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The heat shock protein (Hsp) sequences, because of their ubiquity and high degree of conservation, provide useful
models for phylogenetic analysis. In this paper I have carried out a global alignment of all available sequences (a
total of 31) for the 90-kD heat shock protein (Hsp90) family. The minimum amino acid identity that is seen
between presently known Hsp90 homologs is about 40% over the entire length, indicating that it is a highly
conserved protein. Based on the alignment, a number of signature sequences that either are distinctive of the
Hsp90 family or that distinguish between the cytosolic and the endoplasmic reticular forms of Hsp90 have been
identified. Detailed phylogenetic analyses based on Hsp90 sequences reported here strongly indicate that the cytosolic
and the endoplasmic reticulum (ER) resident forms of Hsp90 constitute paralogous gene families which arose by
a gene duplication event that took place very early in the evolution of eukaryotic cells. A minimum of two
additional gene duplication events, which took place at a later time, are required to explain the presence of two
different forms of Hsp90 that are found in fungi and vertebrate species. In a consensus neighbor-joining bootstrap
tree based on Hsp90 sequences, plants and animals species grouped together 989 times of 1,000 (a highly significant
score), indicating a closer relationship between them as compared to fungi. A closer affiliation of plant and animal
species was also observed in the maximum-parsimony tree, although the relationship was not significantly supported
by this method. A survey of the recent literature on this subject indicates that depending on the protein sequence
and the methods of phylogenetic analysis, the animal species are indicated as closer relatives to either plants or
fungi with significant statistical support for both topologies. Thus the relationship among the animal, plant, and

fungi kingdoms remains an unresolved issue at the present time.

The term heat shock proteins (Hsps) refers to a
group of proteins whose synthesis is enhanced upon
sudden increase in temperature or exposure to a variety
of other stressors ( Lindquist and Craig 1988; Morimoto
et al. 1994). The major Hsps in cells have the approx-
imate sizes of 60 kilodaltons (kD), 70 kD, and 90 kD
and are referred to as Hsp60, Hsp70, and Hsp90, re-
spectively. These proteins perform essential molecular
chaperone functions in cells in facilitating proper inter-
action between various other proteins and in the intra-
cellular transport of proteins to various destinations (see
Lindquist and Craig 1988; Morimoto et al. 1994 ). Hsps,
due to their ubiquitous presence in all species and high
degree of sequence conservation, also provide very useful
model systems for evolutionary studies (see Gupta and
Golding 1993; Boorstein et al. 1994; Gupta 1995). We
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have recently reported detailed phylogenetic analyses
based on Hsp60 and Hsp70 families of sequences which
has provided novel insight into the origin of eukaryotic
cells (Gupta and Singh 1994; Gupta et al. 1994; Gupta
1995).

The members of the 90-kD Hsp family are the least
understood of the major Hsps in terms of their cellular
function. The known functions of these proteins include
modulating the activities of the steroid hormone recep-
tors, tyrosine kinases and serine-threonine kinases
(Lindquist and Craig 1988; Pratt 1993; Bohen and Ya-
mamoto 1994). In addition, Hsp90 is also found asso-
ciated with cytoskeletal proteins such as actin and tu-
bulin (see Bohen and Yamamoto 1994). In eukaryotic
cells, specific Hsp90 homologs exist in the cytosol and
the ER. Hsp90 homologs have also been cloned and
sequenced from bacterial species (referred to as HptG)
(Bardwell and Craig 1987). In the present paper, I have
carried out a global alignment of all available Hsp90
sequences and used this alignment to deduce the evo-
lutionary relationships between different homologs and
species. These studies indicate that the cytosolic and ER
Hsp90 homologs constitute paralogous families which
diverged from each other at a very early stage in the
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Table 1
Hsp90 Sequences Analyzed in This Study
Species Accession Number Reference
Cytosolic:
Humana ........... ... ... ... SP/Po7900 Yamazaki et al. (1989)
Mousea ...................... SP/P07901 Moore et al. (1989)
Chickena ................... .. SP/P11501 Binart et al. (1989)
Humanf ..................... SP/P08238 Rebbe et al. (1987)
MouseB ...................... GB/M36829 Hoffmann and Hovemann (1988)
Ratf ........................ GB/S45392 McGuire et al (1992)
Chicken B ..................... SP/Q04619 Meng et al. (1993)
Drosophila melanogaster . . . ... ... SP/P02828 Blackman and Meselson (1986)
Maize ........................ GB/S59780 Marrs et al. (1993) o
Arabidopsis thaliana .. ...... .. .. SP/P27323 Conner et al. (1990) g
Pharbitisnil ................ ... GB/M99431 Genbank* =3
RiCE ... . i SP/P33126 Swiss prot.* ]
Tomato ...................... GB/M96549 Genbank* Q
Trypanosoma brucei ............ SP/P12861 Mottram et al. (1989) =
Trypanosoma cruzi ............. SP/P06660 Dragon et al. (1987) %
Leishmania amazonensis . ....... SP/P27741 Shapria and Pedraza (1990) =
Plasmodium falciparum . ... . .. .. GB/L34027 GenBank* 2
Theileriaparva ................ SP/P24724 GenBank* =
Saccharomyces cerevisiae (c) . . . . .. SP/P15108 Borkovich et al (1989) 8
S. cerevisiae(h) . ... .. ... . ... ... SP/P02829 Farrelly and Finkenstein (1984) &
Ajellomyces capsulata .. ......... GB/S21764 Minchoitti et al. (1992) 2
Histoplasma capsulatum . ... ... .. GB/M55629 Minchoitti et al. (1991) 'g
ER Homologs: g
Human(e) .................... SP/P24625 Maki et al. (1990) %
Mouse(e) ..................... SP/P08113 Mazzarella and Green (1987) 3
Dog(e) ....................... GB/UO01153 Cala and Jones (1994) g
Pige) ........................ GB/X76301 GenBank* oy
Chicken(e) .................... SP/P08110 Kulomaa et al. (1986) 5
Barley(e) ..................... EM/S31862 EMBL* e
C. roseus(e) ................... GB/L14594 Schroder et al. (1993) g
Secale cereale . ................. GB/Z30243 GenBank* =
Bacteria: S
Escherichiacoli ................ SP/P10413 Bardwell and Craig (1987) §
N
NoTE.—The abbreviations SP, GB, and EM indicate Swissprot, GenBank, and EMBL databases, respectively. The %
superscript asterisk (*) denotes that the sequence deposited in the databank is not published as yet. The letters ¢, #, and e g
in parentheses indicate cognate, heat-induced, and ER-resident forms of Hsp90, respectively. Z
[
@
[2]

evolution of eukaryotic cells. A number of other gene
duplication events which took place at later times in
specific branches of the eukaryotic tree are also identified.
In the evolutionary tree based on Hsp90 sequences, the
animal and plant species are indicated as closer relatives
in comparison to fungi, which is contrary to the inference
reached in some of the recent studies (Baldauf and Pal-
mer 1993; Hasegawa et al. 1993; Wainright et al. 1993).
The evolutionary relationship among animals, plant, and
fungi species is discussed in light of the available results.

Material and Methods
Sequence Data and Phylogenetic Analysis

The Hsp90 sequences from various species were
obtained from the GenBank, Swissprot, and Protein
Identification Resource databases. The species names,

database accession numbers, and the literature referenc%
to the cloning and sequencing of various sequences arg
given in table 1. The amino acid identity between pairs
of protein sequences was determined using the PALIG%
program (Myers and Miller 1988) of the PCGene se&
quence analysis package (Intelligenetics Inc., Mountain
View, California) using the structure gene matrix, and
the unit gap and open gap costs of two and seven, re-
spectively. The multiple alignment of sequences was ini-
tially carried out using the CLUSTAL program (Higgins
and Sharp 1988) of the PCGene package. This alignment
was then modified manually to correct for any misalign-
ment as determined by the results of pairwise alignments
and by visual inspection. Phylogenetic analysis was car-
ried out on the sequence regions which could be aligned
without ambiguity in all homologs. For such purposes



a small part of the sequence from the C- and N-terminal
ends (outside of the arrows in fig. 1) and a variable
region from the middle (boxed in fig. 1) were omitted
from consideration. The remainder of the sequence
alignment which consisted of 620 aligned amino acid
positions was employed for phylogenetic analysis. The
phylogenetic analysis on the sequence data was carried
out using the various programs (namely, PROTDIST,
NEIGHBOR, BOOT, CONSENSE, PROTPARS,
PROTML, etc.) from the PHYLIP version 3.5 program
package (Saitou and Nei 1987; Kishino et al. 1990; Fel-
senstein 1985, 1991).

Results

Table 1 lists the various Hsp90 homologs for which
the complete sequence information is currently available
in the databases. These homologs were identified by car-
rying out blast searches using sequence data for Esche-
richia coli, yeast, and human Hsp90 sequences. In ad-
dition to these sequences, partial sequence information
is available for a number of other homologs (not shown),
which were not considered in the present investigation.

Because of the slight variation in the relative mo-
lecular masses ( Mr) of these proteins in different studies
(between 80 and 90 kDa), these homologs have been
referred to by different names in the literature (e.g.,
Hsp80, Hsp82, Hsp83, Hsp84, Hsp85, Hsp86, Hsp90,
etc.; see table 1). The bacterial homologs are referred
to as HptG, and the endoplasmic reticular forms are
often designated as Grp90 or Grp94. However, in the
present study the common term Hsp90 will be used to
describe all of these homologs. In eukaryotic species dis-
tinct Hsp90 homologs are found in the cytosol and in
the ER, but thus far no homolog that is specific for the
organelles (namely mitochondria or chloroplasts) has
been identified. In vertebrate species two different cy-
tosolic forms of Hsp90 (referred to as o and B in this
study) have been reported. Both these forms are mod-
erately heat inducible; however, how these two forms
differ in terms of their physiological function is presently
not clear (see Lindquist and Craig 1988; Hardesty and
Kramer 1989). The yeast Saccharomyces cerevisiae also
contains two cytosolic Hsp90 homologs;.of these one is
constitutively expressed, whereas the other is highly heat
inducible (Lindquist and Craig 1988).

Table 2 presents a pairwise similarity matrix for
Hsp90 sequences from representative cytosolic and ER
homologs and the sole bacterial species (E. coli) for
which the complete sequence is known. The minimum
amino acid similarity that is observed between any two
Hsp90 homologs over their entire length (e.g., between
E. coli and various eukaryotic homologs) is about 40%
identical residues plus an additional 16%-20% conser-
vative amino acid replacement, indicating the highly
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conserved nature of this protein. The a and § group of
cytosolic homologs in vertebrate species show about 87%
identity to each other. The eukaryotic cytosolic homo-
logs show much higher identity to each other (minimum
identity between any two members =~ 61%) than to the
homologs from the same species that are found in the
ER (maximum amino acid identity seen between a cy-
tosolic and an ER homolog is about 50%; table 2). For
the ER Hsp90, the homologs from the plant and animal
species showed much lower identity to each other
(=~50% identity) as compared to that seen between the
cytosolic homologs (67%-70% identity).

A global alignment of Hsp90 sequences, carried out
as described in Material and Methods, is presented in
figure 1. The sequences from some species that are closely
related to the others presented here are not shown in the
alignment due to space consideration. From the align-
ment presented in figure 1, a number of inferences re-
garding Hsp90 sequences could be drawn. First, several
sequence regions are highly conserved in all Hsp90 ho-
mologs. A few of the highly conserved segments—
NKEIFLRELISN(S/A)SDALDKIR, LGTIA(K/
R)SGT, IGQFGVGFYSA(Y/F)LVA(E/D), IKLY-
VRRVFI, and GVVDS(E/D)DLPLN(I/V)SRE
(marked I-V in fig. 1)—could be used as signature se-
quences for identifying this family of proteins.

Second, all of the ER Hsp90 homologs contain an
N-terminal signal sequence characteristic of the ER-tar-
geted proteins. The various ER homologs also contain
the ER retention sequence KDEL at their extreme C-
terminal end (Pelham 1989). In contrast to the ER ho-
mologs, all of the cytosolic Hsp90 proteins end with the
sequence MEEVD on their C terminus. A similar se-
quence (V/I)EEVD is also found at the C-terminal ends
of the majority of the cytosolic Hsp70 homologs ( Boor-
stein et al. 1994; Gupta et al. 1994). The functional
significance of this conserved sequence feature is not
known at present.

Third, the Hsp90 homolog from Secale cereale ap-
pears different from other eukaryotic cytosolic or ER
homologs. This particular protein lacks sequence fea-
tures that are present in both these groups, and it also
shows a much lower degree of similarity to the other
Hsp90 homologs (identity values in the range of 42%-—
46%). Although an N-terminal leader sequence is present
in this protein, no similarity is observed between this
sequence and the signal sequence of other plants’ ER
Hsp90 sequences. It is possible that the protein product
of this homolog may be targeted to a different cellular
compartment (chloroplast or mitochondria).

Finally, the eukaryotic Hsp90 contains a region of
variable length (boxed in fig. 1) which is rich in acidic
residues. This region is lacking in the E. coli homolog.
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A.thaliana EPK--N-G-V--VDE-KEK

Tomato EKKD --GKV--VDE-KEK

Pl.falciparum * |E-EE-KK-KTG-DKNA-ESKE -NEDEEKK-DEE -D {KE-R~ - - -HTVEHEW- - - - -Q- - L ~M-K-EEV:
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1

FIG. 1.—Alignment of Hsp90 sequences from representative species and homologs. Amino acid residues that are identical to that present
in the top row are denoted by dashes. The Roman numerals I-V identify highly conserved regions which could be used as signature sequences
for Hsp90 homologs. The shaded regions identify the distinctive C-terminii sequences for the cytosolic and ER Hsp90 homologs. The arrows
mark the outside boundaries of the sequence region which was employed in phylogenetic analysis. The box identifies an acidic variable region
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§----K-GK -SKL-DLK-§  -KE-TDWW-KALDTEGIDS-KI----HNT--WV---K---§§-=-K--Q--T-  §-A-KQA--RG-RV-----R-P--KE-
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-EVI-EES-1-PPD-1------ E----
=E-MTT-DAQSAGDAPSLV-DTE-A-H:
=AAADE -ADMPALD ~-AAEE-
Bt EERE DE-N-F-A-~H--L----S-~--ENVEE-GDMPEL- ~DAAEE-K:
-KR-D- -----------L--F-----T------E-N-FG---H--L----S--- ESGDA-ADMPAL-DP  -A-AEG-
K---D- --$--T----1W--FD-§--T--~A--E-T-FSK--H-----~-S---EEN N-IDLPPL--T V-ATD-
~RRV-- -E---A-=---=F--FD-§--T---Q----T Y-E--N-------SL--EE EEEAVE-AVA-TA-A-VTAG--§
KRRV-- -E---AA---1F--FD-S--T---T-D--TAY-D--H-~-----SL-D-A E EE E-QAPVAAAANSSTGA-
KKRVDEGGAQ--T=-==-=TK-==-~e== Teon-- DE-TSF-S--N-L-S---N----EE-ETAPE-  STAA-V-EVPADTE
EG--RT--SI1TQ-~F~-§--V---T-E-SGF-G--HKLVS---N---- AETSEEK  -ADTVVAEAPAE-D
LRRVKE NED--T-S--AVV-F---T-R--YM-P-TKEYGD--E-~-LR-S-N--L-AKVEEEPEE -EDAAEEAEQDE -EVDADA EDSETQKESTD

LRRIKE -ED--T-L--AVV-F---T-R--YL-P-TKAYGD--E--LR-S-N--P-AKVEEEPEEE P--TAEDTTE-TEQDED-EMDVGTDEEEETAKESTAEK

LRRVKE -ED-~T-S--AVV-F---T-R--YL-P-TKAYGD--E--LR-S-N--P-AKVEEEPEEEPE-TTEDTTE-TEQDDE- -M- AGTDDEEOETVKKSTAE*D

-D-VAQ -SDSEGL-QTAR-V-Q---ME-=--N-P--KDF-SS~--SVQKS-DLSP-AAVEEE EEVEEPEV-EKESAKQEAEEPEHEQYD

SAACKN EPDSTEA-RA-E------- I---YTP-S-AELGGK--E-MTIA--GRWGRSG-EEAETN-DGDSSEGY VPEV! -PSEVRTENENDPWRD
R-AD TEDEAKFSEW-E--LDQ---AERGT----NLFIR-MNQLLVS

in the Hsp90 sequence. This region was also omitted from phylogenetic analysis. In the places marked with asterisks (*) in Plasmodium
falciparum and barley (e), sequences small insertions are present which are not shown here. The abbreviations used in the species names are as
follows: A., Arabidopsis; Aj., Ajellomyces; C., Catharanthus; D., Drosophila; E., Escherichia; H., Histoplasma; L., Leishmania; P., Pharbitis;
PL, Plasmodium; S., Saccharomyces; Se., Secale; T., Trypanosoma; Th., Theileria; c, h, and e in parentheses indicate cognate, heat-induced,
and ER-resident forms of Hsp90, respectively.

1067

20z Iudy 0} Uo 1senB Aq $6GZ86/€901/9/Z | /8101HE/OGUI/W0d"dNO"0IWBPED.//:SAYY WOy PAPEOjUMOQ



1068 Gupta

Table 2
Similarity Matrix of Hsp90 Sequences

Species — A B C D E F G H I J K
¥

(A) Humana ................. 86.3 78.4 69.0 62.5 66.5 63.0 47.6 47.5 442 41.2
(B) Humanf ............. .. .. 93.8 78.3 67.6 63.0 67.1 65.2 459 47.2 42.5 41.2
(C) Drosophila melanogaster . . . . . 88.3 87.0 66.7 61.6 65.6 62.4 48.3 46.9 45.5 39.7
(D) Maize .................... 81.4 80.7 81.0 64.9 69.5 66.4 50.5 49.2 45.3 42.7
(E) Saccharomyces cerevisiae . . . . . 75.9 76.4 76.6 71.7 61.6 61.0 48.0 48.8 45.0 41.0
(F) Plasmodium falciparum . . . ... 78.9 79.8 79.1 82.1 76.8 65.2 46.3 47.4 43.1 40.9
(G) Trypanosoma brucei . ....... 77.2 79.6 77.6 80.3 73.8 79.6 45.9 47.7 42.0 40.2
(H) Human(e) ................ 62.5 63.1 62.4 65.9 64.8 62.5 63.1 49.2 434 40.5
(I) Barley(e) .................. 62.8 64.6 63.6 65.4 67.3 62.4 65.1 64.4 43.5 450
(J) Secale cereale .............. 60.5 60.6 62.7 62.1 61.1 58.9 60.1 59.4 60.0 4%l
(K) Escherichiacoli ............ 60.1 60.1 60.9 60.2 60.2 59.7 59.8 58.4 59.9 58.4 o
Qo

@

NoTEe.—Pairwise alignment of sequences was carried out as described in Material and Methods. The upper and lower triangles indicate the percentage amifo

. . oy . . . . .. . . . . . B . . . =

acid identities and percentage amino acid similarities (i.., identical plus conservative changes) between pairs of protein sequences. The amino acid residues that are
defined as similar in this program are A, S, and T; D and E; N and Q; R and K; I, L, M, and V; F, Y, and W. The abbreviations used are as described in table B

It has been suggested that this region which mimics DNA
configuration is involved in shielding the DNA-binding
domain of steroid hormone receptors (see Binart et al.
1989).

Phylogenetic Analysis

The global alignment of Hsp90 sequences was uti-
lized to examine the evolutionary relationship between
Hsp90 family members. The phylogenetic analysis was
carried out on the sequence region which could be
aligned without ambiguity in all homologs (see Material
and Methods). A consensus neighbor-joining tree based
on these sequences that was obtained after 975 bootstrap
replicates is shown in figure 2. The tree was rooted using
the Hsp90 homolog from Escherichia coli.

From the branching order of Hsp90 sequences in
figure 2, a number of inferences can be drawn. First, it
is clear that the cytosolic and ER Hsp90 homologs from
various animal and plant species form paralogous gene
families which are very distantly related to each other.
Second, the o and § Hsp90 sequences in vertebrate spe-
cies also formed separate but closely related clusters with
a high degree of reliability (i.e., in 100% of bootstraps),
indicating that they arose by a gene duplication event
in the common ancestor to this group. Third, the two
Hsp90 homologs that are present in the fungal species
Saccharomyces cerevisiae showed greater affinity for
each other than to the homolog from other fungi (His-
toplasma capsulatum and Ajellomyces capsulata), in-
dicating that they evolved by a separate gene duplication
event.

In the phylogenetic tree shown in figure 2, while
the cytosolic Hsp90 sequences from the animals, plants,
and fungi species formed separate monophyletic groups

//:sdny

in 100% of the bootstraps, the relationship between the@e
groups was not statistically resolved. For the bran¢h
leading to the animal and plant species, a bootstrap scoge
of 81% was observed. The relatively low bootstrap scoSe
in this case was mainly due to the uncertainty in tlge
branching position of plasmodiae species ( Plasmodiu
falciparum and Theileria parva). These species often
branched with the plant group (64% of the time; see fig.
2), while in the other bootstrap sets not shown, th%
branched with the kinetoplastid protists (Trypanosonf(e
and Leishmania). One other branch which was not w@
resolved corresponded to that leading to the ER hg»
mologs. The lower bootstrap score of this branch (76%)
was due to the uncertainty in the branching position &'
the homolog from Secale cereale, which sometlm§
branched with the ER homologs (in 18% of the boqi-
strap) but most often showed deeper branching thzﬁl
either the cytosolic or ER homologs. As indicated earlie;;,
the Hsp90 homolog from S. cereale is unusual from other
Hsp90s, and its grouping or relationship to other Hsp%
homologs is unclear.

The evolutionary relationship based on Hsp90 s@
quences could be more clearly shown if one omits the
three species (P. falciparum, T. parva, and S. cereale)
which show unstable branching patterns. A neighbor-
joining distance tree based on the remaining sequences
is shown in figure 3. The bootstrap scores for various
branches (of 1,000 replicates) as obtained from a sep-
arate consensus tree are shown at the nodes. As seen,
all of the main branches in this tree are well resolved.
In addition to confirming the relationships mentioned
earlier, the phylogenetic tree now reveals a closer rela-
tionship between animal and plant species. A plant-an-
imal clade, exclusive of other species, was observed in
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— Pig (&) FIG. 3.—An NJ distance tree based on Hsp90 sequences. A few
81 Chicken (¢) of the species (Plasmodium falciparum, Theileria parva, and Seecale
100 Barley (€) cereale) which showed unstable branching in fig. 2 were omitted in
[: C.roseus (e) this tree. The distances between the proteins were determined using
Se.cereale the Dayhoff’s PAM matrix option from the PROTDIST program. The
E.coli bootstrap scores obtained from a consensus NJ tree after 1,000 replicates

FiG. 2.—A consensus bootstrap NJ tree (Saitou and Nei 1987)
based on all available Hsp90 sequences obtained after 975 bootstrap
replicates. The numbers above the branches indicate the percentage of
times the species which are to the right grouped together in the bootstrap
trees. The abbreviations used are as indicated in fig. 1.

989 of 1,000 bootstrap replicates, which is highly sig-
nificant. For the cytosolic homologs, the deepest
branching was observed for the fungi species, and the
kinetoplastid protist species ( Trypanosoma (T.) brucei,
T. cruzi, and Leishmania amazonensis) branched in be-
tween the fungi and the animal-plant clade. However,
the bootstrap score of the node leading to the protist
species was low (i.e., 588/1,000), indicating that the
branching position of protists was unstable. In 40% of
the bootstrap replicates that are not shown in figure 3,
the protist species branched earlier than the fungi, in-
dicating that their placement in the tree is unreliable.
The evolutionary relationship between Hsp90 se-
quences was also examined by means of parsimony
analysis. A consensus bootstrap parsimony tree based
on these sequences is presented in figure 4. The branch-
ing pattern of various species in the parsimony tree is
virtually identical to that observed in the neighbor-join-
ing trees. However, a number of branches which were
well resolved in the neighbor-joining tree were not sig-
nificantly supported by this method. The animal-plant
clade which was significantly supported by the neighbor-
joining method was observed in only 49% of the boot-

are indicated at the nodes.

strap replicates (majority) in the parsimony tree. In the
bootstrap sets that are not included in the consensus
tree, a fungi-animal clade was observed in about 14% of
the bootstrap samples. Thus, although the maximum-
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D mel
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Cytosolic homologs
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FIG. 4.—A parsimony consensus bootstrap tree based on Hsp90
sequences. The tree was bootstrapped 100 times.
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parsimony analysis of Hsp90 sequences also favors a
plant-animal grouping, the observed preference is not
statistically significant.

Discussion
Gene Duplications in the Hsp90 Family

The phylogenetic analysis based on Hsp90 se-
quences presented here points to a number of gene du-
plication events that have taken place in this gene family.
From the branching pattern of different homologs from
various species, it is clear that the cytosolic and ER
Hsp90 sequences form paralogous protein families which
diverged from each other at a very early stage in the
evolution of the eukaryotic cell. In our recent work based
on the Hsp70 family of protein sequences, the cytosolic
and ER homologs were again shown to comprise par-
alogous gene families (Gupta et al. 1994). In this case,
since the cytosolic and ER homologs were present in
one of the earliest branching eukaryotic species ( Giardia
lamblia), and since they both contained unique se-
quence signatures not found in any prokaryotic or or-
ganellar homologs, it was postulated that they evolved
by a gene duplication event that accompanied the evo-
lution of ER or nucleus in the eukaryotic cell ancestor
(Gupta et al. 1994). Although for Hsp90 the cytosolic
and ER homologs have not yet been identified in species
such as G. lamblia, the observed branching pattern of
the two groups of sequences in the Hsp90 phylogenetic
trees (figs. 3 and 4) is consistent with and supports the
above proposal.

The branching pattern of the cytosolic homologs
in both the neighbor-joining and parsimony trees iden-
tifies a minimum of two additional gene duplication
events that took place at a later time (i.e., after divergence
of cytosolic and ER sequences). One event gave rise to
the cognate and heat-inducible forms of Hsp90 found
in the yeast Saccharomyces cerevisiae. Two Hsp90 se-
quences have also been reported in the fungus Histo-
plasma capsulatum. However, these two sequences differ
only in a few positions and at present it is not clear
whether they correspond to distinct forms of Hsp90. (If
H. capsulatum contains two distinct Hsp90s, then one
would have to postulate one more gene duplication event
in this or a closely related species.) A second gene du-
plication event in the cytosolic branch is necessary to
explain the presence of o and § subfamilies of sequences
that are found in all vertebrate species. A similar infer-
ence regarding gene duplication within the Hsp90 family
of sequences has been reached in earlier studies by Moore
etal. (1989), based upon phylogenetic analysis of a lim-
ited number of sequences.

Evolutionary Relationship among Animals, Plants,
and Fungi

The phylogenetic relationship among plants, ani-
mals and fungi has *:2en a subject of continued debate

in recent years (see Cavalier-Smith 1987; Gunderson et
al. 1987; Gouy and Li 1989; Loomis and Smith 1990;
Baldauf and Palmer 1993; Hasegawa et al. 1993; Sidow
and Thomas 1994). Phylogenetic analysis based on
rRNA sequences indicated an animal-plant (Gunderson
et al. 1987; Vossbrinck et al. 1987; Douglas et al. 1991;
Hendriks et al. 1991), animal-fungi (Hasegawa et al.
1985, 1993; Cavalier-Smith 1987; Wainright et al. 1993;
Cavalier-Smith et al. 1994), or a plant-fungi clade (Nairn
and Ferl 1988) in different studies. Gouy and Li (1989)
carried out detailed phylogenetic studies based on rRNA
and six other conserved protein sequences and concluded
that the plants and animals were sibling kingdoms tl’glt
diverged more recently than the fungi. Sidow apd
Thomas (1994 ) have recently reported detailed analy%s
based on the two largest subunits of RNA polymerdse
II. Their analysis also strongly indicates that the pla%t
and animal species shared a last common ancestor tlﬁt
excludes fungi. w
However, several recent studies based on SSU
rRNA, elongation factor-la, and a number of ott@r
conserved proteins (a-tubulin, B-tubulin, and actin) ha%e
made a strong case for a closer evolutionary relationship
between animals and fungi as compared to the plmzlt
species (Baldauf and Palmer 1993; Hasegawa et al. 1993;
Wainright et al. 1993; Nikoh et al. 1994). In the stuay
by Baldauf and Palmer (1993), the inference from phy—
logenetic studies was supported by the fact that the ap-
imals and fungi shared a few insertions/deletions (in-
cluding a 12 amino acid insertion in EF-1a) that wete
not found in the plant species. However, the presen&:
of these insertions or deletions was shown only in a f@v
species of each kind.
In a recent detailed investigation on this subjegt,
Nikoh et al. (1994) have evaluated the sequences of 23
different proteins from various species by the maximu@l-
parsimony (MP), maximum-likelihood (ML), aéfd
neighbor-joining (NJ) methods to determine which .of
the possible relationships (i.e., [A,F] P or [A,P] F, or
[P,F] A) between Animalia (A), Plantae (P), and Furigi
(F) was supported. Although the inferred tree topolog%s
were found to differ for different protein sequences, and
also based on the phylogenetic method of analysis, the
authors concluded that their results overall supported
an (A,F) P topology. However, an examination of the
results obtained by these authors show that the main
support for the above inference was based on the ML
method of analysis, which favored the (A,F) P topology
significantly over the others. In the other two methods
that were employed (i.e., MP and NJ), the (P,F) A to-
pology was indicated only in a small number (2 or 3 of
23) of cases. However, both these methods supported
the (A,P) F or (A,F) P topologies in about an equal

6528



number of cases. The NJ method in fact slightly preferred
the (A,P) F clade over the (A,F) P grouping.

In the phylogenetic analysis based on Hsp90 se-
quences that is reported here, a closer relationship be-
tween the Animalia and Plantae group was strongly sug-
gested by the NJ method. The high bootstrap score (989
of 1,000) of the branch point leading to the animal-
plant clade indicates that the affinities between these
groups is robust and highly significant. The parsimony
tree also favors a plant-animal clade; however, the sup-
port for this was not statistically significant. The ML
analysis of Hsp90 sequences, likewise, did not signifi-
cantly favor either of the above tree topologies (results
not shown).

Thus depending on the protein sequences and the
method of analysis, either fungi or plants are indicated
as closer relatives to the animals. ( The plant-fungi clade
which is significant only for the large subunit of the RNA
polymerase II [see Nikoh et al. 1994] seems unlikely to
be the true topology.) Some of these differences may be
related to the methods of phylogenetic analysis, as seen
in the present study where significant support for the
(A,P) F grouping was obtained only by the NJ method.
Of the three commonly used methods for phylogenetic
analysis, the NJ and ML methods are generally consid-
ered superior to the MP method, which is sensitive to
the violation of constant evolutionary rate among dif-
ferent lineages (see Sourdis and Nei 1989; Hasegawa
and Fujiwara 1993; Tateno et al. 1994). The ML method
is also robust only when all of the assumptions of the
ML model are satisfied (Hasegawa and Fujiwara 1993;
Tateno et al. 1994). The main requirement for the NJ
method to obtain correct tree topology is that the dis-
tances between the species need to be correctly estimated
(Hasegawa and Fujiwara 1993; Tateno et al. 1994).
However, since, depending on the protein species, all
three of these methods have suggested either (A,P) F or
(A,F) P clades with statistical significant support (Nikoh
et al. 1994), it is difficult to explain the observed differ-
ences or to determine which of these truly represent the
species topology. Recently, although a number of studies
have suggested that the (A,F) P grouping represents the
true tree topology in the eukaryotic lineage (Baldauf and
Palmer 1993; Hasegawa et al. 1993; Wainright et al.
1993; Nikoh et al. 1994), no satisfactory explanation
has been provided for the equally large number of protein
species which support the alternative (A,P) F grouping.
Unless all of these observations can be satisfactorily ex-
plained, the question of whether the animals are more
closely related to plants or fungi should be considered
largely unresolved.
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