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ABSTRACT

Thiamine triphosphate can be found in most tissues at very low levels, but its role is unknown. Organs
and muscles that generate electrical impulses are particularly rich in this compound. This paper describes a
thiamine triphosphatase from the electrical organ of Elecirophorus electricus. The activity of this enzyme,
as measured by a high-performance liquid chromatographic method, is closely anion-regulated. Further-
more, thiamine triphosphate increases chloride uptake in membrane vesicles prepared from rat brain. Qur
results suggest that this compound could play an important role in the regulation of chloride permeability.

INTRODUCTION

The first high-performance liquid chromatographic (HPLC) methods used for
the determination of thiamine derivatives date back to the end of the 1970s, and
gradually more and more powerful methods have become available (for a review
see ref. 1). These methods are all based on either a pre-colum or a post-column
derivatization of thiamine to vield highly fluorescent derivatives (thiochromes) in
the presence of a strong oxidant (ferricyanide or cyanogen} in an alkaline medi-
um. Four thiamine derivatives have been detected in animal tissues: free thia-
mine, thiamine monophosphate (TMP), thiamine diphosphate (TDP) and thia-
mine triphosphate (TTP). The first two derivatives represent the forms under
which the vitamin is transported in the blood. TDP is well known [or its role as
cofactor in intermediary metabolism for pyruvate and x-ketoglutarate dehydro-
genascs and transketolase. The role of TTP is not yet known, but it may play a
role in the regulation of ion permeabilities [2—4].

Onc of the most challenging problems has been the determination of TTP in
tissue samples. The level of this compound in most tissues is extremely low, f.e.
0.1 nmol/g of fresh tissuc. These low concentrations have long been an obstacle to
the study of this compound in nervous tissue. Since HPLC methods have become
available, reliable determination of TTP in tissue samples has become possible
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[5-10]. The assumption that TTP plays a role in the regulation of membrane
permeability is mainly basced on the observation that electrical stimulation of
nerves produces a release of thiamine [11,12] and concomitantly a dephosphory-
lation of TTP and TDP {3]. Experimental thiamine deficiency leads to neurolog-
ical symptoms, and one of the main questions remaining to be clarified is whether
these symptoms can be explained by a decrease in the activity of TDP-dependent
enzymcs [13-15] or whether a specilic function of thiamine is involved [3,16-19].
These two points of view, however, do not seem to us to be mutually exclusive.

This paper describes some evidence for a specific neurochemical role for TTP,
and the use of HPLC methods in our investigations.

EXPERIMENTAL

Chemicals

TTP was a gift from Dr. M. Yamazaki (Sankyo. Tokyo, Jupan), Pyrithiamine,
thiamine, TMP and TDP were purchased from Sigma (St. Louis, MO, U.S.A).
N-2-Hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) came from
Calbiochem-Behring (La Jolla, CA, U.S.A.). Na*“Cl was from Amersham Belgi-
um (Brussels, Belgium).

All other products were [rom Merck (Darmstadt, Germany) and were of ana-
lytical grade. All the solutions were prepared with Milli-Q water (Millipore, Bed-
ford, MA, U.S.A).

Assay of thiamine phosphate devivatives

The method was as previously described [20]. The instrument was an Altex
Model 334-30 equipped with an LS-4 fluorcscence spectrometer (Perkin-Elmer,
Norwalk, CT, U.S8.A). The wavelengths were set at 365 nm for excitation and
433 nm for emission. The analytical column was a PRP-1 from Hamilton {Reno,
NY, L.S.A)) protected by a guard column (32 mm x 4.2 mm 1.D.} dry-packed
with Vvdac-201 RP (30-44 pm) from Macherey-Nagel (Diiren, Germany). The
mobile phase was phosphatc buffer (15 mM, pH 835), containing [%
tetrahydrofuran for detection of the three phosphate esters or 10%
tetrahydrofuran for thiamine. Before injection into the column, thiamine deriv-
atives were transformed into fluorescent thiochromes [21] by addition of 50 ul ol
oxidant (4.3 - 107° M K3Fe(CN)g in 15% NaOH) to 80 ul of sample. The sample
loop was 20 ul, and the solvent flow-rate was 0.5 ml/min.

Preparation of electroplax membranes

Crudec membranes from the main electrical organ of Electrophorus electvicus
(World Wide Scientific Animals, Apopka, FL, U.8.A.) werc prepared as decribed
previously [7]. The organ was homogenized in HEPES Tris buffer (10 mM, pH
6.8) using a VirTis homogenizer., sicved through a double layer of gauze, and
centrifuged for 20 min at 40 000 ¢. The pellet was resuspended in live volumes of
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buffer and centrifuged for 1 h at 100 000 g. The pellet (10 mg/ml) was stored at
—70°C until use. Membranes enriched in TTPase activity were prepared by run-
ning two successive discontinuous sucrose gradients [22]. After the second centrif-
ugation, the fraction at the 1.25 M-1.5 M interface was collected and washed
once in HEPES-Tris buffer (10 mM, pH 7.8). This fraction is referred to as
“purified membranes™. In contrast to the crude preparation, it is largely free from
both connective fibres and the nucleated microcells that spontancously form dur-
ing homogenization of this tissue [23]. Protein concentrations were determined
according to the method of Peterson {24].

Assay of TTPase activity

If not otherwise stated, the method was as decribed previously [7]. The reac-
tion medium was compaosed of 50 pl of sample (membrane preparation), HEPES-
Tris buffer (10 mA, pH 6.8), MgCl; (1.5 mM), ethylene glycol tetraacetate (EG-
TA) (1.5 mAM) and TTP (0.1 mM) in a total volume of 100 pl. Incubation was
carried out at 25°C for 15 min, and the reaction was stopped by the addition of
500 pl of trichloroacetic acid (6% ). The precipitate was centrifuged (15 min, 5000
g), and the supernatant extracted with four volumes of diethyl ether. TDI* was
determined by HPLC us described above. In some cases, inorganic phosphate (Pi)
was determined by the method of Baginski ¢r af. [25].

Measurement of *°Cl uptake in rat brain membrane vesicles

Membrane vesicles were prepared according to the method described by
Booth and Clark [26] with slight modifications. The animal was killed by decap-
itation, and the brain was washed in 10 ml of a solution containing 0.32 M
sucrose and 10 mM HEPES-Tris (pH 7.5) and homogenized by hand in a glass—
PTFE homogenizer. The homogenale was centrifuged at 900 g for 10 min. The
resulting supernatant was centrifuged at 14 000 g for 20 min, and the pellet was
suspended (4-5 mg/ml) in 5 ml of incubation buffer (145 mM NaCl, 5 mM KCl, 1
mA MgCl, | mM CaCl;, 10 mM p-glucose, and 10 mM HEPES-Tris, pH 7.5).
For measurement of *5C1~ uptake, 75 pl of the membrane suspension were prein-
cubated at 37°C. After 5 min. 25 ul of a buffer solution containing **Cl~ (0.5
uCijml), NaHCO; (40 mM, pH 7.5) and TTP (4 mM) or pyrithiamine (0.4 mM)
was added. After incubation times varying from 0 to 10 min, uptake was stopped
by addition of 4 ml of ice-cold incubation buller and rapid filtration through
2.4-cm Whatman GF/C filters. The filters were rapidly washed with 8 ml of
ice-cold buffer, and the radioactivity of the filters was counted by liquid scintilla-
tion spectrometry.

Enzymic synthesis of TTP in rat brain homogenates

A rat brain was homogenized in 12 ml of saline containing 145 mM NaCl, 5
mM KCl, 1 mM MgCl;, 1 mM CaCl; and 10 mA HEPES-Tris (pH 7.5), and 500
gl of the homogenate were incubated for 15 min at 37°C in the presence of
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thiamine (1 maM) with or without ATP (2 mAM) in a total volume of 500 ul. The
reaction was stopped by addition of 100 pl of trichloroacetic acid (60%), and
thiamine phosphate esters were detcrmined by HPLC.

RESULTS

As electrical stimulation of nerves is accompanied by a dephosphorylation of
TTP and TDP, the study of the enzymes involved in these reactions could prove
useful. An HPLC method [20] was used as an analytical tool for the determina-
tion of the four thiamine derivatives (Fig. 1). As thiamine is much more hydro-
phobic than its phosphate csters, it is not cluted under the samce conditions. At
1% tetrahydrofuran in the mobile phase, TTP is eluted first, followed by TDP
and TMP (Fig. 1A). Thiamine is eluted aL 10% tetrahydrofuran (Fig. 1B).

In order to reveal the existence of TTP-hydrolysing enzymes, a crude mem-
brane preparation from the electrical organ of E. electricus was incubated in the
presence of TTP (0.1 mM) for different time intervals (Fig. 2). With incrcasing
incubation times we note the disappearance of TTP and the formation of TDP,
followed by TMP and finally thiamine. This result demonstrates the superiority
of HPLC mecthods over inorganic phosphate (Pi) determination for the detection
of sequential reactions in unknown samples. Indeed, photospectrometric deter-
mination of Pi would not have revealed the existence of scveral reactions. Deter-
mination of kinetic parameters {e.g. the Michaelis constant, Ky, and the maxi-
mum initial velocity, F.,) and the effects of inhibitors requires the elimination of
side-reactions involving the reaction product,
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Fig. 1. Chromatograms of standard solutions of thiamine phosphate esters (A) and thiamine {B). The
amount of cach of the phosphate esters injected was 180 fmaol. and that of thiamine was 120 fmol. A 20-!
sample loop was used. Peaks: 1 = TTP;2 = 1DP;3 = TMP; 4 = thiamine. (Reproduced with permission
from ret. 20.)
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Fig. 2. Hydroiysis of TTP (@) and formation of TDP (), TMP (&) and thiamine (£) as a function of
time in the electroplax crude membrane preparation, Membranes (4-5 mg of proteins per ml) were in-
cubated in the presence of MgCl, (1.5 mM), EGTA (1.5 mAf) and TTP (0.f mM) as indicated in Experi-
mental. (Reproduced with permission from ref. 7.)

For the continuation of our studies on TTPase it was thus important to mini-
mize any thiamine diphosphatase (TDPasc) activity. This could be achieved by
studying the effects of divalent cations on the reaction products. From Fig. 3 we
can see that Mg?™ mainly activates TTPase but not TDPase. The presence of
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Fig. 3. Percentage of TTP (1), TDP (2} and TMP (3) as a function of MgCl,; and CaCl, concentration afler
incubation for 15 min in HEPES-Tris buffer (10 mA, pH 6.8) at 25°C. (Reproduced with permission from

ref, 7))
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TABLE I
STOICHIOMETRY OF TTP 11'YDROLYSIS BY TTPase

Experimental conditions are as described in legend to Fig. 2, cxcepl for the TTP concentration, which is 1
ma. The results shown represent three experiments for three different incubation times. Pi is determined
by the method of Baginski er a/. [25] and TTP and TDP were determined by our HPLC method.

Experiment TTP consumed  TDP formed Pi formed
No. {nmol) (nmol) {(nmol)

1 21.3 20.7 22

I 17.3 17.0 18

m 14.5 13.6 15

Ca’" more specilically activates the latter enzyme. Thus working in the presence
of Mg?* and EGTA (a Ca’*-chelating agent), no appreciable TDPase activity is
observed.

The next step consisted of the determination of the stoichiometry of the reac-
tion under the previously determined conditions (Table I). This table shows that
the amount of TTP that disuppeurs is not significantly different from the amount
of TDP and Pi formed. From this example, we can deduce a second advantage of
HPLC methods over conventional techniques, in that they allow the simultane-
ous detcrmination of the substrate and the product, ¢.g. TTP and TDP.

At this stage of our studies, we can now be relatively sure that we are dealing
with a genuine TTPase reaction of the following stoichiometry:

TTP — TDP + Pi

We have obscrved that the rate of TTP consumption is slightly greater than the
rate of formation of TDP. This can be explained by the fact that a small amount
of TMP is formed during the incubation. For the samc reason, the rate of Pi
formation is slightly greater than the rate of TDP formation. These differences,
however, amount to only 5-10%, and TMP formation can be minimized if the
incubation times are kept short (less than 15 min).

Fig. 4 shows two chromatograms illustrating the enzymic hydrolysis of TTP.
Crude membranes are precipitated immediately after addition of TTP (Fig. 4A).
The slight contamination of TTP by TDP is inevitable, owing to spontancous
non-enzymic degradation of TTP. After incubation for 10 min (Fig. 4B), the
proportion of TTP has decreased by c¢a. 10% and the peak corresponding to TDP
has increased by the same amount. We can notice that, under these conditions
(1.5 mM MgCl, and 1.5 mM EGTA), no TMP is formed.

Another advantage of HPLC methods in this kind of application is their sensi-
tivity compared with inorganic phosphate determination. The latter method does
not permit the use of substrate concentrations significantly below 0.1 mA (ATP
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Fig. 4. Cliromatograms denonstrating the hydrolysis of TP by ‘I 1 Pase. Incubation of membranes rom
the electrical organ was carried out as described in Experimental, in the presence of [0 M TTP in a total
volume of 100 pl. Crude membranes were precipitated by addition of 500 ut of trichlorvacctic acid (6%)
immediaicly aflter addition of TTP (A) or afler 10 min incubation at 25°C {B)., Chromatographic analysis is
as described after derivatization of thiamine compounds into thiochromes. Peaks: | = TTP; 2 — TDP.

for example), whereas with our HPLC method nanomolar concentrations of TTP
or TDP can be detected [20]. 1t is thus possible to work with substrate concentra-
tions as low as 107 °-10"7 M. This high sensitivity allows us to screen the enzyme
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Fig. 5. Lineweaver—Burk plots of TTPase activity at substrate concentrations ranging from 0.8 to [6 M.
Incubation was carried out at 25°C (15 min) in the presence of MgCl, (3 mAf). Protein concentration was 3
mg/mi. The solid line is computer-drawn from a model involving two active sites (& and §) with Michaelis—
Menten behaviour (K (x) — 0.5 pM, V(@) = 1 pmol/mg/min; K\ (f) = 1.8 mAf and V_ (5} = 5.9
nmol/mg/min). Bach point represents the mean for nine to twelve independent determinations. (Repro-
duced with permission from ref. 27.}
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TABLL I
EFFECT OF SODIUM NITRATE ON THE KINETIC PARAMETERS OF TTPase

Purified membranes from the slectrical organ were prepared by two successive sucrose gradient steps, as
decribed by Bellendorff er al. 122] (after Bettendorfl ef al. [27]).

Sample K, pHl V.

M max

(mM) optimum (nmeol/mg/min}
Control 0.24 50 4.7
Added NaNO, (250 mafy 1.1 738 114

activity in the micromolar substrate concentration range (Fig. 3), which can lead
to interesting obscrvations. We can see that non-linear Lineweaver—Burk plots
are obtained, which could indicate the existence of a high-affinity binding site for
T'TP. This hypothesis would be in agreement with our finding of a high affinity
binding site (Kp = 0.5 uM) for TTP in the electrical organ [27].

Various neurotropic compounds were tested for TTPase activily but without
significant effects [7]. The effects of ions, especially anions, proved to be morc
promising (Table I1). Nitate (250 mM) increases the pH oplimum, Ky and V..
(thc third by 24-fold). Furthermore, TTPase is irreversibly inhibited by 4,4'-di-
isothiocyanostilbene-2,2'-disulphonic acid (D1DS), and anions are known to pro-
tect against inhibition by this compound [22]. On the whole, these results suggest
the presence of an anion-binding site on this enzyme, and we propose that
TTPase and thus TTP could play a role in the regulation of anion permeability in
excitable membranes.

In order to check this possibility, we tested the effects of thiamine compounds
on chloride uptake in membrane vesicles (P2 fraction) from rat brain. Fig. 6
shows that TTP (1 mA) and pyrithiamine (0.1 mM), a thiamine anti-metabolite,
do indeed increase chloride uptake. The mechanism by which this increase is
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Fig. 6. Membranc vesicles were prepared and chloride uptake was measured as deseribed in Experimental.
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TABLE III
SYNTHESIS OF TTP AND TDP IN RAT BRAIN HOMOGENATES

Rat brain homogenates were prepared in incubation buffer as described in Experimental and separated
into two aliquots. Thiamine (1 mM) was added to both aliguots, but ATP (2 mM) was present only in the
second. The samples were then incubated for 15 min at 37°C, and thiamine phosphate ester content was
measured by our HPLC method. Results are expressed as the mean + S.D. for three independent experi-
ments. The significance of the difterences was tested by Student’s r-test (p < 0.05)*

Sample TTP TDP TMP
(mmol/ml) {nmol/ml) (nmol/ml)

Control 0016 £ 0003 2.0+ 0.1 040 £ 0.05

Added ATP (2 mM) 0.021 £ 0.002* 24 + 0.1* (0.34 £ 0.03

mediated is, however, not yet known. Oxythiamine (1 mAM), another thiamine
anti-metabolite, decreases chloride uptake [18].

The high concentrations needed to obtain these cffects suggest the involvement
of either permeability barriers or a chemical reaction [18]. Fox and Duppel [16]
previously suggested that the site of action of thiamine compounds is located at
the internal surface of the membranes.

Another interesting point that we wanted to investigate concerns the synthesis
of TTP. A rat brain was homogenized in a saline containing NaCl (145 mA), KCl
(5 mAM}, MgCl, (2 mM), CaCl; (2 mM) and HEPES-Tris buffer (10 mAZ, pH 7.5)
and incubated for 10 min at 37°C in the presence of thiamine (1 mM) in the
presence or the absence of ATP (2 mAf). Table 1II shows that both TTP and TDP
levels are increased after incubation in the presence of ATP. TMP levels are not
significantly increased.

DISCUSSION

The role of thiamine in the nervous system is an enigma. A specific role,
independent of its coenzyme function, has long been suspected, but clear evidence
is lacking, Thiamine deficiency induces specific nervous symptoms, and electrical
stimulation of nerves results in a dephosphorylation of TTP and TDP. Therefore
the discovery of a TTPase whose activity is closely anion-regulated could provide
an important clue for improving our knowledge on this subject.

A soluble [28] and a membranc-associated [29,30] TTPase have been detected
in rat brain. No soluble enzyme was found in the electrical organ, and the mem-
brane-associated enzyme we describe in this tissue could be equivalent to the
membrane-associated enzyme in rat brain. No data about the effects of anions
characteristic of our TTPasc are, however, available for the rat brain enzyme.

Chloride uptake measurements confirmed our hypothesis that TTP could be
involved in the regulation of chloride permeability. The relationship between
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TTPase and TTP-mediated chloride uptake, however, remains unknown. Nitrate
induces a 24-fold increase in the V.., of this enzyme at pH 7.8, but is inhibitory at
acidic pH [22,27]. DIDS, an inhibitor of anien ¢xchange in red blood cell mem-
branes, inactivates TTPase, and anions protect against this inactivation [22]. Hy-
drophebic anions, such as 2,4-dinitrophenolate and tetraphenylboron, inhibit
this enzyme [22]. It can be solubilized in a stable form using non-ionic detergents.
Sodium dodecylsulphate or desoxycholate proved to be denaturing, whereas cat-
lonic detergents were not [31]. Thus anions secem to play a major role in the
regulation of this enzyme, and different observations suggest the existence of an
anion-binding site.

The metabolism of TTP is complex. Regulatory mechanisms scem to exist, and
they oppose to any change in TTP concentration in vivo. For instance, in symp-
tomatic thiamine deficiency. a decrease in rat brain levels of thiamine, TMP and
TDP is abserved but not of TTP [32]. Similar observations were made in lambs
[33] where only thiamine, TMP and TDP levels decreased even before the onset ol
ncurological symptoms. On the other hand, we have shown that massive adminis-
tration of thiamine (50 mg/kg intraperitoneally, daily for fourteen days) does lead
to an increase in thiamine, TMP and TDP brain levels but not in thosc of TTP
[34].

Similar observations are made in in vitro experiments. Thus, in contrast to
ATP for instance, no rapid decrcase in TTP is observed after withdrawal [10] or
homogenization of rat brains [35]. It thus seems to be a rather stable compound.
These observations are in agreement with our (indings on TTPase in the electrical
organ. The specific activity of this enzyme is ca. 100 times smaller than that of
(Na', K ")ATPase in crude electrical organ membranes. This could mean either
that TTPase has a very low turnover or clse that it is an extremely rare enzyme
(Bettendorff, unpublished results). Under some conditions, however (i.e. in the
presence of nitrate), enzyme activily can be strongly enhanced. It is thus possible
that TTPase is essentially latent, and full activation only occurs under particular
conditions.

This resistance of TTP levels to variations is in apparent contradiction with
results from several groups who have shown that the pool of TTP has a higher
turnover than the other thiamine derivatives [36, 37], and suggest the existence of
powerful regulatory mechanisms. Probably only an extreme stress situation leads
to a perturbation of the steady statc existing between hydrolysis and synthesis of
TTP. For instance, we have shown that intense intermittent light stimulation
induces a decrease in TTP levels in the occipital region (visual cortex) of the
baboon Papio papio [10]. The only case in which a selective decrease in TTP in
human brain has been reported is subacute necrotizing encephalomyelopathy
[38], a degenerative disease of childhood that is generally lethal. Post-mortem
analysis revealed in the body fluids of these patients a factor inhibiting TDP:ATP
phosphoryltransferase. This result supports the idea of a predominant role for
TTP in the nervous system.
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On the other hand, an increase in TTP levels is also difficult to achieve. From
Table I1I we can calculate that the increase in TTP after incubation of rat brain
homogenates with thiamine (1 mAM) and ATP (2 mAM) corresponds to only ¢ca. 5 -
10~*% of added thiamine. The yield is thus very low. Two enzymes could be
successively involved in the synthesis of TTP {rom thiamine:thiamine pyrophos-
phokinase (thiamine + ATP < TDP + AMP) and TDP:ATP phosphoryltrans-
ferase (TDP + ATP & TTP + ADP). Such a scheme would be compatible with
our results shown 1n Table 111, because we observed an increasc in TTP and TDP
but not in TMP levels. The existence of the first enzyme has been wel documented
in ral brain and rat liver [39—41], but the synthesis of TTP from TDP remains
controversial [42—45]. Recently Shikata e¢r a/. [46] have shown that adenylate
kinase may catalyse the synthesis of TTP from TDP in vitro. That this enzyme is
responsible for TTP synthesis in vivo has not yet been proven.

In this respect, HPLC methods should prove very helpful. It has been suggest-
ed that electrophoretic and low-pressure liquid chromatographic methods could
be responsible for artifacts in TTP determination and thus causc overcstimates of
TTP concentrations [43, 47]. Indeed, it would seem that, for instance, in the case
of rat brain, HPLC methods systematically give a TTP content lower than 0.1
nmol/g wet weight or less than 1% of total thiamine [1,5-8,10]. Determinations
by conventional analytical techniques [35,48,49], however. give a TTP content
five to ten times higher, or closer to 5% of total thiamine, as alrcady pointed out
by Kawasaki and Sanemori [1]. Variations observed with different methods could
explain discrepancies in results from one group to another, especially where en-
zymic TTP synthesis is concerned. At present, HPLC methods are the most pow-
erful for studying thiamine metabolism and they should supersede conventional
techniques.
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