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Abstract. The AAA proteins ATPasesAssociated Introduction
with a variety of cellularActivities) are found in eubac-

terial, archaebacterial, and eukaryotic species and Palrhe evolution of multigene families continues to remain

ticipate in a large number of cellular processes, includinga major focus of molecular evolutionary research. Mul-

rotein degradation, vesicle fusion, cell cycle control, . -
P 9 Y : tigene families control related cellular and developmen-
and cellular secretory processes. The AAA proteins are

characterized by the presence of a 230 to 250-amino aciéall functions, and the expansion of these families yields

ATPase domain refered to s tbrsenvecATPase  (2ee NS0NS 10 e mojeulr mectaioms o gere
Domain or CAD. Phylogenetic analysis of 133 CAD se- b 9

quences from 38 species reveal that AAA CADs arec:atlon (Purugganan et al. 1995; Atchley and Fitch 1995;

. . ) Ohno 1970). The divergence in function observed in
organized into discrete groups that are related not onl¥nembers of a gene family also provides the molecular
in structure but in cellular function. Evolutionary analy-

ses also indicate that the CAD was present in the Ias?aSIS for studies on the evolution of developmental or

common ancestor of eubacteria, archaebacteria, and egl-e%bgoil)c pathways (Purugganan et al. 1995; Atchley et

karyotes. T_he eubacterlal_ C_ZADs are_fou_nd in metallopro- The AAA family, named foATPasesAssociated with
teases, while CAD-containing proteins in the archaebac- . . .
variety of cellularActivities (Kunau et al. 1993), is a

terial and eukaryotic lineages appear to have diversifie . .

. 2 arge family of proteins that has recently been character-

by a series of gene duplication events that lead to the . . : .

i . . .~ . "ized in archaebacterial, eubacterial, and eukaryotic cel-
establishment of different functional AAA proteins, in- . . : )

X lular systems. These proteins are involved in a wide

cluding proteasomal regulatory, NSF/Sec, and Pas IO ange of cellular processes, including proteolytic degra
teins. The phylogeny of the CADs provides the basis for 9 P ' 9p Y 9

o . ation, vesicle fusion, and protein import. Members of
establishing the patterns of evolutionary change tha . . .
X : he AAA protein family are characterized by the pres-
characterize the AAA proteins.

ence of theConservedATPaseDomain or CAD (Swaf-
field et al. 1995), a large motif, 230—-250 amino acids in
length (Fig. 1). The ATPase motif contained within the
CAD is referred to as a Walker type motif (Walker et al.
1982), and was first described after a comparison of a
number of different ATPase sequences. Upon X-ray
crystallographic determination of ATPase structures (Fry
et al. 1986), the Walker motif was shown to consist of
three structural components: (1) a hydrophobic strand of
parallel B-pleated sheet ending in an aspartate, (2) an
Correspondence tal.C. Swaffield a-helix of two lysines separated by three residues, two of

Key words: AAA proteins — ATPase — Proteasome —
NSF — Sec — Pas — Metalloprotease
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Suglp (proteasomal regulatory protein)

Yta6p (cytoskeletal interaction protein)

Ymelp (metalloprotease)

Cdc48p (membrane fusion protein)

Pas1p (membrane fusion protein)

I GKT(467)

Sec18p (membrane fusion protein)

r

| GKT(569) Il

Beslp (orphan protein)

|

Fig. 1. Structures of typical yeast AAA proteins showing location of Paslp, Sec18p, and related proteins, two CADs are present. The lightly
ConservedATPaseDomains (CADs). The CADs are indicated by the shaded box depicts the CAD duplicate domain within these proteins
shaded boxes. The positions of the conserved GKT motif found inthat displays significant sequence divergence from other CAD se-
Walker type ATPases are indicated by the numbers in parentheses. lquences.

which are hydrophobic, and (3) a glycine-rich flexible = The high degree of sequence conservation seen
“P-loop” containing the highly conserved “GKT” se- throughout the motif between examples in each major
guence. The lysine residue in this motif is the only aminobiological group suggests that the CAD plays a critical
acid within the loop that is thought to directly contact role in cellular metabolism. The exact function(s) per-
bound Mg.ATP. Mutation of this residue generally abol- formed by the CAD remains a matter of debate. Precise
ishes the ATPase activity and the functionality of thedetermination of the biological role(s) for the CAD has
protein (Liu and Summers 1988; Weiss et al. 1991; Carbeen complicated by the extremely wide range of cellular
rera et al. 1993). functions AAA proteins perform. Although the domain
AAA proteins were first isolated around 1990 (Peterscontains a Walker Type | ATPase motif that is essential
et al. 1990; Frohlich et al. 1991) with the identification of for protein function, the CAD is clearly different from
several eukaryotic proteins that contained what was lateother ATPase protein families such as DEAD-box heli-
termed the CAD. To date, more than 100 CAD- cases (Hodgman 1992), ion pumps, and ABC transport-
containing AAA proteins have been isolated, with ex-ers (Fath and Kolter 1993). Members of the CAD-
amples from each biological urkingdom—eukaryotes,containing AAA family have been shown to participate
eubacteria and archaebacteria (Woese, Kandler, anid vesicle fusion (Sollner et al. 1993), peroxisomal pro-
Wheelis 1990). The only completely sequenced eukarytein import (Heyman et al. 1994), mitochondrial mem-
otic genome, the budding yeaSaccharomyces cerevi- brane-bound proteolysis (Guelin et al. 1994; Tomoyasu
siaegenome, contains genes that encode 20 clearly reet al. 1995), cell cycle control (Frohlich et al. 1991),
ognizable AAA proteins. The yeast genome also includegproteasomal regulation (DeMartino et al. 1994; Dubiel et
two less well-conserved members of this family (YB36 al. 1995), mitotic spindle formation (Clark-Maquire and
and BCS1), as well as 5-10 genes that have very limitedlains 1994), signal transduction (Schulte et al. 1994),
similarity to other AAA proteins. protein complex formation (Nobrega et al. 1992; Paul
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and Tzagoloff 1995) and possibly transcription (Swaf-primarily at the tips and did not involve alterations in major group
field et al. 1995 Lee et al. 1995 Xu et al. 1995)_ Con_relationships that are the basis for our conclusions. Furthermore, no

. . . . . . jor diff b d in the bootst fid t of
sidering different facets of each known biological activ- 1o G"erences were observedin the bootstrap conidence support o
the trees based on the analyses of the gap-excluded, raw and visually

ity attributed to AAA prOteinsa_CPnfabni?ri and Duguet (efined alignments. The changes in bootstrap support levels observed
(1995) have proposed two unifying functions for CADs: differed between 0 and 10 points for basal nodes of the major AAA
(1) an ATP-dependent proteasomal or chaperone fungerotein groups (see Results and Discussion). The visually refined align-

tion and (2) an ability to act as an ATP-depending an-ment, however, showed stronger overall support for the major groups,
chorage or “protein cIamp " and we retained this data set for all subsequent analyses; this alignment

) is available from the authors upon request.

The wide range of roles performed by CAD- Sequence distance calculations were carried out using the Molecu-
containing AAA proteins permits us to explore the evo- lar Evolutionary Genetic Analysis package (Kumar et al. 1994). Levels
|utionary diversification of function in a |arge gene fam- of amino acid replacements were calculated as the proportion of amino
”y across all major organismal Iineages. We haveacid identities between sequences (p), and a Poisson-corrected distance

- . . d) which ts fi Itiple siti bstituti Nei 1987). For th
undertaken a phylogenetic analysis of the evolutionaryd) "Which corrects for multiple site substitutions (Nei 1987). For the
phylogenetic analyses, a 339-amino acid region encompassing the

relationships within the AAA protein family, anq dis- CAD was utilized. CADs are generally 230-250 amino acids in length,
sected the patterns of sequence change associated withd the larger size of the analyzed sequences is due to the addition of

the expansion of these proteins during the evolution ofonoverlapping insertions and deletions during the alignment proce-

eubacteria, archaebacteria, and eukaryotes. This ana|y§1§re that are necessary to align different CADs. Phylogenetic analyses
using distance-based procedures employed the neighbor-joining

also prowdes us with a sound phylogenetlc framework tomethod (Saitou and Nei 1987), with deletions ignored in pairwise com-

classify the diverse array of AAA proteins found in dif- parisons. Support of nodes was estimated for 500 bootstrap replicates

ferent species. of the data set. Preliminary phylogenies revealed that all eubacterial
sequences formed a monophyletic group (the eubacterial metallopro-
tease group); the final reconstruction used these eubacterial genes as
the outgroup clade.

Materials and Methods

All gene sequences used in these analyses were obtained from ”Results and Discussion
GenBank and EMBL protein data bases (Table 1). These sequences
were initially identified with BLAST searches using ti% cerevisiae

SuglpandSug2pCADs as the query sequences. The data base Seamhqfal’ge-scale Relationships Between CAD Sequences
identified 105 proteins previously identified by others as containing

CAD sequences, and these proteins were retained in our data set. . .
Several other divergent proteins were identified in the BLAST The evolutionary analysis of the CAD was undertaken

searches, but the presumptive CAD sequences in these proteins podith sequences from 105 genes in 38 species, spanning
sessed less than 20% amino acid similiarity to the reference quergll the major kingdoms (eubacteria, archaebacteria,
sequences. Previous analyses did not identify these distantly relatedlants, fungi, and animals) [see Table 1]. From the 105
proteins as CAD-containing AAA proteins. The limited similarity of genes utilized in this study, a total of 133 CAD se-

these divergent sequences to the reference yeast CAD proteins (Fig. n were obtained. and include loci wh roduct
made it difficult to confidently assign amino acid site homologies, and uences were obtained, a clude loc 0s€ products

these proteins were excluded from the data set. There are, howevefONtain two separate CADs that appear to have arisen
divergent CAD sequences within the data set that are identified a¢through domain duplication in the course of evolution.
duplicate domains within proteins that belong to the NSF/Sec and Pas The largest number of CAD sequences from a single

class of AAA proteins. These regions have_ bee_n previously_identif_iec_lspecieS were the 22 AAA proteins obtained from the
by other workers as CAD sequences, and site-directed mutations within ts h isiagh h
these divergent duplicate CAD copies disrupted gene function (Whiteyea‘S accharomyces cerevisiaghose genome has re-

heart et al. 1994). cently been completely analyzed. Our evolutionary
The amino acid sequences of the CAD regions were aligned usin@analyses were also able to utilize sequence information
CLUSTAL W under standard alignment parameters (Thompson et alfrom one archaebacterial and two eubacterial genomes
1994). The initial computer analyses revealed that several CAD proteinthat have also been completely sequenced. The archae-
sequences had regions of high divergence, and the alignment in these . .
areas were characterized by the presence of numerous interspersed g cte_rlumMethanococcu_s ]annaSCmBUIt e_t al. 1996)
of varying lengths. Further visual refinement of the aligned sequence§ontains three AAA family members, while the eubac-
was undertaken by (1) consolidating gaps across sequences and (#rial Haemophilus influenzaé~leischman et al. 1995)
aligning nonidentical amino acids based on functional group similari-gnd Myocoplasma genitaliuniFraser et al. 1995) each
ties. contain only a single AAA family member. The ability to

The effect of the visual refinement on our subsequent analyses Wast.l. e complete genome data sets from organisms re
tested in two ways. First, a gap exclusion analysis was conductedl,‘l thz p g gani p

wherein all gaps were ignored across all sequences in the phongenetl@senting each of three biQ!OQical kingdom_s provides us
analysis. This procedure would remove most of the very divergentwith an unprecedented ability to characterize patterns of
positions in the data set. Second, the protein phylogeny was estimategrotein family evolution. As additional complete genome
using the raw CLUSTAL W alignment prior to the visual refinement sequences become available especially from other eu-

process. Neighbor-joining trees were estimated with these test data sefs ti iacts (B 1996). it b
using 100 bootstrap replicates of the data. The tree topologies usir?garyo ic genome projects (Brown ), it may become

both these test data sets were nearly identical to the tree topology bas&@PSSible to explore a significant component of the evo-
on the visually refined alignment; any changes in branching order werdutionary diversity of AAA proteins. Multiple members
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Table 1. List of genes

Eubacteria

Bacillus subtilis(Bs)
ftsH

Escherichia coli(Ec)
ftsH
ORF300

Haemophilus influenzagHi)
ftsH

Lactococcus lactigLI)
Tmal

Mycoplasma genitaliuniMg)
ftsH

Mycoplasma lepraéMl)
A2126A

Eukaryote

Arabidopsis thaliangAt)
CDC

Candida albicangCa)
Secl8

Capsicum annuniCan)
PFTF
ATPase

Caenorhabditis elegan&e)
K04D7.2
C24B5.2
Meil
MO03C11.5
F23F12.6
C41C4.8
CO06A1.1
F11A10.1
F54B3.3
F54C9.6
F10B5.5
C11H1.6
Cricetulus griseugCq)
NSF
Dictyostelium discoideur(Dd)
TBP10
TBP2
TBPa?
Drosophila melanogastefDm)
19DC4z
S4
NSF
NSF2
Glycine max(Gm)
VCP
Homo sapiengHs)
Tripl
Mss1
TBP1
S4
TBP7
p42
NSF
PXAAA1
Lycopersicom esculentuthe)
MA1
Mus musculugMm)
SKD1
SUG1
Mss1
S4
ClP21
SKD2
VCP
Manduca sextgMs)
18-56
MS73
Naegleria fowleri(Nf)
TBP
Oryza sativa(Os)
TBP1
TBP2

D26185

u18997
u23723

u32812
X69123
u39732
u0oo017

u37587
X66467

X80755
X90472

269664
U53149
L25423
749128
U12965
748334
749886
268297
748583
249967
748334
270205

X15652

L16579
L16578

136286
U39303
u09373
u30502

u20213

D44467
D11094
M34079
U39303
P43686
D78275
u03985
U56602

X74426

U10119
754219
S39349
U39302
L76223
u10120
M30143

u43728
738135

U41812

D17788
D17789

Archaebacteria

Halobacterium salinariun(Hs)
CDCH
Methanococcus jannasch(iMj)
S4
CDC48
S8

X79560

U67560
U67558
u67590

Methanobacterium thermoautotrophicuivit)

YHEA
Sulfolobus acidocaldariuéSa)
SAV

Odontella sinensigOsi)
ftsH
YCF46
Plasmodium falciparungPf)
TBP
SCDCATP
Pichia pastoris(Pp)
Pas5
Pasl

Porphyra purpureaPpu)
ftsH

Rattus norvedigu$Rn)
PAF2
ERATPASE
Saccharomyces cerevisié8c)
MSP1
Sapl
Yta6
Vps4
Ymel
Afg3
Rcal
Sugl
Cim5
Ytal
Yta5
Yta2
Sug2
Afg2
Secl18
Pas8
Pasl
CDC48
Yta7
Bcsl
YB36
YLLO34C
Schistoma mansorSm)
SATPase
Schizosaccharomyces pom(sp)
SUP
Letl
Mts2
Sus scrofgSs)
TBP10
VCP
Spermophilus tridecimlineaty$t)
CADp44
Solanum tuberosur{Stu)
ATP1
Synechocysts gByne)
SLR0228
SLR0374
0480
Xenopus laevigXI)
Sugl
Mss1
p97
Yarrowia lipolytica (YI)
Pay4

X83691
L17042

267753
267753

X77914
M96757

222556
736987

u38804

D63673
U11760

X81069
u18796
X81071
u25842
L14616
X76643
249259
X66400
X73571
X73569
X81070
u06229
U43720
L14615
M20662
L20789
M58676
X56956
X81072
S47190
736055
Z73139

229947
L33456
u02280

729366

X89718
M30143

U36395
U43398
D64000
D63999
D64001
X81986
X80157
X54240

123858

GENBANK accession numbers of genes used in this study are enumerated. The abbreviations of species hames are enclosed in parenthese

2The reference for the sequencelittyostelumTBP« is Mol Cell Biol 15:1725-1736 (1995)



of the AAA family are already known in other eukary-
otes, especially humans and mice. Indeed, higher eukar
otes may contain more than the 22 CAD-containing
ATPases indentified in yeast as revealed by the presenc
of at least two forms of NSF presentirosophila[NSF
and NSF2] (Pallanck et al. 1995).

Based on our neighbor joining analysis, it appears tha
the CADs found in living organisms are organized into
discrete phylogenetic groups (Fig. 2). We have identified
a total of six protein classes whose members are evoll
tionarily related and/or include proteins with similar
functions. Five of these groups correspond to monophy
letic protein clades; these include the metalloprotease:
proteasomal regulatory factors, cytoskeleton interactior
proteins, and two membrane fusion CAD-containing
AAA groups. The sixth group is referred to as the orphan
protein class, and includes several highly divergent CAD
sequences.

Four of these CAD-containing AAA protein groups
(metalloproteases, proteasomal regulatory proteins, cytc
skeleton interaction proteins, and the orphan class) in
clude proteins that possess a single CAD (Fig. 1). The
membrane fusion proteins, however, contain two CADs
in tandem. These “double CAD” proteins are subdi-
vided into three groups: (1) the CDC48/VCP proteins
that contain two well-conserved CADs, (2) the NSF/Sec
proteins that contain a well-conserved N-terminal CAD
with a more divergent C-terminal domain, and (3) the

b o A
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eukaryotic/archaebacterial
proteasomal regulatory proteins

eukaryotic cytoskeletal
interaction proteins (?)

eukaryotic/archaebacterial
membrane fusion proteins
[Domain I

64

Pas proteins, that contain a divergent N-terminal domair . .
and a strongly conserved C-terminal CAD. The relation- e“'?gg:;“/’;‘g:aebacfe“a'
ships between these CAD duplicates are complex and a [Domainlill‘;,telns
discussed in greater detail below.

—
The Eubacterial Metalloproteases —1

1 orphan protein class

Nearly all eubacterial CADs belong to a monophyletic | s 'I
protein group that encodes membrane-bound metalloprc = i

teases, as exemplified by tlescherichia coliftsH pro-
tein (Tomoyasu et al. 1995). This metalloprotease groug
is strongly supported as a clade in our analysis, with ¢
bootstrap level of 100% (Fig. 3).

The eubacterial metalloproteases are characterized
containing one or two amino-terminal transmembrane
domains, a single CAD, and an essential Zn-binding re-
gion. Both the ATPase activity and Zn-binding activity
are required for the correct functioning of these proteins
(Weber et al. 1996). Members of this protein group have

[1a

g

100

eukaryotic/archaebacterial
Pas/Sec proteins
[Domain II]

eubacterial metalloproteases

been shown to degrade transcription factors suah3@s  Fig. 2. Phylogenetic outline of CAD sequences. The major groups of
(Tomoyasu et al. 1995; Herman et al. 1995) and phage CAD sequences are bracketed on the tree. Detailed views of different
cll (Arlt et al. 1996) protein and probably participate in parts of the phylogeny are given in succeeding figures. The phylogeny
a number of other cellular functions as well. TBecoli was reconstructed using neighbor-joining analysis, based on the Pois-
ftsH tein. f le i | . lved in bacterial son-corrected amino acid distance between sequences. Support for ma-
SH protein, Qr exampie, IS also Invo V? In bacteria jor nodes based on 500 bootstrap replicates of the data are indicated on
septum formation (Santoss and De Almeida et al. 1975)jne tree. In the phylogeny depicted in this figure, all nodes with 50% or
probably via secretory processes (Kihara et al. 1995Iess bootstrap support are collapsed.
Akiyama et al. 1996).

Members of the CAD-containing metalloproteases
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63 [—SATPase (Sm) that a single ancestral CAD module was present in the
= s V{03C115 (Ce) progenitor AAA protein before the split of eubacteria
from the archaebacterial/eukaryote lineage [but see dis-
Ymel (Sc) cussion onE. coli ORF300 andM. leprae A2126A be-
e fisH (Mg) low]. There was subsequent diversification of CAD do-
p— 4 main proteins in the archaebacterial/eukaryote lineage
100 /g3 (Sc) . . ;
that led to the rise of paralogous gene groups with dif-
Real (Sc) fering functions. The lack of a clear outgroup precludes
100 JfisH (Hi) the unambigous positioning of the true root of the CAD
— || = fisH (Ec) phylogenetic tree; only the identification of more dis-
tantly related CADs may allow a determination of
1 JisH (Bs) whether the eubacterial metalloproteases are indeed the
B | % b Timat (L) basal members of the AAA proteins used in this phylo-
¥ genetic analysis.

; p——ee———— A TPgse (Can)

Ly == PFTF (Can) The Proteasomal Regulatory Proteins

H .
100 fisH (o) Eukaryotes possess a number of cellular proteolytic sys-

o SLR0228 (Syne) tems; the major route, however, for bulk cytoplasmic and
nuclear proteolysis is via the ATP/ubiquitin-dependent
— pathway (Rock et al. 1994). Selected proteins are mul-
Fig. 3. The eubacterial metalloprotease protein group. The speciegiubiquitinated and targeted to the 26S proteasome for
abbreviations are sh_own in parentheses, with the corresponding Speci@ﬁagradation_ The proteasome is ubiquitous within eu-
insag(‘:‘;feznt‘;m;g;?r:z ;ii%ler jblzzznai‘gf‘ztigfaggg%’;‘ é’fozacr‘ phylogen¥aryotic cells and very abundant, comprising up to 1% of
o the total cellular protein (Tanaka et al. 1992). Protea-
somes are not only the proteolytic component of the
also contain examples isolated from eukaryotic speciesjbiquitin-degradation pathway, but in mammals are also
but these proteins are exclusively localized in the mito-responsible for peptide generation for presentation in
chondria and/or chloroplast and are anchored in the inneMHC class-1 expressing cells (Rock et al. 1994). Six
organellar membrane, projecting principally into the ma-CAD-containing AAA proteins are essential components
trix. It is interesting to note that in contrast to eubacteria,of the major regulatory subunits of eukaryotic protea-
eukaryotes (as exemplified . cerevisiapcontain at somes.
least three such proteins. Mutations in the three yeast The eukaryotic proteasome includes a catalytically la-
genes that encode these proteins result in multiple detent 20S core particle complexed with activating regula-
fects in mitochondrial function. Two of these proteins, tory particles to form the final 26S “holoproteasome.”
Rcalp (=Ytal2) and Afg3p & Ytal0), form an 850-kD  The eukaryotic 20S core is composed of 14 subunits and
complex anchored in the inner mitochondrial membrandorms a barrel-shaped structure of four seven-membered
that apparently does not contain any additional proteingings (Peters et al. 1993). A functionally and structurally
(Arlt et al. 1996). These proteins are probably involvedsimilar 20S particle is present in archaebacteria. This
in protein degradation; an additional role as molecularcomplex has been crystallized and a detailed molecular
chaperone has also been suggested for these proteins,sisucture has been calculated (Lowe et al. 1995). This
assembly of respiratory complexes appears to also reanalysis reveals that proteolytically active sites are posi-
quire metalloprotease function (Arlt et al. 1996). The tioned on the inner face of the central cavity of the “bar-
organellar localization and evolutionary relationship ofrel.” Access to this inner cavity is restricted to two small
these eukaryotic proteins with the eubacterial metallo{1.3-nm diameter) apertures at each end. The size selec-
proteases suggests that the eukaryotic metalloproteasien produced by this restricted access requires that sub-
genes arose as a consequence of ancient gene migratistrate proteins be completely unfolded in an ATP-
events that transferred these loci to the eukaryotiadependent manner prior to degradation (Wenzel and
nucleus from the ancestral endosymbiotic organelle, folBaumeister 1995). In eukaryotes, this is presumably
lowed by multiple duplication events. No archaeal mem-achieved by the regulatory particles that also require
bers of the metalloprotease gene group have been ide#TP to associate with each end of the 20S “barrel.”
tified, despite the availability of the complete genome The major regulatory particle that interacts with the
sequence oM. jannaschii. 20S proteasome core is termed PA700 and contains at
The phylogeny highlights the clear separation be-least 15 different proteins (DeMartino et al. 1994; Dubiel
tween eubacterial CADs (present only as members of thet al. 1995). While different subunits are required for
metalloprotease group) and all other CADs, indicatingsubstrate recognition, binding and ubiquitin recycling,
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PA700 also contains six ATPases essential for activity Sugl Mm) =
These proteins are AAA family members containing a TBPI0 (Ss)
single CAD and are similar to each other in size and 100 § et o)
structure, with regions of sequence similarity extending
outside the CAD module. Five of the proteasomal AAA Tripl (B9
proteins contain N-terminal leucine-zipper motifs and 100 18-56 (Ms) Suglp subgroup
can homo- and hetero-dimerize (Ohana et al. 1993; Rus e [ e11 (Sp)
sell et al. 1996). They are hypothesized to form a six- % e Sugl (Sc)
membered ring structure—similar to that observed in the | e 758 D)
alternative 20S activating particle PA28 (Gray et al. L 75r1000)
1994)—that contacts the seven-membered ring of the
terminal faces of the 20S core particle. — TBP(ND <
Our evolutionary analysis reveals that the proteasoms === Cim5 (Sc)
regulatory CADs in eukaryotes are closely related to MssI (Mm CimSp subgroup
each other and form a monophyletic gene group with 100 MssI (X1)
99% bootstrap support (Fig. 4). This proteasomal regu 1 Msst (B o
latory protein group is further divided into six paralogous -
subgroups, each of which are named for the yeast pro o s
teins that are members of these clades. These include tt o 100 ETB” T(Hs) Ytalp subgroup
Suglp, Sug2p, Cimbp, Ytalp, Yta5p, and Yta2p sub- 1 MAI (Le)
groups—members of each subgroup are apparently re o 100 ke 78P1 (O5)
quired for the correct functioning of proteasomes (with™ | oo 4 (Mm)
the possible exception of Yta5p). From the phylogeny, it m[iwﬂs)
appears that the Suglp and Cim5p subgroups are mo
closely related to each other than they are to the othe % e
proteasomal regulatory protein subgroups; together TBP2 (Os) YtaSp subgroup
these two subgroups form a larger clade with 90% boot: e TBPa (Dd)
strap support. There is also moderate support for joining Yta5 (Se)
the Yta2p and Yta5p subgroups together (84% bootstra 89E Mis2 (Sp)
support). m ez 59 -
The diversification of the proteasomal regulatory pro-
teins into subgroups apparently occurred after the diver 79[ ATPI (Stu)
gence of the archaebacteria from the eukaryotes 1.7 bil TBP2 (Dd)
lion years ago, but prior to the split of plants, animals, oo F23F126 (Ce) Yta2p subgroup
and fungi (Doolittle et al. 1996). The divergence of eu- 99 MS73 (Ms)
karyotic proteasomal regulatory proteins into distinct S rep7 s
subgroups may have accompanied the diversification o 71 P o
the core 20S subunits of the proteasome. While the eu
karyotic 20S proteasomal particle contains 14 different 54 M)
subunits, the archaebacterial 20S particle contains onl " Sug2 (89
two distinct subunitsd andp). Previous analysis (Lupas ™ p42 (Hs) Sug2p subgroup
et al. 1994) suggests that the eukaryotic subunit se “"’Icwpms.r)

guences can be divided into two groups of seven mem
bers each; each subunit group appears to be related to t|

archaebacterial sequences and may be classified as elﬂﬁé. 4. Phylogeny of the eukaryotic/archaebacterial proteasomal

“a-like” or * B-like.” Structural analyses indicates that regulatory protein group. In eukaryotes, members of this group are
members of these two eukaryotic subunit groups occupyntegral components of the proteasome.

similar positions in the eukaryotic 20S proteasomal core

as their counterparts in the archaebacterial 20S particle

(Hegerl et al. 1991; Lowe et al. 1995). The diversifica- The proteasomal regulatory protein group also in-
tion of the 20S subunits and regulatory CAD-containingcludes one protein found in the archaebactdietha-
AAA proteins may have occurred in parallel, and this noccocus jannasch{Bult et al. 1996). It does not appear
possibility is supported by current models of proteasomato belong to any of the subgroups and may, in fact, be the
structure which call for the regulatory AAA proteins to basal member of the proteasomal regulatory protein
directly contact the ends of the 20S barrel composed ofiroup. This suggests that proteasomal regulatory proteins
a ring of a-like subunits. evolved prior to the separation of the archaebacteria from
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the eukaryotes but presumably after the eubacterial linwhich is divergent in the Pas proteins, but the C-terminal

eage split away. A novel ATPase has recently been idendomain that shows increased sequence variation in the
tified in E. coli. It consists of a *hemi-20S particle” NSF/Sec 18 proteins.

composed only of3 subunits complexed, not with a Several CAD domains from the membrane fusion pro-

CAD protein, but with a Clp-like protein (Rohrwild et al. tein group form a monophyletic group, with a bootstrap

1996). Clp proteins constitute a eubacterial proteolyticsupport level of 64% (Fig. 5). This clade is referred to as

system with structural and functional similarities to eu- membrane fusion protein domain | group, and comprises
karyotic CAD protein-containing proteasomes (Squiresseveral distinct subgroups. A CDC48/VCP subgroup is

and Squires 1992; Schirmer et al. 1996). strongly supported (100% bootstrap support) and in-

cludes the yeast CDC48 CAD-C domain. Based on re-
latedness in CAD-C domains, yeast CDC48 appears to
be orthologous to the mammalian VCP aXehopug97

) ] proteins. There is also moderate support for grouping the
The membrane fusion proteins are a class of CADeroxisome proliferation proteins (Pas proteins) together

containing proteins found in both archaebacteria and eUhootstrap support 64%). The positions of the yeast Pas8
karyotic cells. The apparent diversity of cellular roles of ;4 pas1 CAD-C domains suggest these two fungal

this group of AAA proteins initially made it difficult to o separated prior to the divergence of animals and

define a common functional feature that characterize%ngi A CAD from animal NSF and yeast Sec 18 pro-
32:13?rz;):I(D:éI-IrZ;e/clct:aDc%ﬁ?roplrr%tjgﬁt;v(elzrfoEIriscthl((je(:gﬁlfIféajglf) teins also forms another group with strong support in the

. o o ]
while the Sec proteins were deficient in cellular secretionpm/lm‘]]eny (100% bootstrap support); it appears, how

processes (Novick et al. 1980). Pas proteins are imp”_ever, that the CDCA8/VCP and Pas CAD-C domains are

: ) . . . related to the N-terminal CAD of NSF/Sec (CAD-N).
cated in the proliferation of peroxisomes during growth _: . :
Finally, the archaebacterial members of this gene group
(Kunau et al. 1993). 0 d
Although marked by its functional diversity, this appear closely related .to each other_ (93/0 support), an
. L ._include the SAV proteins (Confalonieri et al. 1994) of
group of proteins appears to be primarily involved in : o ; .
membrane-dependent processes. Yeast Cdc48p is rg/[ethanococcusJana§CMdSulfolobu§.aC|d0caIQar|us,
quired for homotypic membrane fusion during mitosis and th'e CDCH p.roteln. O,f the halophilic bactefialo-
(Latterich et al. 1995). NSF/Sec18p is necessary for thgacterlum salllnar|un(B|b|k0\'/ gnd Osterhelt 1994).
fusion of transport vesicles from the endoplasmic reticu- 1 he formation of these distinct subgroups appears to
lum with the Golgi apparatus (Sollner et al. 1993). NSF/have occurred fairly early in evolution. The formation of
Sec18p is also involved in the reformation of Golgi e NSF/Sec, Pas and CDC48/VCP subgroups probably
stacks after mitotic fragmentation. This process furthePccurred after the divergence of archaebacteria from eu-
requires the activity of another member of this group ofkaryotes, but before the split of the animal-fungal lin-
AAA proteins, VCP/p97 (the homologue of yeast €29€ from plantg. The conclgsmns regarding the rel_atlve
Cdc48), at a later stage of the process (Acharya et afiming of these divergences is based on the separation of
1995; Rabouille et al. 1995). VCP/p97 also interacts withthe archaebacterial lineage prior to the formation of the
the vesicle-coating protein clathrin (Pleasure et al. 1993pukaryotic subgroups, and the inclusion of several plant
and in human T-cells is tyrosine-phosphorylated in re-proteins in the CDC48/VCP subgroup.
sponse to proliferation signals (Schulte et al. 1994). The The CAD in membrane fusion proteins appears to
Pas genes affect the import of protein into peroxisomeshave duplicated into CAD-N and CAD-C prior to the
and appear to be involved in membrane addition to theseparation of the archaebacterial and eukaryotic lineages.
peroxisomepaslandpas5mutants inP. pastorisresult ~ Unlike the membrane fusion protein domain | group,
in small peroxisomes, and double mutants accumulat8owever, there is no support for monophyly of the du-
small vesicles. plicate copy of the CAD domains in the membrane fu-
The evolution of this group of proteins differs in cer- sion protein group of proteins. Our phylogenetic analysis
tain respects from other AAA proteins. Unlike the other indicates that the CAD-N domains of the archaebacterial
CAD-containing AAA proteins, the membrane fusion proteins and the eukaryotic CDC48/VCP subgroup are
protein group of proteins possess two CADs. These twanonophyletic, forming CDC48/VCP domain group I
domains are referred to as N-terminal (N) and C-termina[bootstrap support level 61%)] (Fig. 6). The CAD-C do-
(C) CADs. The CAD-N and CAD-C domains display mains of the NSF/Sec subgroup, and CAD-N domains of
varying degrees of sequence conservation. Both CAD-Nhe Pas subgroup, however, display a greater degree of
and CAD-C found in CDC and VCP proteins show sequence divergence, and form a very weak group re-
strong conservation with each other. In the Pas and Seferred to as Pas/Sec domain group Il (Fig. 7); our phy-
proteins, however, one CAD shows significant sequencéogenetic analysis fails to place these subgroups together
divergence and consists mainly of Walker-type ATPasewith the CAD-N CDC48/VCP proteins (Fig. 2).
motifs. Interestingly, it is the N-terminal CAD domain Examination of the relative branch lengths on the phy-

The Membrane Fusion Proteins
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82 eukaryotic peroxisome proliferation
oo} VCP-C (Mm) proteins (Pas), CDC and VCP
VCP-C (Ss) o sequences. This monophyletic group
also includes the N-terminal CAD of
— the eukaryotic NSF and Sec proteins.

logenetic tree, as well as direct comparison of amino acidy inhibiting trimerization (Whiteheart et al. 1994). In
distances between CAD domains, indicate an accelerazontrast, replacement of K467 (within the divergent
tion in the rates of protein sequence evolution for dupli-CAD-N) had no obvious effect on the biological function
cate CADs in the NSF/Sec and Pas subgroups. Figure 8f yeast Paslp (Krause et al. 1994)

depicts a plot of Poisson-corrected sequence distance The phylogeny of the membrane fusion protein CADs
versus divergence time for CAD-N and CAD-C se- suggests the probable events that mark the evolution of
guences within the CDC48/VCP and NSF/Sec subthese genes. The CAD-N and CAD-C domains of these
groups. The rates of molecular evolution for both proteins duplicated prior to the divergence of the archae-
CAD-N and CAD-C are comparable within the CDC48/ bacteria and eukaryotes, and the CDC/VCP, NSF/Sec,
VCP protein subgroup, but the NSF/Sec proteins displayand Pas subgroups were established after the separation
a greater than twofold increase in the rate of CAD-Cof these two urkingdoms. The monophyly of the CDC48/
evolution. The reason for this accelerated sequenc¥CP and Pas CAD-C with NSF/Sec CAD-N domains
change is not apparent, but may suggest either strongdicates that a domain reversal event probably occurred
selection for structural divergence between CAD-N andin the NSF/Sec lineage that switched the relative posi-
CAD-C or relaxation of functional constraint on the du- tions of the two CAD duplicates in these proteins. Fi-
plicate CAD domain for the NSF/Sec and Pas proteins ofally, an acceleration in sequence evolution resulted in a
the AAA family. Functional analysis o§ec18demon- larger degree of sequence divergence in the CAD-C and
strates that mutation of the conserved ATPase motifs irtCAD-N domains of the NSF/Sec and Pas subgroup pro-
the divergent CAD-C markedly decreases Sec functiorteins, respectively.
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[ 7 eukaryotic/archaebacterial CDC48/VCP
100 [=CDC-N (At) CADs (domain Il). This phylogeny
61 —[VCP-N(Gm) depicts the evolutionary relationships
- between the N-terminal copy of CAD

Cdc48-N (Sc) found in CDC and VCP proteins. The

L CO6AI1I-N (Ce) phylogeny of the other copy (CAD-C)
8 L CHHCHN CDC48/VCP CAD-N subgroup for these proteins are shown in Figure
100 ® 5. The CAD-N of theS. cerevisiae
P> P97-N (X1) Y11034c protein is also shown,
VCP-N (Mim) . although bootstrap analysis does not

support a relationship between this
yeast protein and other CAD-N
ERATPAse-N (Rn) - sequences.

100 | veP-N (Ss)

There are a number of other archaebacterial and euineage; thus, both the CDC48/VCP subgroup and the
karyotic genes, which we have termed “orphan pro-large subgroup that contains the NSF/Sec and Pas do-
teins,” that group with the Pas/Sec domain Il sequencesnain Il CADs contain basal archaebacterial sequences. A
(Fig. 7). Detailed resolution of relationships betweenloss of the duplicate domain in several members of the
these orphan proteins and the NSF/Sec and Pas proteiterge NSF/Sec and Pas domain Il subgroup gave rise to
is problematic, since bootstrap support for nodes withinthe orphan class proteins. It is unclear whether the loss of
this domain Il clade are low. Many of these orphan pro-the duplicate CAD in some orphan proteins occurred
teins, however, which include the archaebacterial seence or multiple times, since rapid sequence divergence
guenceM. jannaschiS8 andM. thermoautotrophicum within this group makes it difficult to resolve relation-
YHEA, do not possess the duplicate domain characterships with any degree of confidence.
istic of other members of this clade. Moreover, the pro- Finally, our analysis places two eubacterial se-
tein sequences in this clade are very divergent from aljuences, théMycoplasma lepra®RF A2126A andE.
other AAA CADs, and the phylogeny of this group is coli ORF 300, at separate positions within membrane
characterized by long branch lengths. Previous phylogefusion protein groups. ThE. coli sequence (one of the
netic analyses that do not specify the eubacterial CADsnore distantly related CAD sequences included in our
as an outgroup set reveal that the placement of membeemalysis) appears to be associated with a retron insertion
of the orphan gene class, as well as Pas/Sec domain I, &te within a defective prophage (Lim 1995), and may be
unstable (data not shown). The long branch lengths irthe result of a horizontal transfer event into this bacterial
this portion of the tree does suggest that this groupingpecies. An orthologue to this gene in the completely
may be an artifact of the phylogeny estimation proceduresequencetti. influenzaggenome has not been identified.
(i.e., long-branch attraction). The Mycoplasmasequence is reported only as a se-

Although we think it unlikely that the orphan protein quence present within a cosmid, and an orthologue ap-
domain class and the Pas/Sec domain Il sequences forpears to be absent in the complete genome sequences of
a natural group, we propose an alternate evolutionary. genitaliumandH. influenzae.The position of these
scenario that takes this possibility into account. The spegenes may reflect the result of a horizontal transfer event
cies distribution of the duplicate CADs suggest, in thisor could be an artifact. Detailed characterization of these
alternate hypothesis, that the membrane fusion proteieubacterial loci may resolve the anomalous placement of
group is a fairly complex group that evolved through these sequences in the CAD phylogeny.
multiple gene duplications and at least one domain loss.

After the duplication of the CAD-N and CAD-C do-

mains, the CDC48/VCP subgroup separated from a largéhe Cytoskeleton Interaction Proteins

subgroup that included the ancestral members of the

NSF/Sec and Pas subgroups, as well as proteins in th& final class of AAA proteins represent a group we have
orphan class. This divergence occurred, however, priotentatively designated the cytoskeleton interaction pro-
to the separation of the archaebacterial and eukaryotiteins. These include proteins encoded byGaenorhab-
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Fig. 7. Phylogeny of eukaryotic NSF/Sec and Pas CADs (domain Il) as well as orphan proteins. Note that the branch lengths of the CAD-C
NSF/Sec and CAD-N of Pas proteins are longer than their duplicate copies depicted in Figure 5.

ditis elegans Meilgene, and the yeadspland Yta6  suppressbemlbud5double mutants inS. cerevisiae.

loci. This group has strong bootstrap support in ourBem1 and Bud5 proteins form a complex with CDC24p,

analysis (94% support level) [Fig. 9], and appears toCDC42p, and Budlp (White et al. 1994). This complex

contain only proteins found exclusively in eukaryotic is involved in bud site selection in yeast, a process that

organisms. involves cytoskeletal interactions. A member of this
The Meil gene fromC. eleganswas first identified complex, Budlp, is a homologue of the Rap1 protein in

through mutants that disrupted the transition from meio-humans; the latter is known to associate with the cyto-

sis to mitosis in nematodes (Clark-Maquire and Mainsskeleton in platelet cells.

1994). Meil appears to be required for meiotic spindle  Other proteins within this group include Saplp from

formation in the maternal germline, and the Meil proteinS. cerevisiaewhich associates with the transcriptional

is localized to the spindle during meiosis | and Il, but is activator Sinlp and is required for mitotic chromosome

absent during mitosis. Indeed, cellular mitosis requiressegregation (Liberzon et al. 1996). Msplp, also from

the removal of the Meil protein before division can pro- yeast, is associated with the outer mitochondrial mem-

ceed. brane facing into the cytoplasm, and is possibly involved
The other members of this group are not known toin mitochondrial protein sorting (Nakai et al. 1993).

directly interact with the cytoskeleton; their functions,

however, also suggest involvement with cytoskeletal-

driven processes. Vps4 protein froB cerevisiadalso ~ The Evolutionary Divergence of the CAD

known as End13p) is required for the delivery of endo-

cytosed vesicles to the vacuole (Gammie et al. 1995The phylogenetic relationships of the different CAD do-

Munn and Riezman 1994), whiUPfrom S. pomb&an  mains permit us to reconstruct the evolutionary pathways
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Fig. 8. The relationship between amino acid distance (Poisson-(a) and CAD-N in(b). The solid and dotted lines plot the relation
corrected) and divergence times of duplicate CAD&)CDC48/VCP between sequence distance and divergence times for the filled and open
and (b) NSF/Sec orthologues. The filled circles are the conservedcircled data points, respectively. The divergence times are taken from
CAD-N in (a) and CAD-C in(b). The open circles are for CAD-C in  Doolittle et al. (1996).

85 e 19DC4Z (Dm) The restriction of eubacterial CADs to the metallo-
d K04D72 (Ce) protease group suggests that these genes are basal to al
Mipl (8) other AAA proteme, which aImos’g exclusllvely contaln
only archaebacterial and eukaryotic proteins. The major
C24B52 (Ce) diversification events within the AAA family appear to
Meil (Ce) have occurred after the separation of the eubacterial and
. ‘ Sapl (56 the archaeba_cterial/eukaryotic lineages. The divergence
10 » of these two lineages was subsequently accompanied by
po e Y16 (Sc) the establishment of the proteasomal regulatory protein,
- e V54 (Sc) the cytoskeleton interaction protein and the membrane
%6 100 SUP (S) fusion protein subgroups.
P These major protein groups were established before
57 S SKD1 (Mm) the split of the archaebacterial and eukaryotic lineages.
This is supported by the presence of archaebacterial pro-
- teins in the proteasomal regulatory protein and mem-
Fig. 9. Phylogeny of the eukaryotic cytoskeleton interaction protein |y .ane fusion protein groups. It is also likely that the
group- duplication of the CAD in the membrane fusion proteins

occurred at around this time, since the archaebacterial
that have led to the current diversity of the CAD- members of this protein group possess both CAD-N and
containing AAA proteins. Since the derived phylogeneticCAD-C. The cytoskeleton interaction protein group,
tree from our analyses is unrooted, and the preciséowever, does not appear to have archaebacterial repre-
branching patterns remain unresolved in several places, gentatives. This may reflect inadequate sampling from
will be difficult to differentiate between several alternate archaebacterial species, but the available complete ge-
evolutionary scenarios. The distribution of proteins fromnome sequence d¥l. jannaschiimakes this argument
various kingdoms in different subgroups, however, andunlikely (unless there was only limited loss of this gene
our ability to refer to complete genome sequence datén the Methanococcusineage). It is possible that the
from two eubacteria, an archaebacteria, and a eukaryotgchaebacteria lost the genes that encode the orthologues
species, allows us to advance a tentative hypothesis fab the eukaryotic cytoskeleton interaction proteins. It is
the patterns of diversification of the CAD. This proposedalso possible that the cytoskeleton interaction proteins
evolutionary scenario is illustrated in Figure 10. are actually related to either of the other two major ar-
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Fig. 10. Summary of the evolution of the CADs. The placement of gence of species and/or protein groups as indicated by the phylogenetic
thearrowsonly depict the relative occurrence of events in time, and areanalysis. The divergence times between nodes in this tree of life are
not meant to indicate absolute timing of evolutionary changes. Thetaken from Doolittle et al. (1996).

relative timing of these events are inferred from the patterns of diver

chaebacterial/eukaryotic groups. Alternative topologiesyears ago (Fitch and Upper 1987; Doolittle et al. 1996).

that place these proteins internally within either the pro-Since the basal genes in the AAA family are metallopro-

teasomal regulatory and membrane fusion proteirteases, and the proteasomal regulatory proteins form one

groups, however, is unsupported by bootstrap analysisf the ingroup protein clades, it may be that the ancestral

and is difficult to defend on either functional or structural CAD-containing proteins provided protease functions to

grounds. the cenancestor. It is also suggestive that a recent analy-
Subsequent to the establishment of these major preosis of the minimal eubacterial gene set, arrived at by a

tein lineages, several gene duplication events resulted inpomparison of all genes held in common by ttgco-

an increase in diversity in each protein group. In theplasma genitaliumand Methanococcus jannaschge-

proteasomal regulatory protein group, six distinct sub-nomes include AAA family members (Mushegian and

groups were formed after the separation of the archaekoonin 1996). The rise of cellular complexity that ac-

bacteria and the eukaryote lineage. In yeast, these repreempanied the origin of eukaryotes also appears to be

sent the proteins that comprise the PA700 regulatoncorrelated with an increase in diversity among CAD-

particle of the proteasome. In the membrane fusiorcontaining proteins. The origins of this ATPase protein

group, there was diversification into the CDC48/VCP, module early in the evolutionary history of life suggests

and the NSF/Sec and Pas protein subgroups, and thtkat CAD-containing proteins are important and central

divergence occurred prior to the separation of plant, aniplayers in cellular metabolism.

mal, and fungal lineages. Determining whether this di-
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that the diversification within the membrane fusion

group proteins occurred prior to the separation of the
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