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ABSTRACT Reductions in the levels and activities of enzymes that utilize thiamine diphosphate (ThDP) as a
cofactor are thought to be responsible for the tissue damage suffered during thiamine deficiency. Although loss
of cofactor can account in part for loss of enzyme activity, thiamine and its phosphorylated derivatives may also
regulate the expression of the genes encoding these proteins. To examine this possibility, steady-state mRNA
levels for three ThDP-dependent enzymes were measured in human fibroblasts, lymphoblasts and neuroblastoma
cells cultured under conditions of thiamine sufficiency and deficiency. In all three cell types, the mRNA levels of
transketolase and the E1b subunit of pyruvate dehydrogenase complex were lower in thiamine-deficient cultures.
In contrast, mRNA levels for a ThDP-binding subunit of a-ketoglutarate dehydrogenase, the E1 subunit did not
differ. These results indicate that thiamine or a thiamine metabolite regulates the expression in humans of some,
but not all, genes encoding ThDP-utilizing enzymes. J. Nutr. 128: 683–687, 1998.
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Thiamine is a water-soluble, B-complex vitamin; when thi- quences in humans when thiamine is limiting; thiamine defi-
amine is phosphorylated to thiamine diphosphate (ThDP),4 it ciency is the cause of diseases such as beriberi and the Wer-
functions as a cofactor for enzymes that catalyze a-keto acid nicke-Korsakoff syndrome. Reductions in the activities of one
decarboxylation or formation and cleavage of a-hydroxy keto- or more of the ThDP-dependent enzymes, transketolase, a-
ses (Voet and Voet 1990). In microbes, thiamine is involved ketoglutarate dehydrogenase (a-KGDH) and pyruvate dehy-
in the regulation of the expression of the genes required for drogenase (PDH), are thought to be responsible for the tissue
its own synthesis and import (Cary and Bhatnagar 1995, damage and impaired cell function that accompany thiamine
Maundrell 1990, Nishimura et al. 1992a and 1992b, Praekelt deficiency (Butterworth 1989, Martin et al. 1993).
et al. 1994, Schweingruber et al. 1986, Webb et al. 1996). In We previously reported that in cultured human lympho-
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Salmonella blasts rendered thiamine deficient by pyrithiamine, a thiamine
typhimurium and Aspergillus parasiticus, the absence of thiamine antagonist, transketolase activity was reduced without a sub-
within the growth medium results in thiamine biosynthetic stantial accumulation of apo-enzyme (Pekovich et al. 1996).
genes being expressed, thereby allowing the vitamin to be Loss of transketolase protein was demonstrated to be due to a
synthesized and utilized during deficient conditions. When ex- decrease in its synthesis rate and not to an increase in the
ternal thiamine is present, however, the thiamine biosynthetic degradation rate. Thus thiamine may regulate the expression
genes are repressed and thiamine is imported from the sur- of genes that encode the enzymes that utilize ThDP. In this
rounding environment. paper, we examined a potential role of thiamine in gene regula-

Mammals and other complex eukaryotes do not have thia- tion by measuring the steady-state mRNA levels for transke-
mine biosynthetic genes and thus thiamine can be obtained tolase and the E1 subunit of a-KGDH and E1b subunit of
only from the environment. This can lead to severe conse- PDH, both of which are involved in binding ThDP, in three

different human cell types growing under conditions of thia-
mine sufficiency or deficiency generated by employing pyrithia-

1 Supported by Grant AA10433 from the National Institute on Alcohol Abuse mine or thiamine-deficient medium.
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in accordance with 18 USC section 1734 solely to indicate this fact. as described (Pekovich et al. 1996, Singleton et al. 1995). The neuro-

3 To whom correspondence should be addressed. blastoma cells were a SH-SY5Y cell line, a thrice cloned subline of4 Abbreviations used: a-KGDH, a-ketoglutarate dehydrogenase; PDH, pyr- SK-N-SH (Ross et al. 1983). Thiamine-responsive megablastic ane-uvate dehydrogenase; ThDP, thiamine diphosphate; RT-PCR, reverse tran-
mia (TRMA) patient P.M.R. has been described (Rindi et al. 1992scriptase–polymerase chain reaction; TDM, thiamine-deficient medium; TRMA,

thiamine-responsive megaloblastic anemia. and 1994, Poggi et al. 1989). Lymphoblasts were established from
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P.M.R. as described (Singleton et al. 1995). All cell types were grown as for transketolase activity, only at 307C. Only the initial portions
of the progress curves were used to determine activity because theat 377C in the presence of various concentrations of thiamine-HCl

(Sigma Chemical, St. Louis, MO) in RPMI 1640 medium without products of the reaction, NADH and succinyl-CoA, are strong inhibi-
tors of a-KGDH (Voet and Voet 1990). Activity [nmol/(minrmgthiamine (Gibco, Gaithersburg, MD) supplemented with 20% heat-

inactivated fetal calf serum (Gibco) and 2 mmol/L L-glutamine protein)] for the control condition in each experiment was set at
100% and values are expressed as a percentage of control.(Gibco). The fetal calf serum was dialyzed against four changes of

Hanks’ balanced salt solution (Gibco) at a total volume 24 times RNA isolation and Northern analysis. Cells were harvested and
total RNA was isolated as described (Singleton et al. 1987). Afterthat of the serum by using dialysis tubing with a molecular weight

cut-off of 12,000–14,000 Da (Millipore, Bedford MA). On the basis isolation, the RNA preparations were digested with DNase I, ethanol
precipitated and stored at 0707C in water. Probe generation andof the serum concentration of thiamine provided from the supplier,

estimated thiamine concentration in the growth medium without any Northern analysis were conducted as described (Singleton et al.
1987). In each lane, 10 mg of total RNA was used. Filters wereadditional thiamine added was 0.1 nmol/L; this medium was referred

to as thiamine-deficient medium (TDM). In experiments in which hybridized to labeled cRNA corresponding to transketolase and to
glyceraldehyde-3-phosphate dehydrogenase as an internal control.pyrithiamine (Sigma Chemical) was used, it was added either to

control medium to generate thiamine deficiency or it was added to After hybridization and washing, the filters were dried and the bands
were visualized and quantitated using a Molecular Dynamics Phos-TDM to further reduce intracellular thiamine concentrations. Con-

trol medium contained 10 mmol/L thiamine for all normal cell types phorimager (Sunnyvale CA).
Reverse transcriptase–polymerase chain reaction (RT-PCR).and 1 mmol/L for the TRMA lymphoblast cell line.

Cultures were started by adding Ç106 cells, grown in control DNase-treated total RNA (10 mg) was incubated with 1.5 pmol of the
3* primer and water to give a total volume of 7.5 mL. This solution wasmedium, to either 11 mL (lymphoblasts) or 33 mL (fibroblasts and

neuroblastoma cells) of experimental medium. After 7 d in control heated for 5 min at 687C, transferred to 437C, and 2 mL of 51 RT
buffer (0.5 mol/L Tris-Cl, pH 8.6, 0.6 mol/L KCl, 0.1 mol/L MgCl2)medium, lymphoblasts (which do not attach) were at mid-to-late log

phase, whereas neuroblastoma cells and fibroblasts had covered about and 0.5 mL RNasin (Promega, Madison, WI) were added; 10 mL of
prewarmed enzyme mix [1 mL 101 RT buffer, 0.53 mL 25 mmol/L dNTP90% of the plate surface. Cells were harvested at this time because

previous work (Pekovich et al. 1996) and these data (not shown) mix, 3 mL 0.1 mol/L b-mercaptoethanol, 5 mL water, 0.5 mL reverse
transcriptase (10 units/mL)] were then added. This solution was incu-indicated that enzyme activity levels had equilibrated. The growth

medium was changed once after 3–4 d. Effects on cell growth were bated at 437C for 45 min. The following mix (80 mL) was added to
each reaction: 15 pmol 3* primer, 15 pmol 5* primer, 2 mL of 2 mmol/monitored by counting viable cells stained with trypan blue (Gibco).

Because different cell types respond differently to limiting thia- L KCl, 2 mL of 10 g/L triton X-100, 4 mL of 25 mmol/L MgCl2, 1 mL
of 10 mmol/L HN(CH3)3Cl, 0.6 mL of 25 mmol/L dNTP mix, 2 mBqmine (Pekovich et al. 1997), the medium used to generate the thia-

mine-deficient state varied for each cell type. In each case, the condi- a-[32P]-dCTP, 0.8 mL Taq polymerase (Fisher Scientific, Pittsburg, PA)
and 68 mL water). Amplification was conducted in a Biocycler (BIOS,tion that resulted in a maximum or close to maximum reduction in

transketolase activity was chosen. For neuroblastoma cells (TDM New Haven, CT) using temperatures of 947C (15 s)/527C (15 s)/757C
(25 s) for 18, 20, 22 and 24 cycles. The cycle number for each of the/ 30 nmol/L pyrithiamine) and TRMA lymphoblasts (TDM / 10

nmol/L thiamine), the deficient conditions affected cell growth, reactions was within the linear range of product generation (not shown).
Each reaction set contained primers for one of the ThDP-utilizing en-whereas the conditions for the fibroblasts (TDM/ 3 mmol/L pyrithia-

mine) and normal lymphoblasts (TDM) did not (Pekovich et al. zymes and for glyceraldehyde-3-phosphate dehydrogenase as an internal
control. The products were treated with RNase and then fractionated1997).

Enzyme assays. The cells were washed three times with a cold on a 2% agarose gel. The gel was fixed with trichloroacetic acid, dried
and exposed by using a phosphorimager screen.isotonic buffer and lysed by resuspending and vortexing in a lysis

buffer containing 20 mmol/L Tris-Cl (pH 7.5), 1 mmol/L dithiothrei- The primers used for glyceraldehyde-3-phosphate dehydrogenase
were as follows: 3* primer, CAGCCTTCTCCATGGTGGTG; 5*tol, 1 mmol/L potassium EDTA, 0.2 g/L Triton X-100, 0.2 g/L sodium

deoxycholate and 0.2 mmol/L phenylmethylsulfonyl fluoride. The primer, GGTGAAGGTCGGAGTCAACG, which generated a 340-
bp product. The primers used for transketolase were as follows: 3* primer,protein concentration of the clarified supernatant was determined

using the Bio-Rad Protein Assay (Bio-Rad, Hercules CA), and the AATGAGTTTTCTGTCCAGGGGCTTG; 5* primer, GCTACA-
AAGTTGGGGACAAG, which generated a 712-bp product. Theappropriate amount was added to the assay mixes as described below.

Transketolase activity (EC 2.2.1.1) was measured by using the primers used for the E1b component of PDH were as follows: 3* primer,
CTTTTGACTGAGCTTCCGGA; 5* primer, GTGTCTGGCTTG-enzyme-linked method (Smeets et al. 1971) under conditions in

which coupling enzymes were not limiting (Tate and Nixon 1987). GTGCGGAG, which generated a 648-bp product. The primers use
for the E1 component of a-KGDH were as follows: 3* primer, AGT-Reactions were initiated by the addition of 0.36 mg total protein/mL

of reaction mix to an otherwise complete reaction mix of 100 mmol/L AGGCCATCTCCAGCCGA; 5* primer-AGGACTTGTGCTGCT-
AAGTT, which generated a 630-bp product.Tris-Cl (pH 7.5), 10 mmol/L ribose 5-phosphate, 2 mmol/L xylulose

5-phosphate, 1.2 mmol/L MgCl2 , 0.1 mmol/L NADH, 2000 U/L glyc- Values in the text are means { SEM. Paired Student’s t test was used
to compare values obtained from the same cell type grown in thiamine-erol-3-phosphate dehydrogenase and triose phosphate isomerase. In

some instances, 1 mmol/L ThDP was added to the reaction mix to sufficient medium or thiamine-deficient medium. In all instances, inde-
pendent experiments were performed, starting with cells growing underactivate any apo-transketolase that was present and allow for the

determination of the total enzyme levels (apo- plus holo-enzyme) the various conditions.
within the cell. Reactions were conducted at 377C. The oxidation
of NADH, which is directly proportional to transketolase activity,
was followed by monitoring the decrease in absorbance at 340 nm RESULTS
using a Beckman DU-70 spectrophotometer (Beckman, Palo Alto,
CA). Activity was expressed as nmol/(minrmg protein). Northern analysis of transketolase mRNA from human

a-KGDH activity (EC 1.2.4.2, EC 2.3.1.6, EC 1.6.4.3) was mea- lymphoblasts. Previously, it was found that during thiamine
sured as described (Gibson et al. 1988) with minor modifications. deficiency in human lymphoblasts, loss of transketolase protein
Reactions were typically initiated by the addition of 0.36 mg total occurred as a result of a decrease in the rate of its synthesis
protein to an otherwise complete reaction mix of 50 mmol/L MOPS (Pekovich et al. 1996). The decreased rate of transketolase
(pH 8.0), 1.2 mmol/L MgCl2 , 1.2 mmol/L CaCl2 , 0.16 mmol/L coen- production could be due to altered translational efficiency orzyme A, 1 mmol/L a-ketoglutarate, 1 mmol/L NAD, 0.5 g/L Triton

to decreased mRNA levels. Figure 1 shows the results ofX-100 and 0.04 mmol/L rotenone. In some instances, 1 mmol/L ThDP
Northern analysis of lymphoblast RNA isolated from cells cul-was added to the reaction mix to activate any apo-a-KGDH that
tured under conditions of thiamine sufficiency (lane 1) orwas present and allow for the determination of the total enzyme levels
deficiency (lanes 2, 3) and probed with radioactive transke-(apo- plus holo-enzyme) within the cell. The reduction of NAD,

which is directly proportional to a-KGDH activity, was monitored tolase cRNA. Less transketolase mRNA was present in thia-
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FIGURE 1 Northern analysis of transketolase mRNA derived from
thiamine-sufficient and thiamine-deficient human lymphoblasts. A
phosphorimage of transketolase mRNA is shown. The mRNA was iso-
lated from cells grown either in control medium (lane 1), in control
medium with 91.9 mmol/L pyrithiamine (lane 2) or in thiamine-deficient
medium (TDM; lane 3).

mine-deficient lymphoblasts when deficiency was produced by
FIGURE 2 Reverse transcriptase–polymerase chain reactionusing thiamine-deficient medium or by employing the thia-

analysis of transketolase (Tk), E1 a-ketoglutarate dehydrogenase (a-mine analog, pyrithiamine.
KGDH), and E1b pyruvate dehydrogenase (PDH) mRNA from humanTable 1 provides the quantitation of the differences lymphoblasts grown either in control medium (c) or thiamine-deficient

found from two independent experiments, with the trans- medium (tdm). In each sample, message levels of glyceraldehyde 3-
ketolase message levels normalized to the mRNA levels of phosphate dehydrogenase (GAPDH) were determined as an internal
glyceraldehyde-3-phosphate dehydrogenase (not shown). control.
Enzyme activity also was measured under the three condi-
tions and is shown. Transketolase enzyme activity was

transketolase protein during thiamine deficiency and thatÇ45% of control activity under both thiamine-deficient
thiamine can regulate transketolase gene expression.conditions, consistent with our previous findings (Peko-

RT-PCR analysis of mRNA levels of transketolase, PDH,vich et al. 1996 and 1997). Transketolase mRNA levels
and a-KGDH in human lymphoblasts, fibroblasts and neuro-were correspondingly lower, with the levels in control me-
blastomas cells during thiamine deficiency. To examinedium plus pyrithiamine reduced to 51.8
whether the effect of thiamine on gene regulation is specific{ 10.3% of control and the levels in TDM reduced to 57.0
for transketolase or is more general for other ThDP-utilizing{ 2.0%. The difference in mRNA and activity levels can
enzymes, an RT-PCR procedure was employed. Using the pub-be explained by the previous finding that a 10 – 15% accu-
lished sequences of the E1b subunit of PDH and the E1 subunitmulation of apo-transketolase occurs during thiamine de-
of a-KGDH, pairs of primers were made for each of theseficiency (Pekovich et al. 1996, and Fig. 2). Thus, the de-
ThDP binding proteins as well as for transketolase and werecrease in transketolase protein, as opposed to the decrease
used to determine the relative mRNA levels during thiaminein activity was Ç55 – 60%, closely corresponding to the
sufficiency and deficiency.decrease in steady-state mRNA levels. The reduction in

Figure 2 shows the results of an RT-PCR experiment formRNA was not due to some nonspecific effect of pyrithia-
each of the three enzymes in normal lymphoblasts growing inmine because the same reduction was seen with the use of
control and TDM media. Relative message levels for transke-TDM. These findings indicate that alterations in the
tolase (TDM level of 63.6 { 6.8% of control) were the samesteady-state mRNA level can account for the reduction in
as those found in the Northern analysis above (57.0 { 2.0%).
E1b PDH mRNA levels also showed a reproducible decrease
when thiamine was limiting, with a decrease to 78.7 { 4.5%TABLE 1
of control levels. In contrast, E1 a-KGDH mRNA was unaf-
fected by thiamine deficiency.Relative levels of transketolase activity and mRNA in

mRNA levels for each protein were determined in severalthiamine-sufficient and thiamine-deficient human
cell types (Table 2) to examine if thiamine effects on genelymphoblasts1,2
expression are cell type–dependent. Similar responses to thia-
mine deficiency with respect to mRNA levels were found forControl Pyrithiamine3 TDM
each enzyme in lymphoblasts, fibroblasts and neuroblastoma

% cells. In each cell type, transketolase mRNA was the most
affected of the three mRNAs that were examined. E1b PDH

Enzyme activity4 100 44.7 { 2.2† 45.3 { 1.4† message levels decreased to a lesser extent than transketolase
mRNA 100 51.8 { 10.3 57.0 { 2.0† mRNA. As seen in lymphoblasts, the E1 a-KGDH mRNA

levels were unaffected in the other two cell types.1 Values are means { SEM, n Å 2.
Finally, mRNA levels in lymphoblasts derived from patients2 Two independent experiments, starting from growing cells under

with TRMA were also evaluated. TRMA is a rare diseasethe indicated conditions, were conducted. In each experiment, the ac-
tivity or mRNA levels for the control medium were set at 100%, and associated with diabetes mellitus and sensorineural deafness
the values in the other conditions are relative to this. Values obtained (Rindi et al. 1992). Erythrocytes from TRMA patients lack
under each thiamine-deficient condition were compared with the con- the saturable, high affinity component of thiamine transport
trol values by Student’s paired t test; † P õ 0.05. and have a small but reproducible decrease in thiamine-phos-3 Pyrithiamine was added at a concentration of 91.9 mmol/L to con-

phorylation capability (Poggi et al. 1989, Rindi et al. 1992trol medium.
and 1994). Thus it was of interest to examine gene expression4 Enzyme activity was determined in the absence of exogenous

thiamine diphosphate. levels in TRMA lymphoblasts to gain insight into the contri-
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TABLE 2

Quantitation of reverse transcriptase–polymerase chain reaction (RT-PCR) analysis and total enzyme activity for thiamine
diphosphate–utilizing enzymes in different human cell types cultured with thiamine sufficiency or deficiency1

Cell type Enzyme
(Growth condition)3 Protein mRNA activity2

% of control levels4

Neuroblastoma (TDM / 30 nmol/L pyr) Transketolase 51.4 { 9.3 17.5
PDH5 77.0 { 5.3 ND
a-KGDH5 109.0 { 9.0 3.1

Fibroblast (TDM / 3 mmol/L pyr) Transketolase 73.0 { 6.4 50.3
PDH 82.5 { 3.1 ND
a-KGDH 105.1 { 4.2 89.9

Lymphoblasts (TDM) Transketolase 63.6 { 6.8 64.5
PDH 78.7 { 4.5 ND
a-KGDH 95.4 { 9.6 80.8

TRMA lymphoblasts6 (TDM / 10 nmol/L thi) Transketolase 65.8 { 3.3 20.7
PDH 100.7 { 12.3 ND
a-KGDH 95.6 { 4.2 13.0

1 Values are means { SEM, n Å 2 for mRNA and means, n Å 1 for enzyme activity.
2 Total enzyme activity (apo- plus holo-enzyme) was obtained in the presence of exogenous thiamine diphosphate. For mRNA levels, two

independent experiments, starting from growing cells under the indicated conditions, were conducted. For enzyme activity, measurements were
made for only one of the experiments; ND, not detected.

3 The thiamine-deficient growth conditions for each cell type are indicated in parentheses; pyr, pyrithiamine; TDM, thiamine-deficient medium;
thi, thiamine.

4 In each experiment, the activity or mRNA levels for the control medium were set at 100%, and the values in the other conditions are relative
to this.

5 For mRNA levels, values are given for the E1b subunit of pyruvate dehydrogenase (PDH) or the E1 subunit of a-ketoglutarate dehydrogenase
(a-KGDH).

6 TRMA, thiamine-responsive megaloblastic anemia.

bution of the transport system and thiamine phosphorylation mine analog frequently employed to generate thiamine defi-
activity to mRNA production. cient rats, or thiamine-deficient medium brought about a de-

The TRMA lymphoblasts responded much like normal crease in the steady-state levels of mRNA for the two ThDP-
lymphoblasts, with transketolase mRNA decreasing to 65.8 dependent proteins transketolase and E1b PDH. These find-
{ 3.3% of control levels and E1 a-KGDH remaining unaf- ings indicate that thiamine or a thiamine metabolite regulates
fected when thiamine was limiting. However, E1b PDH gene expression in humans either at the level of mRNA syn-
mRNA levels were unaffected in TRMA lymphoblasts, thesis or turnover. Recently, other water-soluble vitamins have
whereas in the normal cell types the message levels for this been found to be involved in gene regulation. These include
enzyme were lower when thiamine was limiting. ascorbic acid (Tajima and Pinnell 1996), biotin (Maeda et al.

For all cell lines examined, changes in protein levels for 1996), folate (Antony 1996) and pyridoxal 5*-phosphate (Oka
transketolase and a-KGDH also were determined (Table 2). et al. 1995). In the last-mentioned case, vitamin B-6 was
The enzyme assays in this instance were conducted in the shown to directly interact with specific transcription factors
presence of exogenous ThDP so that total protein levels (apo- and altering their activity by this interaction (Oka et al. 1995).
plus holo-enzyme) within the cell were measured as opposed The decrease in transketolase mRNA explains our previous
to enzyme activity. In the two cell lines in which the thiamine- observation that transketolase protein decreases during thia-
deficient conditions did not affect cell growth (fibroblast and mine deficiency without a substantial build-up of apo-enzyme
normal lymphoblast), the measured total transketolase protein (Pekovich et al. 1996). In contrast, a substantial level of apo-
levels were in good agreement with the levels of transketolase a-KGDH was found during thiamine deficiency; we now find
mRNA. However, when the total protein levels were exam- no decrease in the E1 a-KGDH mRNA under these condi-
ined in the cells in which growth was affected by the deficient tions. Together, the present and previous results indicate that
conditions (neuroblastoma and TRMA lymphoblast), the de- during thiamine deficiency, transketolase activity is lost as the
creases in protein levels were substantially greater than the essential ThDP cofactor becomes progressively unavailable. Adecreases in mRNA levels. Under these conditions, growth of similar thiamine depletion–induced decrease in transketolasethe cells had virtually ceased by 7 d and cells appeared to be mRNA, coupled with the rapid turnover of transketolase pro-dying (Pekovich et al. 1997). Under these conditions, there tein (Pekovich et al. 1996), prevents a substantial build-up ofmay well be an enhanced presence of proteases, either real or apo-transketolase. In contrast, for a-KGDH, a concomitantartifactually upon cell lysis. For a-KGDH, no correlation was increase in apo-enzyme occurs as activity is lost due to theseen between total protein levels and mRNA levels in any depletion of the cofactor. This occurs because thiamine deple-cell type. This was expected because E1 a-KGDH mRNA

tion has no negative effect on at least the E1 subunit mRNAlevels were not affected by thiamine deficiency.
levels. Once thiamine depletion begins affecting cell growth
and viability, both apo-enzymes become unstable, presumablyDISCUSSION due to an enhanced proteolytic environment.

Recently, Sheu and co-workers (1996) found that transke-In three different types of cultured human cells, thiamine
deficiency induced by using either pyrithiamine, a pyrithia- tolase mRNA levels were not altered even though decreases
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Butterworth, R. F., Kril, J. J. & Harper, C. G. (1993) Thiamine-dependent en-in transketolase protein did occur in various brain regions of
zyme changes in the brains of alcoholics: relationship to the Wernicke-Korsa-thiamine-deficient rats. The difference between their findings koff syndrome. Alcohol Clin. Exp. Res. 71: 1084–1088.

and ours may indicate a species difference in the effect of Cary, J. W. & Bhatnagar, D. (1995) Nucleotide sequence of a Aspergillus para-
siticus gene strongly repressed by thiamine. Biochim. Biophys. Acta 1261:thiamine on gene expression or may reflect tissue differences
319–320.in regulation. The latter explanation seems less likely because Gibson, G. E., Ksiezak-Reding, H., Sheu, K.-F.R., Mykytyn, V. & Blass, J. P.

we found an effect on transketolase mRNA in all human cell (1984) Correlations of enzymatic, metabolic, and behavioral deficits in thia-
mine deficiency and its reversal. Neurochem. Res. 9: 803–814.types examined, including neuroblastoma cells.

Gibson, G. E., Sheu, K. R., Blass, J. P., Baker, A., Carlson, K. C., Harding, B. &The contribution of thiamine regulation of gene expression
Perrino, P. (1988) Reduced activities of thiamine-dependent enzymes in

to the tissue damage and impaired cell function that accom- the brains and peripheral tissues of patients with Alzheimer’s disease. Arch.
Neurol. 45: 836–840.pany thiamine deficiency (Butterworth 1989, Martin et al.

Maeda, Y., Kawata, S., Inui, Y., Fukuda, K., Igura, T. & Matsuzawa, Y. (1996)1993) is unclear. Simple loss of the cofactor can account for
Biotin deficiency decreases ornithine transcarbamylase activity and mRNA inloss of enzyme activity (Pekovich et al. 1996 and 1997). Sev- rat liver. J. Nutr. 126: 661–666.

eral models have been proposed to explain why the loss of Martin, P. R., McCool, R. A., & Singleton, C. K. (1993) Genetic sensitivity to
thiamine deficiency and development of alcoholic organic brain disease. Alco-activity of transketolase, a-KGDH or PDH leads to neuronal
hol. Clin. Exp. Res. 17: 31–37.tissue damage during thiamine deficiency (Butterworth 1989, Maundrell K. (1990) nmt1 of fission yeast. A highly transcribed gene com-

Butterworth et al. 1993, Sheu et al. 1996). Our findings that pletely repressed by thiamine. J. Biol. Chem. 265: 10857–10864.
Nishimura, H., Kawasaki, Y., Kaneko, Y., Nosake, K. & Iwashima, A. (1992a)thiamine alters the expression of these enzymes do not bear

Cloning and characteristics of a positive regulatory gene, THI2 (PHO6 ), ofon these models because they are independent of how the loss
thiamine biosynthesis in Saccharomyces cerevisiae. FEBS Lett. 297: 155–in activity occurs. Nonetheless, our results provide insight into 158.

Nishimura, H., Kawasaki, Y., Kaneko, Y., Nosake, K. & Iwashima, A. (1992b) Athe molecular mechanisms underlying the loss of activity, and
positive regulatory gene, THI3, is required for thiamine metabolism in Sacchar-they indicate that the cell has more flexibility to deal with
omyces cerevisiae. J. Bacteriol. 174: 4701–4706.thiamine depletion than a simple removal of cofactor. Thus, Oka T., Komori, N., Kuwahata, M., Okada, M. & Natori, Y. (1995) Vitamin B6

differential regulation of the genes that encode ThDP-utilizing modulates expression of albumin gene by inactivating tissue-specific DNA-
binding protein in rat liver. Biochem. J. 309: 243–248.enzymes may provide mechanisms for preferentially main-

Pekovich, S. R., Martin, P. R. & Singleton, C. K. (1996) Thiamine pyrophos-taining one enzyme activity over another according to the
phate–requiring enzymes are altered during pyrithiamine-induced thiamine

metabolic needs of the cell. In addition, the reductions in deficiency in cultured human lymphoblasts. J. Nutr. 126: 1791–1798.
Pekovich, S. R., Martin, P. R. & Singleton, C. K. (1997) Sensitivity to thiaminetransketolase and E1b PDH mRNA but not in E1 a-KGDH

deficiency in cultured human cells is dependent on cell type and is enhancedmRNA may influence the differential recoveries of enzymatic
in cells from thiamine-responsive megaloblastic anemia patients. J. Nutr. Bio-activity upon a return to thiamine sufficiency (Gibson et al. chem. (in press).

1984). Poggi, V., Rindi, G., Patrini, C., Vizia, B. D., Longo, G. & Andria, G. (1989) Stud-
ies on thiamine metabolism in thiamine-responsive megaloblastic anemia.It was somewhat surprising that the message levels of the
Eur. J. Pediatr. 148: 307–311.thiamine-binding E1b subunit of PDH were decreased during Praekelt, U. M., Byrne, K. L. & Meacock, P. A. (1994) Regulation of THI4

thiamine deficiency. Although we have not measured the ac- (MOL1 ), a thiamine-biosynthetic gene of Saccharomyces cerevisiae. Yeast
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