, containing methanol, ethanol
and propanol, instead of the 0.05 M acetate
buffer, pH 3.8, used before,^ in which separa
tion could not be readily obtained. With the
citrate buffer for electrophoresis, it was pos
sible to effect the separation even if the samples
contained both perchloric acid and either
acetate, glycylglycine or phosphate buffer.
Thus, the method is convenient for determining
the activities of enzymes concerned in the
metabolism of thiamine compounds. The meth
od was used for estimating the contents of
thiamine, and of thiamine mono-, di- and tri-
phosphate esters in rat brain.

Itokawa and Cooper ̂ combined electrophoretic
separation2 and fiuorimetric determination®

in a simple and rapid method that has been
used in many studies of thiamine phosphate
esters. No data, however, have been presented
concerning the validity of the method. After a
few experiments, I decided to examine their
method in more detail. The unsatisfactory step
proved to be the electrophoresis, and a new
and better modification was developed, which
is described here. The improved procedure has
been adapted for the separate quantification
of thiamine and its phosphate esters in rat
brain.

EXPERIMENTAL

Ahhrevial/iona, TMP = thiamine monophos-
phate, TDP = thiamine diphosphate, TTP =
thiamine triphosphate.

Acta Chem. Scand. B 32 (1978) No. 8

Reagents. Thiamine and its mono- and di
phosphate esters were obtained from the Sigma
Chemical Co., St. Louis, Mo., USA. Before use
they were crystallized three times from ethanol.
Thiamine triphosphate was prepared as de
scribed elsewhere.^ A standard solution of thi
amine was made up from the U.S.P. Reference
Standard.® {^^C}thiamine was produced by the
Radiochemical Centre, Amersham, England.
Its purity was checked by electrophoresis ̂ d
foimd to be over 95 %. Benzenes^fonyl chlo
ride, produced by Koch-Light Laboratories
Ltd, Colnbrook, England, was diluted with
ethanol (1:6, v/v) just before use. Alkaline re
agent A, which is needed for location of the
thiamine compoimds in the electrophoretic
strips, contained 76 ml of 50 % ethanol (v/y),
15 ml of 15 % NaOH, and 1 rnl of 2 % pot^-
sium hexacyanoferrate(ni). Alkaline reagent
B, which is used in the oxidation of thiamine
compounds, contained 16 ml of 15 % NaOH
and 1 ml of 2 % potassium hexacyanofer-
rate(III). The electrophoresis buffer contained
39 parts of 0.05 M sodium citrate, pH 5.6, and
one part of a mixture of methanol, ethanol and
propanol (1:1:1, by vol.). Electrophoresis was
performed on Mmitells S 311 papers, (Irycks-
bo, Sweden, the strips being 2.5x45 cm. To
reduce the nonspecific background fiuorescence
of the papers, they were kept for 3 days in
50 % ethanol (v/v) with daily changes of the
medium. Fiuorimetric measurements were con
ducted in a Farrand Fluorometer A. 4 with PC
Corning Filters numbers 7 — 37 as primary and
3 — 73 and 5 — 60 as secondary filters, respec
tively. The instrument was standardized with
solution containing 0.01 % quinine sulfate in
0.1 M H2SO4.

Electrophoretic separation cmd fiuorimetric
determination of thiamine and its phosphate
esters. A sample (5 /d) was applied in the middle
of a paper strip that had been soaked in the
buffer and blotted. A similar sample containing
5 nmol each of thiamine and its phosphate
esters was applied to another strip; this was
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used to locate the compounds. The strips were
subjected to electrophoresis for 46 — 76 min at
a constant current of 3 mA per strip in a high-
voltage apparatus, Analysteknik AB, Vallen-
tuna, Sweden. The voltage ranged from 2 to
4 kV. The electrode vessels contained 0.06 M
sodium acetate, pH 3.8. The strip containing
the reference thiamine compounds was sprayed
with alkaline reagent A, and the fluorescent
bands were visualized with UV light and
marked. The strips with the samples to be ana
lyzed were cut into pieces corresponding to the
marked areas. The thiamine compounds were
eluted with 3 ml of 60 % ethanol (v/v) for 46
min. After removal of the paper, 0.6 pal of
alkaline reagent B was added and the mixture
was agitated for 2 min. Then 10 of 30 %
H2O2 was added and, after the yellow color
of hexacyanoferrate(III) had disappeared, the
fluorescence was ready to be measmed.

Because equimolar amounts of thiamine and
its phosphate esters produce unequal thio-
chrome fluorescence, and thiamine was used as
the standard, the fluorescence values derived
from thiamine di- and triphosphate were cor
rected by multiplying by 0.87 and 0.80, re
spectively.®

Determination of thiamine and its phosphate
esters in rat brain. The rat was decapitated and
the head was immediately placed in hquid
nitrogen. The brain was removed and homog
enized in the same volume of cold 1 M HCIO4
at 0 ®C with an Ultra Turrax homogenizer, and
centrifuged at 16 000 g for 10 min. The super
natant was extracted three times with three
volumes of chloroform. After addition of 34.6
mg of KaCOs per ml of brain extract, the mix
ture was allowed to stand for 3 h in an ice bath.
The pH value was adjusted to 6 — 6 with
KgCOa. After centrifugation the supernatant
was extracted once with chloroform as before

and divided between at least two small tubes.
After lyopliilization the residue (about 16.4 mg
from 1 ml of supernatant) in one tube was dis
solved in water (1/8 of the original volume) and
that in the other in a solution containing 10
nmol each of thiamine and its phosphate esters.
The latter sample was used for location of the
thiamine compoimds after electrophoresis. The
pH of the preparation was checked and if
necessary, adjusted to the same value as be
fore lyophilization. After centrifugation, a 6 /J
aliquot was subjected to electrophoresis and
fluorimetry as described before. The nonthio-
chrome fluorescence was estimated using ben-
zenesulfonyl chloride to prevent the oxidation
of thiamine to thiochrome.' An electrophoresis
strip was eluted with 2.8 ml of 60 % ethanol
(v/v) instead of 3 ml. After removal of the paper,
0.2 ml of diluted benzenesulfonyl chloride re
agent was added, and fluorimetric determina
tion was carried out as described before.

RESULTS AND DISCUSSION

Electrophoretic separation. The best separa
tion of thiamine and its phosphate esters was
achieved with the sodium citrate buffer. Fig. 1
shows a representative electrophoretic separa
tion by the modified method presented. The
separation was satisfactory in samples con
taining perchloric acid and extracts of rat brain.
Such samples could not have been separated
adequately with the 0.06 M sodium acetate
buffer recommended by Itokawa and Cooper.*
Their method was found to give acceptable
separation only when thiamine compounds
were dissolved in water. A separation compar-

Tahle 1. Recovery of thiamine and its phosphate esters after elution from electrophoresis paper.
A (6 fA) sample containing thiamine, TMP, TDP and TTP was applied to an electrophoresis paper
(2.6 X 1,0 cm) soaked in the solution indicated. Elution and fluorimetric determination were as
described in Experimental. Percentage recoveries have been calculated as in Table 2.

Munktells S 311 paper soaked in Total amount of
thiamine and its
phosphate esters
applied, pmol

Recovery/
%±S.D.«

Water 2600
0.06 M sodium acetate (pH 3.8) 2600
0.06 M sodium citrate (pH 6.6) 2600
0.06 M sodium citrate (pH 6.6) containing 2600

methanol, ethanol and propanol^
0.06 M sodium citrate (pH 6.6) containing 26

methanol, ethanol and propanol^

76.8 ±3.0
82.9 ±4.0
88.0 ±3.6
98.9 ±2.6

96.8 + 4.6

® n= 10. ̂ Thirty-nine parts of sodium citrate and one part of a mixture of methanol, ethanol and prop-
anol (1:1:1, by vol.).

Acta Chem. Scand. B 32 (1978) No. 8



Determination of Thiamine

Table 2. Recovery of thiamine and its phosphate
esters after eleotrophoretio separation. Thiamine
compounds were dissolved in water. A 5 fil aliquot
was subjected to electrophoresis for 45 min and
determined as described in Experimental. One
fluorescence unit represents one pmol of thiamine.

Fluoresoence+ S.D."

Applied Recovered Recovery/

Thiamine 113 99+3.8 88

TMP 157 149+6.7 95

TDP 101 102+4.1 101

TTP 72 72+5.8 100

Fig. 1. Electrophoretic separation of thiamine
and its phosphate esters. Samples Of 5 //I teere
applied in the middle of eleotrophoretio paper
strips (blaok lines) and electrophoresis and
visualization were carried out as described in
Experimental. Thiamine compounds were dis
solved in: A, water; B, 0.37 M HCIO4 containing
70 mM glycylglycine; C, rat brain prepared as
described in Experimental.

able to that shown in Fig. 1 (B) also resulted
when the samples contained 0.37 M HCIO, and
70 mM sodium acetate, potassium phosphate
or sucrose.

The mechanism whereby citrate exerts its
effect is still obscure. As one of the properties

of citrate is chelation, this probably plays
some role. Perhaps the most useful application
of this modified separation method follows
from the facility to determine thiamine com

pounds directly from incubation mixture con
taining perchloric acid. Thus it can be used for
estimating the activities of enzymes metaboliz
ing thiamine phosphate esters.

Recovery. Addition of methanol, ethanol and
propanol to the electrophoretic buffer improved
the elution of thiamine compoimds from the
paper strip, Table 1. Even when the sample
contained thiamine compounds in small
amounts (25 pmol) recovery was always as
high as 96.0 % in contrast to the method of
Itokawa and Cooper,^ which gave a recovery
of only 66 %. Table 2 shows the whole recovery
after electrophoretic separation and elution.
When the amoimt of thiamine applied was
about 100 pmol, recoveries ranged from 88 to
101 %. With even higher sample loads, up to
2.5 nmol, recoveries were similar.

Determination of thiamine and its phosphate
esters in rat brain. Table 3 shows the recoveries

Table 3. Recovery of thiamine and its phosphate esters added to a preparation of rat brain just
before electrophoresis. Preparation and determination were as described in Experimental. One
fluorescence rmit represents one pmol of thiamine.

Fluorescence ±8.0."

Background Brain thiamine
and background

Added thiamine,
brain thiamine
and background

Added
thiamine

Recovery/%

41 ± 7.6
75 ± 5.9
174±17.6
47-t- 5.5

118±13.3
209+ 4.4

299±15.6
115±10.0

27 ±2.9
29±1.5
30±1.2
28 + 2.4

Thiamine

TMP

TDP

TTP

« n=6.

Acta Chem. Scand. B 32 (1978) No. 8
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of thiamine compounds under the conditions
used for determining the thiamine content of
rat brain. Recovery of added thiamine ranged
from 68 to 124 % in this particular experiment.
This large variation is probably due to the
extensive concentration of the brain specimen,
because in less concentrated samples the elec-
trophoretic mobility was higher and recoveries
were better. It was essential, however, to con

centrate the sample, as only then was there
siifficient difference between the fluorescence

values of the sample and the blank. The con
centration is especially important when the
substance to be measured is thiamine or TTP.

The recovery of thiamine was also checked
by adding 17 nmol {^^Qthiamine to 1 ml of
brain homogenate before precipitation of the
proteins. This experiment gave a recovery of
96-101 %.
The treatment of rat brain with perchloric

acid did not destroy thiamine phosphate esters.
The content of thiamine and its phosphate
esters in rat brain was 11.2 nmol/g, the distri
bution of the different thiamine compoimds
being as follows; thiamine 0.70 nmol/g, (6.3 %);
TMP 2.3 nmol/g, (20.6 %); TDP 7.20 nmol/g,
(64.6%); TTP 0.96 nmol/g, (8.5%). These
values, though based on only one brain, are in
accord with results of other investigators rang
ing from 6.6 to 9.0 nmol/g.®~^® The fluorescence
given by thiamine derivatives may be criticised
as not absolutely speciflc, and the reliability
of the values obtained by fluorometry may be
questioned. Actually, all claims for the existence
of TTP in living material are based on fluoro-
metric evidence. Final identification of this

compoimd by a more exact method that would
reveal the structure of the fluorophore is there
fore highly desirable.
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A sensitive and accurate method for the determination of inorganic phosphate is described.
The method enables the estimation of 10 nanomoles of inorganic phosphate with a coef
ficient of variation of 3.6% for ten replicates. The method is suitable for the estimation of
the activities of thiamine triphosphatase, adenosine triphosphatase, and alkaline and acid
phosphatase by a continuous flow system.

Determination of inorganic phosphate
in the presence of thiamine phosphate esters
is complicated by the formation of pre-
cipitable complex between ammonium
molybdate and thiamine phosphate (1). This
difficulty can be overcome by addition of a
citrate-arsenite solution which complexes
with the molybdate (2). This observation,
combined with the use of sodium dodecyl
sulfate to solubilize the proteins (3), has
led to the development of an improved
method for the determination of inorganic
phosphate and various phosphatase ac
tivities.

MATERIALS AND METHODS

Reagents

Ammonium molybdate, 1% (w/v). Re
agent A was a mixture containing one part
of 8% (w/v) sodium dodecyl sulfate (SDS),^
one part of 1% (v/v) perchloric acid and two
parts of 2% (w/v) ascorbic acid in water.

' Abbreviations used: SDS, sodium dodecyl sulfate,

TTP, thiamine triphosphate; PNPP, p-nitrophenyl
phosphate; Hepes, 4-(2-hydroxyethyl)-l-piperazine-
ethanesulfonic acid; Mes, 4-morpholineethanesulfonic
acid; Pipes, 1,4-piperazinediethanesulfonic acid; imid,
imidazole.

This mixture is prepared daily from the
stock solutions.

Reagent B was a mixture of 10% (w/v)
sodium citrate dihydrate, 10% (w/v) diso-
dium hydrogen arsenate and 10% (w/v)
sodium acetate in water. Sodium dodecyl
sulfate (99%) was obtained from Pierce,
Rotterdam, Holland. Thiamine triphos
phate (TTP) was prepared as described
(4). Alkaline phosphatase from calf in
testinal mucosa, type I, and acid phos
phatase from potatoes, type IV, were ob
tained from the Sigma Chemical Company,
St. Louis, Missouri. Reagent C for the con
tinuous flow system was the same as re
agent A, except that the perchloric acid
was 70% (v/v).

Assay Media

The assay mixture for thiamine triphos
phatase activity contained 100 mM Tris-
HCl, pH 8.5, 10 mM MgClg, 1 mM TTP,
and 200 /xg protein per milliliter (final volume)
of rat brain supernatant. This was prepared
by homogenizing a rat brain in 0.25 m
sucrose at 0°C and centrifuging at 100,000^
for 60 min. The assay mixture for adenosine
triphosphatase activity contained 100 mM

353 0003-2697/80/040353-05$02.00/0
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Tris-HCl, pH 7.6, 10 mM MgCl2, 1 mM
ATP, and 24 /xg protein per milliliter (final
volume) of rat kidney mitochondria pre
pared according to Johnson and Lardy (5).
The activity of alkaline phosphatase was
assayed in 100 mM glycine-NaOH, pH
10.5, 10 mM MgCU, and 1 mM p-nitro-
phenyl phosphate (FNFF). The assay
medium contained 75 /xg protein per milliliter
of the calf intestinal enzyme. The activity
of acid phosphatase was assayed in 100 mM
sodium acetate, pH 5.0, 10 mM MgCl2,
and 1 mM FNFF. The assay medium con
tained 10-20 /xg protein of the potato
enzyme per milliliter. The protein was
determined by the biuret method (6).

Determination of Inorganic Phosphate

Reagent A (0.2 ml) and 1% (w/v) am
monium molybdate (0.6 ml) were added to
a sample (1 ml) and shaken. Then, after
2 min reagent B (0.6 ml) was added and
the shaking repeated. The absorbance was
measured at 730 nm with a Gilford photom
eter. Figure 1 shows the diagram of the
continuous flow system. Immediately be
hind the pump, the enzyme reaction was
stopped with perchloric acid, and the pro
tein was solubilized with SDS (reagent C).
Then, after addition of molybdate, the

(0.073)

(0.051)

(0.025)

(0.040)

(0.040)

(0.040)

photometer recorder

10 mm flow cell

Fig. 1. Scheme of the continuous flow system:

(1) sample, (2) SDS/perchloric acid/ascorbic acid (re
agent C), (3) 1% (w/v) ammonium molybdate, (4) air,
(5) citrate/arsenite/acetate (reagent B), (A) dedubbler,
(B) mixing coil, and (C) mixing tubes. The inner
diameters of the pump tubings in inches are shown
in parentheses.

0.5 1.0 mM

PHOSPHATE

Fig. 2. Dependence of the absorbance of the
phosphomolybdate complex on the phosphate con
centration of the sample. The determination was as
described under Materials and Methods. Each con

centration was measured in three replicates.

reagents were mixed and air added, and
finally the citrate-arsenite solution was
added. After passing through a mixing coil
the air was removed with an air debubbler

and the mixture was passed through a flow
cell with a 10-mm light path. The changes
in absorbance were recorded with a Honey
well recorder attached to a photometer.
After each series of experiments the tube
system was rinsed with a solution of 0.1
mM EDTA and 1 mM NaOH.

RESULTS AND DISCUSSION

Linearity and Reproducibility of the Method

The relation between the absorbance

of the phosphomolybdate complex and the
phosphate concentration of the sample is
indicated in Fig. 2. The response was linear
up to a phosphate concentration of 1 mM,
which corresponds to an absorbance of
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about 1.8 units. The repeatability of the
method is satisfactory with low concen
trations of phosphate. The variation coef
ficients for 10 replicates each of samples
containing 10, 100, and 250 nmol of phos
phate were 3.6, 0.5, and 1.1%, respectively.
More concentrated samples indicated no
ticeable variation (Fig. 2). The continuous
flow system also gave highly reproducible
results (Fig. 3).

Spectrum and Stability of the
Phosphomolybdate Complex

The absorption spectrum of the phospho
molybdate complex formed is fairly broad,
with a plateau between 700 and 740 nm. The
wavelength of 730 was chosen for routine
use. Figure 4 shows effect of incubation
time on the intensity of the color of the
complex at various phosphate concentra
tions. The color is very stable at low phos
phate concentrations (below 0.25 mM), but
samples containing more phosphate show a

linear increase in absorbance as a function

of time.

Some Characteristics of the Method

The blank absorbance of the present
method was not significantly different from
zero, but when the method of Baginsky
et al, (2) was used the blank was significant
and increased as a function of time. Be

cause the citrate-arsenite solution pre

vents the formation of the phosphomolyb
date complex, it was essential to know how
rapidly the colored complex is formed.
Figure 5 indicates that the formation of the
phosphomolybdate complex is very rapid,
the most suitable point for addition of the
citrate-arsenite reagent being 1-3 min
after the addition of molybdate. It is es
sential for the reaction mixture to be acidic;

otherwise the formation of color is dis

turbed. When phosphatase activities are
determined in alkaline media, it is necessary

to ensure that the amount of perchloric

0.1
T  r r
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Fig. 3. Repeatability as shown by three replicate determinations on samples containing 10-500 fxM
phosphate determined by the continuous flow system.
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750 mM

500 mM

250 mm

100 pM

10 pM

60 120 180 min

Fig. 4. Effect of incubation time on the intensity

of the color of the phosphomolybdate complex.
The determination was as described under Materials

and Methods. The incubation time means the time

from the addition of the last reagent to the point at
which the absorbance was measured. The concen

tration of the phosphate in the sample ranged from
10 to 750 /LtM.

acid is sufficient to acidify the mixture and
therefore a strong concentration of per
chloric acid is needed (reagent C). One
advantage of the use of the citrate-arsenite
solution is that no decomposition of labile
phosphate esters can interfere with the
estimation (2), but the possibility still re
mains that these labile compounds may be
hydrolyzed by the perchloric acid. That this
does not occur was checked by incubating
a sample of 1 mM phosphocreatine in re
agent C (which contains the strong per
chloric acid) for 5 min and continuing the
determination as described under Materials

and Methods. No liberation of inorganic
phosphate could be detected after this
treatment.

Determination of Phosphatase Activity by
the Continuous Flow System

Figure 6 shows the activities of thiamine
triphosphatase, adenosine triphosphatase,
and alkaline and acid phosphatase as de
termined by the continuous flow system.
With this method even low phosphatase
activities can be determined reliably. When

<-> 0.200

I  I I \ I I I I-

Fig. 5. Effect of the preincubation time on the absorbance of the phosphomolybdate complex. A
sample of 100 /LtM phosphate was processed as described under Materials and Methods to the point
of addition of the citrate-arsenite solution. At time zero the citrate-arsenite reagent was added im
mediately after the molybdate. The minutes indicate the intervals between the times of addition of
these two reagents. The absorbances were measured immediately after addition of the latter reagent.
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TTP:ase ATP:ase alkaline acid
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Fig. 6. Activities of thiamine triphosphatase (TTPase), adenosine triphosphatase (ATPase), and
alkaline and acid phosphatase determined by the continuous flow system. The units of enzyme and
the concentrations of protein used in each assay were 0.34 (200), 0.63 (24), 0.54 (75), and 2.14 (20) x 10 ̂
lU (/Ltg of protein/ml), respectively. The assay media (10 ml) and the determination were as described
under Materials and Methods. The upper line of the activity of acid phosphatase was determined with
double the amount of enzyme. The paper speed was 0.4 in. per minute.

the sample contained 50 fJiM phosphate,
color formation was inhibited in the pres

ence of 10 mM ATP, whereas with less
than 5 mM ATP there was no inhibition.

No inhibitory effect was noted in a medium
of 20 mM TTP. The effects of various
buffers were tested using 100 fiM phosphate
as a sample. More than 10 mM sodium
citrate and more than 5 mM sodium pyro-
phosphate prevented the formation of color,
whereas 100 mM sodium acetate, glycine-
NaOH, Hepes, Imid, Mes, Pipes, and Tris
buffers had no effect. Determination of the
activity of alkaline phosphatase by another
method (7) gave comparable results. The
reaction rate estimated from the slope re

corded in the continuous flow measurement

was a linear function of enzyme concen

tration. This is shown for acid phosphatase
in Fig. 6.
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ABSTRACT

Polyacrylamide gel electrophoresis was used to investigate the relation

of the soluble thiamine triphosphatase activity of various rat tissues

to other phosphatases. This technique separated the thiamine tri

phosphatase of rat brain, heart, kidney, liver, lung, muscle and spleen

from alkaline phosphatase (EC 3.1.3.1), acid phosphatase (EC 3.1.3.2) and

other nonspecific phosphatase activities. In contrast, the hydrolytic

activity for thiamine triphosphate in rat intestine moved identically

with alkaline phosphatase in gel electrophoresis. Thiamine triphosphatase

from rat liver and brain was also separated from alkaline phosphatase and

acid phosphatase by gel chromatography on Sephadex G-100. This gave an

apparent molecular weight of about 30 000 and a Stokes radius of 2.5

nanometers for brain and liver thiamine triphosphatase. The intestinal

thiamine triphosphatase activity of the rat was eluted from the Sephadex

G-100 column as two separate peaks (with apparent molecular weights of

over 200 000 and 123 000) which exactly corresponded to the peaks of

alkaline phosphatase. The isoelectric point (pi) of the brain thiamine

triphosphatase was 4.6 (4 °C). The partially purified thiamine triphos
phatase from brain and liver was highly specific for thiamine triphos

phate.



The results suggest that, apart from the intestine, the rat tissues

studied contain a specific enzyme, thiamine triphosphatase (EC 3.6.1.28).

The specific enzyme is responsible for most of the thiamine triphosphat

ase activity in these tissues. Rat intestine contains a high thiamine

triphosphatase activity but all of it appears to be due to alkaline

phosphatase.

INTRODUCTION

A number of reports have appeared claiming the existence of thiamine

triphosphate in living cells. This compound was described first from

rat liver (32) and later from other animal tissues (16), yeast (21),
and bacteria (31). The physiological function of thiamine triphosphate

has remained unclear although many papers have been presented supporting

the view that thiamine triphosphate might have a specific role in nervous

tissue, independent of the coenzyme function of thiamine diphosphate (10).

Hashitani and Cooper (18) described a cytosolic enzyme activity from

various rat tissues catalyzing the hydrolysis of thiamine triphosphate.

They also reported partial purification of the activity from rat brain

(18). Rat tissues also contain another thiamine triphosphatase activity

which is tightly bound to membranes (4).

Although the partially purified soluble thiamine triphosphatase from

brain was inactive with ATP and some other substrates (18), the relation

of this activity to alkaline phosphatase (EC 3.1.3.1) and acid phosphatase

(EC 3.1.3.2) was not determined. Our preliminary studies showed that calf
intestinal alkaline phosphatase and potato acid phosphatase, obtained from

coiranercial sources, used thiamine triphosphate as well as the substrate.

Therefore we wanted in this work to find out, by using gel electrophoresis

and gel chromatography as the fractionation methods, whether or not various

rat tissues contain a specific thiamine triphosphatase. Solving this

question may, in part, help in determining whether thiamine triphosphate

has a specific biological function.



MATERIALS AND METHODS

Reagents

Thiamine triphosphate was prepared as described earlier (29). The other
substrates. Fast Blue RR salt and Fast Garnet GBC salt, were purchased
from Sigma Chemical Co., St. Louis, Mo., U.S.A. Sephadex G-lOO (medium
grade) was obtained from Pharmacia, Uppsala, Sweden, and the standard

proteins for molecular weight determination from Boehringer (Mannheim,GFR)
except alkaline phosphatase from calf intestine which was from Sigma.

Preparation of tissues

Rat tissues were homogenized at 0 to 4 °C in an Ultra-Turrax homogenizer
in 2 volumes of 0.25 M sucrose, pH 7.0, containing 1 mM EDTA. The homo-

genate was centrifuged for 60 min at 100 000 x £ in a Beckman ultracentr
fuge. The supernatants were dialyzed against 10 mM Tris-HCl, pH 7.6,

containing 5 mM 2-mercaptoethanol. Liver and small intestine preparations

were further fractionated for gel chromatography with ammonium sulfate.

The protein fraction which remained soluble by the addition of 134 g

ammonium sulfate per 1 (at 0 °C) was precipitated by adding more ammonium
sulfate (395 g per 1) to the supernatant. The precipitate was dialyzed

against the Tris-HCl buffer mentioned above, and supplemented with 0.2 M

NaCl. The treatment with ammonium sulfate did not remove any of the activ

ity of thiamine triphosphatase.

Gel electrophoresis

Disc electrophoresis was performed at 4 °C in polyacrylamide gel rods
prepared according to the gel system 1 of Maurer (25). The samples (up to

100 yl) were layered on the large-pore gel in 13 % (v/v) glycerol or 9 %

(w/v) sucrose. A constant current, 0.5 mA per gel during sample penetra

tion and 2.5 mA per gel thereafter, was used. Enzyme mobilities towards

the anode were calculated in relation to bromophenol blue.



Determination of the apparent molecular weights by gel chromatography

Partial purification and molecular weight determinations for the
phosphatases studied were done on a column of Sephadex G-lOO (2.5 x 70 cm).
The column was equilibrated and eluted at 4 ''c with 10 mM Tris-HCl, pH 7.6,
also containing 0.2 M NaCl and 5 mM 2-mercaptoethanol. The void volume
(V ) of the column was determined with blue dextran 2000 and the total
volume (V^) with inorganic phosphate. The column was calibrated with the
standard proteins catalase (M^ 240 000), alkaline phosphatase from calf
intestine (138 000; ref. 13), bovine albumin (67 000), ovalbumin (45 000),
chymotrypsinogen (25 000) and cytochrome c (12 400). The sample containing
standards or the unknown was applied to the column in a volume of 2 ml and
elution continued at a rate of 10 ml per h. Blue dextran was localized in
the effluent by its absorbance at 620 nm, cytochrome £ at 410 nm, alkaline
phosphatase and catalase (23) by activity assays and the other standards by
absorbance at 220 nm. The apparent molecular weights for the unknowns were
determined from a plot of Vg/V^ versus log (3), and Stokes radii from
a plot of ("In K )^^^ versus Stokes radius, where is the average
distribution coefficient = (V^ - Vq)/(V^ - V^) and the elution
volume (23). The Stokes radii of the standard proteins were taken from
Ref. 22.

Determination of phosphatase activities

Phosphatase assays were carried out by measuring the amount of inorganic
phosphate (28) liberated during 60 minincubation at 37 °C, on a FP-9
Analyzer System (Labsystems Oy, Finland). A continuous flow system was
also used in some determinations (28). The assay mixtures for thiamine
phosphatase activities contained 165 mM Tris-HCl, pH 9.0, 8 mM MgCl2 and
2 mM thiamine mono-, di- or triphosphate. The assay mixture for alkaline
phosphatase contained 165 mM Tris-HCl, pH 9.0, 9 mM MgClg, and 3 mM
£-nitrophenyl phosphate, and the assay mixture for acid phosphatase
165 mM sodium acetate, pH 5.0, 8 mM MgClg and 3 mM £-nitrophenyl
phosphate. Adenosine triphosphatase (ATPase) activity was detennined in
165 mM Tris-HCl, pH 9.0, 2 mM MgClg. 10 pM CaClg and 2 mM ATP.

One unit of enzyme activity catalyzes the formation of one micromole of
inorganic phosphate in one hour at 37 °C. Specific activity is defined
as number of units of activity per mg of protein.



Localization of enzyme activities in gels

Thiatnine triphosphatase. The gels were incubated in 33 mM Tris-HCI,

pH 9.5, 15 mM MgClgj and 3 mM thiamine triphosphate for 60 min at 30 °C.
Thereafter, the pericipitate of inorganic phosphate formed at the location

of the enzyme was made visible by the lead conversion method of Allen and

Hyncik (2).

Alkaline phosphatase. The gels were incubated in 60 mM sodium borate,

pH 9.7, 5 mM MgSO^, 0.05 % (w/v) sodium-a-naphthyl phosphate and 0.05 %
(w/v) Fast Blue RR salt (17). Another staining method used for alkaline

phosphatase was similar to that given above for thiamine triphosphatase,

except that the substrate was 3 mM p-nitrophenyl phosphate.

Acid phosphatase. Before staining the gels were incubated twice for

15 min in 0.2 M sodium acetate buffer, pH 5.0, to lower the pH of the

gel. The staining mixture contained 0.05 M sodium citrate, pH 4.5, 0.1 %

(w/v) sodium a-naphthyl phosphate and 0.1 % (w/v) Fast Garnet GBC salt

(5).

Staining for the hydrolyt-^c activities towards a number of other substrates

(see Results) was done as the th-am'^ne triphosphatase staining above ex

cept that the pH of the med-^um was 7.2 and th-^amine tri phosphate was sub

stituted by the substrate -n quest"on.

Other methods

Protein was determined by a fluorometric method (7). Bovine serum albumin

was used as the standard. Isoelectric focusing was carried out at 4 °C

in a 110-m1 LKB column (Bromma, Sweden; model 8101) in a sucrose gradient

and 1 % Ampholine solution, pH 3.5-10 (LKB). The focusing time was 48 hours

and the procedures followed those described by Vesterberg (35).



RESULTS

Polyacrylamide gel eTectrophoresis

Table 1 summarizes the gel electrophoresis results for thiamine tri-

phosphatase, alkaline phosphatase and acid phosphatase from various

tissues of the rat. Seven of the eight tissues studied, viz. brain,

heart, kidney, liver, lung, muscle and spleen, contained a thiamine

triphosphatase of high mobility (0.79 - 0.84) which clearly separated

from all forms of alkaline phosphatase (mobility 0.08 - 0.44) and acid

phosphatase (0.15 - 0.43).

The results for the intestine were different, however. No thiamine tri-

phosphatase activity band with high mobility was obtained for the in

testine, but the two activity bands obtained with thiamine triphosphate

had slow mobilities which exactly corresponded to the alkaline phosphat

ase bands (Table 1). When 5.6 % polyacrylamide gel was used instead of

the usual 7.5 % gel, the intestinal thiamine triphosphatase forms again

moved identically with alkaline phosphatase.

Electrophoresis gels for three tissues (brain, liver and intestine)

were stained, in addition to the thiamine triphosphatase, alkaline

phosphatase and acid phosphatase activities, with the following com

pounds as the substrate: ATP, CTP, GTP, ITP, UTP, ADP, AMP, thiamine

diphosphate and thiamine monophosphate. All gave for the intestine bands

of varying intensity corresponding to alkaline phosphatase. For liver

and brain thiamine diphosphate, AMP, ADP and ATP gave weak to moderate

bands corresponding to alkaline phosphatase. Thiamine diphosphate and

ADP gave an additional band for liver with an approximate mobility of

0.55. This band, which was probably due to nucleoside diphosphatase

(EC 3.6.1.6) (1), was much stronger with thiamine diphosphate than with

ADP. None of these compounds gave any band at the location of the

thiamine triphosphatase band of brain and liver.



TABLE 1

Mobilities of alkaline phosphatase, acid phosphatase and thiamine tri-

phosphatase activities of different rat tissues in gel electrophoresis

Mobi1i ty

Tissue
Alkaline
phosphatase
(£-nitro-
phenylphos
phate)

Alkaline

phosphatase
(a-naphthyl-
phosphate)

Acid

phosphatase
(a-naphthyl-
phosphate)

Thiamine
triphosphatase
(thiamine
triphosphate)

Brain 0.13 0.12 0.37 0.81

Heart 0.14^) 0.13^) 0.38 0.82

0.38 0.37

Intestine 0.11 0.12 0.25 0.11

0.26 0.26 0.26

Kidney 0.12^) 0.11^) 0.15 0.81

0.38 0.28

0.43

Liver 0.09 0.16 0.35 0.82

0.23

0.34

Lung 0.13^) 0.13^) 0.39 0.84

0.38 0.32

0.37

Muscle 0.08 0.08 - 0.79

0.13 0.21

0.18

0.24

Spleen 0.11^^ 0.11^^ 0.35 0.82

0.33 0.34 0.43

0.38 0.39

0.44 0.44

A very broad band, only the average value is presented.

The substrate used is given in parentheses. The other details are described
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Fig. 1. Fractionation of the phosphatases of rat brain, liver and

intestine on Sephadex G-100. The symbols for the activities are :

(*-*) alkaline phosphatase, (□ - □) acid phosphatase,
(#-#) thiamine triphosphatase, and (Q-O) adenosine triphosphatase.
The fraction volume was 2.0 ml. For other details see Materials and
Methods. The height of peak III (Brain) is reduced three fold in
the Figure.

Gel chromatography

Fig. 1 shows the activity peaks obtained when preparations from rat
liver, brain and intestine were fractionated on Sephadex G-100 and
hydrolytic activities determined in the eluate for thiamine triphosphate,
£-nitrophenyl phosphate (acid and alkaline pH) and ATP. The thiamine
triphosphatase peaks obtained from both liver and brain were clearly
separated from the peaks of alkaline phosphatase (activity for
£-nitrophenyl phosphate in alkaline pH) and acid phosphatase (activity
for £-nitrophenyl phosphate in acid pH) as well as from the activity with
ATP (Fig. 1). The intestine, however, gave quite different results.



The intestinal thiamine triphosphatase activity was eluted as two

separate peaks which corresponded exactly to the peaks of alkaline

phosphatase, determined with £-nitrophenyl phosphate as the substrate
(Fig. 1). Two peaks at the same location were further obtained when

ATP (Fig. 1), thiamine diphosphate or thiamine monophosphate (not shown)

were used as the substrates. The intestinal preparations contained no

such thiamine triphosphatase activity as would have been eluted from

the column at the location of the thiamine triphosphatase from liver

and brain. Acid phosphatase assay gave one activity peak for the in

testine. This was located at the second alkaline phosphatase peak

(Fig. 1). The standard proteins run in the same Sephadex G-lOO column

gave linear curves in the plots of V„/V versus log M and of
1/2 ® ° ^

("In versus Stokes radius. Apparent molecular weights and
Stokes radii were calculated from these plots for the components

presented in Fig. 1. These results are summarized in Table 2.

Substrate specificity of the partially purified thiamine triphosphatase

from liver and brain

The brain enzyme was highly specific for thiamine triphosphate (Table 3)

whereas the liver enzyme apparently also had some activity for thiamine

diphosphate, CTP, DTP, GTP and ITP. The preparations were free from

alkaline and acid phosphatase activities (with £-nitrophenyl phosphate as

substrate). Thiamine triphosphate was not used in acid pH.

Thiamine diphosphate actually gave on gel chromatography of the liver

preparation a broad activity peak with a maximum of about ten fractions

before that of thiamine triphosphatase; only the tailing portion of the

former peak was located on the latter peak. Further fractionation of the

pooled and concentrated liver thiamine triphosphatase peak (III) by poly-

acrylamide gel electrophoresis (see Methods) completely separated the

activities for thiamine triphosphate and thiamine diphosphate. The relative

mobilities in the electrophoresis of the activities for thiamine triphosphate

and thiamine diphosphate were 0.79 and 0.57 of the mobility of bromophenol

blue, respectively. Thus most, if not all, of the activity for thiamine

diphosphate of the liver thiamine triphosphatase (Table 3) was due to a

contaminating enzyme, probably nucleoside diphosphatase (1). The active

nucleotide substrates of the liver thiamine triphosphatase preparation were

also used for activity staining after electrophoresis. However, no activity
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TABLE 3

Substrate specificity of thiamine triphosphatase of rat liver and brain

Relative activity (%)

Liver enzyme Brain enzyme

Thiamine triphosphate TOO 100

Thiamine diphosphate 28 6

Thiamine monophosphate 0 0

ATP 0 0

ADP 0 0

AMP 0 0

CTP IB 0

UTP 29 0

GTP 14 0

ITP IB 0

ATP (pH 7.0) 0 0

p-Nitrophenyl phosphate (pH 9.0) 0 0

p-Nitrophenyl phosphate (pH 5.0) 0 0

Thiamine triphosphate (pH 5.0) .  0 0

The fractions with the highest activity of the peaks Liver III and

Brain III (see Fig. I) were pooled and concentrated by ultrafiltration.

The activities were determined at the pH of 9.0 as described for thiamine

triphosphatase activity in Materials and Methods except in the cases in

which a different pH is given. The detection limit was 5 % of the activ

ity for thiamine triphosphate at pH 9.
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for these substrates could be seen in the gels.

Some other properties of liver and brain thiamine triphosphatase

The partially purified thiamine triphosphatase had a pH optimum at pH 9.0.
The apparent for thiamine triphosphate was 0.5 mM (determined for the

liver enzyme only). The isoelectric point of the brain enzyme, determined
by isoelectric focusing in column, was 4.6 (at 4 ''C). The crude cytosolic
fraction gave one symmetrical thiamine triphosphatase peak. This was

partially separated from alkaline phosphatase peaks (pi values 4.4 and 4.9)
and totally separated from acid phosphatase (pi values 5.3 and 5.7). The
specific activities of the partially purified thiamine triphosphatase
preparations were 3.9 and 12.1 units per mg of protein for the liver and
brain enzymes, respectively.

DISCUSSION

The present studies have shown that rat liver and brain contain a specific
thiamine triphosphatase (EC 3.6.1.28) which has a molecular weight of
about 30 000. This, enzyme was separated from the various forms of alkaline
phosphatase and acid phosphatase by both gel chromatography and gel electro-
phoresis. The electrophoretic mobility of thiamine triphosphatase towards
the anode was higher than that of the nonspecific phosphatase forms. The
high electrophoretic mobility of thiamine triphosphatase is explained by
its rather low molecular weight and acidic isoelectric point (4.6 as deter
mined for the brain enzyme). For the other five rat tissues studied (heart,
kidney, lung, muscle and spleen) only the electrophoretic separation was
performed. All seven tissues contained a specific thiamine triphosphatase
according to electrophoresis and the mobility of the thiamine triphosphatase
from these seven sources was closely similar, if not identical (Table 1).

It seems probable that the thiamine triphosphatase from these tissues has
closely similar or identical physical properties.

The partially purified thiamine triphosphatase from rat brain was highly

specific for thiamine triphosphate. Of the ten other compounds tested as

substrates (Table 3) all were at or below the detection limit of the assay.

The liver enzyme preparation, in contrast, also had significant activity
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for thiamine diphosphate and for some nucleoside triphosphates. Further

purification of liver thiamine triphosphatase by electrophoresis removed
the activity for thiamine diphosphate. Whether the hydrolysis of the

active nucleoside triphosphates was also due to a contaminating enzyme

is not clear. The presence of a contaminant is probable because the

thiamine triphosphatase preparation achieved was still far from pure and

bacause only thiamine triphosphate gave a visible band at the location

of this enzyme in electrophoresis.

Our fractionations also separated the specific thiamine triphosphatase

from nucleoside diphosphatase (EC 3.6.1.6) and ATPase (EC 3.6.1.3).

Nucleoside triphosphatase (EC 3.6.1.15) was also removed, at least from

the brain enzyme. The nucleoside diphosphatase, which was eluted close

to thiamine triphosphatase in gel chromatography (cf. Results), was

probably of microsomal origin (12,33). The cytoplasmic nucleoside

diphosphatase of rat liver has a much higher apparent molecular weight

(120 000; ref. 20) than that determined for thiamine triphosphatase.

The substrates of many of the more specific phosphatases (in the E.C.

list under 3.1.3, phosphoric monoester hydrolases, and 3.6, activity on

acid anhydrides) were not tested, but none would be expected to have the

specificity shown for brain and liver thiamine triphosphatase in Table 3.

A large part of the other phosphatases also clearly differ from thiamine

triphosphatase in molecular weight and isoelectric point.

Both Hashitani and Cooper (18) and Barchi and Braun (4) reported that

rat intestine contained the highest amount of soluble thiamine triphosphat

ase activity among the rat tissues studied. Our results support these re

ports (cf. Fig. 1). However, our electrophoretic and chromatographic

fractionation strongly suggest that all of the intestinal thiamine tri

phosphatase activity is actually due to alkaline phosphatase. Both of the

intestinal phosphatase forms separated used thiamine triphosphate well,

although £-nitrophenyl phosphate and ATP were used more rapidly (Fig. 1).
The claim that the intestinal thiamine triphosphatase and alkaline

phosphatase activities are the property of the same enzyme(s) can defi

nitely be proven only by purifying the enzyme(s) to homogeneity. The

present results show that rat intestine had no detectable amount of

a thiamine triphosphatase similar to that of other tissues, based on gel
chromatography and electrophoresis.
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Although only one thiamine triphosphatase activity peak - that of the

specific thiamine triphosphatase - was found in the gel chromatography

eluate of brain and liver preparations (Fig. 1), some activity for

thiamine triphosphate could also be demonstrated in the alkaline and

acid phosphatase peaks after these were pooled and concentrated by

ultrafiltration. The activities for thiamine triphosphate varied be

tween 5 and 20 % of the activity for p-nitrophenyl phosphate for the

various nonspecific phosphatase forms tested. Acid phosphatases used

thiamine triphosphate only in acid pH and thus do not interfere in the

thiamine triphosphatase assay of crude preparations of brain and liver

when this was conducted at pH 9. Under these conditions 90 to 95 % of

the thiamine triphosphatase activity of the brain and liver cytosolic

fraction is due to a specific thiamine triphosphatase and the rest to

alkaline phosphatase.

The molecular weights determined by us for alkaline and acid phosphatase

are in reasonable agreement with earlier data. De Araujo et al. (11)
found by gel chromatography on Sephadex G-75 from the cytosolic fractions

of rat liver and brain two acid phosphatases, one with over 100 000

and one with M under 30 000. Human liver contains three acid phosphat-
r

ases of different molecular weights, over 200 000, 107 000 and 13 400 (30).

A low molecular weight acid phosphatase (M^ 13 000 - 16 000) has also
been purified from other sources (9,19). Some investigators (cf. 11)
have also found an acid phosphatase with an approximate molecular weight

of 60 000, which we found from rat liver. Concerning alkaline phosphatase,

a molecular weight of 154 000 has been reported for the enzyme from rat

liver (27), of 157 000 for that from rat intestine (24) and values
varying from 116 000 to 190 000 for various other mammalian sources
(3,6,8,13-15,34). Our alkaline phosphatase peaks Liver I and Intestine II
(Table 2) apparently correspond to the enzyme forms referred to above.

Some authors have also reported alkaline phosphatase forms which have been

excluded or nearly excluded from Sephadex gel columns (14,26,34) in agree

ment with our alkaline phosphatase forms Brain I and Intestine I (Table 2).

It is of interest to note that although among thiamine phosphate esters

only thiamine diphosphate, the cofactor of intermediary metabolism, has an

established function in cells, the specific thiamine triphosphatase is much

more generally distributed than a specific thiamine diphosphatase. Accord-
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ing to the electrophoretic studies of Allen (1) the latter enzyme is

present in only a few tissues of the mouse (like epididymis, parotid

gland and submaxillary gland) but is totally lacking in most of the

tissues, for example liver, brain and intestine (1). In the latter

tissues thiamine diphosphate is, however, well hydrolyzed by alkaline

phosphatase and nucleoside diphosphatase (1).

Whether thiamine triphosphate has a specific role in nerve function

(10,18) or in some other process in the cells remains to be answered.

These results, indicating that a specific hydrolase for thiamine tri-

phosphate indeed exists widely in rat tissues, support some specific

role for thiamine triphosphate.
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