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Summary. A 1.6-kb fragment of DNA from the
thermophilic, methane-producing, anaerobic ar-
chaebacterium Methanobacterium thermoautotro-
phicum AH has been cloned and sequenced. This
DNA complements mutations in both the purE, and
purE; loci of Escherichia coli. The sequence of the
M. thermoautotrophicum DNA predicts that com-
plementation in E. coli results from the synthesis
of a polypeptide with a molecular weight of 36,249,
A polypeptide apparently of this molecular weight
is synthesized in E. coli minicells containing recom-
binant plasmids that carry the cloned fragment of
methanogen DNA. We have previously cloned and
sequenced a purE-complementing gene from the
mesophilic methanogen Methanobrevibacter smithii.
The two methanogen-derived purE-complementing
genes are 53% homologous and encode polypeptides
that are 45% homologous in their amino acid se-
quences but would be 74% homologous if conser-
vative amino acid substitutions were considered as
maintaining sequence homology. The genome of M.
thermoautotrophicum has a molar G + C content
of 49.7%, whereas the genome of M. smithiiis 30.6%
G + C. Conservation of encoded amino acids while
accommodating the very different G + C contents
is accomplished by use of different codons that en-
code the same amino acid. The majority of base
changes occur at the third codon position. The in-
tergenic regions of the cloned M. thermoautotro-
phicum DNA contain sequences previously identi-
fied as ribosome binding sites and as putative
methanogen promoters. Although the two purE-
complementing genes are apparently derived from
a common ancestor, only the gene from M. smithii
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maintains a codon usage that conforms to the RNY
rule.
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Introduction

Although all methanogens are procaryotic, are strict
anaerobes, and gain energy by biosynthesis of meth-
ane, they are otherwise a very heterogeneous group
(Balch et al. 1979). Molar DNA base compositions
of methanogens range from 28 to 61% guanine plus
cytosine (G + C). There are coccoid, rod-shaped,
filamentous, and spiral methanogens. The current
taxonomy of methanogens was developed on the
basis of comparative studies of catalogues of oli-
gonucleotides obtained by ribonuclease T1 diges-
tion of 16S rRNAs. This taxonomy, while recog-
nizing their diversity, maintains methanogens as a
coherent group and places them with the extreme
halophiles and thermoacidophiles as members of
the archaebacterial kingdom (Fox etal. 1977; Woese
and Fox 1977; Woese et al. 1978). We have cloned
genes from several methanogens on the basis of the
cloned DNAs being able to complement auxotroph-
ic mutations of Escherichia coli or Bacillus subtilis
(Reeveetal. 1982; Hamilton and Reeve 1984, 1985;
Morris and Reeve 1984; Cue et al. 1985). By com-
parison of the sequences of genes cloned from dif-
ferent methanogens it should be possible to deter-
mine evolutionary and therefore taxonomic
relationships among different methanogenic species.
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Table 1. Microorganisms and plasmids used
Bacterial strains/plasmids Genotype/phenotype Source/reference
Strains
Methanobacterium D. Livingston, Dept. Chemistry, M.I.T.
thermoautotrophicum AH Wild type
Escherichia coli JA221 hsdR, trpAES3, leuB, recA Reeve (1979)

Escherichia coli DS410
Escherichia coli x760

minA, minB, As

R. Curtiss III

ara-1, leu-1, azi’, tonAr, lacY2, proC119, tsx, purEl,

galK2, trp3, his4, argG36, rpsL, xyl-1, mtl-1, ilvA®6,

J. Gots, Dept. Microbiology, Univ.
Pennsylvania
J. Gots

Vieira and Messing (1982)

Hamilton and Reeve (1985)

1.6-kb Pstl fragment of M. thermoau-
totrophicum DNA cloned into pUCS8

thi-1, metl12

Escherichia coli TX209 purE,, Alac

Escherichia coli TX257 purE,, Alac

Escherichia coli NK6051 purE,::Tnl0, Alac-pro (phenotypically purE,)
Plasmids

pUCS8 Amp*

pET405 Amp’, purE*

pET441 Ampr, purE*

pET445 Amp’, purE-

pET441 digested with Asp718 and re-
ligated

This approach was recently used to compare genes
from two methanococcal species, Methanococcus
vannielii and Methanococcus voltae (Cue et al. 1985),
which have very similar DNA base compositions
and morphologies (Balch et al. 1979). These species
differ in that M. voltae is a marine isolate and re-
quires NaCl, isoleucine, and valine for growth. Both
are mesophiles. The sequence data confirm that these
two species are related, but perhaps not so closely
related as suggested in the published taxonomy of
methanogens (Balch et al. 1979).

We have now extended this approach to two
methanogens that, although placed in the same taxo-
nomic family (Balch et al. 1979), have very different
characteristics. Methanobrevibacter smithii is a me-
sophile witha G + Ccontent of 30.6 mol%, whereas
Methanobacterium thermoautotrophicum is a ther-
mophile with a G + C content of 49.7 mol% (Balch
et al. 1979). DNA fragments from M. smithii and
M. thermoautotrophicum have been cloned that
complement mutations at the purE locus of E. coli
(Gots et al. 1977). Details of the cloning and se-
quencing of the M. smithii DNA have been pre-
sented (Hamilton and Reeve 1985). In this report
we provide the M. thermoautotrophicum sequence
and the results of comparisons of the two DNA
sequences and the two encoded gene products.

Materials and Methods

Bacteria and Plasmids. Strains and plasmids used in this study
arelisted in Table 1. Plasmid pET441 was constructed by ligation
of Pstl-digested M. thermoautotrophicum AH DNA to Pstl-di-
gested pUCS. The ligation mixture was used to transform com-
petent cells of E. coli JA221 and ampicillin-resistant transform-
ants were selected. Plasmids were isolated from this population
of transformants and used to transform E. coli x760, and trans-

formants were selected for purine-independent, ampicillin-resis-
tant growth. One such isolate contained plasmid pET441. A
Southern blot hybridization procedure, with 32P-labeled pET441
as the probe against Pstl-digested genomic M. thermoautotro-
phicum DNA, confirmed that the cloned DNA originated in M.
thermoautotrophicum AH (results not shown). Plasmid pET445
was obtained by Asp718 (Boehringer Mannheim Biochemicals,
Indianapolis, IN 46250) digestion of pET441 DNA, religation,
and transformation of E. coli TX257 with selection for ampi-
cillin-resistant transformants (Fig. 1). E. coli TX257 strains car-
rying plasmid pET445 retain the purine auxotrophy of E. coli
TX257.

Media and Procedures. Media and facilities used to grow
methanogens have been described by Hook et al. (1984). Media
and culture conditions for E. coli strains were as described by
Davis et al. (1980). References for or descriptions of the tech-
niques used to isolate, clone, digest, and sequence DNAs from
methanogens have been given previously (Hamilton and Reeve
1984, 1985). Plasmids of interest were transformed into E. coli
DS410 and minicells produced by these transformants allowed
to incorporate L-[>3S]-methionine. The techniques used to isolate
minicells, label plasmid-encoded polypeptides in minicells, and
characterize the labeled polypeptides by polyacrylamide gel elec-
trophoresis and fluorography have been described in detail (Reeve
1979).

Results

Cloning of M. smithii and M. thermoautotrophicum
Sequences That Complement purE
Mutations of E. coli

Details of the cloning and sequencing of a 2.7 kilo-
base pair (kb) fragment of M. smithii DNA that
complements E. coli purE, and purE, mutations
have been published (Hamilton and Reeve 1984,
1985). A 1.6-kb Pstl-generated fragment of M. ther-
moautotrophicumm DNA was cloned into pUCS
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Fig. 1. Restriction map and strategy used to sequence the M. thermoautotrophicum DNA cloned in plasmid pET441. The heavy

upper line represents the 1.6 kb of cloned DNA; restriction sites are Accl (A), BamHI (B), Bglll (G), Hpall (J), Bcll (L), Cfol (M),
Haelll (0O), Pstl (P), Rsal (R), EcoRV (V), and Asp718 (Z). The arrows below the restriction map indicate the extents of individually
determined sequences obtained using the chemical cleavage method of Maxam and Gilbert (1980). A deletion of the indicated 21 bp
was introduced into pET441, producing pET445, by digestion with Asp718 (which recognizes and cleaves 5'-G|GTACC), religation,
and transformation of E. coli TX257. The codons deleted in purEA445 and the encoded amino acids whose removal inactivates purE
complementation are shown

PA+T
M. smithii.

M. thermoautotrophicum.

|

0 1 2 3 Kb.

Fig. 2. Schematic representation of the cloned purE-complementing DNA fragments. The boxes represent open reading frames
(ORFs). Identification of the purE-complementing ORF in the cloned M. smithii DNA (ORF-PurE,) was previously reported (Hamilton
and Reeve 1985). Identification of the purE-complementing ORF (ORF-PurE,) from M. thermoautotrophicum is based on its sequence
homology to ORF-PurE, and on the location of the deletion in pET445 that inactivates purE complementation (see Figs. 1 and 3).
ORF-PurE, is the only intact ORF in the fragment of DNA cloned from M. thermoautotrophicum, capable of encoding a polypeptide
containing more than 80 amino acid residues. The figures given above the ORFs and intergenic regions are the molar percentages of
A + T in the indicated regions. In both DNAs, ORF-PurE and ORF-B are transcribed as indicated by the arrows from left to right,
whereas ORF-C, would be transcribed from right to left

(Vieira and Messing 1982) to obtain plasmid
pET441, which also complements the purE, and
purE, mutations (Gots et al. 1977) present in the
strains of E. coli listed in Table 1. Figure 1 shows
a restriction map of the M. thermoautotrophicum
DNA cloned in pET441 and the strategy used to
obtain the sequence of this cloned DNA. The se-
quence obtained indicated the presence of two
cleavage sites for the restriction enzyme Asp718 (an
isoschizomer of Kpnl) separated by only 21 bp.
Digestion of pET441 with Asp718, religation, and
transformation of E. coli TX257 produced a plas-
mid, pET4435, that, although still capable of con-
ferring ampicillin-resistant growth on E. coli TX257,
was incapable of complementing the purE, muta-
tion carried by E. coli TX257. Plasmid pET445 was
subsequently also found to be incapable of comple-
menting the mutation in purE, in E. coli TX209
(Table 1). DNA sequencing confirmed that con-

struction of pET445 had resulted in a deletion of
the 21 bp between the two Asp718 sites of pET441
(Fig. 1). This deletion (purEA445) removes seven
in-frame codons from within the open reading frame
(OREF) identified as the purE-complementing gene
(see below). Loss of seven amino acids from within
this M. thermoautotrophicum-encoded polypeptide
apparently inactivates its ability to complement purE
mutations in E. coll.

Figure 2 shows the overall organization of ORFs
in the cloned DNAs from M. smithii and M. ther-
moautotrophicum. As previously reported, the M.
smithii DNA contains two long ORFs (ORF-PurE,
and ORF-B, in Fig. 2), separated by only 9 bp, that
appear to be in the same transcriptional unit (Ham-
ilton and Reeve 1985). The cloned M. thermoau-
totrophicum DNA contains one long, intact ORF
(ORF-PurE, in Fig. 2) and the amino termini of two
additional ORFs (ORF-B, and ORF-C, in Fig. 2).
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M.gmithii

M. thermo-
autotrophicum

|MTPKVMIILGSGSDIAIAEKSMKILEKLEIPYSLKIASAHRT

ATGACACCAAARGTAATGATAATTCTGGGAAGTCGGTCAGATA TTGC TATCGC TGAARAAAGTATGAAGATTTTGGAAAAACTTGAAATACCATATAGT TTGAAANTAGC TTCAGCACATAGAACA
ATGA CC A AGT ATGATA T CT GGAAGTG TC GAT T AT GC GAAAA ATG A AT TT GA AACT ATACC TAT TGA T GC TCAGC CA AG ACA
ATGAAGCCCAGAGTGATGATACTCCTTGGAAGTCCATC TGATTTCAGGA TAGCCGAAAAGGCAATGGARATC TT TGAGGAAC TCAGGA TACCCTATGACCTGAGGGTTGCC TCAGCCCACAGGACA

|MKPRVMILLGSASDFRIAEKAMEIFEE}LRIPYDLRVASAHR’I‘
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CATGAAAAGGTAAAGGC AATAGTCTCAGAGGCCGTGAAGGCGGGTGTTGAGGTATTCATAGGAA TAGCAGGACTA TC AGCCCATC TTCCAGOCATGATA TC TG AAACACCCACAGACCCGTCATA
HEZKVEKATIVSEAMVKAGVYEVFTIGTIAGTLTSAHLTPGMTISANTUHTE RTEPLUVI

GV PVDVEKVYSGLDALTYSS SV OQMPY®PSPVATVYVGTIDRTGDINTGATITLAA
GGAGTTCCTGTAGATGTTARAGTTAGCGGACTGGATGCAC TATATTC TTCAGTTCAAATGCCTTATCCCTC TCC TGTAGCCAC TGT TGGAA TTGATAGGGGAGATAATGGAGC TATTTTAGCTGCA
GG GT CCTGT GA GTTAMA TT GGG CT GA GCCT T T C T CA ATGCC T CC C CC GT GCCACTGT GG T GA AGGGGAGA AA G GC AT T GCTGC
GGGGTCCCTGTTGACGTTAARC TTGGAGGGC TCGACGCCCTCTTTGCATGT TCACAGA TGCCC TTCCCTGCCCOCGTCGCC ACTGTGGGGGTAGACAGGGGAGAAARCGCCGC AATACTCAC TGCC
GVPVDVEKLSGGLDALTFACSQMPFZPAPVYVATV VGVYVDR RGENSA ASAMATILITLAA

R1LGL YDETETILIRTEKTI KV VILESTI KEGYUROQEKVYVTI KNUNETETIVUVOQZKTIDNTPHTIT
CGAATCCTAGGGCTTTATGACGAGGAAATACGCAAAAAAGTATTGGAATCAAAAGAAGGA TATAGACAGAAAGTC ATTAAAAACAATCAACAAATTGTCCAAAAAATAGACAATCCACATATTACC
C AT TAGGG T GA G TAG AARA GT GA AR AGG T A GT AAA A A T TCAA ATAGA cC A TC
CAGATAATAGGGATAGGAGATCCCGGGGTAAGGGAAAGGGT TGCAGA TC TAAGGAGAGGT TTC TATGAACGCGTGCGGAGAGATGAATGTCAGGTGC TCAACAGC ATAGAGGGGTCC TACTATGCA
21161 GDPGVRERVADILURIPRGFYERVRRDTET COQVLNSTIETGS SYZYA

N B F LRI KNTELETLWUNIETTTETETFWNGSYTIHNIEKNAEVVYVYI11VYVGRHTODLTITG
AATGACTTTTTAAGGATTAAAAACCTCGAATTAAATGAAACTACAGAAGAATTTAATGGAAGC TACATTAATAAAAATGC TGAGGTAGTCATTA TTGT TGGAAGACATACTGA TTTAATTACTGGA

T AT CTG AAG C CAGA ATG C GGTA TAT TGGAG A CTGA TA A G
COCCTGGAGGT TGAAATACC TCCCATTGGTGATAAGGTCOCGTCAGA TTCCCAGGATGACCC === =~ e mmmm e ATGGTATCTGTGATACCTGGCAGC TACTC TGACATGAAGATAGCC
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K XK T?™7TMPFLERMGTISYDLMNU VTISUPIRYPEIRTFTERTYTULETZ KMENVTIEKTLTF!I
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CCACCAGGAGTACCTGTAGC TACTGT TGGTGTTAATAATGGTCGTAATGC TGC TGT T TTAAGTGGTGAAATACTTTC TATTAACAATCC TGT TC T TTTAGAGC TTTTAGAAAAATTAAAAAATAAA
QC CC GG GTACCTGT G AC GT GGGT TAAGGT GTAAGCGC T T TG TGAAAT CTT AT AC AT T A G TAAAR TAAAA

CCOCCGGGTGTACCTGT TGGAACGETGRGGCTAGGTAACGGTGGTAACGCCGCAATAC TGGC TAC TGAAATGC TTGGAATATACGATGAAAAGA TAGAATCGAGGATAAAGAGGA TAAAGAGCCGT

PPGVPVGEGTVGEGVGNGGNH-BABAI

K I N I **
AARATCAACATATAA

TAA T TAA
TCCGTTAAGTTCTAA
§ V K F ***

LAAEMLGI YDETIKTIESR RTITZEKTE RTITI KSR

Fig. 3. DNA and amino acid sequences of the purE-complementing genes (ORF-PurE) and their encoded polypeptides. The upper,
M. smithii sequence was reported previously (Hamilton and Reeve 1985). The M. thermoautotrophicum sequence was obtained using
the chemical cleavage method of Maxam and Gilbert (1980). The sequencing strategy is shown in Fig. 1; all regions were sequenced
at least twice, although the sequence of some regions was obtained from only one DNA strand. Positions at which the same base
occurs in both sequences have been indicated by typing that base between the two DNA sequences. The amino acid sequences are
indicated using the single-letter amino acid code above the first base of each amino acid-encoding codon. The gaps (indicated by
dashes) were inserted by a homology-detecting and - maximizing program (ALIGN) purchased from DNASTAR (Madison, W1 53711).
The location of the deletion, purEA445, present in pET445 is indicated

Construction of purEA445 deleted seven codons
within ORF-PurE, (Fig. 1). ORF-B, is read in the
same direction as ORF-PurE,, and comparison of
sequences (see below and Fig. 5) shows it clearly to
be related to ORF-B,. ORF-C, is read in the opposite
direction from ORF-PurE, and is located in a region
of DNA that has not been cloned from M. smithii.

Comparison of DNA Sequences

The DNA sequences demonstrate that the base
compositions of the cloned purE genes correspond
closely to the overall base compositions of the ge-
nomes of the two species. M. smithii genomic DNA
is 69.4% A + T and ORF-PurE, of M. smithii is

66.2% A + T. M. thermoautotrophicum genomic
DNA is 50.3% A + T and ORF-PurE, of M. ther-
moautotrophicum is 48.9% A + T. In both species
the intergenic regions have significantly higher A + T
contents than are found in the ORFs (Fig. 2).
Figure 3 is a comparison of the two methanogen-
derived ORF-PurE DNA sequences and of the two
encoded amino acid sequences. The two genes ap-
pear to have evolved from a common ancestor. ORF-
PurE, is 1020 bp and ORF-PurE, is 1005 bp, pre-
dicting encoded polypeptides with molecular weights
of 36,697 and 36,249, respectively. Polypeptides
synthesized in minicells containing plasmid pET405
(which contains ORF-PurE, and ORF-B,), pET441
(which contains ORF-PurE), or pET445 (which
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Fig. 4. Expression of purE-complementing plasmids in mini-
cells of E. coli. Minicells containing pET405 (Hamilton and Reeve
1985), pET441, or pET445 were allowed to incorporate [*S]
methionine for 10 min at 37°C. Radioactively labeled polypep-
tides were separated by electrophoresis through a 10~20% gra-
dient polyacrylamide gel. The locations of the radioactive poly-
peptides were detected by fluorography (Reeve 1979). The gene
products of ORF-PurE, and ORF-B, (gpPurE, and gpORFB;,
respectively) encoded by pET405 have been previously identi-
fied. Their mobilities accurately refiect their molecular weights
as calculated from the encoding DNA sequences and as dem-
onstrated by coelectrophoresis with polypeptides of known mo-
lecular weights (Hamilton and Reeve 1985). The products of
ORF-PurE, and ORF-PurE,A445 (gpPurE, and gpPurE,A445, re-
spectively) encoded by pET441 and pET445 and the precursor
and mature forms of B-lactamase encoded by pET405, pET441,
and pET445 are indicated to the left of the figure. The additional
polypeptides synthesized in minicells containing pET405 as com-
pared with minicells containing pET441 or pET445 are products
of pBR322 (the vector used in construction of pET405) not en-
coded by pUCS (the vector used in construction of pET441 and
PET445)

contains ORF-PurE,A445) are compared in Fig. 4.
The ORF-PurE, gene product (gpPurE,) migrates
slightly slower during electrophoresis than the ORF-
PurE, gene product (gpPurE,), which, in turn, mi-
grates slightly slower than the ORF-PurE,A445 gene
product (gpPurE,A445). This is consistent with the
calculated molecular weights for the three gene
products of 36,697, 36,249, and 35,273, respec-
tively. The sequence alignment shown in Fig. 3 places
the same base as in ORF-PurE, at 535 positions of
the 1005-bp sequence of ORF-PurE,, and 151 of the
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Table 2. Base pair changes found in comparing ORF-purE, of
M. smithii with ORF-purE, of M. thermoautotrophicun?®

Codon position

Base Transition (Ts) or
changes® 1 2 3 transversion (Tv)
A-T 10 9 24 Tv
A-C 13 10 36 Tv
A-G 30 24 38 Ts
T-A 4 9 31 Tv
T-C 6 6 47 Ts
T-G 11 2 28 Tv
C-G 5 8 7 Tv
C-T 4 7 7 Ts
C-A 13 5 8 Tv
G- A 13 7 5 Ts
G-T 8 0 3 Tv
G-C 9 15 5 Tv
Totals 126 102 239 Tv =273
Ts = 194

* Sequences and alignment are given in Fig. 3
b Changes are given in the direction M. smithii - M. thermoau-
totrophicum

335 encoded amino acids of gpPurE, are found, as
shown, in the same location in gpPurE,. If amino
acid substitutions that maintain charge, polarity, hy-
drophobicity, and approximate size are considered
homologous, then the two polypeptides are 74% ho-
mologous in their amino acid sequences. There are
base changes at 27%, 22%, and 51% of the first,
second, and third positions in codons, respectively.
Table 2 gives a detailed analysis of the base changes.
It is clear that, as predicted from the overall A + T
contents of the two genes, the majority of changes
are A or T to G or C when evaluated in the direction
of changes from the M. smithii sequence to the M.
thermoautotrophicum sequence. '

A summation of codon usages in the two ORF-
PurE and ORF-B coding regions is given in Table
3. Examples of the replacement of A- or T-contain-
ing codons with G- or C-containing synonymous
codons can be found throughout Table 3. A dra-
matic example is that 94% of lysine codons in Af.
smithii are AAA, whereas 86% of lysine codons in
M. thermoautotrophicum are AAG. It is, however,
also apparent from Table 3 that the overall M. ther-
moautotrophicum codon usage more closely resem-
bles codon usage in M. smithii than in E. coli. There
is frequent usage in both methanogens of codons
such as AGA, AGG, and AUA, which are only very
infrequently found in polypeptide-encoding genes
of E. coli (Tkemura 1981; Konigsberg and Godson
1983). In contrast, codons containing the dinucleo-
tide CG are infrequently used in the methanogen-
derived genes, but are often found in E. coli genes.
The rare occurrence of the CG dinucleotide is a well-
established property of eucaryotic DNAs (Subak-
Sharpe et al. 1967; Lennon and Fraser 1983; Nus-



356

Table 3. Codon usage in ORF-PurE and ORF-B* of M. smithii
and M. thermoautotrophicum compared with codon usages in E.
col®

M. thermo-
autotro-
E. coli M. smithii phicum

% % %

Total Syn- Total Syn- Total Syn-

Residue and  co- onym co- onym co- onym
codon dons use dons use dons use
Phe UUU 104 44 5 83 4 33
Phe UUC 135 56 1 17 8 67
Leu UUA 36 6 9 26 — 0
Leu UUG 51 8 4 11 - 0
Leun CUU 54 9 14 40 7 21
Leu CUC 41 7 1 3 17 52
Leu CUA 11 2 4 11 2 6
Leu CUG 432 69 3 9 7 21
Ile AUU 151 37 28 60 1 3
Ile AUC 252 62 5 10 3 9
Ile AUA 2 1 14 30 31 88
Met AUG 189 - 8 - 16 -
Val GUU 182 38 16 43 14 36
Val GUC 62 13 3 8 7 18
Val GUA 111 23 18 49 8 20
val GUG 130 27 - 0 10 26
Ser UCU 86 27 5 21 5 17
Ser UCC 83 26 3 12 5 17
Ser UCA 27 8 7 29 10 33
Ser UCG 37 11 - 0 1 3
Ser AGU 21 6 [ 25 2 6
Ser AGC 70 22 3 12 7 21
Pro CCU 24 9 9 45 6 24
Pro CCC 16 6 1 5 13 52
Pro CCA 53 20 7 35 2 8
Pro CCG 174 65 3 15 4 16
Thr ACU 76 24 11 58 1 11
Thr ACC 162 51 2 11 5 56
Thr ACA 19 6 6 31 1 11
Thr ACG 63 20 - 0 2 22
Ala GCU 202 28 15 63 5 15
Ala GCC 136 19 1 4 17 50
Ala GCA 166 23 8 33 11 32
Ala GCG 221 30 — 0 1 3
Tyr UAU 69 41 9 82 4 45
Tyr UAC 101 59 2 18 5 55
Ter UAA 22 88 1 100 1 100
Ter UAG 1 4 - 0 - 0
Ter UGA 2 8 — 0 - 0
His CAU 42 39 5 83 4 67
His CAC 66 61 1 17 2 33
Gln CAA 75 27 3 50 - 0
Gln CAG 207 73 3 50 4 100
Asn AAU 57 24 23 77 1 8
Asn AAC 179 76 7 23 12 92
Lys AAA 296 77 34 94 3 14
Lys AAG 90 23 2 6 18 86
Asp GAU 175 51 it 69 12 57
Asp GAC 168 49 5 31 9 43
Glu GAA 328 73 22 79 i5 50
Glu GAG 119 27 6 21 15 50
Cys UGU 21 42 2 50 2 40

Table 3. Continued

M. thermo-

autotro-
E. coli M. smithii phicum

% % %

Total Syn- Total Syn- Total Syn-

Residue and  co- onym co- onym co- onym
codon dons use dons use dons use
Cys UGC 29 58 2 50 3 60
Trp UGG 48 - — - 1 -
Arg CGU 201 58 1 7 1 4
Arg CGC 121 35 1 7 1 4
Arg CGA 8 2 1 7 — 0
Arg CGG 11 3 — 0 2 8
Arg AGA 4 1 8 56 7 27
Arg AGG" 1 0.25 3 23 15 57
Gly GGU 231 48 6 20 9 29
Gly GGC 197 41 - 0 5 16
Gly GGA 22 5 22 73 8 26
Gly GGG 33 7 2 7 9 29

» Table contains the codons designated by the ORF-PurE and
ORF-B sequences in Figs. 3 and 5

b The E. coli codon usages are from 25 E. coli genes as listed by
Konigsberg and Godson (1983)

sinov 1984); results presented here and elsewhere
(Cue et al. 1985; Hamilton and Reeve 1985) suggest
that this eucaryotic property also extends to meth-
anogenic archaebacteria.

Intergenic Regions

The intergenic region between ORF-PurE, and ORF-
B, in M. smithii consists of only 9 bp (Hamilton
and Reeve 1985). There are 57 bp in the analogous
M. thermoautotrophicum region (Figs. 2 and 5). The
sequence 5'-GGTGA, which has the potential to
hybridize to the 3’ terminus of M. thermoautotro-
phicum 16S rRNA, is located as expected for a ri-
bosome binding sequence, just preceding the ATG
initiation codon for ORF-B,. The origin and func-
tion, if any, of the 48 bp in the M. thermoautotro-
phicum intergenic region that are not present in the
intergenic region of M. smithii, remain to be deter-
mined. There is, however, strong circumstantial evi-
dence that these extra base pairs arose, at least in
part, by duplication of an existing sequence. There
is an 18-bp sequence located within ORF-PurE,, but
very close to the carboxyl terminus of ORF-PurE,,
that is directly repeated 30 bp downstream within
the intergenic region. The first 9 bp of this duplicated
18 bp sequence are also found directly repeated a
third time immediately preceding the 18-bp se-
quence within the ORF-PurE, coding region (Fig.
5).

The DNA sequences surrounding the initiation
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ORF-Bg
. LLEKLKNKKINI"': .n M D I KD EW®NTI I E I
L smithii CTTTTAGAAAAATTAAAAAATAAAAAAATCAACATATA GGGATAATTATGGATATCAAAGATGAAAACATTATTGAAATA
TA A A TAAA A T AA T TAA GA TT TGATA A G GA A TG T
M. m- RGGATAANGAGGATAAAGAGCCGTTCCG TTAAGT TCTAAA TATGAAAAATGCAGA TCAGGA TAAAGAG UL Y ICCATAACTTC TGA '(.;(.;"I %WM’I‘GAGAAACTNCT'PGATMAATCG@GAGGAG&:CCM&TT
au‘iotr\ogh_immRIKRIKSRSVKF"'* uHFLDKIGEEALVv
ORF-Bt
T TEL S S EVF EVAEKETLRIEKTYZ®PIKODTUVIIIKNVXGYDLUPITISGTICNTHURETEKTIHAK
ACAACTGAQCTTTCAAGCGAGTTTGAAGTAGC TARAGAGC TAAGGAAATATCCTAAAGACAC TGTTATTATAAAAAATGTAAAAGGA TATGA TTTGCCGATTATT TCCGGAATC TGCAATACAAGAGAARAAATAGC TAAA
TGAG T TCAA C TTGAG GCA - CPAG A ATCC A GAC TOTTAT T ARAAA T AA G AT GAT T CC T AT TC GG TCTGCAATAC G GA AA ATAGC
GAGGATGAGGTATCAACCAGTTTCGAGGE TGCCAGCATAC TCAGAGAGCATCC AAGGGACC TTGTTATACTCAAAAACCTGAAGGAA TCCGA TATACCCGTCATA TCAGGGC TC TGC AATACCCGGGAGAAGATAGCCCTC
EDEV ST S FEAAUSTIILREUBHPRDLUVYVTITILIEKNILZEKXESHDTIZPVYV I SGLCCHNTUERTET KTIA AL
§ I N C
TCTATTAATTGT
TC TAA TG
TCCCTGAACTGC
§ L N C
Fig. 5. Sequences of the intergenic regions between the ORF-PurE and ORF-B sequences. The termination codons (TAA) of the

ORF-PurE sequences are indicated (***) and the initiation codons of the ORF-B sequences are shown by arrows. Ribosome binding
sequences are indicated by dots, and the sequences found in both ORF-PurE, and in the intergenic region between ORF-PurE, and
OREF-B, are overlined. The complete sequence of ORF-B, is available (Hamilton and Reeve 1985), whereas only the sequence shown
in the figure has been cloned from M. thermoautotrophicum. Details of obtaining the M. thermoautotrophicum sequence and orga-

nization of the figure are as described in Fig. 3

#HU#HIE

M.smithii 5t AAGCTTCCAATAGACTTAGATAAATACACTGCTTATGAAGTT GAAATTAAA 3
o CcT TAGA T ATA ACTG TTATGAAG GA T A
M. thermo- 51 CATCAGTACACCTTCTGATACTCTGTAACTCTCTATTGGTAGAAT-CCCCTTATATACTG-TTATGAAGACCTGTAAATGGTCCCTGCGGGAGGTGCCA 3
autotrophicum 3' GTAGTCATGTGGAAGACTAA 5
autotrophicum 3' GTAGTCATGTGGAAG , , ,
ORF-Ct -150 -120 -90 -60
B ORF-PurEg

5 TAACTTTTAATATAAAATTAAACAAATATCAATTATTAATATTTTTTTA&AA&6%ATTTTA-—AAETGACACCAAAAGTAATGATAATTCTGGGAAGTG 3t

T TT AATAT A T A A AT

t
-30

TAT AATT
5' TCT-ATTAAATATGACCTCCGATAGATTCTCTATATATAAAGTT.

AAGGT T A ATGA CC A AGT ATGATA T CT GGAAGTG

----- AA@QQIQQATCTCCAGATGAAGCCCAGAGTGATGATACTCCTTGGAAGTG 3
'

+1 +30
ORF-PurEt

Fig. 6. Sequences of the regions surrounding and preceding the initiation codons of the ORF-PurE genes. The three upper rows of
sequence information were obtained and used to construct the figure as described in Fig. 3. The bottom (fourth) row of sequence,
where given, is the complementary strand of the M. thermoautotrophicum sequence. The initiation codons for ORF-PurE,, ORF-
PurE,, and ORF-C, are indicated by arrows. The ORF-C, sequence continues, uninterrupted by nonsense codons, for 208 bp (sequence
not shown) to the Pstl site used in cloning the fragment of M. thermoautotrophicum DNA into pUCS. The sequences previously
suggested as members of a family of conserved sequences that are possible promoters in M. smithii (Hamilton and Reeve 1985) are
indicated (##). Ribosome binding sequences are indicated by dots. The bases in the sequence are numbered so that +1 is the A of
the ORF-PurE, initiation codon in the M. thermoautotrophicum sequence

codons of the two ORF-PurE genes are compared
in Fig. 6. Sequence homology is more conserved 3’
to the ATG initiation codons than it is 5’ to these
codons (Fig. 3 and 6). The sequences that are con-
served in the 5’ intergenic regions do, however, in-
clude the sequence previously suggested as being
important as a ribosome binding sequence (5'-
AGGT) and partially overlap with sequences sug-
gested as possible promoters in M. smithii (Hamilton
and Reeve 1985). Consensus promoter sequences
for archaebacteria were suggested to be 5'-
GAANTTTCA and an expanded “TATA™ se-
quence, namely 5'-TTTTAATATAAA (Hamilton
and Reeve 1985). Two variants of the former se-
quence precede ORF-PurE; and partially overlap
with each other. These are —93 GAAGTTGAA and
—68 GAAATTAAA, using the base-numbering
system shown in Fig. 6. The corresponding se-
quence in the M. thermoautotrophicum DNA, —68
GAGGTGCCA, matches the 9-bp consensus se-

quence at six positions, although there are only 4
bp in this region that, in the alignment shown, are
homologous with bases in the M. smithii sequence.
The most extensive sequence homology (15 of 17
bases) occurs between positions —105 and —90 and
terminates with the first four bases of the —93
GAAGTTGAA sequence of M. smithii. The same
base occurs in the M. smithii sequence and in the
M. thermoautotrophicum sequence at 8 of 12 po-
sitions in the expanded TATA sequence previously
identified between bases —55 and —44 (Fig. 6).
As indicated in Fig. 2, there is an ORF (ORF-C)
in the cloned M. thermoautotrophicum DNA on the
opposite DNA strand from ORF-PurE,. The initi-
ation ATG codon and the bases immediately pre-
ceding this codon, including bases that, if tran-
scribed, would form a ribosome binding site, are
also shown in Fig. 6. If ORF-C, were a bona fide
gene then the region between ORF-C, and ORF-
PurE, would contain divergent transcriptional units.
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Discussion

Structure and Activities of the Products of the
Cloned Genes

DNA cloned from the mesophilic methanogen M.
smithii or the thermophilic methanogen M. ther-
moautotrophicum has been shown to be expressed
in aerobically grown E. coli, resulting in comple-
mentation of mutations in either or both of the purE,
and purE, loci (Gots et al. 1977) of E. coli. Com-
plementation was observed, in both cases, in E. coli
grown over a wide range of temperatures, including
temperatures as low as 1 1°C, There are no dramatic
differences in the predicted amino acid sequences
of the two methanogen polypeptides, such as ad-
ditional opportunities to form disulfide bridges, that
might readily correlate with the increased thermal
stability expected of an enzyme from a thermophile.
The amino acid changes that do occur are, however,
consistent with previously observed preferred
changes for increased thermostability of proteins.
Argos et al. (1980) analyzed the amino acid se-
quences of several proteins and found that the most
frequent exchanges are glycine to alanine, serine to
alanine, serine to threonine, and lysine to arginine
when comparing the composition of enzymes iso-
lated from mesophiles with the composition of the
same enzymes isolated from thermophiles, respec-
tively. In comparing gpPurE, with gpPurE,, there
are eight glycine to alanine, five serine to alanine,
two serine to threonine, and 11 lysine to arginine
changes, in contrast to one alanine to glycine, two
alanine to serine, three threonine to serine, and one
arginine to lysine changes, respectively. Only the
change of serine with threonine residues deviates
from the correlations reported by Argos etal. (1980).

Expression of Methanogen DNA in E. coli

In a previous report (Hamilton and Reeve 1985) we
identified conserved DNA sequences in cloned Af.
smithii DNAs that could act as ribosome binding
sites and sequences that might be promoters in this
methanogen. We argued, however, that transcrip-
tion of methanogen DNA in E. coli probably re-
sulted from the fortuitous presence in the M. smithii
DNA of sequences that could act as promoters for
E. coli RNA polymerase. Analysis of the sequences
of the DNA cloned from M. thermoautotrophicum,
as presented in Figs. 3, 5, and 6, supports our iden-
tification of 5'-AGGTGA as a consensus ribosome
binding sequence. This sequence should facilitate
mRNA binding to rRNA both in methanogens and
in E. coli (Shine and Dalgarno 1974; Steitz 1978).
The DNA cloned from M. thermoautotrophicum
also contains appropriately positioned versions of

the putative archaebacterial promoter sequence and
several sequences that are sufficiently similar to the
canonical E. coli promoter that they could presum-
ably function as promoters in E. coli. There is, how-
ever, no value in further discussing the significance
of these sequences until the sites of transcription
initiation are accurately known. Research into this
matter is currently in progress.

Sequence Divergence

The divergence of M. smithii and M. thermoauto-
trophicum as species has resulted in two ORF-PurE
sequences that contain 53% homologous bases and
that encode polypeptides with sequences containing
45% homologous amino acid residues. Comparison
of oligonucleotides produced by RNase T'1 digestion
of 16S rRNAs of these two species showed 293 com-
mon nucleotides in oligonucleotides of hexamer
length or longer (Balch et al. 1979). Based on these
oligonucleotide catalogues, M. smithii and M. ther-
moautotrophicum were calculated to have an asso-
ciation coefficient (S,z) of 0.49 and were assigned
to different genera. The purE sequences reported
here do not provide additional support for or detract
from this assignment, but provide additional poly-
nucleotide sequences that might be used to estimate
evolutionary divergence. Ideally, one would like to
correlate S,p values for several pairs of methano-
gens, calculated by comparing RNase T1 oligonu-
cleotide catalogues, with the extents of divergence
of the purE sequences of the same methanogens.
Such an extended correlation would require the de-
termination of many methanogen purE sequences.

A less attractive, but more practical, possibility
is correlation of the extents of sequence divergence
of pairs of related genes from different methanogens
with the corresponding oligonucleotide-based Sap
values. For example, the hisA genes of Methano-
coccus vannielii and Methanococcus voltae have re-
cently been sequenced and were found to be 66%
homologous in their DNA sequences (Cue et al.
1985). The RNase T1 oligonucleotide catalogues of
the 16S rRNAs of these two species placed them in
the same genus (Methanococcus) (Balch et al. 1979),
with 352 common nucleotides in sequences of hex-
amer length or longer. This value was used to cal-
culate a S, value of 0.60. Thus, the 53% sequence
homology of the purE genes of M. smithii and M.
thermoautotrophicum and the 66% sequence ho-
mology of the hisA genes of M. vannielii and M.
voltae could be correlated with S, values for these
two pairs of organisms of 0.49 and 0.60, respec-
tively. The extent to which this type of correlation
holds will become apparent only as more methan-
ogen-derived sequences become available.

A major concern in evaluating such a correlation
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Table 4. Frequencies of occurrence of RNY® codons in methanogen open reading frames (ORFs)

Frame®

Number 0 1 2

of Reference containing
Methanogen ORP codons® RNY Stop RNY Stop RNY Stop DNA sequence
M. smithii purE, 339 120 0 39 33 85 37 Hamilton & Reeve (1985)
M. thermoauto-

trophicum purE, 334 89 0 39 36 94 23 This report

M. smithii B, 418 155 0 58 33 95 52 Hamilton & Reeve (1985)
M. smithii IS 401 98 0 91 32 94 47 Hamilton & Reeve (1985)
M. smithii proC 251 84 0 37 23 58 25 Hamilton & Reeve (1985)
M. vannielii 1 502 141 0 85 36 121 52 Cue et al. (1985)
M. vannielii 3 76 25 0 9 5 23 9 Cue et al. (1985)
M. vannielii hisA 238 81 0 26 18 58 27 Cue et al. (1985)
M. voltae hisA 242 83 0 25 28 55 20 Cue et al. (1985)

* RNY codons defined by Shepherd (1981, 1983). R = purine; Y = pyrimidine; N = purine or pyrimidine
® ORF designations are given in the cited references. The genetic loci indicate that mutations in these genes of E. coli are complemented

by the cloned methanogen gene
¢ Number of amino acid-encoding codons

4 Frames 0, 1, and 2 begin with the A, U, and G of the AUG initiation codon, respectively. The number of termination codons (UAA,

UAG, and UGA) in each reading frame is listed under “Stop”

is how to quantitate the effects of different evolu-
tionary pressures on unrelated pairs of genes. In the
examples described above the two purE genes have
diverged under selective pressure so as to produce
enzymes that can function in a thermophile (M.
thermoautotrophicum) and in a mesophile (M.
smithii), whereas the hisA genes have evolved to
encode enzymes that can function in a marine or-
ganism (M. voltae) and in a freshwater organism
(M. vannielii). Currently, there seems to be no ac-
cepted way to assess how these different selective
pressures might differentially affect the rates of di-
vergence of DNA sequences. Although there has
been significantly more change in the overall base
composition during the divergence of the genome
of M. smithii (30.6% G + C) from the genome of
M. thermoautotrophicum (49.7% G + C) as com-
pared with the divergence of the genome of M. van-
nielii (31.1% G + C) from the genome of M. voltae
(30.7% G + C), this is not reflected in a very sub-
stantial difference in the extent of divergence of the
purE genes (53% homologous) as compared with the
extent of divergence of the hisA genes (66% ho-
mologous).

The RNY Rule

Shepherd (1981, 1983) has proposed that polypep-
tide-encoding ORFs can be recognized by their pref-
erential use of RNY codons (R = purine, Y = py-
rimidine, N = purine or pyrimidine). According to
this proposal, RNY codons occur most frequently
in the correct reading frame, whereas nonutilized
ORFs do not show preferential RNY codon usage.
The only reported exception to this rule, other than

the highly evolved overlapping genes of bacterio-
phages such as ¢x 174, is the archaebacterial gene of
Halobacterium halobium that encodes bacterio-op-
sin (Clarke 1983; Shepherd 1983).

We have analyzed the ORF-PurE, and ORF-PurE,
sequences for RNY codons (Table 4). Surprisingly,
whereas the purE, gene of M. smithii conforms to
the RNY rule, the purE, gene of M. thermoautotro-
phicum does not. Nevertheless the evidence, in ad-
dition to the extensive sequence homology with
ORF-PurE,, that ORF-PurE, does encode the purE-
complementing polypeptide is strong. The mutation
purE,A445, which is located within ORF-PurE,, in-
activates complementation, and the electrophoretic
mobility of the polypeptide encoded by the mutated
ORF-PurE, sequence (gpPurE ,A445, Fig. 4) is slight-
ly increased. These are the phenotypes expected if,
as shown by DNA sequencing, the mutation is an
in-frame deletion that removes seven internal ami-
no acids from gpPurE,. IFRNY codons do represent
a primitive organization of the genetic code (Shep-
herd 1981, 1983) then it would appear that the evo-
lutionary divergence of M. smithii from M. ther-
moautotrophicum has allowed only the M. smithii
purE gene to maintain the preferential usage of RNY
codons.

That archaebacterial genes might, in general, not
conform to the RNY rule, as suggested by the DNA
sequences of the bacterio-opsin gene (Clarke 1983;
Shepherd 1983) and of ORF-PurE,, does not seem
to be the case. Several additional methanogen genes
(Table 4) and the halobacterial brp gene (Betlach et
al. 1984; C.H. Clarke, personal communication,
1985) have been analyzed and these archaebacterial
genes all conform to the RNY rule.
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