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The established pathway for the last two steps in purine biosynthesis, the conversion of 5-aminoimidazole-
4-carboxamide ribonucleotide (ZMP) to IMP, is known to utilize 10-formyl-tetrahydrofolate as the required C,
donor cofactor. The biosynthetic conversion of ZMP to IMP in three members of the domain Archaea,
Methanobacterium thermoautotrophicum AH, M. thermoautotrophicum Marburg, and Sulfolobus solfataricus, how-
ever, has been demonstrated to occur with only formate and ATP serving as cofactors. Thus, in these archaea,
which use methanopterin (MPT) or another modified folate in place of folate as the C, carrier coenzyme,
neither folate nor a modified folate serves as a cofactor for this biosynthetic transformation. It is concluded
that archaea, which function with modified folates such as MPT, are able to carry out purine biosynthesis
without the involvement of folates or modified folates.

The evolution of a group of organisms which carry out their
metabolism with a modified coenzyme is an unprecedented
occurrence but an event that nonetheless has occurred in most
of the archaea. This event is the replacement of folate as the C,
carrier coenzyme with a series of different modified folates,
examples of which include methanopterin (MPT), sarcinap-
terin, taliopterin, and thermopterin in the methanogens (14,
15, 17); modified folates with poly-B(1—4)-linked N-acetylglu-
cosamine side chains in the thermophilic, sulfur-dependent
archaea (20, 21); and sulfopterin in Sulfolobus solfataricus (19,
24). As a rule, the exchange of C, derivatives of tetrahydro-
MPT (H,MPT) and H,folates as cofactors for enzymes derived
from archaea (which use modified folates) with enzymes de-
rived from bacteria and eukarya (which use folate) is not pos-
sible (5, 6, 9, 10). (The one exception to this rule is the N°-
methyl H,MPT:coenzyme M methyltransferase, which can use
either N>-methyl-H,MPT or N°>-methyl-H,folate as the methyl
donor [1].) Thus, in adapting to changes in the structure of a
functioning coenzyme, the archaea must have evolved the abil-
ity to perform the biosynthesis of the modified folate (for
details on the biosynthesis of MPT, see reference 22), and the
enzymatic reaction(s) using the modified folate as a coenzyme
must have evolved such that either the coenzyme is no longer
required or the enzymatic step(s) in the biosynthetic pathway
can proceed using the modified folate. I now report that in
archaea, the expected substitution of a 10-formyl-H,-modified
folate, such as 10-formyl-H,MPT for the 10-formyl-Hfolate,
in the next-to-last step of purine biosynthesis does not occur,
but instead a pathway which is not dependent on folates or
modified folates functions. In archaea, 5-aminoimidazole-4-
carboxamide ribonucleotide (ZMP) is found to be readily con-
verted to IMP by cell extracts in the presence of only ATP and
formate (Fig. 1).

For the experiments described in Table 1, anaerobically pre-
pared cell extracts or anerobically prepared Sephadex G-25-
purified cell extracts of Methanobacterium thermoautotrophicum
AH (18) were incubated at 60°C, under an argon atmosphere,
with ZMP and the substrates as indicated. Experiments 1 to 3
were performed with cell extracts of M. thermoautotrophicum AH
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prepared in 50 mM TES [N-tris(hydroxymethyl)methyl-2-ami-
noethanesulfonic acid]-10 mM MgCl,—2 mM mercaptoethanol
(pH 7.5) buffer as previously described (18). Experiments 4
and 5 were performed with the protein-containing fraction of
the cell extract purified by Sephadex G-25 chromatography. All
experiments used 100 pl of the cell extract or Sephadex G-25-
purified cell extract and contained 4.3 mM ZMP and the indi-
cated concentration(s) of substrate(s). The substrates were
added as concentrated anaerobic solutions in the same buffer.
The amount of hypoxanthine reported is based on the ratios of
the hypoxanthine peaks to the adenine peaks in the gas chro-
matography-mass spectrometry data and the amount of ade-
nine added as ATP to the samples.

At the end of the incubation, the sample was cooled to room
temperature and simultaneously exposed to air with the addi-
tion of 50 l of an aerobic solution of 1 M HCI. All subsequent
steps were performed under aerobic conditions. The sample
was mixed and centrifuged to remove the precipitated proteins.
The pellet was extracted with 100 wl of water and centrifuged,
and the supernatant was combined with the original superna-
tant; 1 ml of water was added, and the solution was adjusted to
pH 7 to 8 by the addition of 1 M NaOH. The IMP and AMP
present in the sample were then purified by a procedure that
was specifically developed for the purification of the cellular
mononucleotides from this resulting solution. A small DEAE-
Sephadex column (5 X 12 mm) was washed with 4 ml of 2 M
NH,HCO; and 4 ml of water before the sample was applied.
The column was then washed with 2 ml of water and 2 ml of 0.1
M NH,HCO; in sequence, and the IMP as well as other cel-
lular nucleotides were eluted with 2 ml of 0.4 M NH,HCOs;.
Evaporation of the solvent from the 2-ml 0.4 M NH,HCO;
fraction with a stream of nitrogen gas gave a sample containing
the cellular nucleotides, including the biosynthesized IMP. Hy-
poxanthine and adenine were quantitatively released from the
purine mononucleotides present in the evaporated sample by
hydrolysis for 10 min at 100°C with 100 wl of 1 M HCIL. Under
these hydrolysis conditions, both AMP and IMP were found to
quantitatively release their purines as measured by thin-layer
chromatography analysis of the hydrolysis of known samples.

After evaporation of the acid with a stream of nitrogen gas
at 100°C, the sample was redissolved in 0.05 M HCI (100 pl)
and applied to a Dowex 50W-8X H" column (2 X 4 mm),
equilibrated in water, which absorbed the hypoxanthine and
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FIG. 1. The different pathways for the formation of IMP in archaea, bacteria, and eukarya. The intermediacy of 5'-phosphoribosyl-4-carboxamide-5-formamidoami-

noimidazole (FAICAR) in the archaeal pathway has not been established.

adenine. After the column was washed with 0.05 M HCI (0.5
ml) and then water (0.5 ml), the hypoxanthine and adenine
were eluted with 0.5 ml of 3 M aqueous ammonia. The sample,
evaporated to dryness with a stream of nitrogen gas, was then
converted into the ditrimethylsilyl derivative by reacting with

10 pl of N,O-bis(trimethylsilyl)acetamide for 10 min at 100°C.
Gas chromatography-mass spectrometry of the resulting de-
rivatized sample was performed at 70 eV on a VG-7070EHF
mass spectrometer equipped with a high-performance capillary
column (0.32 mm X 30 m; HP-5) programmed from 70 to 260

TABLE 1. Incorporation of *C-labeled precursors into IMP by M. thermoautotrophicum AH

Hypoxanthine detected

Expt. no.” Substrate (concn[s] [mM]) (mM) fr:n(irf;%r;lgg Igf;iiz:i?%)
1 ’H,-formaldehyde (4.0) 0.017 <1
2 [**CJformaldehyde (8.5), 0.037 28
2-Bromoethanesulfonic acid (1.3)
3 [**CJformate (8.5), ATP (8.5) 1.7 79
4 [*C]formate (8.5), ATP (8.5) 4.1 89
5 [**CJformate (8.5) <0.0002 -

“ Experiments 1 to 3 were performed with 100 wl of cell extract (15 to 20 mg of protein per ml) of M. thermoautotrophicum AH prepared in 50 mM TES-10 mM
MgCl,-2 mM mercaptoethanol (pH 7.5) buffer. Experiments 4 and 5 were performed with the protein-containing fraction of the cell extract purified by Sephadex G-25
chromatography. For all experiments, the mixtures used contained 4.3 mM ZMP and the indicated substrate concentration(s). The mixtures were incubated for 2 h at

60°C under an argon atmosphere.

b Since no hypoxanthine was detected, the portion derived from the ['*C]formate could not be measured.
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at 10°C per min. Under these conditions, the ditrimethylsilyl
derivatives of hypoxanthine and adenine eluted at 16.97 and
17.86 min, respectively.

As can be seen from the data presented in Table 1 (exper-
iment 1), only a small amount of IMP, as assayed by the
amount of hypoxanthine recovered, was detected in cell ex-
tracts incubated with ZMP and *H,-formaldehyde and pro-
cessed as described above. The hypoxanthine recovered was
found to contain no detectable deuterium. If H,MPT were
involved in the formation of IMP, then one would have ex-
pected to find some labeled hypoxanthine. This follows from
the fact that formaldehyde is known to readily react chemically
with H,MPT to form methylene-H,MPT (7), which is, in turn,
enzymatically oxidized to methenyl-H,MPT (16). The methe-
nyl-H,MPT can then be converted to 5-formyl-H,MPT by an
enzymatic route (2, 6) or to 10-formyl-H,MPT by chemical
hydrolysis (2, 6). If these reactions lead to the production of a
labeled formyl-H,MPT which could be involved in IMP bio-
synthesis, then there are several possible explanations to ac-
count for the lack of incorporation of the deuterated formal-
dehyde into IMP: (i) the methylene-H,MPT was all reduced to
methane, (ii) the methenyl-H,MPT exchanged its deuteriums
with water protons (25), (iii) the C-2 deuterium of the IMP
and/or hypoxanthine exchanged with water protons during
sample workup and hydrolysis, and/or (iv) a formyl-H,MPT
was not involved in the reaction. To surmount the first three of
these problems, the experiment was repeated with [**C]form-
aldehyde (91.2 atom% '*C) in the presence of 2-bromoethane-
sulfonate, a potent inhibitor of methanogenesis, which pre-
vents the reduction of formaldehyde to methane (8). In this
experiment, experiment 2 (Table 1), more IMP production was
measured, with 28% of the molecules being derived from the
labeled formaldehyde. The increased amount of IMP can be
accounted for by the increased concentration of formaldehyde
in the incubation.

Assuming that the labeled precursor was only incorporated
at the formate oxidation state, this result indicates that some
oxidation of the formaldehyde to formate occurred and that
the formate was subsequently incorporated into IMP. Again
however, the amount of product formed and the extent of
incorporation of '*C were small. Although it is possible that
formyl-H,MPT served as a donor in this experiment, it is also
possible that chemical hydrolysis of the formyl-H,MPT to for-
mate had occurred and that the resulting free formate along
with the cellular ATP was responsible for the formation of the
IMP. To check out the latter possibility, a cell extract was
incubated with ['*C]formate and ATP. This led to the produc-
tion of 1.7 mM IMP, of which 79% was derived from the
labeled formate (experiment 3 [Table 1]). This result strongly
suggests that only ATP and formate and not a derivative of
H,MPT were involved in this step of purine biosynthesis.

Since H,MPT was present in the cell extract used in these
experiments, it is still possible, however, that the ATP and
formate formylated the HyMPT to formyl-H,MPT, which in
turn serves as the formyl donor for the formylation of ZMP.
This idea was discounted by the data presented in experiment
4 (Table 1), which show that an anaerobically prepared Seph-
adex G-25-purified cell extract, found to be free of H,MPT,
also readily produced IMP from ZMP, formate, and ATP.
That the reaction was dependent on ATP was confirmed by the
results of experiment 5 (Table 1), which showed no detectable
production of IMP in the absence of ATP.

Experiments identical to those described above for M. ther-
moautotrophicum AH but with anaerobically prepared extracts
of M. thermoautotrophicum Marburg and aerobically prepared
cell extracts of S. solfataricus gave very similar results. Incuba-
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tion of 100 pl of cell extract of M. thermoautotrophicum Mar-
burg for 2 h at 60°C in the presence of 8.5 mM [*C]formate
and 8.5 mM ATP produced 2.9 mM IMP with a 20.5 atom%
excess of '*C. Incubation of 100 pl of cell extract of S. solfa-
taricus for 2 h at 60°C in the presence of 8.5 mM ['*CJformate
and 8.5 mM ATP produced 0.18 mM IMP with a 20.8 atom%
excess of °C.

The basic outline of the 10 steps in purine biosynthesis was
established in the late 1950s by Buchanan and coworkers, using
pigeon and chicken livers, and represents the established path-
way for purine biosynthesis in most organisms (23). In the
originally proposed pathway, the 3rd step, catalyzed by gly-
cinamide ribonucleotide (GAR) transformylase, and the 10th
step, catalyzed by 5’-phosphoribosyl-4-carboxamide-5-amino-
imidazole (AICAR) transformylase, involved the incorpora-
tion of a C, unit of formate from N'°-formyl-H folate. Later
experiments with Escherichia coli, however, demonstrated that
a non-folate-dependent GAR transformylase (GAR trans-
formylase T) was also present in E. coli (13). This enzyme
catalyzes the production of B-formyl-GAR from formate, ATP,
and B-GAR and is not homologous to the N'°-formyl-
H,folate-utilizing enzyme which is now referred to as GAR
transformylase N (12). It is the GAR transformylase T that
appears to function in the methanogens, since an open reading
frame for only GAR transformylase T is found in the genome
of Methanococcus jannaschii (3). The other reaction requiring
formyl-N'°-formyl-H folate is in the conversion of ZMP to
IMP and, as shown in this paper, is carried out with only ATP
and formate; neither N'°-formyl-H,folate nor N'’-formyl-
H,MPT is required. This may explain the absence of a gene for
AICAR transformylase in Methanococcus jannaschii (3) and
the differences observed in the labeling patterns at the C-2
position of purines produced in the different methanogens
labeled with different carbon sources (4). Thus, it appears that
M. thermoautotrophicum AH either has retained a more prim-
itive route for the conversion of ZMP to IMP that is indepen-
dent of folates or modified folates or has developed another
route to generate IMP that avoids having to replace N'°-formyl-
H,folate with N'°-formyl-H,MPT. The use of the reaction de-
scribed here by the methanogens also solves the problem of the
route for the formation of N'°-formyl-H,MPT, the expected
formyl donor for the reaction, which is currently not known to
be biologically produced by the methanogens (11).
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Anderson for editing the manuscript.
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