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Several important cofactors are adenine nucleotides with a
vitamin as the catalytic moiety. Here, we report the discovery
of the first adenine nucleotide containing vitamin B1:
adenosine thiamine triphosphate (AThTP, 1), or thiaminylated
ATP. We discovered AThTP in Escherichia coli and found that
it accumulates specifically in response to carbon starvation,
thereby acting as a signal rather than a cofactor. We detected
smaller amounts in yeast and in plant and animal tissues.

Until now, only three natural thiamine phosphate derivatives (the
mono-, di- and triphosphates) were known to be present in most
cells!, and of these only thiamine diphosphate (ThDP, 2) has a well-
known cofactor role?. We previously showed that E. coli accumulate
thiamine triphosphate (ThTP, 3) when grown in minimal medium
supplemented with a carbon source such as glucose® (4) (Fig. 1a).
However, in the absence of a carbon source no ThTP was detected,
and instead we noticed the appearance of an additional peak eluted
after ThTP (Fig. 1b).

We purified this compound using different chromatographic steps
(Supplementary Table 1 online). We checked the purity by HPLC
(Supplementary Fig. 1 online), and then we collected the peak,
lyophilized it and used it for mass spectrometry and 'H NMR.

High-resolution ESI-FT-ICR MS gave an m/z of 754.097486, which
corresponds to the formula C,,H3;NgO;3P5S* (theoretical monoiso-
topic mass of 754.096939) at sub-p.p.m. mass accuracy (Supplemen-
tary Fig. 2 online). ESI-MS/MS fragmentation (Supplementary Fig. 2)
suggested the presence of an AMP moiety (m/z of 348.1). These data
are in agreement with a structure containing a thiamine moiety and an
adenosine moiety linked by three phosphates—that is, adenylated
ThDP (AThTP) or thiaminylated ATP (Fig. 1c). We confirmed the

Figure 1 Chromatograms showing the presence of ThTP or the additional
peak, according to culture conditions. The bacteria were grown overnight

in LB medium and suspended in minimal M9 medium (Supplementary
Methods). (a,b) They were then incubated (1 h, 37 °C) in M9 medium in the
presence (a) or absence (b) of 10 mM glucose. Thiamine derivatives were
determined by HPLC after oxidation to fluorescent thiochrome derivatives®
(1, ThMP; 2, ThDP; 3, ThTP; 4, additional peak or AThTP). (c) Structure

of AThTP.
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presence of the thiamine moiety and the adenosine moiety by 'H NMR.
Comparison with the spectra of commercial 5-AMP (5) and
3’-AMP (6) indicated that the 5"-hydroxyl group rather than the
3’-hydroxyl group is substituted in AThTP (Supplementary Fig. 3 online).

We further confirmed the structure of AThTP through chemical
synthesis by condensation of ThDP and 5-AMP using dicyclo-
hexylcarbodiimide as an activator* (Supplementary Methods online).
We purified the synthesized compound as described for the natural
product and confirmed the identity with AThTP isolated from bacteria
by high-resolution ESI-FT-ICR MS (m/z = 754.096862), tandem
ESI-MS/MS (Supplementary Fig. 2) and 'H NMR (Supplementary
Fig. 3). The 1*C NMR spectrum of the synthetic compound (Supple-
mentary Fig. 3) confirmed the proposed structure of AThTP. The
purified natural AThTP and the chemically synthesized AThTP were
hydrolyzed at the same rate by an enzyme present in a bacterial
membrane fraction (Supplementary Fig. 4 online), thereby confirm-
ing their identity.

When E. coli were incubated in minimal medium devoid of any
carbon source, AThTP gradually accumulated and reached a max-
imum concentration after 4 h (Fig. 2a), at which point it accounted
for 10-15% of total thiamine in the cells. Subsequent addition of
glucose (10 mM) induced a rapid disappearance of AThTP followed
by a transient accumulation of ThTP (Fig. 2b). When malate (7) was
added instead of glucose, the kinetics of AThTP disappearance were
slower (half-time ~ 20 min), and, in agreement with previous
results’, no ThTP was formed. When the bacteria were directly
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Figure 2 Effect of substrate addition on the content of AThTP and ThTP in
E. coli BL-21 cells. (a,b) The bacteria were first incubated at 37 °C in M9
medium without a carbon source (®), and the concentrations of AThTP (a)

and ThTP (b) were determined. After 4 h, glucose (O) or malate (1) was

added at a final concentration of 10 mM (arrow). The results are expressed
as mean = s.d. for three experiments.

transferred from the LB medium to the minimal medium supple-
mented with glucose (10 mM), no significant amount of AThTP was
formed. With other energy substrates such as pyruvate (8), lactate (9)
and malate, AThTP concentrations also remained insignificant (Sup-
plementary Table 2 online).

These results suggest that AThTP is accumulated specifically in
response to carbon starvation. This response was not appreciably
modified by the presence or absence of a phosphate or nitrogen source
(Supplementary Table 2). This specificity for carbon starvation differs
from the synthesis of guanosine tetraphosphate (10) and guanosine
pentaphosphate (11), which is known to trigger the so-called stringent
response when the growth medium becomes deficient in either amino
acids, carbon, phosphorus or nitrogen®®. ThTP and AThTP seem to be
more specific to particular types of stress: ThTP is produced in
response to amino acid starvation, and a carbon source is required
for its accumulation®. In contrast, AThTP specifically appears in
response to a lack of any carbon source. Note that we never observed
the simultaneous accumulation of ThTP and AThTP in large amounts,
and both compounds were absent under most normal conditions of
growth, such as in the presence of amino acids or in rich LB medium.
Moreover, ThTP accumulation was always transient’, whereas AThTP
remained present as long as the cells were carbon starved (Fig. 2a).

AThTP is also present in eukaryotic cells. We found AThTP in yeast,
in the roots of higher plants and in several animal tissues (Supple-
mentary Table 3 online). In the rat, it was present in most organs
tested; the highest concentrations were found in the liver, heart, kidney
and lung, and the lowest in skeletal muscle and brain. AThTP, much
like ThTP, was present at much lower concentrations in eukaryotic
organisms than in E. coli. It is possible that both compounds
accumulate only in specific cells or organelles, under conditions that
have not yet been defined in eukaryotes.

Among all the nucleotides found in living cells, adenine nucleotides
are the most abundant and diverse. In coenzyme A (12), FAD (13),
NAD" (14) and NADP* (15), the catalytic moiety is a vitamin:
pantothenic acid, riboflavin or nicotinamide. Here, we report the
discovery of the first nucleotide containing thiamine. Recently, an
ADP-containing intermediate in the biosynthesis of the thiamine
thiazole was described in eukaryotes’. The choice of the name
adenosine thiamine triphosphate rather than thiamine ATP emphasizes
its apparent close metabolic relationship to ThTP. The present data
suggest that, at least in E. coli, AThTP acts as a signal rather than as a
cofactor. Our findings highlight the diversity of thiamine biochemistry.

Note: Supplementary information and chemical compound information is available on
the Nature Chemical Biology website.
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