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Abstract The proteasome is a multisubunit structure that

degrades proteins. Protein degradation is an essential

component of regulation because proteins can become

misfolded, damaged, or unnecessary. Proteasomes and

their homologues vary greatly in complexity: from HslV

(heat shock locus v), which is encoded by 1 gene in bac-

teria, to the eukaryotic 20S proteasome, which is encoded

by more than 14 genes. Despite this variation in com-

plexity, all the proteasomes are composed of homologous

subunits. We searched 238 complete bacterial genomes for

structures related to the proteasome and found evidence of

two novel groups of bacterial proteasomes. The first, which

we name Anbu, is sparsely distributed among cyanobac-

teria and proteobacteria. We hypothesize that Anbu must

be very ancient because of its distribution within the cya-

nobacteria, and that it has been lost in many more recent

species. We also present evidence for a fourth type of

bacterial proteasome found in a few b-proteobacteria,

which we call b-proteobacteria proteasome homologue

(BPH). Sequence and structural analyses show that Anbu

and BPH are both distinct from known bacterial protea-

somes but have homologous structures. Anbu is encoded

by one gene, so we postulate a duplication of Anbu created

the 20S proteasome. Anbu’s function appears to be related

to transglutaminase activity, not the general stress response

associated with HslV. We have found different combina-

tions of Anbu, BPH, and HslV within these bacterial

genomes, which raises questions about specialized protein

degradation systems.

Keywords Novel proteasomes � HslV � 20S proteasome �
Phylogeny � Anbu � BPH

Introduction

The proteasome is a complex, multisubunit protein

assembly which forms a barrel with multiple internal active

sites that function together to recognize and degrade pro-

teins (reviewed in Groll et al. 2005). All archaea and

eukaryotes have a 20S proteasome as well as some ac-

tinobacteria, but most bacteria have a simpler homologous

structure heat shock locus v (HslV). Although proteasomes

are found across the tree of life, there are many bacterial

species that lack them entirely. The 20S proteasome and its

HslV homologues function either to degrade misfolded

proteins (Goldberg 2003), as occurs under conditions of

heat shock, or as a precise regulatory mechanism by

degrading proteins, usually defined by a ubiquitin tag

(Glickman and Ciechanover 2002).

There is an evolutionary progression in structural com-

plexity of the proteasome. Several Protein Data Bank

(PDB) structures (Berman et al. 2000) of the 20S protea-

some from all three superkingdoms and HslV from bacteria

all form barrel structures that have the active sites on the

inside of the barrel. All of these barrels consist of inner
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subunits responsible for cleavage and outer subunits

responsible for protein recognition. The core of the 20S

proteasome is a four-layered barrel found in archaea,

eukaryotes, and actinobacteria. Each layer comprises a

heptameric ring. All 28 subunits are in the same structural

family in the Structural Classification of Proteins (SCOP)

database (Murzin et al. 1995), implying that they all share

a single common ancestor gene.

In the actinobacteria and archaea the 20S proteasome is

usually encoded by two genes, the a and b subunits. The b
subunits are catalytically active and form the two middle

layers. The a subunits that form the outer two layers are

catalytically inactive and act as scaffolding for the b sub-

units. The a subunits form an antechamber that restricts

access of the substrate to the proteolytic chamber (Rabi-

novich et al. 2006). Some actinobacteria and archaea

contain more than one type of a and b subunit. The

eukaryotes are more complicated still. The core of the yeast

20S proteasome is coded by 14 different genes (7 a and 7

b), with only 3 of the b subunit genes having catalytic

activity (Groll et al. 1997). The 20S proteasome can be

knocked out from archaeal cells under normal conditions,

but it is essential for surviving heat shock conditions

(Ruepp et al. 1998).

Many bacteria contain a simpler proteasome homo-

logue, HslV (Coux et al. 1996). HslV is a heat shock

protein and is expressed as part of a general response to

stress that causes proteins to misfold. Unlike the hepta-

meric rings of the 20S proteasome, HslV is made up of two

layers of hexameric rings, which are encoded by only one

gene. According to SCOP, the subunits of HslV are also in

the same structural family as the subunits of the 20S pro-

teasome. Because of its simpler structure, HslV is a good

model system for the 20S proteasome.

The 20S proteasome and HslV both associate with

ATPases that use ATP to unfold proteins and translocate

them into the proteasome or HslV structure, respectively

(reviewed in Smith et al. 2006). There is a corresponding

increase in complexity in the ATPases and other regulatory

proteins associated with the proteasome in moving from

the bacteria to the eukaryotes. A hexameric ring of ATP-

ases known as heat shock locus U (HslU) binds to each side

of HslV. Likewise, hexameric ATPases bind to either side

of the 20S proteasome interfacing with the a subunits.

Unlike the subunits of HslV and the 20S proteasome, the

subunits HslU and the ATPases associated with the 20S

proteasome are in different structural superfamilies (Iyer

et al. 2004). HslU is related to ClpX, the ATPase of the

ClpP protease. The 20S proteasome ATPases are related to

the ATPase domain of the protease FtsH. In HslU and the

20S proteasome of actinobacteria and archaea, all six

ATPases are encoded by a single gene (Darwin et al. 2005;

Zwickl et al. 1999). This structure is more complicated in

eukaryotes, which encodes six different homologous

ATPases and at least 11 other proteins in the PA700

complex (also known as the 19S regulatory cap) (Bochtler

et al. 1999). Eukaryotes also have two alternative caps,

PA28 (also known as the 11S cap) (Hill et al. 2002) and

PA200 (Ustrell et al. 2002), that do not use ATP or rec-

ognize ubiquitin. Both the 20S proteasome core and

different combinations of the 20S core and its caps are

found within eukaryotic cells in significant numbers

(Tanahashi et al. 2000).

There is also a progression in complexity of the tar-

geting systems (i.e., recognizing which proteins to degrade)

in the various proteasomes. In eukaryotes most proteins are

targeted for degradation by ubiquitin tagging (Glickman

and Ciechanover 2002; Hershko 2005), although there is a

growing number of proteins found to be degraded in a

ubiquitin-independent manner (Orlowski and Wilk 2003).

No such tagging is known in prokaryotes, although it has

recently been shown that many bacteria have some

homologues to this tagging pathway (Iyer et al. 2006).

Some proteins contain a tag in their N-terminus, such as the

ARC protein, which targets them for degradation by HslV

(Burton et al. 2005). We speculate that similar targeting

may be used with other proteasomes in species that lack

ubiquitin.

Previous work has analyzed genomic data to study the

evolution of the proteasome (Gille et al. 2003). The authors

looked at 61 complete and 60 incomplete genomes. They

found that several protists contain both HslV and a 20S

proteasome. Some actinobacteria also contained a 20S

proteasome with distinct a and b subunits. The authors

state this was probably due to horizontal transfer, but they

could not identify the source. They found that several

bacteria had no homologue to the proteasome or HslV, so

they must use other proteases instead. They also noted that

two bacteria, Magnetospirillum magnetotacticum and

Enterococcus faecium, had two copies of HslV. They

conclude that Magnetospirillum magnetotacticum had a

recent duplication of HslV and Enterococcus faecium

acquired a second copy through horizontal transfer. They

found no bacteria that have both HslV and a 20S

proteasome.

We are able to extend these results by analyzing many

more complete genomes and using data derived from

protein structure. Since structure is more conserved than

sequence, this facilitates studies over long evolutionary

time scales. Support for this approach comes from our

recent work in constructing the tree of life based on the

presence or absence of superfamilies derived from struc-

ture (Yang et al. 2005). The structure data for our work

come from the Superfamily database, which holds hidden

Markov model (HMM) predictions of structural domains,

families, and superfamilies based on the SCOP
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classification scheme (Murzin et al. 1995), for completed

proteomes (Gough et al. 2001). Superfamily was used to

determine which of the 238 completed bacterial genomes

had multiple genes predicted to be proteasomal subunits.

Most bacteria had one gene which hit the proteasome

subunit family, which was usually HslV. The actinobac-

teria with known 20S proteasomes had two hits, as one

would expect. To our surprise there was also a large

number of proteobacteria with two hits, and several

b-proteobacteria had three genes encoding proteasome

subunits. There were also some genomes with no hits to

this family as had been observed before.

Magnetospirillum magnetotacticum was one species that

had two hits. We are able to analyze when these genes were

duplicated by looking at how the additional hits cluster in a

phylogenetic tree. The two proteins from Magnetospirillum

magnetotacticum clustered on opposite ends on the tree, each

with other sequences. This led us to the conclusion that this is

not just a second copy of HslV but, rather, a representative

novel proteasome homologue which we named Anbu. We

also found a distinct cluster of sequences in some b-proteo-

bacteria, which we name b-proteobacteria proteasome

homologue (BPH). No species containing BPH from this

group was mentioned in Gille et al. (2003), so this group is

entirely novel. We found that our two novel clusters match

two unannotated clusters in the NCBI Protein Clusters

database: CLS882959 is Anbu, and CLS856934 is BPH.

Our trees show distinct clusters but do not show an

unambiguous history of the proteasome. Since these

sequences diverged billions of years ago, it is not surprising

that it is difficult to get a clear phylogenetic signal. However,

structural inference can be linked to sequence, so we can

combine structural information with these trees to better

re-create the evolutionary relationship of these families.

Threaded structure predictions were created for two repre-

sentative sequences from both Anbu and BPH. Anbu

sequenceswere takenfromRhodopseudomonaspalustrisand

Hahella chejuensis, and BPH sequences were taken from

Thiobacillus denitrificans and Ralstonia Metallidurans.

These are high-quality predictions because each prediction

was created from several known structures of HslV and the

20S proteasome. We compared these predictions to other

known structures to determine the evolutionary history of the

different proteasome homologues.

HslV and the 20S proteasome are clearly evolutionarily

related from their common structures. HslV is a good

model system for the 20S proteasome from that fact alone.

However, the question of which proteasome came first has

interesting implications for evolution. If HslV is ancestral

to the 20S proteasome, then the archaea must be younger

than the bacteria, as all archaea have a 20S proteasome

(Cavalier-Smith 2006). Since there were no other known

simple proteasome homologues as potential predecessors,

this seemed reasonable. The introduction of Anbu changes

this view. We show that Anbu is a more probable candidate

than HslV as the ancestor of the actinobacterial 20S pro-

teasome based on its position in the phylogenetic tree and

its structural features. Further study of Anbu will shed

more light on the function of the 20S proteasome rather

than studying just HslV.

Methods

The Superfamily (Gough et al. 2001) database was used to

identify 216 bacterial proteins (Supplemental Table 3) in

the SCOP (Murzin et al. 1995) proteasome family. All hits

had e-values\0.0001 at the superfamily level. We took all

hits to the proteasome family regardless of e-value because

we are interested in proteins that are not represented by

known structures. The hit from Deinococcus radiodurans

was not included because this sequence was a multidomain

protein, while all other sequences included only a protea-

some subunit domain. This protein may include the N-

terminal nucleophile aminohydrolase domain, as it weakly

hits that superfamily. Since it does not align with any other

proteasome subunit, including those from Thermus ther-

mophilus, this sequence is probably not a proteasome

subunit. Frankia, an actinobacteria, had a hit in addition to

the 20S proteasome. This sequence did not align well with

any of the five clusters, and is also probably an N-terminal

nucleophile aminohydrolase, but not a proteasome subunit.

Excluding this sequence increased the quality of the mul-

tiple alignment.

Sequences were aligned using MUSCLE (Edgar 2004),

part of the STRAP (http://www.charite.de/bioinf/strap/)

suite of programs. Multiple structural alignments were

performed using Combinatorial Extension (Shindyalov and

Bourne 1998), also packaged in STRAP. All trees were

built using PHYML (Guindon and Gascuel 2003) with the

JTT model of evolution, estimated variance and gamma,

and four substitution rate categories. PHMYL was pack-

aged as part of Geneious (Drummond et al. 2006) (http://

www.geneious.com/). Each tree was bootstrapped from

100 replicates.

Representative proteasome subunits were taken from the

PDB (Berman et al. 2000). These structures came from

various species in all three superkingdoms. 1JJW, 1E94,

and 1M4Y are HslV structures. 1Q5Q and 2FHG are ac-

tinobacterial 20S proteasomes. Two sequences from Anbu

(from Rhodopseudomonas palustris and Hahella chejuensis)

and two sequences from BPH (from Thiobacillus denitrif-

icans and Ralstonia metallidurans) were threaded using the

Phyre web server, which is the successor of 3D-PSSM

(Kelley et al. 2000). Each predicted model was created

from several known structures. All resulting structure
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predictions have very high structural similarity to known

proteasome subunit structures. The predicted models were

aligned to create a phylogenetic tree. All structural images

were created in Protein Workshop, part of the Molecular

Biology Tool Kit (Moreland et al. 2005).

BLAST (Altschul et al. 1990) searches were performed

using HslU from Ralstonia solanacearum (GI:17427050)

and proteasome-associated ATPase from Mycobacterium

tuberculosis (GI:113700393) against cyanobacteria and

b-proteobacteria to find potential ATPases for Anbu and

BPH. Table 2 was created using Superfamily’s predictions

for the transglutaminase catalytic domain. The p-values in

Table 2 were calculated using a one-tailed t-test without

the assumption that the variances of the groups were equal.

Results

Phylogenetic Analysis

We constructed a maximum likelihood tree from a multiple

sequence alignment of sequences predicted to be in the

proteasome subunit family by the Superfamily database

(Fig. 1). This tree shows five distinct clusters. Three of

these clusters are known proteasome subunits; HslV, the

20S proteasome a subunit, and the 20S proteasome b
subunit. There are some low bootstrap values, but most of

the critical edges have high values. The two novel clusters,

Anbu and BPH, are both supported as true novel groups

with bootstrap values of 100%. A 100% bootstrap value

also separates this tree into two groups; BPH with HslV

and Anbu with the 20S proteasome. This tree strongly

supports Anbu being ancestral to the 20S proteasome, not

HslV, which is the current view.

Thr1, Lys33, and Gly47 are all catalytic residues in

Thermoplasma acidophilum’s 20S proteasome (Lowe et al.

1995; Seemuller et al. 1996; Seemuller et al. 1995). A

deprotonated Thr1 performs a nucleophilic attack on the

substrate, which is stabilized by Gly 47. Lys33 promotes

the deprotonation of Thr1. The corresponding sites are

universally conserved throughout Anbu and BPH with only

one exception (Supplemental Tables 1 and 2). This is

evidence that these novel groups function like the known

bacterial proteasomes. The distribution of Anbu and BPH

on the tree of life has several interesting features

(Supplemental Fig. 1). Anbu is found in a-proteobacteria,

b-proteobacteria, c-proteobacteria, and cyanobacteria

according to the Superfamily database. This is noteworthy

since no cyanobacteria has HslV. Anbu is present in

Gloeobacter violaceus, which is an early-branching

cyanobacteria (Honda et al. 1999). It appears that Anbu

was present in the cyanobacterial ancestor so it must be

very ancient. A BLAST search revealed that Anbu was also

present in Leptospirillum ferrooxidans as well as Solibacter

usitatus. Cytophaga hutchinsonii, a sphingobacteria, was

found to have two copies of Anbu. A species with a

duplication of Anbu could be the precursor to the 20S

proteasome. Anbu’s distribution is sparse but broad, which

infers it is an ancient protein that has been lost many times.

This repeated loss is not unrealistic given that photosyn-

thesis was also lost many times in the proteobacteria

(Woese 1987). The BPH group only includes b-proteo-

bacteria. This extremely narrow distribution implies that

BPH is a relatively young proteasome. This, combined

with BPH’s position in the phylogenetic tree, implies that

BPH evolved from HslV.

The current view is that bacteria either have HslV, a 20S

proteasome, or no proteasome. There are no known cases

of a bacterium having both HslV and a 20S proteasome.

With the discovery of Anbu and BPH, it is now clear that

proteasome homologues occur in many combinations in

bacterial genomes (Supplemental Fig. 1, Table 1). Anbu,

HslV, and BPH are present together in several genomes in

different combinations, but none of them are ever found in

the same genome as a 20S proteasome. However, both

HslV and the 20S proteasome were found in a recent

metagenomic study of Leptospirillum group II bacteria.

Fig. 1 Maximum likelihood tree from a multiple alignment of

proteins predicted to be proteasome subunits in the Superfamily

database. One hundred replicates were run to obtain bootstrap values.

The Anbu and BPH clusters represent two novel proteasome

homologs. Anbu’s position near both subunits of the 20S proteasome

implies that it is ancestral to the 20S proteasome
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The authors state that in this case the 20S proteasome was

probably horizontally transferred from the actinobacteria

(De Mot 2007). A BLAST search revealed that this me-

tagenome also contains Anbu. Although this metagenomic

sample is dominated by Leptospirillum group II bacteria

(Lo et al. 2007), these data are not from a single species.

Therefore this is not evidence that a single genome con-

tains HslV, Anbu, and the 20S proteasome. However, it is

evidence that all three of these proteasomes can be useful

in the same environment. The three Ralstonia species in

our sample have Anbu, BPH, and HslV. We believe that

these three proteasomes are functionally distinct (discussed

below). This raises an important question of how bacteria

target a protein to a specific proteasome to be degraded

without using ubiquitin. BPH is never found as the sole

proteasome homologue. It can be inferred that BPH

degrades proteins that cannot be degraded by one of the

other mechanisms, but it does not degrade a wide enough

variety of substrates on its own to replace HslV or Anbu. It

would be interesting to create knockouts in these species to

see how BPH functions and hence to compare the functions

of BPH and HslV in these species. This would allow us to

determine whether BPH’s function is redundant or whether

it degrades additional substrates. The 20S proteasome may

be able to act on a wider variety of substrates than other

homologues, so it can replace the function of different

proteasome families. The idea that bacteria can only have

HslV or the 20S proteasome exclusively is too simple.

Instead we need to determine the specific functions of each

family and how they interact in all of these different

combinations.

These new proteasome families are good candidates for

structure prediction using fold recognition (threading),

because the PDB has several structures for the 20S pro-

teasome from archaea, bacteria, and eukaryotes as well as

HslV. We created two models from sequences of both

Anbu and BPH using the Phyre web server, which is the

successor to 3D-PSSM (Kelley et al. 2000). Anbu was

modeled from archaeal and eukaryotic 20S proteasome

structures. Anbu from Rhodopseudomonas palustris has

18% sequence identity to the structure of the archaeal 20S

proteasome. BPH was modeled from structures of the

eukaryotic proteasome and HslV. BPH from Thiobacillus

denitrificans has 22% sequence identity to the structure of

HslV. We built a multiple sequence alignment from a

multiple structural alignment for each cluster using Com-

binatorial Extension (Shindyalov and Bourne 1998) and

built a tree using maximum likelihood (Fig. 2). This was

done to increase the quality of the alignment using struc-

tural information. Anbu again falls right between the a and

the b subunits, and BPH clusters with HslV. This tree is in

agreement with the one constructed from sequence alone. It

supports Anbu being ancestral to the 20S proteasome and

HslV being ancestral to BPH.

Structural Analysis

The predicted structures of both Anbu and BPH align very

well with known proteasome subunits, but each has unique

structural features. The areas around the active sites align

particularly well (Fig. 3). This conserved catalytic triad is

strong evidence that Anbu and BPH both function as

proteasomes.

After a crystal structure of HslV from E. coli was

determined, it was compared to the b subunit from the

archaea Thermoplasma acidophilum (Bochtler et al. 1997).

The authors proposed several differences that could

account for HslV forming a hexamer while the 20S pro-

teasomes forms a heptamer. The first is that the b subunits

may be forced by the a subunits to form a heptamer. Helix

1, which is in contact between the a and the b subunits, is

extended by five residues in the b subunit relative to HslV

(highlighted in red in Fig. 4A). The b subunit also has an

extra C-terminal helix (highlighted in green in Fig. 4A),

which could affect the way the subunits pack together into

rings. We compared our models of Anbu with known

structures of HslV and the 20S proteasome. Helix 1 is

extended in Anbu compared to HslV (highlighted in red in

Fig. 4E). Anbu’s C-terminal tail is also extended relative to

HslV (highlighted in green in 4E). The threaded models of

Table 1 Combinations of

proteasomes in bacteria

Note. Different combinations of

proteasome homologues found

in 238 bacterial genomes. Anbu,

BPH, and HslV are found in

several combinations, but never

with the 20S proteasome

Combination Occurrence in genomes Example species

No proteasome homologue 64 Synechococcus sp. WH 8102

HslV 132 Escherichia coli

20S proteasome 10 Mycobacterium tuberculosis

Anbu 6 Synechocystis sp. PCC 6803

Anbu + HslV 19 Rhodobacter sphaeroides

BPH 0 No occurrence

BPH + Anbu 1 Polaromonas sp. JS666

BPH + HslV 2 Thiobacillus denitrificans

BPH + Anbu + HslV 3 Ralstonia solanacearum
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Anbu cuts out about 30 C-terminal residues that do not hit

known structures. The secondary structure of this region is

predicted to be a sheet followed by a helix with possible

loops between them. There are several highly conserved

positions in the missing section of the tail. It is possible that

this region has a functional role that is not present in HslV

or the 20S proteasome. Anbu has other features that are not

shared by any of the other proteasome families. Both turn 3

and turn 6 have significant extensions in Anbu that could

affect packing in the biological unit (highlighted in yellow

in Figs. 4B and C. (These turns are colored orange in the

biological unit of the 20S proteasome in Supplemental Fig.

2.) The extended loop 3 could act as a gate into the pro-

teasome if Anbu forms two layers of rings. We cannot

definitively conclude Anbu’s biological unit from these

features, but they do give a strong indication that the 20S

proteasome evolved from Anbu. Both the helix extension

and the C-terminal tail discussed above are present in both

the a and the b subunits of the 20S proteasome (Figs. 4B

and D). Both structural features were probably present in

the ancestor of both subunits. A duplication of Anbu would

be more likely to result in a 20S proteasome-like structure

than a duplication of HslV because Anbu already has both

of these structural features. That, taken with Anbu’s posi-

tion in our trees, indicates that the 20S proteasome evolved

from Anbu, not HslV.

We also compared the predicted structure of BPH to that

of HslV and Anbu. It is highly unlikely that the 20S pro-

teasome evolved from BPH or vice versa based on their

distributions in the bacteria. BPH has an extended loop 2

relative to both HslV and Anbu (highlighted in green in

Fig. 5). BPH’s helix 1 is also extended relative to HslV, but

it does not have a C-terminal extension. Structurally BPH

shares similarities with both Anbu and HslV, but it is

probably not an intermediate structure because of its nar-

row distribution within the b-proteobacteria.

The 20S proteasome and HslV both degrade proteins in

an ATP-dependent manner. The ATPase binding surfaces

in these complexes are very different; the 20S proteasome

is four layers and HslV is two layers (Fig. 4 in Cavalier-

Smith 2006). This means that the ATPases are binding to

opposite faces of the proteasome subunit in two- and four-

layered proteasomes. We could postulate as to whether

Anbu forms a two- or four-layered biological unit by

determining whether its ATPase is more like HslU or the

ATPases associated with the 20S proteasome. A BLAST

(Altschul et al. 1990) search was run against cyanobacteria

to find potential ATPases for Anbu. The distribution of

ATPase homologues in cyanobacteria is informative since

they do not have HslV and only some have Anbu. We were

unable to locate a known proteasomal ATPase that mat-

ched the distribution of Anbu or BPH. This could mean that

an ATPase is moonlighting or that Anbu or BPH is acting

in an ATP-independent manner and only breaking peptides

down. It is possible that one of the genes of unknown

function associated with Anbu (discussed below) could be

its ATPase.

It has been argued that HslV could not evolve from the

20S proteasome because the decrease in pore size from a

heptamer to a hexamer would not be favorable (Cavalier-

Smith 2006). Also, the loss of the inactive a subunits would

be a major transition that would result in a proteasome with

a large pore and no regulatory ATPase, which would not be

favorable. By this same logic it is highly unlikely that

Anbu or BPH could evolve from the 20S proteasome, as

they appear to have only active subunits.

Our structural predictions infer that Anbu is the ancestor

of the 20S proteasome. Larger structural features such as

Fig. 2 Maximum likelihood tree from a structural alignment of seven

proteasome subunits from the PDB and four structural predictions

(two from Anbu and two from BPH). The placement of BPH and

Anbu in this tree is in agreement with the tree in Fig. 1

Fig. 3 Comparison of catalytic triads in different proteasomes. HslV

(1E94) is green, b subunit (1Q5Q_H) is cyan, Anbu (predicted

structure from Rhodopseudomonas palustris) is blue, and BPH

(predicted structure from Thiobacillus denitrificans) is orange. The

side chains of HslV are colored red. The corresponding backbone and

neighboring residues are visible from each structure. All three sites

are highly conserved in sequence as well as structure. The labels refer

to the positions of these residues in 1E94
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whether Anbu’s rings are heptameric or hexameric will

make for stronger evolutionary arguments. It will be nec-

essary to get a crystal or cryoelectron microscopy structure

to understand the biological units of Anbu and BPH. If we

are correct that Anbu is the ancestor of the 20S proteasome,

a structure of the complex would provide an excellent

opportunity for an improved understanding of the 20S

proteasome.

Function of Anbu and BPH

Anbu is found in a very diverse set of bacteria, including

both oxygenic and anoxygenic phototrophs. It is also

present in many species that have unique phenotypes such

as Ralstonia metallidurans, which can withstand high

metal concentrations and plays a role in the formation of

gold (Reith et al. 2006), Rhodoferax ferrireducens, which

can reduce Fe(III) (Finneran et al. 2003), and Burkholderia

xenovorans, which is capable of degrading polychlorinated

biphenyl (Goris et al. 2004). HslV expression is increased

under heat shock and other stresses that cause proteins to

misfold, so we searched the literature on microarray

experiments to see if any of the stresses these bacteria face

in these varied environments induced expression of Anbu.

Anbu was not induced in Synechocystis sp. PCC 6803 in

response to heat shock (Singh et al. 2006), UV-B light

(Huang et al. 2002), salt stress, and hyperosmotic stress

(Kanesaki et al. 2002). Anbu was also not differentially

expressed under oxidative stress conditions (addition of

H2O2) in Synechocystis (Li et al. 2004) and Rhodobacter

sphaeroides (Zeller et al. 2005). Pseudomonas putida

KT2440 did not induce Anbu expression in the presence of

any of several different aromatic compounds, although

Fig. 5 Comparison of BPH (predicted structure from Thiobacillus
denitrificans), in orange, against HslV (1E94), in green, and Anbu

(predicted structure from Rhodopseudomonas palustris), in blue. The

green oval highlights an extension unique to BPH

Fig. 4 Comparison of Anbu to crystal structures of known protea-

somes. The image on the right is an *180-deg rotation of the image

on the left. HslV (1E94) is green, a subunit (1Q5Q_A) is magenta,

b subunit (1Q5Q_H) is cyan, and Anbu (predicted structure from

Rhodopseudomonas palustris) is blue. Red ovals highlight an

extended helix shared between Anbu and both subunits of the 20S

proteasome but absent in HslV. Green ovals highlight an extended

C-terminal shared between Anbu and both subunits of the 20S

proteasome but absent in HslV. The yellow ovals highlight an

extended turn that is unique to Anbu

b
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some triggered increased expression of HslV (Dominguez-

Cuevas et al. 2006). Although these experiments do not

reveal Anbu’s function, they show that Anbu is not dif-

ferentially expressed in several situations that HslV would

be. This is functional evidence that Anbu is distinct from

HslV. Future microarray experiments in these species may

reveal when Anbu is induced. Unfortunately we could not

find any microarray experiments with these kind of stresses

for the few species that have BPH.

We compared the operons of HslV, Anbu, and BPH

using the MicrobesOnline (Alm et al. 2005) operon

browser (Supplemental Figs. 3–6). HslV almost always

falls in the same predicted operon as HslU, and they are

always predicted to be in the same regulon. We noticed that

Anbu is often expressed in an operon with genes labeled as

COG2307, COG2308, and COG1305 (Fig. 6a). When

Anbu is not in the same operon as these three genes, they

are almost always predicted to be in the same regulon.

COG2307 and COG2308 are uncharacterized conserved

proteins. COG2308 is predicted by Superfamily to have a

glutathione synthetase ATP-binding domain. The hits to

this superfamily are near the threshold of what is consid-

ered a significant hit in Superfamily. Understanding how

COG2308 uses ATP may be key to understanding Anbu’s

function. It is possible that this uncharacterized protein

interacts with Anbu, but it would have to have some other

function as well since it appears in genomes that lack

Anbu. COG1305 is a transglutaminase-like protein. Some

bacterial transglutaminases act as proteases (Pfister et al.

1998), while others selectively cross-link proteins (Seitz

et al. 2001). Either function could have interesting inter-

actions with a proteasome. If this transglutaminase acts as a

protease, it could break down the peptides that come out of

Anbu into even smaller pieces. If it acts at as a cross-linker,

Anbu may degrade it to regulate the levels of cross-linking

in the cell. Either of these functions could also act to

regulate Anbu. We compared the average number of pre-

dicted transglutaminase catalytic domains using

Superfamily in genomes that have Anbu, the 20S protea-

some, or neither (Table 2). Genomes that had either Anbu

or the 20S proteasome both had a statistically significant

higher average occurrence of transglutaminases than gen-

omes that had neither of these proteasomes. The species

that have Anbu have over five times more transglutamin-

ases on average than the species that lack both Anbu and

the 20S proteasome. We observed the same result when we

repeated this measure in genomes from just the a-proteo-

bacteria, b-proteobacteria, and c-proteobacteria. There was

no genome that had Anbu and completely lacked trans-

glutaminase. It should be noted that a major exception to

this trend is Rhodopirellula baltica. It has 11 transgluta-

minase catalytic domains, the most of any genome in this

study, but has no proteasome homologues. These proteins

are predicted to have a domain with similar structure to the

transglutaminase associated with Anbu, but their functions

could be very different. Transglutaminases do not strictly

require Anbu, but there is a definite association between

them. Understanding Anbu’s function will require better

characterization of the different functions of bacterial

transglutaminases as well as COG2307 and COG2308.

The few samples of BPH showed two operon-based

patterns. In Thiobacillus denitrificans and Chromobacte-

rium violaceum, BPH is in the same operon or regulon as

ornithine carbamoyltransferase (argI or argF) and argini-

nosuccinate synthase (argG) (Fig. 6b). Both of these

proteins are involved in arginine biosynthesis, which is

induced as part of the heat shock response in several spe-

cies including Bacillus subtilis (Helmann et al. 2001) and

Desulfovibrio vulgaris (Zhang et al. 2006). HslV and HslU

are in the same operon as argF, which is next to argG in

Desulfuromonas spp. BPH is in the same operon as heat

shock protein 33 (HslO), a chaperone that is activated

under oxidative stress (Akhtar et al. 2004), in Chromo-

bacterium violaceum. In these species BPH appears to be

acting as part of a heat shock response. This could be the

result of functional conservation if we are correct that BPH

evolved from HslV. Both Thiobacillus denitrificans and

Chromobacterium violaceum have BPH and HslV but lack

Anbu. Identifying the difference in conditions that induce

expression of BPH and HslV will help explain BPH’s

function. However, BPH seems to play a different role in

the other species that have Anbu as well. In the Ralstonias

Table 2 Comparison of genomic occurrence of transglutaminase-like catalytic domains

Neither Anbu 20S proteasome abc-neither abc-Anbu

Mean 0.752525253 3.17241379 2.454545455 0.722222222 3.24

Variance 1.831846383 3.14778325 3.072727273 1.596129838 3.606667

P-value 2.27E-08 0.004472988 3.42E-07

Note. The average number of transglutaminases per genome was computed for genomes with different proteasome contents. Neither means

genomes that have neither Anbu nor the 20S proteasome. The p-values are the probability of the mean being that much higher compared to the

genomes that have neither proteasome. This calculation was repeated in just the genomes of a-proteobacteria, b-proteobacteria, and c-proteo-

bacteria. Genomes that have Anbu or the 20S proteasome have significantly more transglutaminase domains than genomes that have neither

Anbu nor the 20S proteasome
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and Poloramonas BPH was in an operon with the three

genes encoding the pyruvate dehydrogenase complex. In

Escherichia coli these genes are in the same operon as the

autoregulator pdhR. pdhR represses transcription of that

operon in the absence of pyruvate (Quail and Guest 1995).

BPH may play a similar regulatory role, degrading the

pyruvate dehydrogenase complex in the absence of pyru-

vate. It would be interesting if transcriptional regulation

was replaced by regulation at the level of degradation. It is

possible that BPH has been adapted to both regulatory and

heat shock roles, but it is hard to draw a conclusion on how

conserved these operons are from a sample of only six

species.

Discussion

Anbu’s position in the trees and its hypothetical structure

make a compelling case for its being ancestral to the 20S

proteasome found in the actinobacteria. Sequence and

functional data indicate that BPH evolved from HslV.

Determining whether HslV or Anbu is older is a much

more challenging problem. Cavalier-Smith (2006) argues

that the oldest groups of bacteria are the Cyanobacteria,

Hadobacteria, and Chlorobacteria (from youngest to old-

est). Neither HslV nor Anbu has been found in any

chlorobacterial genome. Anbu is present in several

Cyanobacteria. Thermus thermophilus, a Hadobacteria, has

HslV. Its sequence is related to HslV of other hyper-

thermophiles, which may reflect a horizontal transfer. This

makes it hard to say which proteasome is older based on

their distribution in these bacteria. The pattern of repeated

loss of Anbu in genomes that have HslV infers that HslV

replaced Anbu. In this scenario Anbu would be the oldest

proteasome. Solving the biological units of Anbu and

probing its interactions may also help sort this out by

showing which transitions between proteasomes are the

most favorable.

Its has been argued that the actinobacteria are ancestral

to both the eukaryotes and the archaea because they are the

only group of bacteria with a 20S proteasome, while the

20S proteasome is found in all eukaryotes and Archaea

(Cavalier-Smith 2006). Although we have shown that

Anbu is more likely to be the ancestor of the 20S protea-

some than HslV, our data still support the actinobacteria

having the original 20S proteasome. A horizontal transfer

of the 20S proteasome to the actinobacteria as proposed by

Gille et al. (2003) is unnecessary with the discovery of

Anbu. Our work also shows that bacterial evolution has

tinkered with the proteasome much more than previously

thought. We have found bacteria that have many different

combinations of the 20S proteasome, HslV, and Anbu. It is

important to note that there is evidence that any protea-

some can and has been lost under the right circumstances.

Fig. 6 Summary of operons for

Anbu and BPH. Homlogous

genes are colored the same in

different species. (A) Anbu

from cyanobacteria,

a-proteobacteria,

b-proteobacteria, and

c-proteobacteria are in the same

operon as transglutaminase,

COG2307, and COG2308 (both

have unknown function). (B)

BPH appears to be in a heat

shock operon including proteins

for arginine synthesis. (C) BPH

appears to be replacing the

transcriptional repressor pdhR

in the pyruvate dehydrogenase

complex’s operon

502 J Mol Evol (2008) 66:494–504

123



Many of these conclusions can only be drawn because of

the large number of genomes we looked at in this study, but

this number will be considered small in a few years. There

may be many groups of species-specific proteasomes like

BPH in parts of the tree of life that have not been sampled.

Finding a group of bacteria outside the actinobacteria with

a true 20S proteasome would have major implications for

the evolution of the eukaryotes and archaea, but until then

the actinobacteria proteosomes seem the most plausible

ancestor of eukaryotic and archaeal proteasomes.

Note Added in Proof

A recent microarray experiment revealed that Anbu and the

operon we have defined are the most upregulated genes in

Pseudomonas putida under nitrogen-limiting conditions

(Hervas et al. 2008). The authors propose that Anbu and its

operon may play a role in protein turnover in response to

changing nitrogen availability. This confirms that Anbu is

functionally distinct from HslV which was not upregulated

under these conditions.
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