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FiG. 2. Comparisons of PwFtsZ with FtsZ proteins of H. volcanii Bacteria, and eukaryotic tubulins. Residues that are identical to the PwFtsZ
sequence are highlighted by reverse shading and residues that are similar are shaded in grey. The location of the tubulin “signature” motif is
underlined. Also underlined are residues that are more conserved from PwFtsZ to tubulins than from PwFtsZ to eubacterial FtsZ proteins. hvftsz,
Haloferax volcanii FtsZ; pwftsz, P. woesei FtsZ; bsftsz, Bacillus subtilis ftsZ; saftsz, Staphylococcus aureus FtsZ,; ecftsz, E. coli FtsZ; hsalpha, Homo
sapiens a-tubulin; hsbeta, Homo sapiens B-tubulin; and hsgamma, Homo sapiens y-tubulin. The accession numbers for the sequences used are given

in the legend to Fig. 3.

throughout its length, it lacks the C-terminal extension that is
present in all other FtsZ proteins. This is in line with the fact
that archaeal proteins are frequently shorter than their eubac-
terial and eukaryotic counterparts (for example see refs. 11, 12,
and 14). Consistent with its nucleotide binding characteristics,
PwFtsZ is particularly strongly related to tubulins and FtsZs
within the region that contains the tubulin “signature” motif
(underlined)—in tubulins and FtsZ proteins, this motif is
thought to mediate interactions with GTP. Significantly, cer-
tain residues of PwFtsZ (Fig. 2; indicated by underlining) are
more similar to the corresponding residues of tubulins than to
those of eubacterial FtsZs. Indeed, because of these residues,
the alignment shown in Fig. 2 is significantly different than that
reported previously for tubulins and eubacterial FtsZs (16).
Specifically, the inclusion of PwFtsZ strengthens the bridge
between the tubulin and FtsZ groupings and allows the
construction of an alignment that contains fewer gaps than
previous alignments.

To assess the relationships between the various tubulins and
FtsZ molecules more precisely, sequence alignments were used
to construct a phylogenetic tree (Fig. 3). This analysis leads us
to the following conclusions. First, PWFtsZ is most similar to
the product of the H. volcanii ORF (HvFtsZ)—indeed, these

two FtsZ-related proteins form a statistically significant
branch of the dendrogram. Second, PwFtsZ and HvFtsZ are
much more similar to bacterial FtsZs than to tubulins. Third,
despite the above, the archaeal FtsZs fall outside the close
grouping of eubacterial FtsZs and are marginally more similar
than eubacterial FtsZs to eukaryotic tubulins. Fourth, the a, B,
and vy families of tubulins are all approximately equidistant
from the FtsZ grouping.

DISCUSSION

We have shown that the major GTP-binding protein of the
archaeon P. woesei is related strongly in sequence to FtsZ
proteins of Bacteria. PwFtsZ can be aligned to eubacterial
FtsZs essentially throughout its length; this suggests that it will
function in an analogous way to its eubacterial counterparts.
Thus, in addition to binding GTP, it is likely that PwFtsZ will
function as a GTPase and will polymerize in the presence of
this nucleotide. Also, in light of FtsZ’s functions in eubacterial
systems, our results suggest that PwFtsZ may play a key role in
mediating and controlling cell division in P. woesei. In Bacteria,
FtsZ is targeted by regulators of cell division and interfaces
with other cell division components, such as the actin-related
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FiG. 3. Phylogenetic tree derived from an alignment of PwFtsZ with various eubacterial FtsZ proteins and eukaryotic tubulins. The number
next to the node refers to the number of bootstrap trials (out of 1000) that support the branching pattern at that node. The scale bar indicates the
length of a branch that corresponds to 10% divergence. Dm, Drosophila melanogaster; Hs, Homo sapiens; Sp, Schizosaccharomyces pombe; Gl, Giardia
lamblia; At, A. thaliana; Ec, E. coli; Sa, Staphylococcus aureus; Bs, B. subtilis; Pw P. woesei; and Hv, H. volcanii. Accession numbers for the sequences
are as follows: Ec FtsZ, P06138; Sa FtsZ, P45498; Bs FtsZ, P17865; HvFtsZ, U37584; PwFtsZ, U56247; Gl B-tubulin, X06748; At a-1-tubulin,
M21414; At B-1-tubulin, M20405; At Columbia ecotype y-1-tubulin, U02069; At chloroplast FtsZ, U39877; Sp a-tubulin 2, K02842; Sp B-tubulin,
M10347; Sp 7y-tubulin, M63447; Hs a-tubulin, X01703; Hs B-tubulin, J00314; Hs +y-tubulin, M61764; Dm a-tubulin, M14643; Dm -1 tubulin,

M20419; and Dm +y-tubulin, M76765.

protein FtsA (29-33). It will thus be interesting to ascertain
whether homologues of these factors exist in Archaea and
whether the cell division apparatus and its control mechanisms
are fundamentally conserved between Archaea and Bacteria.
If this were so, it would be in line with previous studies, which
indicate that archaeal and eubacterial cells tend to resemble
one another morphologically and which indicate similarities
between the process of septation and cytokinesis in Archaea
and eubacteria (for example see ref. 34).

Because certain residues of PwFtsZ are more similar to the
equivalent residues of tubulins than are the corresponding
residues of eubacterial FtsZs, we have been able to refine the
FtsZ/tubulin alignments reported previously so that fewer
gaps are employed. Our data, therefore, support the view that
FtsZ and tubulins are evolutionarily related. Nevertheless, the
alignments clearly reveal a much higher degree of relatedness
between the archaeal and eubacterial factors than between the
archaeal and eukaryotic proteins. This contrasts markedly with
evolutionary trees based on the sequences of components of
the transcriptional and translation systems, which place Ar-
chaea and Eucarya as sister groups. There are several expla-
nations for this apparent paradox. One, unlikely in our view,
is that FtsZ proteins exist in Eucarya but have not yet been

detected, despite intensive biochemical and genetic analyses of
eukaryotic systems. Another is that FtsZ was present in the last
common ancestor of Archaea and Eucarya but that this protein
was subsequently lost from the eukaryotic lineage or evolved
rapidly into the tubulins. It is difficult, however, to explain how
FtsZ, which interacts with many other proteins, could have
broken free from the intense constraints on its sequence that
are observed in eubacterial systems. A third possibility is that
the archaeal FtsZs were acquired from Bacteria by horizontal
gene transfer. Arguing against this, however, we have identi-
fied an FtsZ gene in the related but distinct archaeal species
Pyrococcus furiosus and have detected a GTP-binding protein
of a similar size to PwFtsZ in extracts of the archaeon
Sulfolobus shibatae, which is evolutionarily highly diverged
from P. woesei. Furthermore, of the sequences that exist in the
databases, PwFtsZ is most related to the putative product of
an ORF of the archaeon H. volcanii (see Fig. 2). Indeed,
although diverged substantially from one another, phyloge-
netic analyses reveal that PwFtsZ and HvFtsZ form a statis-
tically significant grouping. This is consistent with previous
studies, which have suggested that P. woesei and H. volcanii
reside on two divergent branches of a monophyletic archaeal
kingdom. Taken together, these results suggest that FtsZ may
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be universal in the evolutionarily diverse archaeal kingdom
(35) and imply that FtsZ is likely to have been present in the
last common ancestor of all Archaea.

If the above model is correct, a repercussion is that the
evolutionary history of the eukaryotic cytoskeletal and cell
division systems might be distinct from that of several other
cellular components. Thus, whereas the eukaryotic transcrip-
tion and translation machineries appear to be akin to those of
Archaea, the available data suggest that the eukaryotic cy-
toskeletal and cell division systems have no equivalents in the
eubacterial or archaeal cells and may, therefore, have been
acquired from another, as yet uncharacterized, lineage. Our
data tally with speculations made previously in light of the
seemingly unique aspects of the eukaryotic cytoskeleton (for
example see refs. 36 and 37). Biochemical, molecular, and
genetic approaches directed toward identifying other compo-
nents of the archaeal cell division apparatus, together with
genome sequencing projects currently underway, will doubt-
less provide insights onto these important evolutionary issues
in the near future.

We thank Richard Sharp and Neil Raven for providing the P. woesei
biomass and P. Cammarano for providing P. woesei genomic DNA.
Thanks also to members of the S.P.J. laboratory for their support and
encouragement. This work was funded by Grant SP2143/0101 from
the Cancer Research Campaign and by Grant G9420496MB from the
Medical Research Council (United Kingdom).

1. Woese, C.R. & Fox, G. E. (1977) Proc. Natl. Acad. Sci. USA 74,
5088-5090.

2. Woese, C. R., Kandler, O. & Wheelis, M. L. (1990) Proc. Natl.
Acad. Sci. USA 87, 4576-4579.

3. Keeling, P. J., Charlebois, R. L. & Doolittle, W. F. (1994) Curr.
Opin. Genet. Dev. 4, 816-822.

4. Baumann, P., Qureshi, S. A. & Jackson, S.P. (1995) Trends
Genet. 11, 279-283.

5. Cammarano, P., Palm, P., Creti, R., Ceccarelli, E., Sanangelan-
toni, A. M. & Tiboni, O. (1992) J. Mol. Evol. 34, 396-405.

6. Iwabe, N., Kuma, K.-1., Hasegawa, M., Osawa, S. & Miyata, T.
(1989) Proc. Natl. Acad. Sci. USA 86, 9355-9359.

7. Brown,J. R. & Doolittle, W. F. (1995) Proc. Natl. Acad. Sci. USA
92, 2441-2445.

8. Langer, D., Hain, J., Thuriaux, P. & Zillig, W. (1995) Proc. Natl.
Acad. Sci. USA 92, 5768-5772.

9. Ouzounis, C. & Sander, C. (1992) Cell 71, 189-190.

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.
20.
21.
22.
23.
24.
25.
26.
217.
28.
29.

30.
31.

32.
33.
34.
35.

36.
37.

Proc. Natl. Acad. Sci. USA 93 (1996)

Creti, R., Londei, P. & Cammarano, P. (1993) Nucleic Acids Res.
21, 2942.

Rowlands, T., Baumann, P. & Jackson, S. P. (1994) Science 264,
1326-1329.

Marsh, T. L., Reich, C. 1., Whitelock, R. B. & Olsen, G. J. (1994)
Proc. Natl. Acad. Sci. USA 91, 4180-4184.

Qureshi, S. A., Khoo, B., Baumann, P. & Jackson, S. P. (1995)
Proc. Natl. Acad. Sci. USA 92, 6077-6081.

Qureshi, S. A., Baumann, P., Rowlands, T., Khoo, B. & Jackson,
S. P. (1995) Nucleic Acids Res. 23, 1775-1781.

Hausner, W. & Thomm, M. (1995) J. Biol. Chem. 270, 17649-
17651.

Mukherjee, A. & Lutkenhaus, J. (1994) J. Bacteriol. 176, 2754~
2758.

Erickson, H. P. (1995) Cell 80, 367-370.

RayChaudhuri, D. & Park, J. T. (1992) Nature (London) 359,
251-253.

de Boer, P., Crossley, R. & Rothfield, L. (1992) Nature (London)
359, 254-256. ’

Mukherjee, A., Dai, K. & Lutkenhaus, J. (1993) Proc. Natl. Acad.
Sci. USA 90, 1053~1057.

Bramhill, D. & Thompson, C. M. (1994) Proc. Natl. Acad. Sci.
USA 91, 5813-5817.

Bi, E. & Lutkenhaus, J. (1991) Nature (London) 354, 161-164.
Searcy, D. G. & Hixon, W. G. (1991) Biosystems 25, 1-11.
Hixon, W. G. & Searcy, D. G. (1994) Biosystems 29, 151-160.
Pearson, W. R. & Lipman, D. J. (1988) Proc. Natl. Acad. Sci. USA
85, 2444-2448. ‘

Deveraux, J., Haeberli, P. & Smithies, O. (1984) Nucleic Acids
Res. 12, 387-395.

Thompson, J. D., Higgins, D. G. & Gibson, T. J. (1994) Nucleic
Acids Res. 22, 4673-4680.

Osteryoung, K. W. & Vierling, E. (1995) Nature (London) 376,
473-474.

de Boer, P. A. J,, Crossley, R. E. & Rothfield, L. I. (1990) Proc.
Natl. Acad. Sci. USA 87, 1129-1133.

Bi, E. & Lutkenhaus, J. (1993) J. Bacteriol. 175, 1118-1125.
Sanchez, M., Valencia, A., Ferrandiz, M.-J., Sandler, C. &
Vicente, M. (1994) EMBO J. 13, 4919-4925.

Dewar, S. J., Begg, K. J. & Donachie, W. D. (1992) J. Bacteriol.
174, 6314-6316.

Dai, K. & Lutkenhaus, J. (1992) J. Bacteriol. 174, 6145-6151.
Kandler, O. & Konig, H. (1993) in New Comprehensive Biochem-
istry eds. M. Kates, Kushner, D. J. & Matheson, A. T. (Elsevier,
Amsterdam), Vol. 26, pp. 223-259.

Barns, S. M., Fundyga, R. E., Jeffries, M. W. & Pace, N.R.
(1994) Proc. Natl. Acad. Sci. USA 91, 1609-1613.

Sogin, M. L. (1991) Curr. Biol. 1, 457-463.

Doolittle, R. F. (1995) Phil. Trans. R. Soc. Lond. B 349, 235-240.



