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Uptake of 35S-hydroxyethylthiazole (4-methyl-5-hydroxyethylthiazole) by
Escherichia coli intact cells was studied. Hydroxyethylthiazole was taken up in
the presence and absence of glucose at the same rate. The uptake was almost
proportional to a hydroxyethylthiazole concentration gradient up to 0.1 mM with
no tendency of saturation, and reached a steady state within 2 min. When the
cells were treated with 1 mM N-ethylmaleimide, about 50% inhibition of
hydroxyethylthiazole uptake was observed. Hydroxyethylthiazole uptake was
stimulated by the addition of hydroxymethylpyrimidine (2-methyl-4-amino-5-
hydroxymethylpyrimidine), and this effect was further enhanced in the presence
of glucose. For full activation of hydroxyethylthiazole uptake, 1 MM hydroxy-
methylpyrimidine was necessary in the presence of glucose. The rate of hydroxy-
ethylthiazole uptake was almost linear up to 60 min in the presence of
hydroxymethylpyrimidine and glucose. Hydroxymethylpyrimidine monophos-
phate and its pyrophosphate could not stimulate the uptake. Thiamine and
2-amino-hydroxyethylthiazole were inhibitory on hydroxyethylthiazole uptake in
the presence of hydroxymethylpyrimidine and glucose. N-ethylmaleimide and
2, 4-dinitrophenol were also inhibitory. No stimulatory effect of hydroxymethyl-
pyrimidine on hydroxyethylthiazole uptake was observed in mutant cells lacking
either thiaminephosphate pyrophosphorylase or hydroxymethylpyrimidine mon-
ophosphate kinase. The possibility of direct participation of thiamine-synthesiz-
ing enzymes in hydroxyethylthiazole uptake was discussed.

The pathway of thiamine biosynthesis from
its thiazole and pyrimidine moieties in Esche-
richia coli is well understood (12). The uptake of
thiamine in E. coli was recently found to
proceed by active transport (5, 9, 14), and
regulation of thiamine uptake was found to be
involved in repression and derepression of the
carrier synthesis (4). The uptake of each moiety
of thiamine and its regulation have not been
studied in detail. It has been reported, based on
the experiments with nonlabeled compounds
(3), that a mutant of E. coli W resistant to
2-amino-hydroxyethylthiazole, an antimetabo-
lite of hydroxyethylthiazole (4-methyl-5-
hydroxyethylthiazole), lacks the ability to take
up hydroxyethylthiazole and the antimetabolite
as well from the medium, suggesting a possible
carrier-mediated uptake of hydroxyethyl-
thiazole in E. coli.

Present address: Department of Microbiology, Hiroshima
University School of Dentistry, Hiroshima, Japan.

This paper describes some general properties
of the hydroxyethylthiazole uptake system of E.
coli and presents evidence for direct participa-
tion of the thiamine-synthesizing enzyme sys-
tem in the regulation of hydroxyethylthiazole
uptake.

MATERIALS AND METHODS
Materials. 3"S-Hydroxyethylthiazole was prepared

and purified from 35S-thiamine (Radiochemical Cen-
ter, England) by the method of Williams et al. (15).
Hydroxymethylpyrimidine (2-methyl-4-amino-5-
hydroxymethylpyrimidine), hydroxyethylthiazole,
and 2-amino-hydroxyethylthiazole were kind gifts
from S. Yurugi, Takeda Pharmaceutical Industries,
Ltd., Osaka. Hydroxymethylpyrimidine was con-
verted to its phosphate and pyrophosphate by the
method previously described (13). All other chemicals
used were of analytical grade.

Cultivation of E. col. E. coli K-12 cells were
cultured in a minimal medium (2) containing 0.2%
glucose. The other two mutants of E. coli auxotrophic
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for thiamine were grown in minimal medium supple-
mented with 0.01 MM thiamine; KG1673 (7) is a
mutant of E. coli K-12 deficient in thiamine phos-
phate pyrophosphorylase (EC 2.5.1.3), and W70-23
(12) is a mutant of E. coli W lacking hydroxymethyl-
pyrimidine monophosphate kinase (EC 2.7.4.7).

Assay of 35S-hydroxyethylthiazole uptake. E.
coli cells were cultured at 37 C apd were harvested at
absorbancy of 0.35 at 560 nm. Harvested cells were
washed once with minimal medium and suspended in
the medium to a final absorbancy of 0.35 at 560 nm.
Five milliliters of the prepared cell suspension was
preincubated for 5 min at 37 C in the presence of 100
Mg of chloramphenicol per ml and 0.4% glucose unless
otherwise stated. The uptake was initiated by the
addition of 50 Mliters of 0.1 mM 95S-hydroxyethyl-
thiazole (72 mCi/mM), and the incubation at 37 C
was continued with constant shaking. At appropriate
intervals, the cells in 0.5 ml were quantitatively fil-
tered on a membrane filter (type HA, 0.45 um pore
size; Millipore Corp.), followed by one wash with 10
ml of minimal medium. The filters, removed immedi-
ately from suction apparatus, were dried, put into
counting vials containing 10 ml of Bray solution (1),
and counted in a Packard Tri-Carb scintillation
counter model 3320. The rate of "S-hydroxyethyl-
thiazole uptake was expressed as micromoles of 35S-
hydroxyethylthiazole taken up per gram dry weight
unless otherwise stated.

Chromatographic analysis. The fate of 35S-
hydroxyethylthiazole after uptake by E. coli cells was
studied by paper chromatography analysis. After
exposing the cells to 35S-hydroxyethylthiazole as de-
scribed above, five samples (ten samples in the
absence of hydroxymethylpyrimidine) of a 1-ml reac-
tion mixture were independently collected on mem-
brane filters (Millipore Corp.) at indicated periods,
followed by one wash with 10 ml of minimal medium,
and the filters from the same reaction period were
combined in 10 ml of 0.01 M sodium acetate buffer,
pH 4.5. The cell suspensions in the buffer were heated
for 15 min at 85 C and were then centrifuged for 15
min at 3,000 x g. The supernatant liquids were
evaporated independently by Taiyo concentrator
model TC-8 at 37 C and were each dissolved in 0.1 ml
of distilled water. Each 0.05 ml of the concentrated
samples was spotted on Toyo filter paper (no. 50, 1 by
20 cm) and developed by an ascending method in a
solvent system of isopropyl alcohol:0.5 M sodium
acetate buffer (pH 4.5): water, 65:15:20 (vol/vol/vol)
(13). After being developed at room temperature, the
paper was cut into 1-cm lengths, and each strip was
counted in 10 ml of Bray solution.

RESULTS
General properties of the 3S-hydroxy-

ethylthiazole uptake system of E. coli. The
time course of "S-hydroxyethylthiazole uptake
by intact cells of E. coli K-12 in the presence
and absence of 0.4% glucose is shown in Fig. 1.
The rate of uptake was almost equal regardless
of the presence of glucose, and the uptake pro-
ceeded for 2 min linearly and then reached a
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FIG. 1. Time course of 35S-hydroxyethylthiazole up-

take in the presence and absence of glucose and effect
of temperature. Cell suspensions prepared as de-
scribed in the text were incubated with I MM 35S-
hydroxyethylthiazole in the presence of 0.4% glucose
at 37 (0) and 0 C (x) or in the absence of glucose at
37 C (0), and the uptake was determined as de-
scribed in the text.

steady state. The rate of 35S-hydroxyethyl-
thiazole uptake at 0 C was approximately 35%
of that at 37 C.
The effect of 35S-hydroxyethylthiazole con-

centration on the rate of uptake is shown in Fig.
2. Uptake of 35S-hydroxyethylthiazole was al-
most proportional to the concentration up to 0.1
mM with no tendency towards saturation.
No significant difference in the rate of 35S-

hydroxyethylthiazole uptake was observed in
the range of pH 6.15 to 7.60 (data not shown).
The effect of N-ethylmaleimide on 35S-

hydroxyethylthiazole uptake is shown in Table
1. The uptake was inhibited about 55% when
the cells were treated with 1.0 mM N-ethyl-
maleimide for 5 min before the initiation of the
uptake, whereas 30% inhibition was observed
when the uptake was initiated with the simulta-
neous addition of N-ethylmaleimide and 35S-
hydroxyethylthiazole.
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10.0 the rate of uptake was almost linear up to 60
min under this condition. The addition of

3 5.0 hydroxymethylpyrimidine had no effect upon
A. * .uptake at 0 C. The effect of hydroxymethyl-

cm A pyrimidine concentration on 3"S-hydroxyethyl-
thiazole uptake is shown in 'Fig. 4. In the

I presence of 0.4% glucose, about 1 p&M hydroxy-
E 10methylpyrimidine was necessary for maximal1.01 activation of 3"S-hydroxyethylthiazole uptake
* I without practical stimulatory effect at 0.01 uM
c 0.5D hydroxymethylpyrimidine. The effect of hy-
CL droxymethylpyrimidine was observed immedi-
* ately after addition to the uptake mixture (Fig.
CoN 5).

2,4-Dinitrophenol and N-ethylmaleimide
. -.1._ *- _ . were both inhibitory on "S-hydroxyethyl-

thiazole uptake in the presence of hydroxy-
0.J5 methylpyrimidine and glucose (Table 2). Com-'040. plete inhibition was observed when the cells

0 2 4 6 8 10 12 X 10
Time (min)

FIG. 2. Effect of '5S-hydroxyethylthiazole concen-
trations on the rate of uptake. Samples of cell sus- E
pensions of E. coli K-12 were incubated with 1 (0), . 08
10 (E), and 100 jiM (A) hydroxyethylthiazole, respec-
tively, and the uptake was assayed as described in the
text.

TABLE 1. Effect of N-ethylmaleimide on
3"S-hydroxyethylthiazole uptake by E. coli K-12 cellra

Time of 1.0mM Inhibition of
N-ethylmaleimide control (%)

addition 30 s 5 min

Before preincubation ....... 45.7 57.8
After preincubation .22.8 29.8

a Cell suspensions were preincubated for 5 min with
or without 1.0 mM N-ethylmaleimide in the presence
of 0.4% glucose. Radioactivity taken up by the cells
was determined 30 s and 5 min after initiation of the
uptake reaction.

Effect of hydroxymethylpyrimidine on 35S-
hydroxyethylthiazole uptake. The effect of
hydroxymethylpyrimidine on 35S-hydroxyethyl-
thiazole uptake was studied, because these
moieties are known to be necessary for thiamine
biosynthesis in E. coli (12). The rate of 35S-
hydroxyethylthiazole uptake was remarkably
increased by the addition of 0.1 mM hydroxy-
methylpyrimidine (Fig. 3). The stimulatory
effect of hydroxymethylpyrimidine was further
enhanced in the presence of 0.4% glucose, and
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FIG. 3. Effect of hydroxymethylpyrimidine and glu-

cose on the rate of "iS-hydroxyethylthiazole uptake.
Cell suspensions of E. coli K-12 were preincubated
for 5 min with 0.1 mM hydroxymethylpyrimidine in
the presence (0) or absence (0) of 0.4% glucose, and
the uptake was followed by the addition of 1 uM $.S-
hydroxyethylthiazole at 37 C. As controls, glucose
alone was added to the uptake medium incubated at
37 C (x), and glucose plus 0.1 mM hydroxymethyl-
pyrimidine were incubated in the uptake medium at
OC(A).
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pyrimidine and glucose. It is apparent that
35S-hydroxyethylthiazole uptake is regulated

0.5 through synthetic reactions for thiamine and its
phosphates. To establish the role of this physio-

£/* logical regulation in E. coli, the effect of an
antimetabolite of hydroxyethylthiazole, 2-

\ 0.4 / /amino-hydroxyethylthiazole (3), and of thia-
mine was studied. 35S-Hydroxyethylthiazole

E uptake in the presence of hydroxymethyl-
_ // pyrimidine and glucose was inhibited by 2-
.0 0.3 - amino-hydroxyethylthiazole added after the
co uptake was started (Fig. 7). A complete inhibi-
CL // o tion of the uptake was brought about at a
* //concentration of 10 1M, suggesting the inhibi-

tion by the antimetabolite of hydroxyethyl-
*0 0.2 - thiazole kinase (3) and subsequently of thia-

mine biosynthesis. To confirm this result, thia-
P/ mine was added to the uptake reaction mixture

x l at 0.1 mM during the preincubation time. The
addition of thiamin-e resulted in 43.0% inhibi-

I___________-___ tion of the uptake in the presence of hydroxy-

0
0 10 20 30 00.5

Time (min) /o
FIG. 4. Effect of hydroxymethylpyrimidine con- m

centrations on "S-hydroxyethylthiazole uptake by
E. coli K-12 cells. Cell suspensions were preincu- . 0.4
bated with varying concentrations of hydroxymethyl- E
pyrimidine in the presence of 0.4% glucose for 5 min x
at 37 C. The uptake was initiated by adding 1 uM
5S-hydroxyethylthiazole and then determined as de-

scribed in the text. Hydroxymethylpyrimidine added , 0.3
was 1 nM (O), 10 nM (A), 0.1 uM (O), 1 IM (O), 10
AM (A), and 0.1 mM (0), respectively. The control -
(x) contained no hydroxymethylpyrimidine.

3 0.2 0
were treated with 1 mM N-ethylmaleimide for 5 X/
min before initiation of the uptake. *

Effect of hydroxymethylpyrimidine mono- ./
phosphate and pyrophosphate on 35S-hydrox- NI -
yethylthiazole uptake. Hydroxymethylpyrimi- I,x
dine is known to be metabolized to its phos- A -x
phate and pyrophosphate by different kinases
involved in thiamine biosynthesis (12). The 0
effect of these phosphates on 35S-hydroxyethyl- 0 10 20 30
thiazole uptake was therefore compared with
that of hydroxymethylpyrimidine. Hydroxy- Time (mm)
methylpyrimidine mono- and pyrophosphate at FIG. 5. Effect of timing of the addition of hydroxy-
1 AM were not effective on the uptake in the methylpyrimidine on 35S-hydroxyethylthiazole up-
presence of glucose (Fig. 6). The cell membrane take. Cell suspensions of E. coli K-12 prepared as
of E. coli is supposedly impermeable to hy- described above were preincubated with 0.4% glu-
droxymethylpyrimidine mono- and pyrophos- cose for 5 min at 37 C. At the times shown by arrows,
phate (10, 11). 10 uM hydroxymethylpyrimidine was added (O).phate(10, 11). Symbols: 0, uptake shown after preincubation with

Effect of 2-amino-hydroxyethylthiazole hydroxymethylpyrimidine; 0, uptake shown by
and thiamine on 35S-hydroxyethylthiazole simultaneous addition of hydroxymethylpyrimidine
uptake in the presence of hydroxymethyl- and 35S-hydroxyethylthiazole.
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TABLE 2. Effect of 2,4-dinitrophenol and
N-ethylmaleimide on 3"S-hydroxyethylthiazole

uptake in the presence of hydroxymethylpyrimidine
and glucosea

35S-hydroxy-
ethylthiazole InhibitionAddition (1.0 mM) uptake (pmol/g (%)

dry wt)

None ................ 0.122
2, 4-Dinitrophenol

Before preincubation 0.054 55.7
After preincubation ... 0.064 47.5

N-Ethylmaleimide
Before preincubation 0 100
After preincubation ... 0.052 57.3

a Uptake was assayed 10 min after incubation with
1 MM 35S-hydroxyethylthiazole in the presence of 10
AM hydroxymethylpyrimidine and 0.4% glucose. In-
hibitors indicated in the table were added to the
reaction medium before or after a 5-min preincuba-
tion. Radioactivity taken up by cells at 0 C was
subtracted.
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FIG. 7. Effect of thiamine and 2-amino-hydroxy-
ethylthiazole on 35S-hydroxyethylthiazole uptake in
the presence of hydroxymethylpyrimidine and glu-
cose. At the time indicated by the arrow, I WM (O),
10 gM (A) and 0.1 mM (U) 2-amino-hydroxyethyl-
thiazole were added, respectively, to the uptake me-
dium containing 10 WMhydroxymethylpyrimidine and
0.4% glucose (0). The control (x) contained no hy-
droxymethylpyrimidine or glucose.

1.3 methylpyrimidine and glucose but not in the
absence of these compounds (data not shown).

Effect of hydroxymethylpyrimidine on 35S-
hydroxyethylthiazole uptake by mutants of

12 * E. coli auxotrophic for thiamine. To further
establish the physiological relationship between

/ hydroxyethylthiazole uptake and thiamine bio-
synthesis, two mutants were used: KG 1673, a

01/ mutant of strain K-12 deficient in thiamine

. ./ . monophosphate pyrophosphorylase, and
gX-I-- # ~ ! W70-23, a mutant of strain W deficient in

hydroxymethylpyrimidine monophosphate ki-
m.se. 35S-Hydroxyethylthiazole uptake was not

"loM tlo 30 stimulated by the addition of hydroxymethyl-
Time (min) pyrimidine in both mutant cells (Fig. 8). These

6Efcomin ) results indicate that the condensation of hy-
.6 Effect of hydroxymethylpyrimidine phosu droxyethylthiazole monophosphate and hy-
on the rate of "S-hydroxyethylthiazole up- droxymethylpyrimidine pyrophosphate to form

E. coli K-12 cells were preincubated with 1 1'M thiamine monophosphate is necessary for the
ztrations of hydroxymethylpyrimidine (0) and timulation oS-hydroxyet hazole the
owophosphate (a) and pyrophosphate (A) n istimulation ofiS-hydroxyethylthiazole uptake

resence of 0.4% glucose, and uptake was initi- E coli.

y the addition of "S-hydroxyethylthiazole. Con- Intracellular form of "S-hydroxyethyl-
<) contained no hydroxymethylpyrimidine or its thiazole after uptake by E. coli cells. The
hates. fate of 'S-hydroxyehtylthiazole after the entry.
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FIG. 8. 36S-hydroxyethylthiazole uptake by E. coli

mutants in the presence and absence of hydroxy-
methylpyrimidine. Cell suspensions of each strain
were preincubated with 0.4% glucose in the presence
(solid marks) or absence (open marks) of 10 jM '5S-
hydroxyethylthiazole. Symbols: K-12,@*, 0; KG1673,
*, 0; W70-23, A, A.

into the cell in the presence and absence of hy-
droxymethylpyrimidine was followed by paper
chromatography analysis. Most of the radioac-
tivity was detected as free hydroxyethylthiazole,
and a small peak of radioactivity which corre-
sponded to hydroxyethylthiazole monophos-
phate was obtained in the absence of hydrox-
ymethylpyrimidine but in the presence of 0.4%
glucose (Fig. 9). In the presence of hydroxymeth-
ylpyrimidine and glucose, radioactivity corre-
sponding to the RF of thiamine pyrophosphate
on the paper increased with increase of incuba-
tion time, whereas the radioactivity at the spot
of free hydroxyethylthiazole remained constant.

DISCUSSION
The rate of 35S-hydroxyethylthiazole uptake

in E. coli was not dependent on the presence of
glucose and was almost proportional to the
hydroxyethylthiazole concentration gradient up
to 0.1 mM with no tendency towards saturation
(Fig. 1 and 2). Considering an apparent Km
value of 1 ,M for thiamine uptake (5), these

results suggest that the uptake of hydroxyethyl-
thiazole in E. coli is passive in its nature. This
assumption was supported by a constant rate of
the uptake at a range of pH 6.15 to 7.60 (data
not shown). Two different mechanisms of the
passive transport system are known: facilitated
diffusion, whereby a substrate molecule is equil-
ibrated across the cell membrane by a protein
carrier(s), and simple diffusion, whereby a sub-
strate molecule is physically diffused across the
cell membrane. The fact that 35S-hydroxyethyl-
thiazole uptake was inhibited by N-ethylmalei-
mide indicates that this solute was equilibrated
across the cell membrane mediated by a protein
carrier(s). From the study of thiamine synthesis
from hydroxyethylthiazole and hydroxymethyl-
pyrimidine by cell suspensions of 2-amino-
hydroxyethylthiazole-resistant mutants, it has
been suggested (3) that hydroxyethylthiazole
uptake by E. coli cells might involve facilitated
diffusion.

It has been reported (4-6) that thiamine
uptake by E. coli cells proceeds by a physiologi-
cal mechanism involving active transport and
that mutant cells auxotrophic for thiamine
monophosphate (KG 1675) can take up thia-
mine actively as free "4C-thiamine (8).

35S-Hydroxyethylthiazole uptake in E. coli
was remarkably stimulated by hydroxymethyl-
pyrimidine (Fig. 3), and this effect was further
enhanced in the presence of glucose. These
observations indicate that further metabolism of
hydroxyethylthiazole after its entry into the cell
is playing an important role in its uptake across
the cell membrane. In the presence of hydroxy-
methylpyrimidine and glucose, 35S-hydroxy-

o s 10

ORIGIN DISTANCE (cm) FRONT

FIG. 9. Intracellular forms of 35S-hydroxyethylthia-
zole taken up by E. coli K-12 in the presence or ab-
sence of hydroxymethylpyrimidine. The uptake me-
dium containing cell suspensions, 0.4% glucose, and
1 1sM 35S-hydroxyethylthiazole was incubated in the
absence of hydroxymethylpyrimidine for 5 min (@) or
in the presence of the same compound for 30 s (0),
2 min (A), and 20 min (0), respectively.
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ethylthiazole should be used for thiamine syn-
thesis as the thiazole moiety of thiamine with
hydroxymethylpyrimidine and, therefore, a
constant supply of hydroxyethylthiazole should
be necessary. The presence of intracellular
forms of 35S-hydroxyethylthiazole after entry
into the cells in the presence and absence of
hydroxymethylpyrimidine also supports this as-
gumption: accumulation of 35S-thiamine pyro-
phosphate was increased with increase of incu-
bation time in the concomitant presence of
hydroxymethylpyrimidine and glucose (Fig. 9).
To establish the physiological participation of

the enzymes involved in thiamine synthesis in
the hydroxyethylthiazole uptake system, two
kinds of mutants auxotrophic for thiamine have
been used. A mutant of E. coli K-12 (KG 1673),
which is deficient in thiaminephosphate pyro-
phosphorylase, took up 35S-hydroxyethyl-
thiazole at the same rate in the presence and
absence of hydroxymethylpyrimidine. The
other, a mutant of E. coli W (70-23) lacking
hydroxymethylpyrimidine monophosphate ki-
nase, showed, in addition, no stimulatory effect
of hydroxymethylpyrimidine on 35S-hydroxy-
ethylthiazole uptake. Thus, the stimulatory ef-
fect of hydroxymethylpyrimidine on hydroxy-
ethylthiazole uptake is due to the stimulation of
thiamine biosynthesis from hydroxyethyl-
thiazole and hydroxymethylpyrimidine.
The rate of 35S-hydroxyethylthiazole uptake

in the presence of hydroxymethylpyrimidine
was remarkably increased by the addition of
glucose, whereas glucose had no effect on the
uptake rate in the absence of hydroxymethyl-
pyrimidine. This stimulatory effect of glucose
was decreased by the addition of 2,4-dinitro-
phenol. These results suggest that energy sup-
plied from glucose is necessary for thiamine
synthesis from hydroxyethylthiazole and hy-
droxymethylpyrimidine, and not for passage of
hydroxyethylthiazole across the cell membrane.
On the other hand, the inhibitory effect of
N-ethylmaleimide on the uptake is supposed to
be both on a carrier protein(s) and on the
enzymes for thiamine synthesis.
From the results described above, the rate of

hydroxyethylthiazole uptake is regulated by the
enzymes which catalyze thiamine biosynthesis
in E. coli. Inhibition of the uptake by thiamine
or 2-amino-hydroxyethylthiazole also supports
this possibility. This regulatory mechanism
seems to be necessary and sufficient for living
cells, because hydroxyethylthiazole is consid-
ered to be merely equilibrated across the cell

membrane by a protein carrier(s) consuming no
metabolic energy. Further studies are needed on
the uptake of labeled hydroxymethylpyrimidine
by E. coli to determine whether this uptake is
regulated by the addition of hydroxyethyl-
thiazole.
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