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5-Aminoimidazole-4-carboxamide ribonucleotide (ZMP) and N-(f3-p-ribofuranosyl)formamide 5'-phosphate
(FAR-P) have been identified as products of the metabolism of ATP and 5-phospho-a-p-ribosyl diphosphate by
Methanobacterium thermoautotrophicum AH, a member of the domain Archaea. Evidence indicates that the first
three steps in the pathway to the formation of these compounds are the same as the first three steps of histidine
biosynthesis and lead to the generation of pro-phosphoribosyl formimino-5-aminoimidazole-4-carboxamide
ribonucleotide (5'-proFAR). The 5'-proFAR then undergoes hydrolysis to ZMP and FAR-P. The reaction was
detected by an unexpected high concentration of ZMP in cell extracts of M. thermoautotrophicum AH.

5-Aminoimidazole-4-carboxamide ribonucleotide (ZMP) is
an intermediate in the biosynthesis of purines (15) and is also
formed during the biosynthesis of histidine (14). The following
is a report of a new biosynthetic pathway for the formation of
ZMP that has been uncovered in Methanobacterium thermoau-
totrophicum AH, a member of the domain Archaea. The first
three steps of this pathway appear to be the same as the first
three steps in the biosynthesis of histidine (14) and begin with
the condensation of ATP with 5-phospho-a-D-ribosyl diphos-
phate (PRPP) to form N*-(5'-phosphoribosyl)-ATP (PR-ATP)
(left side of Fig. 1). The hydrolytic removal of pyrophosphate
from the PR-ATP, followed by the hydrolysis of the purine
ring, leads to the formation of pro-phosphoribosyl formimino-
5-aminoimidazole-4-carboxamide  ribonucleotide  (5'-pro-
FAR). In the normal histidine biosynthetic pathway, the re-
sulting 5'-proFAR would undergo an Amadori rearrangement
to phosphoribulosyl formimino-5-aminoimidazole-4-carbox-
amide ribonucleotide (PRFAR), which would eventually lead
to histidine (top right side of Fig. 1). In M. thermoautotrophi-
cum AH, however, most of the resulting 5'-proFAR undergoes
hydrolysis to ZMP and N-(5-O-phosphono-B-p-ribofuranosyl)
formamide (FAR-P), a compound not previously observed as a
biochemical product. Thus far, this biosynthetic pathway has
been detected only in M. thermoautotrophicum AH and to a
lesser extent in M. thermoautotrophicum Marburg, and it has
not been detected in Methanosarcina thermophila, Methanococ-
cus voltae, or Escherichia coli.

Cell extracts prepared from M. thermoautotrophicum AH
produced by growth heterotropically with H, and CO, in the
presence of yeast extract and Trypticase were found to contain
0.91 mM ZMP. In contrast, no ZMP was detected in cell
extracts of M. thermoautotrophicumm AH grown autotropically
on H, and CO, (Table 1). Incubation of cell extracts which
contained ZMP at 50°C for 1 h under argon, resulted in the
complete loss of any detectable amount of ZMP (<7 uM).
Mild acid hydrolysis (50 mM HCI, 100°C, 5 min) of cell extracts
obtained from cells grown under either condition did not in-
crease the amount of ZMP found. This indicates that the ZMP
was not present in the extracts bound as 5'-proFAR, which is
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known to readily undergo complete hydrolysis under these
conditions (1).

Despite the observed difference in the amounts of ZMP
detected when the cells were grown in the presence or absence
of yeast extract and Trypticase, cell extracts from either group
of cells readily formed about the same amount of ZMP when
incubated with ATP and PRPP (experiments 5 and 8, Table 1).
Cell extracts of M. thermoautotrophicum Marburg were found
to produce a small amount of ZMP, whereas Methanosarcina
thermophila and E. coli were found not to contain detectable
levels of ZMP or to produce detectable levels of ZMP when
the extracts were incubated with PRPP and ATP. ZMP was not
detected in cells of Pyrococcus furiosus or Sulfolobus sulfatari-
cus by the procedures described in this paper.

That the observed synthesis of ZMP in M. thermoautotrophi-
cum AH was connected with histidine biosynthesis was con-
firmed by the observation of a 92% decrease in the amount of
ZMP produced when the cell extracts were incubated with
ATP and PRPP in the presence of 10 mM histidine (compare
experiments 5 and 6, Table 1). The inhibition of the first step
of histidine biosynthesis by histidine is well-known (7), with as
little as 0.1 mM histidine causing complete inhibition of the
reaction (1). If the ZMP was produced by the normal histidine
biosynthetic pathway, then incubation of cell extracts of M.
thermoautotrophicum AH with ATP, PRPP, and glutamine
would be expected to produce imidazoleglycerol phosphate
(IGP) and/or other imidazole-containing intermediates in the
histidine biosynthetic pathway (11). However, no detectable
levels of imidazole derivatives (<0.1 nmol/mg of protein) were
found when such an incubation was conducted and assayed by
the Pauly method (8). This observation demonstrated that the
major route for the metabolism of 5’-proFAR was not its
expected conversion via PRFAR, which leads to the latter
steps in the histidine biosynthetic pathway. The most likely
explanation for ZMP formation would then be the hydrolysis
of 5'-proFAR to ZMP and FAR-P. This was confirmed by the
identification of FAR-P as the other product formed during
the incubation of cell extracts of M. thermoautotrophicum AH
with ATP and PRPP.

ZMP was detected during experimentation to establish the
pathway for the biosynthesis of 4-(B-D-ribofuranosyl)amino-
benzene 5'-phosphate (B-RFA-P), an intermediate in the bio-
synthesis of methanopterin in different members of the domain
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FIG. 1. A possible purine shunt biosynthetic pathway involving the histidine (top portion) and the purine (bottom portion) biosynthetic pathways which are coupled

via ZMP and FAR-P.

Archaea (13). In these experiments, cell extracts of M. thermo-
autotrophicum AH were incubated under argon in the presence
of PRPP and 4-aminobenzoic acid (pAB) and assayed for the
generation of arylamines. The assay procedure involved the
formation of an azo dye derivative of the arylamines, followed
by their separation on a Bio-Gel P-4 column as previously
described (12). When this procedure was done with cell ex-
tracts of M. thermoautotrophicum AH grown in the presence of
yeast extract and Trypticase, two large, unknown, colored
peaks were observed in the column fractions, the concentra-
tions of which increased when the cell extract was incubated
with PRPP and pAB or with PRPP alone. The first peak,
purple, eluted with a relative retention volume of 1.04, and the
second peak, pink, eluted with a relative retention volume of
1.78. [The retention volume of 1-(4-aminophenyl)-1-deoxy-D-
ribitol is set at 1.00 (12).]

These compounds were identified by the following observa-
tions. The compound(s) responsible for generating these peaks
had a low molecular weight (eluted in the stationary phase
volume of a G-25 Sephadex column) and was only slightly
retarded when chromatographed on a C,g reverse-phase col-
umn with 0.1 M citrate (pH 3.6) as the eluting solvent. Based
on the 562-nm absorbance of the fractions eluted from the
Bio-Gel P-4 column, the ratio of the first peak to the second
peak was about 2 to 1. Hydrolysis of each peak with E. coli
alkaline phosphatase (12) showed that only the retention vol-

ume of the first peak was altered, indicating that this peak
contained a monophosphate ester. The relative retention vol-
ume of this dephosphorylated compound on the Bio-Gel P-4
column was 1.33. The azo dye in each of the isolated peaks was
reduced to its original arylamine with Zn dust in 1 M HCI (12),
followed by reformation of the azo dye derivative and rechro-
matography on a Bio-Gel P-4 column. This experiment showed
that the compound contained in peak 1 now produced the
same two original peaks 1 and 2 in the same 2-to-1 ratio as seen
in the initial separation, whereas the compound in peak 2 gave
only the original peak 2. Mild acid hydrolysis (1 M HCI, 100°C,
5 min) of the compound recovered from peak 1 gave peak 2.
The azo dye contained in peak 1 remained at the origin upon
analysis of the sample by silica gel thin-layer chromatography
(TLC) with the solvent system acetonitrile-water-formic acid
(88%) (40:10:5; vol/vol/vol) and then moved to an R, of 0.24
after treatment of the sample with E. coli alkaline phosphatase.
Both the phosphorylated and nonphosphorylated azo dye com-
pounds showed an absorbance maximum at 554 nm in 50 mM
HCI. The azo dye contained in peak 2 had an R, of 0.33 in the
same TLC solvent system and an absorbance maximum at 524
nm in 50 mM HCIL.

These data were consistent with the compound being a nu-
cleotide monophosphate containing a diazotizable nitrogen-
containing base and an N-ribosidic linkage which is relatively
acid labile. The only currently known, naturally occurring bi-
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TABLE 1. ZMP occurrence and formation in cell extracts of
M. thermoautotrophicum AH

S el Amt of ZMP?

a ource ol ce.

Expt extract Substrate(s) nmol/mg of

mM <
protein

1 Normal® None“ 0.91 28
2 Normal None <0.007 <0.8
3 Purified® None? <0.007 <0.8
4 Normal PRPP 0.25 17
5 Normal PRPP, ATP 4.0 270
6 Normal PRPP, ATP, His 0.3 20
7 Auto” None <0.007 <0.8
8 Auto PRPP + ATP 2.1 78

“ A typical incubation used either 40 ul of a cell extract obtained by sonication
of the cells under anaerobic conditions or 40 wl of the protein fraction generated
by the separation of the cell extract on Sephadex G-25 under anerobic condi-
tions. To these cell extracts were added anaerobic solutions of ATP (2 pl of 0.2
M) and PRPP (5 ul of 0.1 M). The samples were incubated under argon at 60°C
for 1 h and then cooled, and 0.4 ml of water was added; the azo dyes were formed
and separated on Bio-Gel P-4 columns as previously described (12). When
required, anaerobic solutions (0.1 M) of L-histidine, ATP, and/or PRPP were
added at the start of the incubations. The final concentrations of the substrates
in the incubation mixture were 8.5 mM ATP, 10.6 mM PRPP, and 10 mM
histidine.

? The amount of ZMP was determined from the measured absorbance at 562
nm using € = 2.25 X 10* M~ ' ecm™ L,

¢ Cells used to obtain the “normal” cell extract were grown on H, and CO, in
the presence of yeast extract and Trypticase (2).

4 The cell extract was not incubated for 1 h at 60°C.

¢ Sephadex G-25-purified protein fraction obtained from normal cell extract.

f Cells used to obtain the Auto cell extract were grown autotropically on CO,
and H, (2).

ological compound with this characteristic is 5-aminoimida-
zole-4-carboxamide ribonucleotide (ZMP). Analysis of a
known sample of ZMP (Sigma) showed that it produced chem-
ical, chromatographic, and spectroscopic data (Table 2) iden-
tical to those generated from the unknown compound obtained
from cell extracts of M. thermoautotrophicum AH, thus con-
firming the unknown compound as ZMP.

For the identification of FAR-P, incubations were per-
formed as described in Table 1, and at the completion of the
incubation, the FAR-P produced in the reaction was isolated
by diluting the sample with water (0.4 ml) and passing the
reaction mixture through a small DEAE-Sephadex column (3
by 5 mm) which retained the FAR-P. After the column was
washed with water, the FAR-P was eluted with 2 ml of 2 M
ammonium bicarbonate. After evaporation of the solvent with
a stream of nitrogen gas the sample was dissolved in 50 pl of
0.1 M glycine buffer (pH 10.4) treated with E. coli alkaline

TABLE 2. Chromatographic and spectroscopic characteristics of
azo dye derivatives

Compound Re::;ﬁlon TLC Rj-” )(\HTI]SZ(
1-(4-Aminophenyl)-1-deoxy-D-ribitol 1.0 0.61 557
B-RFA-P 0.79 0.10 558
ZMP 1.04 0.00 554
5-Amino-4-imidazole carboxamide 1.33 0.24 554

riboside
5-Amino-4-imidazole carboxamide 1.78 0.33 524

“ The retention volumes are related to the retention volume of 1-(4-amino-
phenyl)-1-deoxy-p-ribitol, which is set at 1.00.

®TLC on silica gel with the solvent system (acetonitrile-water-formic acid
[88%] [40:10:5, vol/vol/vol]).

¢ Samples were dissolved in 50 mM HCIL.
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phosphatase and the N-(B-D-ribofuranosyl)formamide (FAR),
isolated by elution of the sample from a Dowex 50 H* column
(3 by 5 mm) and then a Dowex-1 acetate column (3 by 5 mm).
Reaction of the dried residue with 20 pl of a mixture of chlo-
rotrimethylsilane, hexamethyldisilane, and pyridine (1:3:9; vol/
vol/vol) afforded the tritrimethylsilyl derivative, which was as-
sayed by gas chromatography-mass spectrometry on a DB-5
column (30 m by 0.32 mm; J&W Scientific Co.) programmed
from 75 to 280°C at 10°C/min. The sample eluted as a single
peak showing an M™ ion at m/z 393 and an M™ —15 ion at m/z
378. Reference samples of FAR and FAR-P, prepared as de-
scribed by Czarnik and Leonard (4), showed the same charac-
teristics as the biologically produced compound.

The important question yet to be answered from this work is
why this pathway is present only in these cells. One possibility
is that it represents a shunt pathway involved in purine biosyn-
thesis as outlined in Fig. 1. The FAR-P generated by the
cleavage of 5'-proFAR could undergo a transpeptidation with
glycine to generate 5-phosphoribosylglycinamide (GAR) and
formate (lower right side of Fig. 1). The GAR would then be
converted via the purine biosynthetic pathway to inosinic acid;
in this way, purine biosynthesis could proceed without the
established first two steps which involve the reaction of PRPP
with glutamine to form 5-phosphoribosylamine (PRA), which
is subsequently acylated with glycine in the presence of ATP to
produce GAR. A possible advantage to the use of this shunt
pathway by these thermophiles would be that purine biosyn-
thesis could proceed without use of the thermally unstable
PRA (10) as an intermediate. It has been impossible thus far to
confirm the operation of this pathway since it has not been
possible to demonstrate the enzymatic conversion of FAR-P to
GAR in cell extracts of M. thermoautotrophicum AH.

ZMP, as its triphosphate derivative (ZTP), has been pro-
posed to function as an alarmone for C,-folate deficiency in
Salmonella typhimurium (3), although more recent work has
failed to provide evidence to support this idea (9). Although
ZTP was not found in M. thermoautotrophicum AH, it is pos-
sible that ZMP is involved in the regulation of C,-methano-
pterin metabolism since modified folates such as methanop-
terin function in place of folates in the methanogens (13).
ZMP has also been proposed as a regulator of glycogen bio-
synthesis (6); however, M. thermoautotrophicum AH is among
the group of methanogens found not to contain glycogen (5).
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