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The classification of methanogenic bacteria as archaebacteria based on 16 s rRNA sequence 
analysis is currently in dispute. To provide an alternative molecular marker, the polymerase chain 
reaction technique was used to amplify a 930 bp fragment of Methanococcus thermolithotrophicus 
genomic D N A  corresponding to the catalytic domain of the membrane H + -ATPase. The deduced 
amino acid sequence was 5 4 -58%  identical to the ~  70 kDa subunits of Sulfolobus acidocaldarius 
and the eukaryotic vacuolar-type H +-A TPase, and only 29% identical to the beta subunit of the 
eubacterial-type F{lF,-ATPases. Interestingly, a highly conserved aspartate residue in the phos­
phorylation domain of E 1 E2-ATPases (P-type) is conserved in the Methanococcus sequence, but 
is absent from all other known vacuolar and F0F,-ATPases. This suggests that the H +-ATPase of 
M. thermolithotrophicus, like that of M. voltae, may have a phosphorylated intermediate, despite 
belonging to the vacuolar-type class o f proton pumps. Phylogenetic analysis using Felsenstein's 
maximum likelihood method and Lake’s evolutionary parsimony method confirmed that the H f- 
ATPases o f the two archaebacteria, Methanococcus and Sulfolobus, when compared to eukaryo­
tic vacuolar-type ATPases and eubacterial F0F r ATPases, form a monophyletic group.

Introduction

As first proposed by W oese, Fox and colleagues 
[1—3], the A rchaebacteria include the m ethanogens, 
extrem e halophiles and sulfur m etabolizing therm o- 
acidophiles. A rchaebacteria are distinguished from 
the E ubacteria on the basis of their 16 s rR N A  se­
quences, the presence of ether-linked lipids in their 
m em branes and o ther biochemical criteria. A third, 
equally distant branch from  the com mon ancestor, or 
progenote, was hypothesized to lead to  the eukary­
otes [4], R ecently, Lake has challenged the concept 
of a m onophyletic archaebacterial kingdom  based on 
studies or ribosom e m orphology [5] and a re-analysis 
o f 16 s rR N A  sequences using a rate-independen t 
m ethod [6 , 7], According to the L ake tree , the

Abbreviations: 60's, ~ 6 0  kDa noncatalytic subunits of V- 
ATPases; 70's, —70 kDa catalytic subunits o f V-ATPases; 
F-ATPases, H 1 pumping ATPases of the eubacterial type 
(F0F|-ATPases) P-ATPases, ATPases that have a phos­
phorylated catalytic intermediate; PCR, polymerase chain 
reaction; ra^-polym erase, heat resistant D N A  polymerase 
from Thermus aquaticus; V-ATPases, H + pumping A T P­
ases of the vacuolar type.
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m ethanogens and halobacteria group with the o ther 
bacteria , while the sulfur-dependent therm oacid- 
ophiles and the eukaryotic host cell form  a separate 
“eocyte” branch diverging from  the com m on ances­
to r [7]. G iven the conflicting results from  the analysis 
of 16 s rR N A , phylogenetic studies of o the r m olecu­
lar m arkers are needed.

H +-pum ping ATPases are highly conserved, p rob ­
ably ubiquitous enzymes which are proving to be use­
ful for evolutionary com parisons of highly divergent 
species [8—10]. H +-ATPases have been divided into 
th ree main categories: P (or E lE 2 - ty p e ) , F (or F 0 F r  
type) and V (or vacuolar type) [11, 12]. P-A TPases 
function as cation pumps on the plasm a m em branes 
of eukaryotes and eubacteria (e.g. E. coli [13] and 
Streptococcus faecalis [14]). The diagnostic feature of 
the P-A TPases is the form ation of a phosphoenzym e 
in term ediate during catalysis. F-A TPases are present 
in m itochondria and chloroplasts of eukaryotes, and 
in the plasm a m em branes of m ost eubacteria. 
V -A TPases, the most recently discovered class of 
H +-A TPases, are present on m em branes of the 
vacuolar system in eukaryotic cells w here they serve 
to  acidify intracellular com partm ents. U ntil now, 
neither F- or the V-type A TPases have been found to 
form  a phosphoenzym e catalytic interm ediate [ 1 1 ,
12]-
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The m em brane ATPases of a num ber of archae- 
bacteria have been characterized biochemically. 
These studies have indicated that the H +-ATPases of 
Halobacterium halobium  [15], H. saccharovorum
[16], Sulfolobus acidocaldarius [17, 18] and 
M ethanosarcina barkeri [19] are in some respects 
m ore similar to V-ATPases than to F-ATPases. An 
exception seems to be the M ethanococcus voltae 
A T Pase, which forms a phosphoenzym e in term e­
d iate and is therefore classified as a P-type ATPase 
[20].

The sequences of the a  and ß subunits of 5. acido­
caldarius [2 1 , 2 2 ] were recently com pared with those 
of the ß and a  subunits, respectively, of the F -A TP­
ases, and the 70 and 60 kD a subunits, respectively, 
o f the V -A TPases [10]. The Sulfolobus subunits were 
50%  identical to the V-ATPase subunits, and only 
25%  identical to the F-A TPase subunits, clearly indi­
cating tha t the Sulfolobus  A TPase is a V-type H +- 
A TPase. M oreover, since the two types of subunits 
(60's and 70's in V-, and a  and ß in F-ATPases) are 
hom ologous to each o ther, they presum ably arose by 
gene duplication prior to the divergence of A rchae- 
bacteria , E ubacteria  and Eukaryotes from the com ­
m on ancestor. This view is supported by the phylo­
genetic analysis of the available sequences. Based on 
this analysis we have proposed that the progenote 
diverged into two main branches: one giving rise to 
the E ubacteria , the o ther leading to Sulfolobus and 
the eukaryotic host cell [ 1 0 ].

W hile the above scheme is consistent with L ake’s 
tree , it leaves unansw ered the question of the rela­
tionship between Sulfolobus and the other A rchae- 
bacteria. Using oligonucleotide prim ers directed to 
the highly conserved flanking sequences of the core 
region of the V -A TPase 70 kD a subunit, we am pli­
fied and subcloned a 930 nucleotide fragm ent of 
M ethanococcus thermolithotrophicus genomic D N A  
by the polym erase chain reaction (PC R) technique. 
T he results show tha t M ethanococcus and Sulfolobus 
belong to a m onophyletic group with respect to the 
eubacteria  and eukaryotes.

M aterials and M ethods

D N A  source

G enom ic D N A  from M ethanococcus therm olitho­
trophicus was a gift from Dr. Jordan Konisky, U ni­
versity of Illinois.

Primer synthesis

The design of oligonucleotide prim ers represen t­
ing consensus sequences in highly conserved regions 
o f o ther already known H +-A TPase 70 kD a subunits 
is explained in detail in the Results section.

Polymerase chain reaction (PCR)

The reaction volum e was 100 (il containing 0.2 pig 
genom ic D N A  (tem plate), 1 |j.m  each prim er, 10 mM  

Tris/H C l, pH  8.3, 50 mM KC1, 1.5 mM MgCl2, 0.01% 
(w/v) gelatin, 1.25 m M of each nucleotide (dA TP, 
dC T P, dTTP, dG T P) and2.5 u n itso f Jag-polym erase. 
T he mix was overlayered with m ineral oil. The tem ­
p era tu re  program  for am plification (run in a Perkin- 
E lm er Cetus D N A  Therm al Cycler, N orw alk, CT, 
U .S .A .)  was as follows: 5 min at 94 °C (initial m elt­
ing) followed by 1 0  amplification cycles with a slow 
tem peratu re  ram p between 37 °C and 72 °C (1 min 
94 °C — ram p 1 °C/sec — 2 min 37 °C — ram p 7 °C/ 
m in — 3 min 72 °C — ram p 1 °C/sec), and by 20 more 
am plification cycles omitting the slow ram p. The 
final 72 °C step was extended to 20 min.

T he reaction m ixtures were directly separated  by 
electrophoresis on 1 % agarose gels, and the am ­
plified products w ere visualized with ethidium  
brom ide. The D N A  was eluted by adsorption to glass 
pow der according to  [23].

Cloning and sequencing

A fter A p al digestion the eluted am plified product 
was cloned into A pal/E coR V -cut pBluescript 
(pB luescript D N A  sequencing system, S tratagene, 
La Jolla C A , U .S .A .). Subclones were generated 
using the restriction sites for H in d lll (261), EcoR I 
(580) and PstI (750). The whole sequence was cov­
ered  by at least tw o different subclones. Double 
stranded  sequencing was perform ed with sequenase 
(U .S . Biochem . C orp .) [24] using [a 3 5 S]thiodA TP as 
label [25]. Subclones w ere sequenced in both direc­
tions such that the final sequence was the result of 
four independent sequencing reactions. To assess the 
fidelity o f the 7tfg-polym erase the products of two 
o ther independent PC R s were partially sequenced 
(see R esults section).

Chemicals

Tag-polym erase from  Perkin-E lm er Cetus. R e­
striction enzymes from  Bethesda Research 
L aboratories. [a 3 5 S]ThiodA TP (specific activity 
1000 C i/m m ol) from New England Nuclear.
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D . carota 4 0 8 ACACAAGCCCCTATCTGTGGAGTTGGGTCCTGG
N . crassa 8 3 0 AGGCAAGCCTCTCTCTGTCGGACTTGGCCCTGG
S. acidocaldarius 2 0 1 TGGAGCCCCATTATCAGTAGAATTAGGTCCTGG

LEFT PRIM ER: 5 ' AGGCGGGCCCCTATCTGTCGAATTTGGTCCTGG 3 '  
A p a l

D . carota 1 3 8 7 TGCTGTTTCACCTCCAGGAGGAGATTTTTCT
N. crassa 1 8 0 5 TGCTGTCTCTCCCCCCGGTGGTGATTTCTCT
S. acidocaldarius 1 1 6 7

5 '

TGCAGTTTCTCCTCCTGGAGGTGATTTTACA 

TGCTGTTTCTCCTCCCGGAGGTGATTTTAAA 3 1
RIGHT PRIM ER: 3 ' ACGACAAAGAGGAGGGCCTCCACTAAAATTT 5 '

D r a  I

Fig. 1. Sequences of the left and right primer used for the specific amplification of genomic D N A  from Melhanococcus 
thermolithotrophicus coding for part of the catalytic subunit o f the “archaebacterial-vacuolar ATPase”. The primer 
sequences are shown aligned to the D N A  sequences from Sulfolobus acidocaldarius, Neurospora crassa and Daucus 
carota that were used to construct the primers. The complementary strand (bottom line) was used in the case of the right 
primer in order to prime the synthesis of the strand in the direction of the left primer. The conserved regions selected to 
design the primers are approx. 950 bp apart in the cD N A  sequences. Mismatches between primers and cD N A  sequences 
are emphasized by bold type face. A  restriction site (A pal/D ral) was included at the end of each primer in order to 
facilitate subcloning. Note that most of the mismatches are closer to the 5’end of the primer.

R esults and D iscussion

Using the set of prim ers depicted in Fig. 1, we were 
able to amplify a 994 bp long D N A  fragm ent (in­
cluding the prim ers) from  M. thermolithotrophicus 
genom ic D N A , which was subcloned and sequenced 
as indicated in Fig. 2. The D N A  sequence of this

. 2 kb 

.5 kb

Fig. 2. Result of the amplification by PCR.
A: Separation on a 1% agarose ethidium bromide stained 
gel.
Mt: PCR started with 200 ng of genomic M. thermolitho­
trophicus D N A .
pGT2: PCR run with approx. 1 ng of a plasmid bearing the 
cD N A  coding for the carrot 70's subunit.
S: D N A  size standards (BRL).
Arrow indicates the amplified product.
B: Restriction map of and sequencing strategy for the 
cloned Mt sequence. Numbering does not include the 
primer sequences. Arrows indicate direction and extent of 
sequencing.

fragm ent and the encoded am ino acid sequence are 
given in Fig. 3.

Fidelity o f  the D N A  polymerase

As the 7tfg-polymerase lacks exonuclease activity, 
it has no proof reading activity and therefore exhibits 
a relatively high error rate  [26]. W e assessed the 
fidelity of the enzyme under the chosen reaction con­
ditions by re-sequencing 420 nucleotides from the 
ends, using fragm ents derived from  two o ther inde­
pendent am plification reactions. Since the resulting 
sequences were identical, the likely e rro r rate  of the 
enzyme is <  0.24%  with regard to  the final sequence 
and <  2.7 x  10~r' per incorporated  base during each 
am plification step.

The amino acid sequence

The peptide encoded by the am plified region is 
very similar to the core region of the catalytic subunit 
o f V-ATPases and even m ore similar to  that of the 
S. acidocaldarius enzyme (Fig. 4). The similarity to 
the ß-subunits of F-A TPases is much less, although 
still recognizable (Fig. 4). The M. therm olitho­
trophicus sequence contains m ost of the residues that 
have been im plicated in A TP binding and A TP hy­
drolysis [27, 28] (e.g. the “G -K -T-V ”-region, re ­
sidues 159—162 in Fig. 3). The am plified fragm ent
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5 '  AGGCGGGCCCCTATCTGTCGAATTTGGTCCTGG ATGATGAAAGCGATGTACGATGGTATTCAAAGGCCATTA 3 9
LEFT PRIMER M M K A M Y D G I Q R P L  1 3

ACTGCAATCGAAACCGAAACTGGATCAATATTTATTCCAAGAGGTGTACATGTTCCTTCATTACCAAGGGATGTAAAA 1 1 7
T A I E T E T G S I F I P R G V H V P S L P R D V K  3 9

TGGGACTTCACACCAACCGTAAACGTTGGGGATATAGTTAGCGAAGGAGACGTTATAGGTACAGTACCTGAAACCCCA 1 9 5
W D F T P T V N V G D I V S E G D V I G T V P E T P  6 5

TCCATTATCCACAAAATAATGGTTCCAGTTGGTGTAAACGGTAAAGTAAAAGAAATAAAATCAGGAAGCTTTACCGTA 2 7 3
S I  I H K I M V P V G V N G K V K E I K S G S F T V  9 1

GAAGAAACCGTTGCTGTTATTGAAACAGAAAACGGAGATAAAGAAGTTACAATGATGCAAAAGTGGCCAGTAAGAAAG 3 5 1
E E T V A V I E T E N G D K E V T M M Q K W P V R K  1 1 7

CCAAGACCACACAAAGGAAAATTGCCACCAATTATCCCATTAATTACAGGTCAGAGGGTAGAAGATACATTCTTTGGT 4 2 9
P R P H K G K L P P I I P L I T G Q R V E D T F F G  1 4 3

CTTGCTAAAGGAGGTACTTCAGCTATTCCTGGTCCATTCGGAAGTGGTAAAACTGTTACACAGCACCAGCTTGCTAAG 5 0 7
L A K G G T S A I  P G P F G S G K T V T Q H Q L A K  1 6 9

TGGTCAGATGTTGACGTTGTGGTTTACATCGGATGTGGGGAAAGAGGAAACGAGATGACTGAAGTTATTGAAGAATTC 5 8  5
W S D V D V V V Y I G C G E R G N E M T E V I E E F  1 9 5

CCACACTTGGAAGACATTAAAACAGTAAACAAGTTAATGGATAGGACTGTTTTAATTGCAAACACCTCAAACATGCCG 6 6 3
P H L E D I K T V N K L M D R T V L I A N T S N M P  2 2 1

GTTGCTGCGAGGGAAGCATCAGTTTACACAGGAATTACAATTGCAGAATACTTTAGAGACATGGGATACGGTGTTCTC 7 4 1
V A A R E A S V Y T G I T I A E Y F R D M G Y G V L  2 4 7

TTAACTGCAGACTCAACCTCAAGATGGGCAGAGGCAATGAGAGAGATTTCAGGAAGATTGGAAGAAATGCCAGGGGAA 8 1 9
L T A D S T S R W A E A M R E I S G R L E E M P G E  2 7 3

GAAGGTTACCCTGCTTACCTTGCCTCAAGACTTGCACAGTTCTACGAAAGAGCTGGAAGAGTTAACTGTTTAGGTTCC 7 9 7
E G Y P A Y L A S R L A Q F Y E R A G R V N C L G S  2 9 9

ACGACAAAGAGGAGGGCCTCCACTAAAATTT 5 '
GATGACAAGCAAGGATTTATCTGTATTGTTGGT 3 '  9 3  0

D D K Q G F I C I V G  RIGHT PRIMER 3 1 0

Fig. 3. Nucleotide sequence and encoded amino acid sequence of the PCR amplified D N A  fragment. The sequences given
for the primers are the one S used for amplification, i.e. the sequence of the right primer corresponds to the com plem en­
tary strand.

also contains the so-called non-hom ologous region 
(residues 10—110 in Fig. 3). This region is present in 
the catalytic subunit (70's) of V-ATPases [27, 28], 
including the m em brane A TPase of Sulfolobus 
acidocaldarius [1 0 , 2 1 ], but is absent from the 
hom ologous [27] catalytic subunits (ß) of F-ATPases, 
and it is also absent from the noncatalytic subunits of 
both types of enzymes (60's in V- and a 's  in F-A TP­
ases) [10]. The la tter are also derived from the same 
ancestral gene in the progenote (paralogous sub­
units) [10, 30].

The sequence im m ediately in front of the right 
prim er (298—309 in Fig. 3) corresponds to the region 
in the F-A TPase that has been suggested to be 
hom ologous (analogous?) to the phosphorylation do­
main of the P-A TPases [31]. This region is particu­

larly conserved am ong the various V-ATPases as 
well as between F- and V -A TPases, but is surprising­
ly dissimilar betw een the M. thermolithotrophicus se­
quence and o ther V-ATPases (Fig. 4 and Table I). 
Furtherm ore, it contains an aspartate residue fol­
lowed by lysine in the same positions where the phos- 
phorylated aspartate  is located in the P-ATPases 
(Table I). T ogether with the observation that the 
H +-A TPase of M ethanococcus voltae, which is 
known to be a P-type A TPase, has some properties 
that are m ore typical of V- or F-A TPases than of P- 
A TPases (e.g. dissociation of the catalytic subunit by 
high salt buffers [2 0 ]), the conservered aspartate sug­
gests the possibility tha t the M ethanococci might 
have a V-type A TPase that becomes phosphorylated 
during the catalytic cycle.
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Fig. 4. Binary alignments of the Methanococcus thermolitotrophicus sequence with the hom ologous sequences from an archaebacterium (A ) [21], an 
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Table I. Comparison between the sequences around the aspartate residue 
that is phosphorylated in P-ATPases and sequences from F- and V-ATP- 
ases that have been proposed to be homologous to this sequence. The 
aspartate that is phosphorylated during the catalytic cycle in P-ATPases 
and the aspartate in the corresponding position of the Methanococcus 
sequence is emphasized by bold type face. C/M denote subunits from 
chloroplast and mitochondrial ATPases respectively.

P-ATPases: 
Escherichia KdP [32] L L D K T G T I T L G 315
Neurospora PM [33] C S D K T G T L T K N 386
Homo N a+/K + [34] C S D K T G T L T O N 384
Oryctolagus Ca2+ [35] C S D K T G T L T T N 359

Archaebacterial and V- 
70-subunits:
M. thermolithotr.

ATPases: 

S D D K 0 G F I C I V 309
Sulfolobus [21] N P E R Y G S V T I A 389
Daucus [27] G P E R N G S V T I V 410
Neurospora [29] S P P R E G S V S I V 403
60-subunits: 
Saccharomyces [36] V E G R N G S I T 0 I 332
Neurospora [37] V A G R N G S I T 0 I 326
Arabidopsis [38] I E G R K G S I T Q I 333
Sulfolobus [22] V I G K K G S I T 0 M 305

F-ATPases: 
ß-subunits: 
Anabaena [39] T S T T E G S I T S I 303
Escherichia [28] T S T K T G S I T S V 294
Rhodospirillum  [40] T S T K K G S I T S V 303
Bos [41] T T T K K G S I T S V 307
Nicotiana C [42] T S T K E G S I T S I 324
Zea C [43] T S T K K G S I T s I 324
a-subunits: 
Nicotiana C [44] S S L G E G S M T A L 317
Saccharomyces M [45] E K E G S G s L T A L 361
Rhodospirillum [46] D D N G A G s L T A L 325
Zea M [47] D 0 T G A G s L T A L 327
Escherichia [48] V K G K T G s L T A L 327

Phylogenetic relationships

Based on the alignm ents given in Fig. 4, it is obvi­
ous that the M. thermolithotrophicus sequence is 
much m ore sim ilar to the V -A TPases of eukaryotes 
than to  the eubacterial enzym e. C loser inspection 
reveals that the M. thermolithotrophicus sequence is 
slightly m ore sim ilar to the Sulfolobus  sequence 
(58%  identical residues) than to the eukaryotic sub­
unit (54%  identical residues). H ow ever, one cannot 
infer the phylogenetic relationships directly from the 
degree of sim ilarity. This is because sequences which 
evolve m ore slowly might be m ore similar to each 
o ther than to m ore rapidly evolving sequences, even 
though they might have a m ore recent com m on an­
cestor with the latter.

To deduce the phylogenetic relation  am ong the 
different A TPase subunits, and to  assess the signifi­
cance of the derived branching o rder, we em ployed a 
num ber of analytical program s. Since none of the 
program s that allow for statistical evaluation of the 
various possible branching orders is currently able to 
use protein sequences, the nucleotide sequences 
were aligned according to the protein  sequence align­
m ent.

Protein sequences from  a num ber of A TPase sub­
units (ref. Fig. 5) w ere aligned to the M. ther­
molithotrophicus sequence using Feng and D oolit­
tle ’s multiple alignm ent program  [49]. In o rder to 
faithfully preserve the non-hom ologous region with 
respect to the a  and ß subunits, it was necessary to 
set the G A PP E N  param ete r to 16. This led to a mis­
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N eurospora c ra s sa  Daucus caroCa

0.1 0 . 5 9 5

E sc h e r ic h ia  c o l i  a

Fig. 5. Phylogenetic tree for ATPase subunits. The topology and the branch lengths of the tree were calculated using 
Felsenstein’s maximum likelihood m ethod as im plem ented in [55]. The model parameters were chosen according to the 
evolution of the beta subunits o f F-ATPases encoded in chloroplasts [52], i. e. the relative probability for substitution o f the 
three codon positions (C) was set to 2-1-10 and the transition/transversion ratio (T) at 3.3; however, the same result 
(topology and significantly positive branches) was obtained with widely different parameters (e.g. C: 1-1-4 and T: =  2). 
The branch lengths are scaled in terms of expected numbers of substitutions, and in terms of the probability for change of 
the first base of the codon. All branches were determined to be significantly positive at a level o f p <  1%. The numbers 
written at the bifurcations give the percentage o f bootstrapped samples in which the same group of species as in the 
depicted tree is found attached to one node, although, not necessarily with the same topology inside this group. 100 
bootstrapped samples were evaluated with D N A  parsimony as implemented in [55].

alignm ent of a small region conserved in all catalytic 
subunits which was corrected  by hand (see Fig. 4 
M. t. 177-V-Y-I-G-C-G-E-R-G-N-E-187). This re ­
gion norm ally aligns correctly at traditional (lower) 
gap penalties.

The tree for the evolution of the A TPase subunits 
displayed in Fig. 5 was calculated using Felsenstein’s 
maximum likelihood m ethod [50]. If one excludes 
the possibility of lateral gene transfer, the topology 
o f this tree can be directly translated into the evolu­
tion of organism s, although the branch lengths prob­
ably becom e meaningless since little is know n about 
how the rate  of substitution has changed during 
evolution [53]. It seems that the deeper branches in 
the A TPase trees are exaggerated when com pared to 
trees ob ta ined  with o ther sequences (e.g. 16 s rR N A

[7, 54] or ribosom al A  protein [55, 56]) and are p rob­
ably also exaggerated with respect to  tim e. O ne pos­
sible explanation for this is that the ribosom e at the 
tim e of the progenote was already highly optim ized 
by evolution, w hereas the optim ization of sem iper- 
m eable m em branes energized by A TP-hydrolyzing 
enzym es is probably m ore recent. H ow ever, as the 
gene duplication that gave rise to  the noncatalytic a  
and 60 subunits had already occurred in the prog­
enote [1 0 ], the location w here the a-subunit joins the 
tree for the catalytic subunits (Fig. 5) gives the loca­
tion of the progenote in the tree for the phylogeny of 
organism s.

All branches, including the one connecting the two 
A rchaebacteria to the branch leading to the eukary­
o tes, were significantly positive at the P =  0.01 level
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according to the likelihood ratio test perform ed with 
Felsenstein 's D N A M L program  [51].

D ue to  the redundancy of the genetic code the 
th ird  base of each codon is subjected to much less 
evolutionary pressure and therefore has a much 
higher rate  of change than the o ther nucleotides. 
T herefo re, in o rder to increase the signal to noise 
ratio , we deleted all third base positions from the 
input files for program s that did not allow for differ­
ent weights (i.e. D N A B O O T  [51] and evolutionary 
parsim ony [6 , 57]).

W hen analyzed by bootstrapping [51] (=  random  
sam pling of positions from the aligned sequences and 
evaluation of the sam pled sequences), in 97% of the 
bootstrapped  samples M ethanococcus and Sul­
fo lobus  grouped together when analyzed by DNA- 
parsim ony [51] (Fig. 5).

If data  are analyzed by norm al parsimony 
m ethods, grossly unequal rates of change in different 
lineages can lead to consistently wrong results, i.e. 
the m ore sequence data are used, the m ore surely the 
result of the analysis is wrong [6 , 54, 58].

We used L ak e’s m ethod of invariants or evolution­
ary parsim ony [6 ] to assess the effect of unequal rates 
on the grouping of the two archaebacterial se­
quences. Since this m ethod uses only part of the in­
form ation tha t is present in the sequences, the de ter­
mined groupings are usually less significant than, for 
exam ple, with maximum likelihood m ethods. How ­
ever, evolutionary parsim ony is insensitive to the ef­
fects of unequal rates [58, 6 ]. The outcom e of the 
analysis with this algorithm  is sum m arized in Fig. 6 . 
As was the case with the o ther algorithm s, the ar­
chaebacterial tree is supported , confirm ing [ 1 0 ] that 
in the case of the catalytic A TPase subunits the 
analysis is not ham pered by unequal rate effects.

Future perspectives fo r  the archaebacterial kingdom

One intriguing question is w hether o ther m ethano- 
gens and halobacteria belong to  the same m onophy­
letic group als Sulfolobus  and Methanococcus. The 
fact that A T Pases from Sulfolobus  and Halobacteria 
imm unologically crossreact is no unequivocal crite-

Tree Topology

(Daucus carota 
Neurospora crassa )

(Escherichia coli ß 
Thermotoga maritima ß )

Methanococcus
thermolithotrophicus

Sulfolobus
acidocaldarius

19 0.0198

archaebacterial tree

(Daucus carota 
Neurospora crassa )

Methanococcus
thermo 1ithotrophicus

(Escherichia coli ß 
Thermotoga maritima ß)

Sulfolobus
acidocaldarius

9 0 . 2 5 2 8

(Daucus carota Methanococcus
Neurospora crassa) thermolithotrophicus

- 1  1 . 0 0 0 0

Sulfolobus ' (Escherichia coli ß eocyte tree
acidocaldarius Thermotoga maritima ß)

Fig. 6. Evidence for the archaebacterial tree hypothesis. The different tree topologies were tested with Lake’s m ethod of 
evolutionary parsimony as im plem ented in [57], A ll possible four-species comparisons were performed with one species 
each from the following four groups 1: M. thermolithotrophicus 2: S. acidocaldarius 3: ß-subunits from E. coli and 
T. maritima [59] and 4. eukaryotic 70-subunits from N. crassa and D. carota. The sum of the invariants for each tree 
topology is given in the second column and the probability that this or a higher sum might arise by chance alone is given in 
the last column. The first and the third tree topology have been proposed in the literature as eocyte tree (Sulfolobus has a 
more recent common ancestor together with eukaryotes) [7] and as archaebacterial tree (Sulfolobus and Methanococcus 
have more recent common ancestors) [3]. Only the topology of the archaebacterial tree is supported by this analysis.
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rion, since crossreactivity has been also reported  be­
tw een the A TPases from  E. coli and Sulfolobus  [60]. 
The m olecular sizes of the subunits of the halobacte- 
rial enzym e are quite different from  those of either 
V- or F-A TPases [61, 62]. Halobacteria are the group 
of the A rchaebacteria  which according to L ake’s 
analysis of the 16 s rR N A  are least related to the 
Eocytes and which are most eubacterial like, a view 
which is supported  by several o ther m arkers such as 
ferredoxin types [63] and gas vacuole protein [64], 

Because they allow the p lacem ent of the prog- 
eno te  in the phylogenetic tree , F- and V-type A T P ­
ases are very useful m arkers for early organismal 
evolution [10]. F urtherm ore , since the sequences of 
the eubacterial F-A TPases and eukaryotic V-ATP-

ases are hom ologous but sufficiently different, we 
expect tha t sequence inform ation on the halobacte- 
rial H~-ATPase subunits will m ake it possible to also 
decipher the phylogenetic position of Halobacteria 
presently in dispute.
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Note added in proof: Meanwhile in cooperation with Drs. 
Helga and Friedrich-Wilhelm Bentrup from the University 
of Giessen we obtained a part o f the corresponding se­
quence from Methanococcus voltae. The sequence around 
the putative phosphorylation site (see Table I) is: K-D-G- 
R-Q-G-A-V-T-A-I.


