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The hpt gene from the archaeon Methanobacterium thermoautotrophicum, encoding hypoxanthine (guanine)
phosphoribosyltransferase, was cloned by functional complementation into Escherichia coli. The hpt-encoded
amino acid sequence is most similar to adenine phosphoribosyltransferases, but the encoded enzyme has ac-
tivity only with hypoxanthine and guanine. The synthesis of the recombinant enzyme is apparently limited by
the presence of the rare arginine codons AGA and AGG and the rare isoleucine AUA codon on the hpt gene.
The recombinant enzyme was purified to apparent homogeneity.

The purine salvage and interconversion pathways in Meth-
anobacterium thermoautotrophicum have been characterized
by determining purine enzyme levels and incorporation of
purine bases in wild-type cells and in mutants resistant to
purine analogs (36). Because of our interest in purine sal-
vage in archaea and because there exists some controversy as
to whether there are one or two purine phosphoribosyltrans-
ferases (PRTases) in methanogens (4, 6, 36), we decided to
clone a PRTase gene from the thermophilic archacon M. ther-
moautotrophicum. Based on activity with the normally occur-
ring nucleobases, the purine PRTases can be divided into ad-
enine and 6-oxopurine PRTases. The adenine PRTase
(APRTase) typically reacts only with adenine (22, 23, 28, 35).
There are three types of 6-oxopurine PRTases. The most abun-
dant enzyme (HGPRTase) reacts with hypoxanthine and
guanine only (1, 12, 23, 35). Another enzyme reacts with hypo-
xanthine, guanine, and xanthine (27, 32, 43, 46). Finally, an
enzyme exists in Bacillus subtilis that reacts with xanthine only
(7). Here we report on the cloning and expression in E. coli of
a gene encoding a HGPRTase from M. thermoautotrophicum,
a strictly anaerobic, thermophilic, obligatory autotrophic
methanogenic archaeon.

Cloning and sequence analysis of the ipt gene. Transforma-
tion and cloning procedures were done by standard techniques
(26). DNA from M. thermoautotrophicum Marburg (DSM
2133) was isolated as previously described (16) and was par-
tially digested with Sau3Al. Fragments in the range of 1 to 20
kb were subsequently ligated into the BamHI site of pUCI9.
For amplification of the library, E. coli DH5« cells (22) were
transformed by electroporation. The cells were plated on
Luria-Bertani ampicillin (100 mg/liter), and plasmid DNA was
isolated from a culture of 1.5 X 10° pooled colonies. The li-
brary was transformed into strain SP609 [A(gpt-pro-lac) thi hpt
deoD purD rpsL] (17), and the cells were spread on selective
minimal plates containing hypoxanthine (15 mg/liter). Five col-
onies appeared after 24 h of incubation, and all isolates re-
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quired hypoxanthine or guanine for growth, indicating that the
gene we have cloned encodes an HGPRTase. All isolates con-
tained the same plasmid, called pSAUE], which contained a
putative hpt gene. The nucleotide sequence of an insert of
2,221 bp was determined by the dideoxy chain termination
technique (27). Both strands were sequenced completely, and
the sequence was analyzed by using the GCG sequence anal-
ysis software package (11). The cloned fragment contained the
whole coding region of the Apt gene as well as parts of two
other reading frames. That the cloned DNA fragment originat-
ed from M. thermoautotrophicum was verified by Southern blot
analysis (26) using two restriction enzymes, Styl and PstI (data
not shown). The 1,119-bp StyI-Pstl fragment of pSAUEL1 car-
ries the complete hpt gene (Fig. 1) and encodes a protein of
193 amino acids. A search in the database for sequence homol-
ogy using the BLAST algorithm package (2) revealed homol-
ogy to both APRTases and HGPRTases. Amino acid sequence
comparisons with PRTases indicated that the M. thermoauto-
trophicum HGPRTase showed 23 to 29% identity to APRTases
from other organisms, 50% identity to a predicted APRTase of
Methanococcus jannaschii (GenBank accession no. U67467),
and 93% identity to a predicted APRTase from M. thermoau-
totrophicum AH (GenBank accession no. AE000666). In con-
trast, HGPRTases and HGXPRTases of other organisms show
only 19 to 27% identity to the HGPRTase of M. thermoauto-
trophicum.

Primer extension analysis. To further characterize the hpt
gene primer, extension analysis was performed. RNA was iso-
lated from cells growing exponentially in minimal medium
(14). Next, 400-ml cultures at an optical density at 436 nm of
0.3 to 0.4 were harvested, chilled quickly in liquid N,, and
pelleted for 15 min at 8,000 X g. Cells were ruptured by using
liquid N, (16) and were suspended in 10 ml of RNA buffer (20
mM sodium acetate [pH 4.8], 0.5% sodium dodecyl sulfate,
and 1 mM EDTA in diethylpyrocarbonate-treated distilled
H,0). Next, 10 ml of phenol equilibrated with 20 mM sodium
acetate (pH 4.8) was quickly added before incubating the sus-
pension for 10 min at 65°C. The suspension was cooled for
10 min on ice and centrifuged at 15,000 X g for 5 min. The
aqueous phase was extracted two times with phenol-chloro-
form-isoamylalcohol (24:24:1; pH 8.0) before the RNA was
precipitated by adding 0.1 volumes of 3 M sodium acetate (pH
4.8) and 3 volumes of 96% ethanol followed by centrifugation
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Styl
K P T I ¢ K P PEENTLA ARTETETISZ K STLDNTFV L XKTIDNVDSQQTIULATRZ®EQTID
1 CCTTGGGTGTTATCCCCTTTGGGGGCTCCTCETTAAGAGCCCGCTCCTCTATTGATTTTGAARGGTTGAATACAAGTTTTATGTTAACGTCAGACTGGATCAGGGCCCTCTGTATATCCT 120
<orfA
K I v E KV v EE DV I TM G ALZ K KMTZ X SUL S RGILNGTL M EET Tt
121  TAATGACTTCCTTCACGACCTCCTCATCAACTATGGTCATCCCTGCCAGTTTTTTCATAGTTTTACTGAGACTCCTGCCCAGATTTCCAAGCATAGTTTCACCTGCAGTGATCAGTAATC 240
_'
khkhhkkdkkk }r‘» ######
241  ATTAACTATTGTTGGGGCCAACTTATATATTAAGATCCTTTATAAAGCGTATCCTGTGACGCTGTGGATACACTGAATAGT CCCGGTTATTATCACTGTTCACAGACCATAACGGGTGAT 360
hpt=
1 M L DKELEXKESTULINS?®P?V[EHKEXGEEYDYFVNTPVTDGI]PLTEFPEL 38
361  TGAAAAATGCTTGATAAACTAAAGGAAAGCCTCAGAAATTCCCCTGTAATAAAGAAGGGGGAGTATGACTACTTTGTTAACCCTGTAACTGATGGGATACCACTCACAGAGCCTGAACTC 480
PRIMER 15350
35 L EE 1 a2 D E[MVvERRF NP DPasvDK[HvciIiIeEeaMmec [esdaTyvVveLsLKT 78
481  CTTGAGGAAATTGCAGATGAAATAGTGAGAAGATTCAACCCAGATCCGGCCAGTGTGGATAAGATAGTGTGCATTGAGGCCATGGGTATACACCATGCCACGGTGCTATCACTCARAACC 600
Xmal
79 R@Oep Frvv vExERERY ¢ L ?» 6 EVAVHOMTGYSEGETLT Y[INoaevpoaepDoD 118
601  CGCATACCCTTTGTTGTCGTGAGAAAAAGGAGGTACGGCCTCCCCGGGGAGGTTGCGATCCACCAGATGACAGGTTACAGTGAGGGAGAACTTTACATARACGGTGTTGATGGGGACGAC 720
119RvmvDvasTGGTLLAVLEALIEEMEVEVVDVVTVDKGE 158
721  CGTGTAATGGTAATAGATGACGTCGTGAGTACCGGCGGAACACTGCTGGCTGTCCTCEAGGCCCTCAGGGAGATGGAAGTGGAGGTTGTGGACGTTGTAACCGTCATAGATAAGGGTGAG 840
orfB=>
159GSIEVVKE@TGFTVIESLVKADVVDGRVTVED1PDGG-####Ms193
841  GGCTCAAGGGTGCTGAAGGAGAGGACAGGGTTCACTGTAAGGAGCCTTGTGAAGECAGATGTTGTTGACGGECAGGTCACCGTTGAGGACATCCCGGATGGGGGCTGAATGATTAAATGT 960
L Yy DLETTET RV YTI®RTETIT KT RTILTIEKTVDVV GELQPFPESGTZILZE KTH RAVETLHA AETII
961  CACTCTATGATCTTGAAACAGAAAGGGTTATCAGGGAAATAAAACGCCTCAAAGTAGATGTTGTTGGACTTCAATTTCCTGAGGGACTTAAAACARGGGCTGTTGAACTTGCAGAGATTA 1080
Pstl
E 8 ETDATA ATL I S A
1081 TAGAATCAGAAACGGATGCGACAGCTCTTATATCTGCAG 1119

FIG. 1. The nucleotide sequence of a 1,119-bp StyI-PstI DNA fragment containing part of orf4 and orfB and the complete ipt gene of M. thermoautotrophicum
Marburg. The deduced amino acid sequence of the HGPRTase, encoded by /pt, and the two open reading frames are shown above the sequence. The amino acids
shown in bold have been verified by N-terminal sequencing of the purified HGPRTase. The potential ribosome binding sites in front of the open reading frames are
marked with #. Relevant restriction sites are indicated and double underlined. The transcriptional start sites of the ipt gene, as identified by primer extension (Fig.
2) are marked with arrows, and the putative promoter region is marked with asterisks. Amino acids encoded by infrequently used arginine and isoleucine codons in

E. coli are boxed.

for 20 min. The RNA pellet was dissolved in 0.5 ml of dieth-
ylpyrocarbonate-treated distilled H,O and extracted two times
with phenol-chloroform-isoamylalcohol. The primer 15350 (5'-
GGG AAT TTC TGA GGC TTT CC-3') labelled with **P at
the 5’ end with T4 polynucleotide kinase (New England Bio-
labs, Beverly, Mass.) was used (Fig. 1). A 50-ug sample of total
RNA prepared from M. thermoautotrophicum and 0.1 pmol of
primer in 0.3 M KCI was incubated at 90°C for 2 min and
allowed to hybridize by cooling the mixture to 42°C over a
period of 1 h. Probes were then extended for 1 h at 42°C in
extension buffer (50 mM Tris-HCI [pH 8.3], 150 mM KCI,
8 mM MgCl,, 5 mM dithiothreitol, dATP, dCTP, dGTP, and
dTTP, each at 1 mM) with 100 U of Moloney murine leukemia
virus reverse transcriptase (Gibco-BRL). The extension reac-
tion was stopped with formamide sequencing dye, and the ex-
tension products were analyzed on a 7% sequencing gel and
aligned versus a dideoxy sequencing ladder by using primer
15350 and pSAUE7 as DNA template.

The primer extension analyses (Fig. 1 and 2) mapped two
transcriptional start sites 73 bp upstream of the translational
start at a position 23 bp downstream of a putative box A
promoter element (5, 33). A sequence complementary to 6 bp
of the 3’ end of 16S rRNA from M. thermoautotrophicum that
could function as ribosome binding site was found 6 bp up-
stream of the ATG start codon. Located 152 bp upstream of
the start codon of the Apt gene starts was an open reading
frame, orf4, with a possible ATG start codon preceded by a
6-bp match to 16S rRNA. This reading frame codes for 275
amino acids of the N-terminal part of a protein which shows
95% identity to an open reading frame (no. 1321) from M. ther-
moautotrophicum AH and 61% identity to an open reading
frame from M. jannaschii which code for a putative signal
recognition particle. Downstream of the TGA stop codon of
the hpt gene there is no apparent poly T stretch or secondary
structures indicating a terminator. Rather, there is an open

reading frame, orfB, encoding 218 amino acids of the N-ter-
minal part of a putative protein. The reading frame starts with
an ATG codon 8 bp downstream of the stop codon of the hpt
gene and is preceded by a 4-bp match to 16S rRNA. In a search
for sequence homology to this putative protein, we found an
open reading frame with 82% identity to an open reading
frame (no. 1319) from M. thermoautotrophicum AH and 36%
identity from M. jannaschii, which shows homology to a diph-
theria toxin resistance receptor. The organization orfA-hpt-
orfB seen in M. thermoautotrophicum Marburg was the same as
in M. thermoautotrophicum AH but differs from that of M. jan-
naschii, where the homologues to orfA, hpt, and orfB are scat-
tered on the genome.

Subcloning of the Apt gene. Plasmid pSAUE7 was construct-
ed by inserting an 890-bp PstI fragment into the PstI site of
pUC18 and was transformed into S@609. pSAUE11 was con-
structed by ligating a 475-bp Xmal-PstI fragment and a 379-bp
Xmal-cleaved PCR product into the vector pZ7rc99A (3), which
was cleaved with Ncol and treated with Klenow polymerase
before cleaving with PstI. The PCR product was generated
by using the oligodeoxynucleotides 5'-CTT GAT AAA CTA
AAG GAA AGC CTC-3’ (positions 370 to 393; Fig. 1) and
5'-TCA CGA CGT CAT CTA TTA CC-3’ (positions 750 to
731). pSAUEIL2 was constructed by ligating a 586-bp PCR
product generated by using the oligodeoxynucleotides 5'-TAG
TTA TTT AGC CCC CAT CCG GGA TGT CCT CAA C-3’
into pTrc99A treated with Klenow polymerase before cleaving
with Smal. The primer contains a 9-base 5’ nonmatching se-
quence which replaces the UGA stop codon of the methano-
genic Apt with the more efficient stop codon UAA (24) and
inserts stop codons in all three reading frames.

Purification and characterization of the recombinant hypo-
xanthine guanine phosphoribosyltransferase. The enzyme
was purified from strain S@609 harboring plasmid pSAUE12
grown in 1 liter of Luria-Bertani medium (100 mg/liter) with
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FIG. 2. Primer extension analysis of the Apt-specified mRNA. The number-
ing of the nucleotide sequence is as in Fig. 1, with the coding strand displayed.
A 50-pg quantity of RNA prepared from M. thermoautotrophicum was used in
each experiment, and results obtained with complete extension mixture (+) and
with an extension mixture without reverse transcriptase (as a control) (—) are
shown. Lanes G, A, T, and C show the sequences generated using primer 15350
together with plasmid pSAUE 7 as template. The putative transcriptional start
sites are marked on the gel with arrows and on the sequence to the left of the gel
with asterisks. A putative box A promoter element is boxed on the sequence.

0.1 mM isopropyl-B-p-thiogalactopyranoside (IPTG). Cells were
harvested by centrifugation, resuspended in 10 ml of extraction
buffer (10 mM Tris-HCI [pH 7.6], 2 mM EDTA) at 0 to 4°C,
disrupted in a French press at 3,810 Ib/in?, and centrifuged (10
min, 10,000 X g). Nucleic acids were precipitated by adding
streptomycin sulfate to 1% followed by incubation for 1 h and
centrifugation. The supernatant was subjected to heat dena-
turation for 30 min at 70°C followed by the removal of dena-
tured protein by centrifugation and was dialyzed for 16 h
against 2 liters of TM buffer (10 mM Tris-HCI [pH 7.6], 10
mM MgCl,). The dialysate was applied to a diethylaminoethyl
cellulose-52 column (2.5 by 24 cm; Sigma, St. Louis, Mo.)
equilibrated with TM buffer and run at a flow rate of 1.0 ml/
min. HGPRTase was eluted with a gradient of 0 to 1 M NaCl
over a period of 30 min. The activity-containing fractions (36
ml) were dialyzed for 16 h against 2 liters of TM buffer. An
aliquot of 5 ml was applied on a 1-ml GTP-agarose column

J. BACTERIOL.

TABLE 1. Purification of the recombinant HGPRTase
from M. thermoautotrophicum expressed in E. coli
S@609 from plasmid pSAUE12

Specific activity” Total Fold

Fraction Protein (nmol/min/mg activity  purifi- Y;ld

(mg) of protein) (nmol/min) cation (%)

Crude extract 196 253 49,588 1 100

1% Streptomycin 94 420 39,480 1.7 80
precipitation

Heat denaturation 17 2,315 39,355 92 719

DEAE(52)-chroma- 3.6 7,308 26,309 29 53

tography
Affinity-chromatog- 0.36 39,400 14,184 156 29

raphy (GTP-agarose)

“ Activity was determined with 1 mM PRPP and 0.1 mM '“C-labelled hypo-
xanthine as substrates as described before (17) with the following modifications.
Assays were performed at 65°C in 0.1 M HEPES (pH 8.3), and protein concen-
trations were determined according to the method of Lowry et al. (19).

(Boehringer, Mannheim, Germany). The column was washed
with 3 ml of TM buffer containing 1 M NaCl. The enzyme was
eluted with 1 ml of TM buffer containing 1 mM PRPP. The puri-
fication of the HGPRTase is summarized in Table 1 and visual-
ized in Fig. 3. The activity of the purified enzyme with guanine
(0.1 mM) was 66% of that with hypoxanthine, while activity
with adenine, xanthine, uracil, orotate, or cytosine was <0.01%.
PRTase activity in crude extract of M. thermoautotrophicum re-
vealed 16 nmol/min/mg of protein with hypoxanthine, 14 nmol/
min/mg of protein with guanine, and <0.01 nmol/min/mg of pro-
tein with adenine and xanthine. The purified HGPRTase was
subjected to N-terminal analysis by Edman degradation done
with an Applied Biosystems 477A Protein Sequencer with on-
line phenylthiohydanthoin-amino acid detection. N-terminal
sequencing yielded the amino acid sequence Met-Leu-Asp-
Lys-Leu-Lys-Glu-Ser-Leu-Arg, which is in perfect agreement
with the N-terminal end predicted from the nucleotide se-
quence (Fig. 2). The purified enzyme was stable for at least 6
months at 4°C in the TM buffer. A broad pH optimum of
between pH 7.6 and 8.2 with an optimal activity between 70
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FIG. 3. Sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis of
the purification steps of the recombinant HGPRTase from M. thermoautotrophi-
cum. A total of 10 pg of protein was applied at each purification step (Table 1).
Lanes: 1, crude extract; 2, streptomycin step; 3, heat denaturation step; 4, DEAE
step; 5, GTP-agarose affinity step. The molecular mass markers used were as
follows: Phosphorylase b (97.4 kDa); serum albumin (66.2 kDa); ovalbumin (45.0
kDa); carbonic anhydrase (31.0 kDa); soybean trypsin inhibitor (21.5 kDa); and
lysozyme (14.5 kDa). The position of the purified HGPRTase is marked with an
arrow.
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FIG. 4. Growth of E. coli S®609/pSAUE12 and HGPRTase levels. Effects of
IPTG and plasmid pRI952, containing genes that encode tRNAs for the rare
codons AGA, AGG, and AUA. Closed symbols indicate growth (optical density
at 436 nm [OD,3¢]) in control cultures, and open symbols indicate growth after
the addition of IPTG. Time of IPTG addition is indicated. Symbols: O and @,
S?P609/pSAUE12; A and A, SP609/pSAUE1L2 + pRI952. Numbers shown above
and below the growth curves are HGPRTase levels given as nanomoles per minute
per milligram of protein determined in cells isolated at the last point of the
growth curve.

and 80°C was found. The enzyme activity at 37°C and at 85°C
was 1 to 2% of that measured at 65°C.

Controlled expression of the hpt gene of M. thermoautotro-
phicum in E. coli. The orientation of the insert in pSAUE1 and
pSAUE7 was arranged so that the transcription of the Apt gene
could not be driven by the lac promoter in the pUC vector. In
both situations, the expression resulted in an enzyme with an
activity corresponding to 210 to 230 nmol/min/mg of protein
driven from the /pt promoter. To obtain a higher level of ex-
pression, the /Apt gene was inserted into the expression vector
pTRC99A, which contains the strong trc E. coli promoter un-
der lacI? control and a ribosome binding site at an optimal
distance from the ATG start codon of the /spt gene. Unfortu-
nately, this construct (pSAUE12) resulted in enzyme levels of
the same magnitude as those found in S@609 containing
pSAUEI or pSAUE7. All constructs grew at a rate 10 to 12%
below that of S@609 containing only the vector. Growth of
S?609/pSAU12 was further reduced by the addition of IPTG,
and no increase in enzyme level was obtained (Fig. 4). In the
early reports on codon usage in archaea (15, 29), it was noticed
that the codon usage was different from that of E. coli. Archaea
appears to have a strong preference for the AGA and AGG
arginine codons (8), which are infrequently used in E. coli. The
minor tRNA*"8, encoded by argU and recognizing AGG and
AGA, and tRNA™, encoded by ileX and recognizing AUA
have been shown to be limiting factors in bacterial expression
of foreign genes (10). Analysis of the codon usage of the Apt
gene showed that there was a high number of the rare co-
dons—nine AUA isoleucine codons, six AGG codons, and four
AGA arginine codons. When the rare codons are arranged in
clusters or in tandems, the expression is further perturbed.
This was in fact the arrangement found here (Fig. 1). Intro-
duction of the plasmid pRI952 (10), containing the genes cod-
ing for the tRNAs which decode these codons, into S@P609
already containing pSAUEI2 resulted in a 35-fold increase in
the enzymatic level when the cells were induced with 0.2 mM
IPTG (Fig. 4). However, the pRI952 plasmid did not relieve
the observed growth inhibition. The doubling time for S@609/
pRI952 was 1 h. This indicates that the observed growth inhi-
bition (Fig. 4) is most likely a result of the synthesis of the
recombinant enzyme. When an extract of cells containing the
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high level of HGPRTase (8,678 nmol/min/mg of protein) was
analyzed on sodium dodecyl sulfate-polyacrylamide gels, a ma-
jor band which ran in the same position as the purified enzyme
was observed (data not shown).

Conclusions. The successful isolation of genes of archaeal
origin by functional complementation in E. coli has been re-
ported for genes from thermophiles and methanogens encod-
ing enzymes of biosynthetic pathways (15, 20, 21, 25, 29, 31,
34). We cloned a HGPRTase gene from M. thermoautotrophi-
cum, although the amino acid sequence is most similar to an
APRTase. Crystallographic studies of the human HGPRTase
(13) indicated that the part of the protein that differentiates
between adenine and 6-oxopurines is situated in the carboxy-
terminal part of the protein. Lys-165 is thought to determine
whether adenine is discriminated against as substrate. Align-
ment of sequences of various HGPRTases shows that a lysine
occupies a similar position in the HGPRTase of M. thermoau-
totrophicum Marburg. Val-187 and Asp-193 in the C-terminal
end of the human HGPRTase also occupy a similar position in
the methanogenic enzymes, and both have been proposed to
play a role in the discrimination against xanthine as substrate.
However, the putative PRPP binding fold of the HGPRTase
from M. thermoautotrophicum differs from those of other
HGPRTases, which are characterized by two adjacent carbox-
ylic acids, Glu-133 and Asp-134 (13), where APRTases has two
aspartate residues (9). The methanogenic enzyme, however,
has two aspartate residues at this position. Two other amino
acid residues, Thr-129 and Gly-131, found in the methanogenic
HGPRTase are highly conserved in the PRPP binding fold
of APRTases. Thr-138 and Thr-141 of the human HGPRTase
which form hydrogen bonds to the phosphate oxygen of GMP
are conserved in the methanogenic HGPRTase. Thus, the
important residues of HGPRTase are fairly conserved in the
methanogenic enzyme, while other residues are not conserved,
a property that may reflect the fact that the enzyme has its
highest activity at 75°C. Particularly in the C-terminal end of
the methanogenic enzyme, a large number of amino acids that
are completely different from those of other HGPRTases are
found. From our data, it appears that methanogens possess
only a single purine PRTase, namely HGPRTase. In contrast,
halophilic archaea (32) and Sulfolobus species (23a) contain
both an APRTase and an HGPRTase.

Nucleotide sequence accession number. The sequence re-
ported in this paper was deposited in the GenBank database
under accession no. AF007759.

This work was supported by a grant from the Danish Centre for
Microbiology.

We thank Kenneth Harlow for performing the N-terminal amino
acid sequence analysis.
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