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may imply that some coenzymes are more sensitive to de-
struction or that they are more important for cell metabo-
lism. .
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Occurrence of thiaminase Il in Saccharomyces cerevisiae'
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Summary. It was found that cell-free extracts of Saccharomyces cerevisiae contain thiaminase II which hydrolyzes thiamine
and thiamine analogs. The possible involvement of this enzyme and thiamine-synthesizing enzymes in thiamine production

from thiamine antagonists is discussed.

Key words. Thiaminase; thiamine; thiamine antagonist; Saccharomyces cerevisiae.

Saccharomyces cerevisiae can grow in the presence of two
thiamine antagonists, pyrithiamine and oxythiamine, al-
though its growth is inhibited by each antagonist alone?. This
phenomenon was explained as being due to thiamine produc-
tion from pyrithiamine and oxythiamine, which was demon-
strated using cell suspensions and a crude extract of S. cerevi-
siae®. However, the precise enzymatic mechanism of thia-
mine synthesis from these two thiamine antagonists in yeast
cells remained to be established, although 2-methyl-4-amino-
5-hydroxymethylpyrimidine(hydroxymethylpyrimidine),
the pyrimidine moiety of pyrithiamine, and 4-methyl-5-f-hy-
droxyethylthiazole (hydroxyethylthiazole), the thiazole
moiety of oxythiamine, are supposed to be precursors for
thiamine synthesis.

We report in this communication that cell-free extracts of S.
cerevisiae contain an enzyme hydrolyzing thiamine antago-
nists as well as thiamine, which gives the first evidence for the
existence of thiaminase IT (EC 3.5.99.2) in S. cerevisiae. Al-
though thiaminase II has been reported from various bacte-
ria®, its physiological function is unknown. We also describe
here that a recently isolated yeast mutant® deficient in hydroxy-
ethylthiazole kinase (EC 2.7.1.50) cannot grow with pyrithi-
amine and oxythiamine, which suggests that, in addition to
thiaminase II, other enzymes are involved in the reversal of
pyrithiamine-induced growth inhibition of S. cerevisiae by
oxythiamine.

S. cerevisiae was grown in 10 | of thiamine-free Wickerham’s
synthetic medium? for 15 h at 30 °C with shaking, harvested,
and washed once with distilled water. The washed yeast cells
were suspended in 20 ml of 50 mM potassium phosphate
buffer (pH 7.5) containing 1 mM 2-mercaptoethanol and 1
mM EDTA, sonicated for 20 min at 10 ke, and then centrifuged
at 15,000 x g for 20 min. The supernatant solution was

treated with ¥, volume of 0.8% protamine sulfate solution,
and the suspension was centrifuged at 15,000 x g for 20 min.
The supernatant solution was then brought to 40% satura-
tion with solid ammonium sulfate. The precipitate formed
was removed by centrifugation at 15,000 X g for 20 min, and
the supernatant solution was brought to 80% saturation by
the addition of ammonium sulfate. The precipitate was col-
lected by centrifugation and dissolved in 10 ml of 50 mM
potassium phosphate buffer (pH 7.5) containing 1 mM 2-
mercaptoethanol and ImM EDTA. The solution was dia-
lyzed against the same buffer and it was used as enzyme
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Fig. 1. Time course of thiamine degradzmon by cell-free extracts of Sac-
charomyces cerevisine: @—@, complete; O——CO complete but boiled
enzyme.
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solution. The reaction mixture for the enzyme assay con-
tained 50 mM potassium phosphate buffer (pH 7.5), 2 uM
thiamine, | mM dithiothreitol and the enzyme solution (2.1
mg protein) in a total volume of 2 ml. After incubation for 30
min at 37 °C, the reaction was stopped by the addition of I ml
of 10% metaphosphoric acid. After centrifugation at
2600 x g for 15 min thiamine left in the supernatant was
determined by the thiochrome method®. As shown in the
figure 1, thiamine was decomposed time-dependently by cell-
free extracts prepared from S. cerevisiae. The reaction pro-
ceeded almost linearly for the initial 5 min. Optimal pH and
temperature for the reaction were 7.5 and 37°C, respectively
{data not shown).

Table 1 shows the enzyme reaction products formed from
thiamine and several thiamine analogs including thiamine
antagonists. The reaction mixture containing 50 mM potas-
sium phosphate buffer (pH 7.5), 2 pM thiamine or thiamine
analog, I mM dithiothreitol and the enzyme solution (2.1 mg
protein) in a total volume of 2 ml was incubated for 1 h at
37°C. The reaction was stopped by heating at 85°C for 15
min after adjusting the pH of the mixture to 4.5. The super-
natant obtained by centrifugation at 2600 x g for 15 min was
lyophilized and dissolved in 0.1 ml of distilled water. 5 ul of
the concentrated sample was spotted .on a Toyo filter paper
strip (No. 50, 2 cm x 40 cm), and developed by ascending
chromatography in a solvent system containing isopropyl
alcohol-0.5 M sodium acetate buffer (pH 4.5)-water
(65:15:20, by vol). Hydroxymethylpyrimidine (Rf: 0.75) and
hydroxyethylthiazole (Rf. 0.96) on the paper were detected
by bioautography using Escherichia coli 70-17 and 26-43,
which require the pyrimidine and thiazole moiety of thiamine
for growth, respectively.

Thiamine analogs wused were 3-2'-methyl-4’-amino-
pyrimidyl-(5")-methyl-4,5-dimethylthiazolium chloride hy-
drochloride (dimethialium), pyrithiamine hydrobromide,
oxythiamine hydrochloride and 3—4'-aminopyrimidyl-(5)-
methyl-4-methyl-5-hydroxyethylthiazolium chloride hydro-
chloride (2-northiamine). Both hydroxymethylpyrimidine
and hydroxyethylthiazole were identified as reaction prod-
ucts when thiamine was used as a substrate. Hydroxymethyl-
pyrimidine was also formed from dimethialium and pyrithia-
mine which are thiamine analogs modified at the thiazole
portion of thiamine. On the other hand, hydroxyethylthia-
zole was detected as a reaction product from oxythiamine
and 2-nporthiamine which are modified at the pyrimidine
portion of thiamine. 2-Northiamine was degraded to
hydroxyethylthiazole and a compound stimulatory to E. coli
70-17 with a R, value of 0.69 which is smaller than that of
hydroxymethylpyrimidine. This product was proved to be
4-amino-S-hydroxymethylpyrimidine(2-norhydroxymethyl-
pyrimidine) which is known to support the growth of E. coli
70-177, since its R value coincided with that of authentic
2-norhydroxymethylpyrimidine and the two compounds
were inseparable when co-chromatographed.

These results clearly show that the enzymatic degradation of
thiamine and thiamine analogs is catalyzed by thiaminase IT
present in the cytosol of Saccharomyces cerevisiae. Table 2
shows the substrate specificity of yeast thiaminase II. The
enzyme activity was determined as described above, except
for the reaction time, which was 5 min. Dimethialium, 2-nor-
thiamine and a-hydroxyethylthiamine as well as thiamine
were determined by the thiochrome method. It was found
that dimethialium is a better substrate than thiamine, where
as 2-northiamine was degraded more slowly. a-Hydroxy-
ethylthiamine was hardly hydrolyzed by yeast thiaminase I1.
Table 3 shows the effect of thiamine or dimethialium added
to the growth medium on thiaminase II activity. Yeast cells
were grown in 500 ml of Wickerham'’s synthetic medium with
or without I uM thiamine or dimethialium. Preloading of
yeast cells with thiamine or dimethialium was done by addi-

Experientia 43 (1987), Birkhduser Verlag, CH-4010 Basel/Switzerland 889

tion of thiamine or dimethialium at a final concentration of 1
pM into the culture grown without thiamine at 30 min before
the end of cultivation. After cultivation for 15 h at 30 °C by
shaking, yeast cells were harvested, washed once with dis-
tilled water, and then sonicated as described above. The su-
pernatant obtained by centrifugation of the sonic extract was
used as enzyme solution after dialysis against 50 mM potas-
sium phosphate buffer (pH 7.5) containing 1 mM 2-mercap-
toethanol and ! mM EDTA. It appeared to be interesting
that thiaminase Il activity in the crude extract from S. cerevi-
siae grown in the presence of 1 uM thiamine was decreased to
approximately 13% of that of control cells. However, the
enzyme activity was not affected by 1 pM dimethialium
added to the growth medium. Furthermore, thiaminase II
activity in the extract of yeast cells preloaded with thiamine
or dimethialium after cell growth was about the same as that
of control cells. These results suggest that a decrease in thia-
minase II activity caused by exogenous thiamine cannot be
due to the inactivation of the enzyme by thiamine or other
thiaminase substrates, as previously described for bacterial

Table 1. Degradation products of thiamine and thiamine analogs by
cell-free extracts of Saccharomyces cerevisiae

Substrate Product

Thiamine
Dimethialium
Pyrithiamine
Oxythiamine
2-Northiamine

Hydroxymethylpyrimidine, hydroxyethylthiazole
Hydroxymethylpyrimidine

Hydroxymethylpyrimidine

Hydroxyethylthiazole

2-Norhydroxymethylpyrimidine, hydroxyethylthiazole

Table 2. Activity of thiaminase 1I against thiamine and thiamine analogs
Substrate

Thiaminase IT activity (pmol/mg/min)

Thiamine 144.8
Dimethialium 175.2
2-Northiamine 76.0
a-Hydroxyethylthiamine 7.6

The enzyme activity is expressed as the amount of thiamine or thiamine
analog degraded per mg of protein per min. The enzyme boiled for 10 min
was used for the blank experiment. Values are means from 2 experiments.

Table 3. Effect of thiamine or dimethialium added to the growth medium
on thiaminase I activity

Cells Thiaminase IT activity
(pmol/mg/min)

Grown without thiamine or dimethialium 121.8

Grown with thiamine (1 pM) 16.0

Grown with dimethialium (1 pM) 126.0

Preloaded with thiamine (1 pM) 1252

Preloaded with dimethialium (1 pM) 128.4

Values are means from 2 experiments.

Table 4. Effect of pyrithiamine and oxythiamine on the growth of Saccha-
romyces cerevisiae and a hydroxyethylthiazole kinase deficient mutant of
S. cerevisiae

Addition Growth (optical density at 560 nm)
S. cerevisiae Hydroxyethyl-
thiazole kinase
deficient mutant
None 0.480 0.450
Pyrithiamine (1 uM) 0.030 0.015
Oxythiamine (10 yuM) 0.050 0.045
Pyrithiamine (1 M) plus 0.470 0.015

oxythiamine (10 uM)

Values are means from 2 experiments.
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thiaminase I*°. In addition, since the decrease in the enzyme
activity was not observed when hydroxymethylpyrimidine or
hydroxyethylthiazole was added to the growth medium (data
not shown), it was presumed that thiamine or thiamine
pyrosphosphate accumulated in cells acts as a corepressor to
repress thiaminase II synthesis in .S. cerevisiae.

Table 4 shows the effect of pyrithiamine and oxythiamine on
the growth of S. cerevisiae and a hydroxyethylthiazole kinase
deficient mutant of S. cerevisiae*. 5 ml of thiamine-free
Wickerham’s synthetic medium with or without thiamine
antagonist was inoculated with a washed cell suspension of
S. cerevisiae or its mutant equivalent to 0.016 mg (dry
weight) and incubated at 30°C without shaking. Growth
after 18 h was then measured turbidimetrically at 560 nm. It
was found that the reversal of pyrithiamine-induced growth
inhibition of S. cerevisiae by oxythiamine was impaired in a
hydroxyethylthiazole kinase deficient mutant of Saccharo-
myces cerevisiae. The results show that in S. cerevisiae en-
zymes synthesizing thiamine from hydroxymethylpyrimidine
and hydroxyethylthiazole® are essentially involved, in addi-
tion to thiaminase II in the production of thiamine from
pyrithiamine and oxythiamine, resulting in the relief of
growth inhibition by these two thiamine antagonists.

In conclusion, it was demonstrated that Saccharomyces cere-
visiae contains thiaminase II together with thiamine-synthe-

Short Communications

sizing enzymes. It is well known that yeast not only synthe-
sizes thiamine de novo but takes up and accumulates thia-
mine from the medium. The possible role of thiaminase 11 in
the regulation of thiamine metabolism in S. cerevisiae re-
mains to be clarified.
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Synthesis of an analog of human calcitonin gene related peptide, [Asu>’]-h-CGRP
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Summary. The analog of h-CGRP, des-Ala-deamino-dicarba-h-CGRP, was synthesized by the combination of the conven-
tional solution and the solid phase peptide synthesis methods. This analog showed stronger and longer-lasting hypocalcemic

and hypophosphatemic activities than the natural hormone.

Key words. h-CGRP analog; synthesis; Ca and Pi lowering effects.

Calcitonin Gene Related Peptide (CGRP) was identified in
1983 as an alternative gene product of the calcitonin gene in
the rat by Rosenfeld et al.!. In man, complementary DNA
encoding the precursor of CGRP was recognized by Steen-
bergh et al.? in messenger RNA extracted from medullary
thyroid carcinoma. The amino acid sequence of human
CGRP was also derived from medullary thyroid carcinoma
extracts®. Subsequently, additional CGRP genes were identi-
fied in rat and man by Rosenfeld et al.* and Steenbergh et
al.’, respectively. The peptides all consist of 37 amino acids
with disulfide bridges between Cys 2% and Cys 7, and their
remaining amino acid sequences are highly homologous.
Several biological effects of CGRP have been reported in-
cluding hypocalcemia and hypophosphatemia’, hypoten-
sion, an increase of heart rate® and inhibition of gastric acid
secretion’.

Tippins et al.'" have reported that destruction of the disulfide
bridge at the amino-terminus abolished biological activity,
but the modification of the middle and carboxyl-terminal
regions of this hormone (such as acylation of Lys 24 or Lys
35 and substitution of Val 22 and Asn 25 with Met and Ser,
respectively) did not alter the biological activity. Therefore,
the amino-terminal portion, especially the S-S linkage of the
peptide, appears to be important for biological activity.

The present paper deals with the synthesis of an analog in
which the amino-terminal amino acid(Ala) and the amino

group of Cys 2, and the S-S bond of the natural peptide were
replaced by a hydrogen atom and by an ethylene linkage,
respectively (fig. 1).

Recently, solid phase peptide synthesis has made it possible
to synthesize peptides of 30 to 40 amino acids very rapidly.
However, a peptide which contains a fragment linked with
ethylene instead of the S-S bond is much more troublesome
to synthesize by this method. Therefore, the synthesis of the
analog was carried out using a conventional solution method
for the preparation of amino-terminal fragment [1], which
corresponded to the sequence (2-8) of the natural hormone.
Fragment [1] was coupled to the solid phase carboxyl-ter-
minal linear fragment (9-37)-resin. All the functional groups
in the amino acid residues were protected by groups which
are used commonly in solid phase synthesis. Fragment [1]
was synthesized as shown in figure 2. Each fragment was
purified by the conventional procedures, and applied to the
next step after confirming the homogeneity by thin layer
chromatography and by amino acid analysis. Compound [5]
was converted to the p-nitrophenyl ester at the w-position of
the Asu residue with p-nitrophenyl trifluoroacetate!’. After
removal of the amino protecting group (Boc), [4] was treated
with pyridine at 50°C under high dilution condition (1 m
mol/l}. The crude cyclized product {3] was treated with anhy-
drous HF at 0°Cfor 1 h in the presence of anisole, followed
by column chromatography on CHP-20P (Mitsubishi Chem-



