
ABSTRACT 
 
 
MICHEL, JOSHUA KLAUS.  Identification, Characterization, and Physiologic Analysis 
of Proteolytic Enzymes in Hyperthermophilic Organisms.  (Under the direction of Robert 
M. Kelly Ph.D.) 
 

Capable of growth at or above 80°C, hyperthermophilic organisms encode a 

myriad of proteolytic enzymes, including a number of homo- and hetero-multimeric 

complexes.  These large hyperthermophilic proteases are often comprised of fewer 

distinct subunits compared to the less thermophilic bacterial and archaeal homologs; thus 

they provide an attractive model system for study.  Whole genome transcriptional 

response analysis was used to survey both previously characterized and putative 

proteases in the hyperthermophilic archaea Pyrococcus furiosus and Sulfolobus 

solfataricus and hyperthermophilic bacterium Thermotoga maritima.  The proteolytic 

transcriptional response of these three organisms demonstrated a complex synergistic 

relationship between the ATP-dependent proteases (responsible for initial degradation of 

proteins) and the ATP-independent proteases that liberate free amino acids from smaller 

peptides.  Additionally, all three proteolytic systems showed up-regulation of protease 

genes involved in the degradation of misfolded and regulatory proteins during cellular 

stress response to changes in environmental pH and temperature.  To a lesser extent, the 

ATP-dependent proteases (e.g. Clp) were also involved in the response of T. maritima to 

increased levels of extracellular acetate; this was accompanied by decreased transcription 

of metabolic genes and entry into stationary-phase. 

Thermal stress conditions also affected expression and multi-subunit composition 

in the P. furiosus proteosome, yielding a more thermostable complex.  The P. furiosus 

genome encodes three proteasome component proteins: one α (PF1571) and two β 



proteins (β1-PF1404; β2-PF0159), as well as an ATPase (PF0115), referred to as 

Proteasome-Activating Nucleosidase (PAN). Proteosome assembly and characteristics 

were found to be highly dependent on the environmental growth conditions.  Increased 

growth temperature (shift from 90 to 105°C) resulted in a 2-fold up-regulation of β1 

mRNA within five minutes, suggesting a specific role during thermal stress. Consistent 

with this data, two-dimensional SDS PAGE revealed that incorporation of the β1 protein 

relative to β2 into the 20S proteasome (or core particle, CP) increased with increasing 

temperature for both native and recombinant versions. The recombinant form of 

PFα+PFβ1+PFβ2 CP assembled at 105°C was found to be more thermostable and have 

different catalytic rates and substrate specificities, when compared with a recombinant 

form of PFα+PFβ1+PFβ2 assembled at 90°C or the PFα+PFβ2 version assembled at 

either 90°C or 105°C.  These results indicate that the β1 subunit in the P. furiosus 20S 

proteasome plays a thermostabilizing role in archaeal proteasome function during thermal 

stress when polypeptide turnover is essential to cell survival. 

In contrast to P. furiosus, the hyperthermophilic archaeon Archaeoglobus fulgidus 

produces a 20S proteasome comprised of two distinct subunits, α (AF0490) and β 

(AF0481).  Combination of A. fulgidus α and P. furiosus β1 and/or β2 yielded hybrid 

proteasome CPs that display characteristics different then the wild-type enzymes.  

Notably, A. fulgidus α was found to preferentially assemble with P. furiosus β1, even in 

the presence of AFβ.  The A. fulgidus recombinant proteasome exhibited comparable 

biochemical properties to the P. furiosus complex (α+β2 or α+β1+β2), albeit with a 

reduced optimal temperature.  However, the recombinant A. fulgidus 20S proteasome and 

hybrid CPs were not substrate-inhibited as was the case for the recombinant P. furiosus 



20S proteasome.  Taken together, these results demonstrate that proteasomes can be 

constructed with subunits from different hyperthermophiles, and that subunit composition 

influences biochemical and biophysical properties. The fact that hybrid inter-generic 

versions can be created in vitro also suggests that CPs in particular archaea may have 

arisen from common sources.  Furthermore, the ability to interchange subunits and alter 

composition of the proteasome suggests that this system may provide a useful platform 

for designing proteases with unique activities or specific biophysical properties required 

for any biotechnological application. 
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Introduction 

 

Proteases play a critical role in cell growth and survival in eukaryotes and bacteria. This 

is also true for hyperthermophiles. Integrated into the metabolic system, these enzymes 

are responsible for hydrolysis of internal and external peptides ultimately used as carbon 

and energy sources (1).  Proteolytic enzymes also recognize and degrade intracellular 

proteins targeted for general turnover or those misfolded due to environmental stress 

(36).  Additionally, proteases with tailored specificities are also involved in the 

breakdown of regulatory proteins and inhibitors in response to external factors, allowing 

for rapid adaptation to environmental alterations (111). Proteolytic structures cover a 

wide range of configurations, ranging from simple monomeric hydrolases to multi-

subunit enzymes capable of forming complex quaternary structures with molecular 

masses in the range of 14 MDa (61).  Through analysis of genome sequences, proteolytic 

inventories of a number of model hyperthermophilic organisms were previously 

examined (181), revealing among other things the prevalence of large multimeric 

proteases involved in a wide range of cellular functions (61); brief reviews of some of 

them are provided below. Also, we sought to reconcile what is known about the 

biochemical and biophysical properties of these proteases with transcriptomes from 130 

growth conditions for the hyperthermophiles Pyrococcus furiosus (100, 154), 

Thermotoga maritima (28, 29, 32, 34, 80, 81, 134, 135, 153), and Sulfolobus solfataricus 

(168). 
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The ATP-Dependent Proteases in Hyperthermophiles 

 

The Lon Protease: The Lon protease, initially discovered in Escherichia coli, was the 

among the first ATP-dependent proteases to be characterized and subsequently has been 

found in all three domains of life (166).  Multiple Lon homologs have been found in a 

number of organisms (77).  The active Lon enzyme is formed by identical subunits (~70-

90 kDa) that contain an amino-terminal domain (LAN), ATPase domain (Walker motif) 

near the N-terminus, and a C-terminally located proteolytic domain (3, 48, 121).  In 

bacteria and eukaryotes, these cytosolic homo-oligomeric proteases take either a ring-

shaped hexamer or heptamer configuration with a Ser-Lys catalytic dyad active site 

sequestered within the inner chamber (19, 48, 144, 163).  A similar Ser-Lys active site 

architecture was found for the Archaeoglobus fulgidus Lon-B homolog (18).  However, 

Lon homologs in other archaea, such as Methanococcus jannaschii, appear to contain a 

Asp-Lys-Ser catalytic triad (74).  The LAN domain found in bacterial and mitochondrial 

Lon homologs may play a role in substrate recognition (45), however this domain is 

absent in most archaeal Lon homologs.  Two exceptions to this are the LonA homologs 

of Methanosarcina acetivorans (MA1862) and Methanosarcina mazei (MM3118), both 

of which contain a LAN region.  The Lon structural configuration is similar to FtsH 

(described below), but differs from the other two main ATP dependent proteases (Clp and 

Proteasome) that are formed by multiple distinct subunits containing either an ATPase or 

proteolytic domain (108).  In E. coli, Lon appears to work in conjunction with the heat 

shock chaperone system (DnaK) to prevent aggregation of misfolded proteins (21, 98, 

161).  Without Lon, E. coli generates 3 times more aggregated proteins compared to the 

wild type (143); Lon is also significantly involved in the cellular SOS response (50, 55).  
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Furthermore, E. coli lacking Lon are unable to adapt rapidly to nutritional downshifts (96, 

122).  While essential for stress response, the primary role of Lon may be the degradation 

of specific regulatory proteins. 

 The E. coli Lon protease is linked to stress response, based on its degradation of 

negative regulatory proteins, such as SulA and RcsA, that are responsible for UV light 

sensitivity and capsular polysaccharide production, respectively (2, 41, 57, 115, 145).  

The heat shock sigma factor σ
32

 is also degraded in a concerted manner by Lon, HflB, 

and Clp proteases (70, 82, 160).  Lon plays a significant role in aggregated protein 

removal, but its overproduction results in many defects, such as the activation of the 

YoeB toxin that induces cleavage of mRNA (31).  Two homologs of Lon are found in the 

hyperthermophilic bacterium T. maritima; the LonA (TM1633) protein contains both an 

ATPase and proteolytic domain, whereas LonB (TM1869) only contains an active site 

domain (181).  Dynamic heat shock experiments (10°C temperature increase) with T. 

maritima showed that both LonA  and LonB  homologs were slightly down-regulated 

throughout the entire 90 minute stress response (135).  Lon in E. coli is heat-induced, but 

the Lon induction during other types of stress is not universally observed (130, 176).  

Typically, the lon gene is within the heat shock regulon and rarely controlled by other 

regulators (176).  However, LonA in T. maritima demonstrated a 3.4-fold increase when 

grown in co-culture with P. furiosus; LonB (TM1869) was largely unaffected. The T. 

maritima lonA up-regulation could be attributed to higher growth rates typically noted 

under co-culture conditions (81). The differences in transcription between the two T. 

maritima lon orthologs suggest that these enzymes may have developed distinct 

specialized functions similar that those noted in other organisms (176).  Generally, T. 
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maritima Lon genes appear to be constitutively transcribed as no other significant 

changes were apparent in the other 72 conditions shown in Figure 1.  Homologous Lon 

proteins are found in archaeal organisms as well (111, 181), but little is known about 

their role within the proteolytic system when compared to the data available in Bacteria 

and Eucarya. 

 Lon from the hyperthermophilic archaeon Thermococcus kodakaraensis showed a 

general structure similar to bacterial Lon (52).  The enzyme was composed of identical 

subunits (~70 kDa) that contained both ATPase and proteolytic domains.  In contrast to 

the bacterial and eukaryotic Lon, there were two transmembrane regions within the 

ATPase domain (52).  Sequence comparisons of archaeal Lon homologs indicate that this 

membrane attachment region is a common feature (111).  The cytosolic location of Lon 

in bacteria may be attributed to the presence of an additional ATP-dependent protease 

(FtsH) that is involved in membrane maintenance (6, 76, 165).  The P. furiosus Lon 

homolog (PF0467) showed a -2.9 fold change after 1 hour in response to a 15°C increase 

in growth temperature (154). As Figure 2 shows, P. furiosus Lon was consistently 

transcribed during all growth phases at an above average level compared to the entire 

gene pool. It is interesting that the M. jannaschii lon gene (MJ1417) (15) and the A. 

fulgidus Lon homolog (141) demonstrated no transcriptional response to heat shock. 

However, MJ1417 was 3.7-fold higher in response to a 20°C temperature downshift (15).  

The disparity in Lon transcriptional changes between P. furiosus, A. fulgidus, and M. 

jannaschii may be indicative of underlying differences in the heat shock control 

mechanisms.  The M. jannaschii Lon contains 4 transmembrane regions and has been 

suggested to aid in the degradation of non-native membrane proteins (15).  However, the 
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increased transcription of Lon during cold shock may be related to a substrate preference 

for key regulatory proteins as seen in other organisms (106, 169).  Furthermore, M. 

jannaschii Lon, along with other archaeal versions, may act to degrade damaged 

membrane-bound proteins in a similar fashion as the bacterial protease FtsH. 

 

FtsH (or HflB) Protease: Filamentous temperature-sensitive H, FtsH (or HflB) is an 

ATP-dependent, self-compartmentalized, membrane-associated proteinase that is 

universally conserved in bacteria and eukaryotic organelles (76, 175).  This enzyme class 

contains a zinc metalloprotease motif (147) and leucine-zipper sequence (156) located 

near the C-terminus, and is anchored to the cytoplasmic membrane by two 

transmembrane regions found near the N-terminus (175).  Products of proteolysis range 

from 10 to 20 amino acid residues, with a possible preference of a hydrophobic residue at 

the N-terminal site of cleavage (5, 155).   The E. coli homolog of FtsH is the only ATP-

dependent protease essential for cellular growth under most conditions (68, 78, 162).  

This may be due to its role in degrading a deacetylase enzyme (LpxC) involved in the 

synthesis of lipopolysaccharide (LPS), thus allowing maintenance of a correct LPS to 

phospholipid ratio (75).  Among the hyperthermophiles, an FtsH homologue is found in 

only the bacteria T. martima and Aquifex aeolicus (181).  Studies on mesophilic 

organisms (E. coli, Caulobacter crescentus, and Lactococcus lactis) have found that FtsH 

is induced during stress response (44, 47, 69, 113).  Dynamic transcriptional data for T. 

maritima, subjected to a 10°C heat shock, showed that the homolog to FtsH (TM0580) is 

immediately induced to a small extent (1.5-fold), with a maximal induction of 2.4-fold 

after 20 minutes (135). In E. coli FtsH has been implicated in the cytoplasmic 

degradation of σ32
 (69, 174), the rapidly degraded transcription factor SoxS (59), as well 
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as the dislocation and proteolysis of membrane-bound proteins (92).  However, in the 

case of T. maritima, there is no known σ32
 homologue encoded in the genome (33). 

Bacillus subtilis also lacks a σ32
 homologue and, while FtsH is up-regulated during stress, 

it is not heat shock-responsive; the B. subtilis FtsH is postulated to be directly involved in 

cell division and sporulation (39).  Analysis of growth phase-related transcriptional 

changes showed that TM0580 is 4.6-fold reduced during stationary phase compared with 

mid-log cells. Yeast, higher order plants, and cyanobacteria encode multiple FtsH 

homologues that have been connected to the degradation of light damaged photosystem 

proteins (7, 105). Thus, TM0580 may also play a cellular role related to the degradation 

of misfolded or damaged membrane-bound proteins during stress. 

 

 

The Clp family of Proteases: The caseinolytic protease (Clp) is a large multimeric 

barrel-shaped protease formed by four stacked rings of 6 or 7 subunits each (86, 87, 112).  

Present in both eukaryotic and bacterial organisms, including the hypthermophilic 

bacterium T. maritima, Clp is notably absent from the hyperthermophilic Archaea (111, 

181); another  ATP-dependent protease, the proteasome (discussed below), shares similar 

catalytic characteristics with Clp and may act as a functional homolog.  The Clp catalytic 

core comprised of either ClpQ (HslV) or ClpP subunits, which form hexameric or 

heptameric rings, respectively (90, 112, 183).  The ClpP proteolytic chamber, containing 

two 7-member rings, has an internal diameter of approximately 50Ǻ and is accessible on 

either end by ~10Ǻ axial openings (167, 180).  Located within the chamber interior are 

14 serine active sites responsible for proteolysis (180). The active site of ClpQ contains 

an N-terminal Thr residue, similar to that found in the 20S proteasome (142, 184).  Some 
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ClpQ homologs have a Ser residue in place of the N-terminal Thr (83, 139).  Inactive 

paralogs of ClpP, such as ClpR, have been found in certain bacteria and plants.  In 

cyanobacteria, this catalytically inactive subunit associates with active ClpXP enzymes, 

but its specific function has yet to be fully elucidated (164).  In some cases, ClpR has 

demonstrated the ability to regulate the transcription of ClpP (177).  Due to the structural 

similarity of Clp and the proteasome, these inactive subunits could play a structural role 

similar to that found for the P. furiosus proteasome subunit β1 or the non-active subunits 

of eukaryotic proteasomes (63, 65, 109).  Multiple version of ClpP (e.g., ClpP1, ClpP2, 

ClpP3) are encoded in the genome of the cyanobacterium Synechococcus elongates; these 

form homo-multimeric proteolytic cores (ClpP3), as well as hetero-multimeric enzymes 

(ClpP1 & ClpP2) (164). Clp protease complexes with as many as 10 different isoforms 

have been found in the chloroplasts of Arabidopsis thaliana (128).  In this case, the 

composition of the proteolytic core influences which ATPase version (ClpC or ClpX) 

will bind to the ends of the barrel structure (164).  The genome of T. maritima encodes 

both ClpP (TM0695) and ClpQ (TM0521) proteolytic cores, along with the ATP-

dependent subunits ClpX (TM0146), ClpC-1 (TM0198), ClpC-2 (TM0873), ClpC-3 

(TM1391), and ClpY (TM0522).  A similar inventory of Clp homologs is also found in 

the hyperthermophilic bacterium Aquifex aeloicus (38).  Both ClpQ and ClpP are able to 

degrade small unfolded peptide substrates in the absence of ATP (73, 159).  However, 

association with their respective ATPase subunits is required for full proteolytic activity. 

 The ATPase portion of Clp is formed by oligomeric rings comprised of 6 or 7 

subunits (e.g. ClpA, ClpX, ClpY, ClpC), which in the presence of ATP self-assemble on 

either end of the proteolytic core (56, 85, 131).  Both ClpA and ClpX form active 
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enzymes with ClpP, while ClpQ preferentially associates with ClpY (93, 114, 125).  

Differing ATPase configurations of Clp have been linked to altered substrate preferences 

and biochemical activities.  Substrates targeted for degradation by Clp are identified by 

sequence motifs at either their amino or carboxyl-terminal ends (42).  Internal recognition 

sites have also been noted, but to a lesser extent (72).  For example, ClpAP preferentially 

degrades RepA, but removal of the 15 N-terminal amino acid residues of RepA results in 

a significant decrease in proteolysis (71).  In contrast, Mu vir repressor, SSrA-tagged 

peptides, and MuA all have C-terminal recognition sites (58, 101, 102, 160).  However, a 

recognition site is not always required for degradation, as demonstrated by ClpAP’s 

ability to degrade unfolded proteins without a targeting motif (152).  Conversely, ClpXP 

is unable to degrade peptides lacking a recognition site.  Alternative targeting methods 

also exist; the specific degradation of the competence protein ComK requires binding to 

an adaptor protein (MecA) that facilitates ATPase attachment and unfolding (43, 129, 

148).  The limiting factor for protein proteolysis of folded proteins appears to be the rate 

of ATPase-facilitated unfolding. Protein unfolding mediated by Clp requires a large 

expenditure of energy (89); degradation of a dimeric 53 residue protein was found to 

require 150 ATP molecules (22).  The products of Clp protein hydrolysis are small 

peptide fragments with a mean length of 8 to 10 residues.  The consistency of product 

size may be due to activation/inactivation of the proteolytic core by the ATPase ring, as it 

shuttles the substrate peptide to the catalytic sites (30). 

 The Clp protease is involved in a variety of cellular functions central to survival 

under both normal and stress conditions.  The Clp enzyme appears to play a role during 

cellular growth transitions and is required for the retention of cell viability during 
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stationary phase (26).  Additionally, Clp has been implicated in sporulation, motility, 

cellular competence, and pathogenesis (117).  During dynamic heat stress, T. maritima 

showed a slight transcriptional downshift (up to 1.8-fold) for ClpC-3 and ClpY.  

However, there was also increased transcription of the ATPase subunits ClpC-1 (up to 

3.8-fold) and to a lesser extent ClpX (up to 2.0-fold) (135).  In E. coli, ClpXP proteomic 

studies found a high substrate preference for the regulator RpoS as well as for the DnaK 

suppressor protein (DksA) (49).  Thus, the increased transcription of ClpX in T. maritima 

may be related to the degradation of certain heat shock negative regulators; the T. 

maritima chaperone DnaK showed a maximum response of a 25-fold up-regulation after 

heat stress (135).  Increased transcription of ClpC-1 is consistent with work showing that 

ClpC in Staphylococcus aureus is essential during stress response (24-26).  The gene 

ClpC-2 demonstrated the highest transcriptional heat response, with a 43-fold increase 5 

minutes after the 10°C step increase in temperature, decreasing to 8.6 fold after 60 

minutes (135).  This extremely high fold change for the T. maritima ClpC variant is 

similar to the 20- to 150-fold increase found for the Bacillus subtilis ClpC gene (95).  The 

proteolytic subunits ClpQ and ClpP were up to 2.0-fold down-regulated during heat 

shock, indicating that the increased transcription of ClpC may be related to its 

independent chaperone function (4, 135).  While the Clp complex plays a vital cellular 

role, changes in transcription of Clp-related genes has only been noted under stress 

conditions and during growth phase transitions.   

 In Streptococcus pneumoniae all Clp genes, except clpX, were down-regulated 

during late stationary phase (126, 140).  Similarly, the Oenococcus oeni ClpX homolog is 

preferentially transcribed during exponential growth as opposed to stationary phase (79).  
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The transcription of ClpX in exponentially growing cells may be related to its broad 

substrate specificity; ClpX may have developed as an evolutionary compromise that 

optimized proteolysis of multiple substrates as opposed to a single target substrate (46).  

In comparison, during late-stationary phase, T. maritima clpP and clpX were 7-fold and 

18-fold down-regulated, respectively, when compared to early stationary phase.  

However, proteolytic subunit clpQ gene was not changed;  clpC-2 was only slightly 

affected during the same time frame (80).  Thus, ClpQ and ClpC-2 appear to be the 

primary T. maritima Clp homologues required during late stationary phase. Their 

transcriptional levels contrast with their homologs in B. subtilis where reduced amounts 

of ClpC, responsible for negative regulation of competence by inactivation of ComK, 

were noted (99, 123).  The narrow proteolytic specificity of Clp may be related to its 

involvement in cellular control mechanisms.  In contrast, the proteasome  (discussed 

below) displays much broader substrate preferences. 

 

 

The Proteasome: The 20S proteasome is a cylindrically-shaped protease ubiquitous to 

both Archaea and Eukarya (8, 13).  In bacteria, the proteasome is found only in the 

actinomycetes Rhodococcus erythropolis (172), Myobacterium tuberculosis (35), 

Streptomyces coelicolar (119), and Frankia (10).  This lack of the proteasome in other 

bacteria suggests that actinomycetes acquired this protease through lateral gene transfer 

(108); other bacteria contain a structurally related complex ClpQY (or HslVU) that shares 

a similar catalytic mechanism to the proteasome (14).   

 The proteasome from Thermoplasma acidophilum provided the original structure 

for this macromolecular complex, which subsequently has been found to be highly 
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conserved  (8, 36, 60, 64, 107, 133).  The 20S proteasome, or catalytic particle (CP), is 

composed of four stacked heptametrical rings that form a barrel-like structure with a 

hollow channel extending down the center (137).  Each homomeric ring is composed 

entirely of either α or ß subunits, arranged in the order α7ß7ß7α7.  To prevent undesirable 

protein degradation, all proteolytic activity is confined to the interior channel; the 

proteolytic active sites, typically an N-terminal Threonine, are located on the ß subunits 

(63, 67).  As an additional safeguard to unwanted proteolysis, the ß proteins are 

expressed as precursors, which undergo self-processing (removal of ~10 N-terminal 

amino acid residues to expose the active Thr during assembly into the active proteasome 

structure (27, 62, 110, 151).  The assembly of the proteasome is a complex process in 

which the α proteins self assemble into rings that act as scaffolds for the subsequent ß 

ring formation, resulting in a approximately 300 kDa half-proteasome. During the 

assembly of half-proteasomes into the final active 20S proteasome, the ß precursors are 

cleaved to expose the active site (120).  While capable of degrading unfolded proteins 

into short 8-12 residue peptides, association with the proteasome activating nucleosidase 

(PAN) allows for the ATP-mediated degradation of folded proteins (138). 

NOTE: A detailed examination of hyperthermophilic proteasomes during stress and their 

potential use as model systems for studying eukaryotic proteasomes can be found in 

Chapter 2 entitled: “The Archaeal 20S Proteasome:  A Thermostable Model System for 

the Core Particle (CP).”) 

 

ATP-Independent Proteases 

 

 Most heterotrophic hyperthermophiles can grow on proteinaceous substrates as 

primary carbon and energy sources.  The hyperthermophilic archaea Thermococcus celer, 

Pyrococcus woesei, Pyrococcus glycovorans, and P. furiosus all exhibit the ability utilize 

peptides as a primary metabolites using a fermentation-based pathway (1, 9, 11).  The 
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protein substrates must first be broken down by extracellular proteases, which may not be 

cell-associated (23, 157).  The products of extracellular hydrolysis are transported into 

the cell, presumably by ABC-type transporters, where they are further broken down into 

individual amino acids by the concerted action proteases and peptidases (127).  In 

addition to providing free amino acids from external sources for metabolism, the ATP-

independent peptidases must break down peptides produced by ATP-dependent proteases 

during turnover of intracellular proteins (36). 

 

Tricorn Peptidase: The self-compartmentalized tricorn protease is a hexmeric enzyme 

of 720 kDa, based on 120 kDa subunits (173).  Quaternary association of the 

homohexamers results in an icosahedral capsid structure with a molecular mass of 

approximately 14.6 MDa (179).  Possessing tryptic and chymotryptic specificities, this 

enzyme is capable of processive peptide degradation from the carboxal terminus resulting 

in di- and tri-peptides (20, 171).  Within the proteolytic pathway, shown in Figure 4, 

evidence suggests that the Tricorn protease acts downstream of the proteasome (170).  It 

has been suggested that the capsid structure of Tricorn allows for the efficient funneling 

of small peptide products to other associated proteases (173); combination of this enzyme 

with the interacting factors F1, F2, and F3 results in the complete degradation of peptides 

to free amino acids (170).  The F1 enzyme is a prolyl iminopeptidase, similar to prolyl 

oligopeptidase (POP), and demonstrates wide substrate specificity (54, 124).  Integrating 

factor F2 is an 89 kDa Zinc aminopeptidase that also exhibits broad activity for substrates 

with basic, neutral, and hydrophobic residues in the P1 position; with a 53% similarity to 

F2 (170), F3 displays a similar structure, but exhibits a clear preference for glutamate in 

the P1 location (97).  While there is evidence for functional interaction between Tricorn 
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peptidase and the integrating factors, there is no direct documentation of an actual 

physical interaction between these proteases (170). 

 The Tricorn system is absent in Pyroccoccus, Thermotoga, and Archaeoglobus, 

but S. solfataricus encodes a Tricorn homolog (SSO2098), along with the three 

associated peptidases (SSO3115, SSO2154, & SSO2675) (181). As expected, the 

functional homolog of Tricorn, Tetrahedral aminopeptidase (TET), is not found in the S. 

solfataricus genome.  Even though TET and Tricorn are assumed to fill similar roles, 

they exhibit significantly different transcriptional patterns. Subjecting S. solfataricus to 

heat shock, acid shock and base shock resulted in no significant differential transcription 

for SSO2098, the Tricorn peptidase (168).  However, there was a slight (1.5-fold) 

increase in transcription during stationary phase compared to mid-log growth.  This 

mirrored the proteasome complex transcriptional response and would be consistent with 

an enzyme co-regulated with the 20S proteasome.  Similar to the Tricorn peptidase, the 

F1 P. furiosus homolog showed no response to shock conditions but was 2.0-fold up 

during stationary phase.  In contrast, the interacting factors F2 and F3 demonstrated 

significant changes during heat shock conditions, as well as transcriptional response to 

changes in growth phase.  As shown in Figure 3, SSO-F2 and SSO-F3 transcription was 

altered within 5 minutes of heat shock application and culminated in approximately 4-

fold down-regulation after 60 minutes (168).  Additionally, exposure of S. solfataricus to 

a step change in pH resulted in a significant down regulation of SSO-F2 and SSO-F3.  

Interestingly, SSO-F2 was immediately down-regulated 1.8-fold within 5 minutes after 

base shock, but returned to the baseline transcriptional level after 30 minutes.  

Conversely, SSO-F3 demonstrated no response to acid and base shock after 5 minutes; 
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after 30 minutes SSO-F3 transcription was reduced 3.3-fold and 2.2-fold for acid and 

base shock, respectively.  This suggests that during long-term acid/base response the 

narrow specificity offered by the F3 homolog is dispensable when compared to the broad 

substrate activity offered by F2.  An alternative to this multiple protease degradation 

pathway was identified in archaea in which TET aminopeptidase progressively 

hydrolyzes peptides to free amino acids (61). 

 

Tetrahedral (TET) Aminopeptidase: The tetrahedral aminopeptidase (TET) is a large 

homomultimer capable of cleaving the N-terminal amino acid from a wide range of 

peptide substrates.  Initially isolated from the archaeon Haloarcula marimotui, TET is 

comprised of twelve 42 kDa subunits, which form a tetrahedral-like structure with an 

approximate Mr of 400-500 kDa (51).  Quaternary association between two TET enzymes 

results in an 800 kDa octahedral complex structurally reminiscent of viral capsid proteins 

(132, 149).  Homologs of the TET aminopeptidase are found in the genomes of many 

archaea and bacteria, including a number of thermophilic and hyperthermophilic 

organisms (61, 181).  Classified as a member of the M42 peptidase family, putative TET 

homologs are present in P. horikoshii, P. furiosus, T. maritima, M. jannaschii, and A. 

fulgidus and show a high level of primary sequence similarity as shown in Figure 5.  The 

T. maritima M42 homologues (TM1048, TM1049, and TM1050), in contrast to those 

noted for the archaeal organisms, are encoded sequentially within the genome (136). 

 Crystal structures of both TET homologues characterized in P. horikoshii indicate 

that each subunit contains a single proteolytic domain, as well as two dimerization 

regions involved inter-subunit association (146).  Substrate access to the interior of 

PhTET-2 (PH1527) is facilitated through 4 openings of 18Å diameter; a negative enzyme 
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surface potential forces the substrate peptides to enter with the N-terminus first (16).  

After proteolysis, amino acid residues are ejected from the central chamber through one 

of 12 separate openings which contain an electrostatic gradient that facilitates product 

movement out of the enzyme (16).  The PhTET-2 enzyme exhibits a preference for Leu 

in the N-terminal position, in addition to lower activities towards other neutral residues 

(Met, Ile, and Ala).  While displaying a similar overall shape to PhTET-2, PhTET-1 

(PH0519) contains four sub-compartments with 3 active sites each, which are accessible 

through large openings (~13 Å) on each face of the tetrahedron (149).  Additionally, this 

enzyme displays a broad aminopeptidase activity, along with the ability to remove N-

terminal blocking groups; PhTET-2 does not possess de-blocking activity (149).  Thus, 

significant difference in biochemical properties for these enzymes were noted, even 

though they have similar external structures and primary amino acid sequences (as much 

as 40% identitical). 

 As a possible alternative to the Tricorn peptidase degradation pathway, the TET 

aminopeptidase is able to hydrolyze small peptides generated by the proteasome, and 

other ATP-dependent proteases, into free amino acids (16).  Hypertheromphilic genomes 

typically encode at least one M42 TET aminopeptidase or the Tricorn protease along with 

its complementary dipeptidases (181).  It has been suggested that PhTET-1 is primarily 

involved in hydrolyzing imported peptides, whereas PhTET-2’s principal role is the 

complementation of PhTET-1 during the breakdown of proteasome products (149).  This 

hypothesis is based on structural differences between the enzymes and a 3.5-fold up-

regulation of a TET-1 homolog (PF0369) in P. furiosus (149, 150).  However, the 

increased transcription of all three P. furiosus homologs in cells grown on tryptone, 
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compared to maltose, seems to suggest that all TET homologs may be involved with 

imported peptide breakdown.  As shown in Table 1, heat shock of P. furiosus growing on 

tryptone results in the down-regulation of all three genes.  This is consistent with TET 

involvement in the nutritional pathway and a decreased requirement for amino acids 

during a cessation of growth in response to stress (91).  However, the heat shock response 

of P. furiosus grown on maltose shows the TET-2 homolog (PF1547) is 2.2-fold down 

regulated after 60 minutes and seems unnecessary for the presumably higher production 

of proteasome products during heat-stress.  As both PF0369 and PF1861 demonstrate no 

significant transcriptional changes in response to heat shock, the basal levels of PF0369 

and PF1861 appear sufficient to hydrolyze proteasome peptides during normal and stress 

conditions (135); this is also supported by the relatively constant transcription of the 

proteasome complex (109, 135).  The three TET similar genes in T. maritima exhibit 

little transcriptional change as shown in Figure 1.  However, upon heat shock TM1048 

and TM1049 were both 1.6-fold down-regulated after 60 minutes.  In contrast, TM1050 

reaches a maximum -1.8 fold decrease after only 5 minutes and rises slightly after 60 

minutes.  While the specificities and sizes of all three enzymes have yet to be determined, 

TM1050 appears to be a Leucine aminopeptidase based on a substrate preference for 

Leu-MCA (J.K. Michel and R.M. Kelly, unpublished).  The homologs TM1049 and 

TM1050 exhibit average transcriptional levels for most conditions, whereas the 

transcription of TM1048 is below average.  Additional biochemical characterization of 

these gene products is needed to ascertain whether they exhibit TET-like structure and 

what functional role they play. 
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 Hyperthermophilic heterotrophs utilize exogenous peptides as a primary carbon 

source, facilitated through the reduction of elemental sulfur to hydrogen sulfide (88).  

However, in the presence of sulfur, P. furiosus can also ferment peptides as a primary 

growth substrate (1).  When P. furiosus was grown on maltose or cellobiose in the 

presence of sulfur, both PF0369 and PF1547 were significantly up-regulated, as shown in 

Table 2. This increased transcription of TET-1 and TET-2 homologs indicate that they 

play a significant role under peptide-limiting growth conditions.  The third TET homolog 

(PF1861) was unchanged on maltose + S
0
, but slightly up-regulated on cellobiose + S

0
 

(Chou and Kelly, unpublished data).  While not essential nor preferred, the third TET 

homolog may be involved in amino acid scavenging during extreme situations.  Also of 

note, all three P. furiosus TET homologs are down-regulated in media containing 

tryptone + S
0
, when compared to tryptone alone.  This down-regulation in peptide-rich 

media with S° may also indicate that Pfu-TET is primarily associated with the breakdown 

of internally produced peptides, unless under metabolic duress.  Several other putative 

peptidases (e.g., PF0366, PF0368, PF0370, and PF0477) have demonstrated high fold 

increases (>3.5-fold) in cells grown on peptides compared to carbohydrates (150).  

Additionally, the tri-lobed protease (TLP) has been suggested as alternative to the TET 

aminopeptidase in P. furisosus (17).  However, no supporting documentation has been 

provided to support this claim. 

 

Role of Smaller Multimeric and Monmeric Proteases  

 The proteolytic inventory of the sequenced model hyperthermophilic organisms is 

also populated by smaller multi-subunit proteases ( <200kDa) and monomeric peptidases 
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typically smaller then 100 kDa (181, 185).  These enzymes may play highly specific roles 

and display either narrow or broad substrate specificities.  For example, the integrating 

factors (F1, F2, and F3) are purposed to play a complementary role to the proteasome and 

Tricorn protease by providing the final hydrolysis of small peptides produced during 

protein turnover (170).  Several extracellular and membrane-associated proteases have 

been characterized from Thermococcus and Pyrococcus (40, 84, 94, 116, 158, 178).  The 

proteases range in size from 40 to 68 kDa and are monomeric, except for the multimeric 

P. abyssi protease (116).  The serine protease from T. kodakaraensis has broad substrate 

specifity for cleavage at the carboxy terminus.  Serine proteases from Thermococcus 

stetteri and P. abyssi demonstrate narrow specificity for P1-located Arg/Phe and 

Aromatic/Leu, respectively (40, 94).  Thermopsin, a 45 kDa caseinolytic proteases 

isolated from S. acidocaldarius, exhibits maximum activity between 75°C to 90°C, with 

an optimal pH of 2.0 (53, 103, 104).  Isolated from the extracellular fractions of 

Sulfolobus, evidence also suggests that Thermopsin is tightly cell membrane-associated 

(104).  Several Thermopsin homologs are found in S. solfataricus (SSO2045, SSO2037, 

and SSO1886) and are presumably involved in the degradation of extraceullular peptides 

prior to transport (185).  Transcriptional data shows that all three homologs are 

consistently transcribed during mid-log, late-log, and early-stationary phase, as shown in 

Figure 3.  The homolog SSO2045 shows the highest transcript presence of the three and 

exhibits significant down-regulation in response to stress conditions.  Thirty minutes 

following either heat or base shock SSO2045 is down 2.4-fold and 1.8-fold, respectively 

(168).  This down-regulation coincides with decreased growth rates during these shock 

periods, suggesting a primary role for SSO2045 under optimal growth conditions.  As 
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discussed previously, heat-shock triggers an up-regulation of intracellular proteolysis and 

thus may limit the requirement for imported peptides produced by this protease. While 

Thermopsin homologs are not found in either T. maritima or P. furiosus, a number of 

other extracellular proteases appear as starting points for the peptide transport chain. 

 Pyrolysin is a cell envelope-associated proteases that has been linked to protein 

utilization during proteolytic growth (37).  The P. furiosus pyrolysin homolog (PF0287) 

is a serine protease that displays broad endopeptidase activity (178).  Formed by a single 

amino acid chain of 1398 residues that displays an approximate size of 130 kDa, 

Pyrolysin contains a pre-proenzyme region, catalytic domain (500 residues) and a long C-

terminal extension (37, 178).  As indicated by the heat plot in Figure 2, PF0287 is one of 

the most highly transcribed proteases in P. furiosus and is consistently transcribed during 

all phases of growth.  During growth on maltose as a primary carbohydrate source, 

PF0287 is down-regulated about 5-fold during thermal stress response. This down-

regulation is consistent with the lower transcription of Thermopsin in S. solfataricus; 

both responses may be explained by a shift in proteolytic prioties to intracellular protein 

hydrolysis.  While this pyrolysin enzyme is not found in other archaeal genomes, P. 

horikoshii (PH0310) and P. abyssi (PAB1252) both encode thiol-proteases with 

conserved pro-enzyme and C-terminal regions.  Thus, these other putative proteases may 

act as functional homologues for this extracellular enzyme. 

 Development of redundant proteolytic strategies has been evidenced by the ability 

of independent proteases to partially compensate for the loss of one or more proteolytic 

enzymes (118).  In addition to the enzymes noted in Figure 4, the large repertoire of 

proteases encoded in hyperthermophilic genomes indicates the presence of such 
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redundant proteases.  With suggested roles in the hydrolysis of peptides for metabolism, 

Pyrococcus furiosus proteases I (PfpI; PF1719) homologs are found in a number of 

archaeal genomes including S. solfataricus (SSO2098) (12).  This intracellular multi-

subunit enzyme forms a hexameric active enzyme of ~200 kDa with broad substrate 

activity (66).  While PfpI is constantly transcribed during all growth phases, co-culture 

studies have shown that PfpI is 5.3-fold down-regulated during growth in the presence of 

T. maritima, compared to P. furiosus pure culture.  This is significant due to the fact that 

under co-culture conditions increased extracellular Pyrolysin transcription was noted.  If 

PfpI is primarily involved in the breakdown of imported peptides, this could indicate that 

peptides generated during co-culture conditions and imported to the cell do not require 

PfpI hydrolysis for further utilization; this could result from the production of shorter 

peptides by the combined action of T. maritima and P. furiosus extracellular proteases.   

During growth of P. furiosus in a chemostat on either maltose or sulfur, PfpI was up 1.8- 

and 2.3-fold respectively when sulfur was included in the growth media.  However, in 

cells grown on tryptone, PfpI was down-regulated slightly in the presence of sulfur. 

SSO2098 was 1.5-fold down-regulated during stationary phase compared to mid-log 

cells, but did not respond to acid, base, or heat induced stress (168).  The significant 

differences in transcriptional response between PfpI (PF1719) and SSO2098 suggest the 

presence of redundant PfpI-like proteases in S. solfataricus. However, evidence 

suggesting that S. solfataricus is unable to grow solely on peptides may offer one 

possible explanation for the transcriptional discrepancies. 
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Conclusion 

 While initially considered unique, the large multimeric proteases have shown to 

be ubiquitous in all domains of life.  The reason for this conservation may be related to 

the functional advantages offered by self-compartmentalization.  Additionally, the ability 

to form multiple sub-types of each protein, capable of dealing with a broad range of 

substrates under varying environmental conditions may provide another explanation for 

the inclusion of multiple subunits.  As an example, the proteasome demonstrates the 

ability to alter both substrate specificity and biophysical stability by alteration in subunit 

composition (109).  The mulimeric proteases in hyperthermophilic offer an attractive 

model of study due to a reduced number of possible configurations arising from a smaller 

pool of distinct subunits.  The relevance of which may be shown by the potential use of 

large enzymes in biotechnological applications or as drug targets in treatment of cancer 

and neurological diseases (182). 
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Table 1.  Fold changes of P. furiosus TET aminopeptidase homologs for selected growth conditions. 

 Heat Shock* 

(Maltose) 

Heat Shock* 

(Tryptone) 

Maltose + Tryptone 

vs. 

Maltose 

Tryptone + S
0
 

vs. 

Tryptone 

Maltose + S
0
 

vs. 

Maltose 

Cellobiose + S
0
 

vs. 

Cellobiose 

PF0369 N.C. -3.1 +3.6 -1.4 +1.4 +2.4 

PF1547 -2.2 -1.8 +2.7 -1.7 +2.6 +4.2 

PF1861 N.C. -1.9 +1.7 -1.7 N.C. +1.8 

N.C. – No significant fold changed noted. 

* - Heat shock fold change is after 60 min following 10°C step increase and fold change is shown relative to baseline (t=0). 
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Figure 1 – Heat plot representation of transcriptional changes in T. maritima as 

determined be cDNA microarray analysis.  Red coloring represents higher log square 

mean transcription compared to the average gene.  Green denotes lower average 

transcription , while black is an average transcriptional level within  +/- 1.0 fold.  Grey 

cells indicate that there are no data available for that particular condition.  Along the 

vertical axis are the protease found in T. maritima and each column represent a separate 

experimental condition. 
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Figure 1 continued. 

 

Key of Conditions Tested 
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Figure 2. Heat plot representation of transcriptional changes in P. furiosus as determined 

be cDNA microarray analysis.  Red coloring represents higher log square mean 

transcription compared to the average gene.  Green denotes lower average transcription , 

while black is an average transcriptional level within  +/- 1 fold.  Grey cells indicate that 

there is no data available for that particular condition.  Along the vertical axis are the 

protease found in P. furiosus and each column represent a separate experimental 

condition. 
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Figure 2 continued 
 

Key of Conditions Tested 
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Figure 3.Heat plot representation of transcriptional changes in S. solfataricus as determined be microarray analysis.  Red 

coloring represents higher log square mean transcription compared to the average gene.  Green denotes lower average transcription , 

while black is an average transcriptional level within  +/- 1 fold.  Grey cells indicate that there is no data available for that particular 

condition.  Along the vertical axis are the protease found in S. solfataricus and each column represent a separate experimental 

condition.  The key describing the conditions listed in each column is shown to the right. 
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Figure 4. Proposed proteolytic system for degradation of intracellular proteins and 

imported peptides in which ATP-dependent protease products are degraded by either the 

TET Aminopeptidase or Tricorn Peptidase pathway.   
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Figure 5. Alignment of M42 family aminopeptidases from the hyperthermophilic 

organisms P. horikoshii, P. furiosus, T. maritima, M. jannaschii, and A. fulgidus. 
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PH0519 -------MMSMIEKLKKFTQIPGISGYEER-IREEIIREIKDFAD-YKVDAIGNLIVELG 51 

PH1527 ---MEVRNMVDYELLKKVVEAPGVSGYEFLGIRDVVIEEIKDYVDEVKVDKLGNVIAHKK 57 

PH0737 -------MERIVKILREILEIPSPTGYTKE-VMSYLEKFLKENEVNFYYTNKG---ALIA 49 

PH1821 MDLKGGESMVDWKLMQEIIEAPGVSGYEHLGIRDIVVDVLKEVADEVKVDKLGNVIAHFK 60 

TM1048 ------MKMETGKLLMELSNLDGPSGYETN-VVSYIKSVIEPFVDEAKTTRHGSLIGYKK 53 

TM1049 ------------MYLKELSMMPGVSGDEGK-VRDFIKSKIEGLVDNLYTDVLGNLIALKR 47 

TM1050 ----------MKELIRKLTEAFGPSGREEE-VRSIILEELEGHIDGHRIDGLGNLIVWK- 48 

PF0369 --------MKLIEMLKEITQVPGISGYEER-VREKIIEWIKDYAD-YKVDEIGNLIVELG 50 

PF1547 --------MVDYELLKKVVEAPGVSGYEFMGIRDVVIEEIKDYVDEVNVDKLGNVIAHKK 52 

PF1861 --------MVDWELMKKIIESPGVSGYEHLGIRDLVVDILKDVADEVKIDKLGNVIAHFK 52 

AF1795 ---------------------------------------------------MGNLICTKN 9 

MJ0555 --------MSVVEYLKKLSKLHGISGREDS-VREFMKKELEKYCDSVEIDNFGNLIAKRG 51 

                                                           *        

 

PH0519 EGEER--ILFMAHMDEIGLLITGITDEGKLRFRKVGGIDDRLLYGRHVNVVTEKGI-LDG 108 

PH1527 GEGPK--VMIAAHMDQIGLMVTHIEKNGFLRVAPIGGVDPKTLIAQRFKVWIDKGKFIYG 115 

PH0737 GNHPKPELVVIAHVDTLGAMVKEILPDGHLAFSRIGGLVLPTFEGEYCTIITRKGKKFRG 109 

PH1821 GSSPR--IMVAAHMDKIGVMVNHIDKDGYLHIVPIGGVLPETLVAQRIRFFTEKGE-RYG 117 

TM1048 GKGIG-KLAFFAHVDEIGFVVSKVEG-QFARLEPVGGVDPKVVYASKVRIYT-----KNG 106 

TM1049 GRDSSKKLLVSAHMDEVGFVVSKIEKDGKVSFLPVGGVDPRILPGKVVQVKN-----LKG 102 

TM1050 GSGEK-KVILDAHIDEIGVVVTNVDDKGFLTIEPVGGVSPYMLLGKRIRFENG----TIG 103 

PF0369 EGEVK--AVFMAHMDEIGLLITGITQDGKLRFRKVGGIDDRLLYGRHVDVITENGK-LDG 107 

PF1547 GEGPK--VMIAAHMDQIGLMVTHIEKNGFLRVAPIGGIDPRTLIAQRFKVWIDKGKFIYG 110 

PF1861 GSAPK--VMVAAHMDKIGLMVNHIDKDGYLRVVPIGGVLPETLIAQKIRFFTEKGE-RYG 109 

AF1795 GGEPE--IMVAAHMDEIGFAVKYIDDKGFIRIAPIGGWFSQIALAQRVVLYGKK-K-VYG 65 

MJ0555 NKGKK--IMIAAHMDEIGLMVKYIDDNGFLKFTKIGGIYDPTILNQKVVVHGSKGD-LIG 108 

                . **:* :*  :. :       .  :**            .         * 

 

PH0519 VIGATPP--HLSL--ERDKSVIPWYDLVIDIGAESKEEALEL-VKPLDFAVFKKHFSVLN 163 

PH1527 VGASVPP--HIQK-PEDRKKAPDWDQIFIDIGAESKEEAEDMGVKIGTVITWDGRLERLG 172 

PH0737 TLLLRNPSAHVNREVGKKERKEENMYIRLDELVEKREDTEKLGIRPGDFIAFDPKFEYV- 168 

PH1821 VVGVLPP--HLRRGQEDKGSKIDWDQIVVDVGASSKEEAEEMGFRVGTVGEFAPNFTRLN 175 

TM1048 IERGVIG--MLAP-HLQDS-ESRKKVLTYDEIFVDLSLCERD-VRVGDIAVIDQTAFET- 160 

TM1049 VIGYRPI--HLQR-DEENT-PPRFENLRIDFGFSSADEAKKY-VSIGDYVSFVSDYIEK- 156 

TM1050 VVGMEGE--TTEE-RQENVRKLSFDKLFIDIGANSREEAQKM-CPIGSFGVYDSGFVEV- 158 

PF0369 VIGALPP--HLNV--KGVKDVVPWYQLTIDIGAESKEEALSLGVKPLDYAVFKKHFSVLN 163 

PF1547 VGGSVPP--HIQK-PEDRKKAPDWDQIFIDIGAESKEEAEELGVKIGTIVTWDGRLERLG 167 

PF1861 VVGVLPP--HLRREAKDQGGKIDWDSIIVDVGASSREEAEEMGFRIGTIGEFAPNFTRLS 167 

AF1795 VIGCKPP--HLMK-DEERKKGIEIKDMFVDIGASSKEEVLEMGINVGTPVALDREIVELA 122 

MJ0555 VLGSKPP--HRMK-EEEKTKIIKYEDMFIDIGAESREEAIEMGVNIGTWVSFLSEVYDLG 165 

                                 :  *    . .                        

 

PH0519 GKYVSTRGLDDRFGVVALIEAIKDLVDHELEGKVIFAFTVQEEVGLKGAKFLANHYYPQY 223 

PH1527 KHRFVSIAFDDRIAVYTILEVAKQLK--DAKADVYFVATVQEEVGLRGARTSAFGIEPDY 230 

PH0737 NGFVKSHFLDDKASVAAILDLIIDMKDELEKYPVAFFFSPYEEVGHGGS--AGYPPTTKE 226 

PH1821 EHRFATPYLDDRICLYAMIEAARQLG--DHEADIYIVGSVQEEVGLRGARVASYAINPEV 233 

TM1048 NGKVVGKALDNRASCGVLVKVLEFLKRYDHPWDVYVVFSVQEETGCLGALTGAYEINPDA 220 

TM1049 NGRAVGKAFDDRAGCSVLIDVLESG--VSPAYDTYFVFTVQEETGLRGSAVVVEQLKPTC 214 

TM1050 SGKYVSKAMDDRIGCAVIVEVFKRIK---PAVTLYGVFSVQEEVGLVGASVAGYGVPADE 215 

PF0369 NKIVSTRSLDDRFGVVALVQAIRNLVDHELSGKFIFAFTVQEEIGLKGAKFLAEKYSPEY 223 

PF1547 KHRFVSIAFDDRIAVYTLIETARQLQ--DTKADIYFVATVQEEVGLRGARTSAFGINPDY 225 

PF1861 EHRFATPYLDDRICLYAMIEAARQLG--EHEADIYIVASVQEEIGLRGARVASFAIDPEV 225 

AF1795 NGRITGKAFDNRVGVAVMIEAVRRAK---ADITIHAVATVQEEVGLKGARTSAFAIEPTA 179 

MJ0555 KNRLTGKAFDDRVGCAVLLEVMKRLSEEDIDCQVYAVGTVQEEVGLKGARVSAFKINPDV 225 

               :*::    .::.                  :  ** *  *:        .   
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PH0519 AFAIDSFACCSPLTGDVK-----LGKG---PVIRAVDNSAIYSRDLARKVWSIAEKNGIE 275 

PH1527 GFAIDVTIAADIPGTPEHKQVTHLGKGTAIKIMDRS---VICHPTIVRWLEELAKKHEIP 287 

PH0737 LLVVDMGVVGEGVSGKET-----------AVSIAAKDTTGPYDYDMTNRLIELAEENNIP 275 

PH1821 GIAMDVTFAKQP--HDKGKIVPELGKG---PVMDVG---PNINPKLRAFADEVAKKYEIP 285 

TM1048 AIVMDVTFASEPPFSDH----IELGKG---PVIG---LGPVVDRNLVQKIIEIAKKHNVS 270 

TM1049 AIVVETTTAGDNPELEERKWATHLGDG---PAITFYHRGYVIPKEIFQTIVDTAKNNDIP 271 

TM1050 AIAIDVTDSADTPKAIKR-HAMRLSGG---PALKVKDRASISSKRILENLIEIAEKFDIK 271 

PF0369 AFAIDSFACCSELTGDVR-----LGGG---AVIRAVDNSAIYSRDLARKVWEIAEKNNIP 275 

PF1547 GFAIDVTIAADVPGTPEHKQVTQLGKGTAIKIMDRS---VICHPTIVRWMEELAKKYEIP 282 

PF1861 GIAMDVTFAKQP--NDKGKIVPELGKG---PVMDVG---PNINPKLRQFADEVAKKYEIP 277 

AF1795 AIAVDTCVAADFPGSESAHMDVKLGKGAAITVIDASGRGLIASPKVLRWLTETAEKYGIP 239 

MJ0555 AIALDVTIAGDHPGIKKEDAPVDLGKGPVVGIVDASGRGLIAHPKVLDMIKAVSEKYKID 285 

        :.::     .                     :            :       :::  :  

 

PH0519 IQIGVTGG--GTDASAFQDRSK---TLALSVPIKYLHSEVETLHLNDLEKLVKLIEALAF 330 

PH1527 YQLEILLG-GGTDAGAIHLTKAGVPTGALSVPARYIHSNTEVVDERDVDATVELMTKALE 346 

PH0737 YVVDVFPY-YGSDGSAALRAGWDFRVALIGPGVHASHG-MERTHVKGLLATKELIRAYIK 333 

PH1821 LQVEPSPRPTGTDANVMQINREGVATAVLSIPIRYMHSQVELADARDVDNTIKLAKALLE 345 

TM1048 LQEEAVGGRSGTETDFVQLVRNGVRTSLISIPLKYMHTPVEMVDPRDVEELARLLSLVAV 330 

TM1049 FQMKRRTAG-GTDAGRYARTAYGVPAGVISTPARYIHSPNSIIDLNDYENTKKLIKVLVE 330 

TM1050 YQMEVLTFG-GTNAMGYQRTREGIPSATVSIPTRYVHSPSEMIAPDDVEATVDLLIRYLG 330 

PF0369 IQIGVTGG--GTDASVFQHKSK---VLALSVPMKYLHSEVEMLNVKDLEALIALIEAITF 330 

PF1547 YQWDILLG-GGTDAGAIHLTRAGVPTGAVSIPARYIHSNAEVVDERDVDASVKLMVKVLE 341 

PF1861 LQVEPSPRPTGTDANVMQINREGVATAVLSIPIRYMHSQVELADARDVDNTIKLAKALLE 337 

AF1795 YQLEVAEG-GTTDATAIHLTKAGIPAGVVSVPARYIHSPVEVVDLKDVESAVEIVARAIE 298 

MJ0555 VQWEVGEG-GTTDATAIHLTREGIPTGVISVPARYIHTPVEVIDKRDLEKTVELVYNCIK 344 

                  ::               :.   :  *   .     .      :       

 

PH0519 EL------- 332 

PH1527 NIHELKI-- 353 

PH0737 WKG------ 336 

PH1821 ELKPMDFTP 354 

TM1048 ELEV----- 334 

TM1049 EGKIVEVVS 339 

TM1050 A-------- 331 

PF0369 EI------- 332 

PF1547 HIHELKI-- 348 

PF1861 ELKPMDFTP 346 

AF1795 NAKNYF--- 304 

MJ0555 EVNNFF--- 350 
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Introduction 

The 20S proteasome (also referred to as the core particle, CP) is a cylindrically shaped 

protease ubiquitous to both Archaea and Eukarya.
1,2

 The 20S proteasome has also been 

found in the actinomycetes Rhodococcus erythropoli
3
, Myobacterium tuberculosis

4
, 

Streptomyces coelicolar
5
, and Frankia.

6
 The lack of proteasome genes encoded in other  

bacterial genomes suggests that the actinomycetes acquired the proteasome by lateral 

gene transfer.
7
  Most bacteria contain a related complex, ClpQY (or HslVU), that shares a 

similar catalytic mechanism to the proteasome and apparently plays a similar functional 

role.
8
 

 

The eukaryotic and archaeal 20S proteasomes share a similar overall size and structure, 

but differ in complexity – the archaeal proteasome is based on fewer unique proteins 

(which may be processed prior to being incorporated into the macromolecular complex as 

subunits). As such, the 20S archaeal proteasome serves as a simpler model system for 

examining the significance of subunit composition on biochemical, biophysical and 

functional properties of the multimeric protease. In addition, the archaeal proteasome, 

presumably related to the ancestral eukaryotic proteasome precursor, may provide insight 

into how eukaryotic proteasomes developed into the complex proteases that now exist. 

 

20S Proteasome Structure 

The 20S proteasome from the thermophilic archaeon Thermoplasma acidophilum was the 

first archaeal proteasome structure resolved and subsequently has been found to be 

closely related to all archaeal proteasomes examined to date.
2,9-13

  Like its eukaryotic 
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counterpart, the 20S archaeal proteasome is composed of four stacked heptametric rings 

that form a barrel-like structure with a hollow channel extending down the center.
14

  The 

hollow channel is comprised of three cavities consisting of two antechambers formed by 

the α rings and a central channel formed by the β rings.
9
  To prevent undesirable protein 

degradation in the cytosol, active sites are compartmentalized within the interior channel 

of the 20S proteasome.  The overall length of the cylindrical enzyme is 148 Å with 

maximum and minimum diameters of 113 Å and 75 Å, respectively.
9
  Each homomeric 

ring is composed entirely of either α or β subunits, arranged in the order α7β7β7α7, as 

shown in Figure 1.  The catalytic core consists of 6 to 14 active sites (typically involving 

a Threonine [Thr] residue) located on the N-terminal regions of the β subunits.
15,16

  

Access to the central chamber of the archeal 20S proteasome is facilitated through 13 Å 

openings on either end of the cylinder.
17

  Comparatively, the eukarotic 20S proteasome 

core is inaccessible through the ends, except by major rearrangement of the α subunit N-

termini that creates an opening of 10 Å.
15

  Unlike eukaryotic genomes that have been 

found to encode up to 23 unique proteasome α/β subunit proteins, the T. acidophilum 

proteasome is comprised of only two different subunits (one α and one β) with molecular 

weights of 20 and 35 kDa, respectively.
17,18

  This simple basis for 20S proteasome 

structure is typical among all archaea, whose genomes encode between 2 and 4 different 

α/β subunit proteins.
19-21

 

 

20S Proteasome Assembly 

The creation of the 20S proteasome is a complex process in which α proteins self-

assemble into rings that then act as scaffolds for the subsequent ß ring formation.
22,23

  The 
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result is a half-proteasome complex, with an approximate size of 300 kDa.  These ring-

dimers in turn associate and cleave the β pro-pepide to form the complete and functional 

600-700 kDa enzyme.
24

  As one of several measures to prevent to unwanted proteolysis, 

the β proteins cannot form ring structures in the absence of α proteins.
25

  For 

Archaeoglobus fulgidus, there is no major conformational change of contact areas after 

formation of the α-β complex, suggesting that these regions are complementary prior to 

assembly.
26

  This assembly process appears to be conserved across all archaea, but as 

structural complexity increases (more than one α and/or β subunit type) so do the 

assembly mechanisms.
24

 

 

For many thermophilic archaea, in vitro combination of the α and β proteins leads to 

spontaneous self-directing assembly of the 20S proteasome, without need for chaperones 

or other accessory proteins.
20,27

  However, this process can be extremely inefficient, such 

as is the case for the Methanosarcina thermophila 20S proteasome in which only 50% of 

the β proteins were processed and incorporated into a fully active 20S CP.
25

  Likewise, 

the assembly of the Pyrococcus furiosus 20S proteasome at physiologically relevant 

temperatures yielded a substantial amount of unincorporated β proteins.
28

  The 

recombinant 20S proteasome from Methanococcus jannaschii required denaturation of α 

and β subunits with urea, followed by their combination at high temperature and 

subsequent refolding by removal of the denaturant using dialysis.  Without unfolding-

refolding of the M. jannaschii proteasome, an active enzyme was produced, but with a 

markedly decreased optimal temperature (95ºC) compared to the native version 
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(119ºC).
29

  Presumably, the native intracellular assembly environment increases the 

folding efficiency of 20S proteasomes. 

 

As a safeguard to unwanted proteolysis prior to assembly, β proteins are expressed as 

precursors that undergo self-processing (removal of ~10 N-terminal amino acid residues 

to expose the active site Thr) during assembly into the active structure.
25,26,30,31

  The 

precursor N-terminal region in yeast is essential for proper incorporation of the β subunit 

into the proteasome
32

, thus acting as an intramolecular chaperone.  Conversely, β 

proteasome incorporation in T. acidophilum, showed no dependence on the pro-peptide 

region
22

, indicating that the archaeal β pro-peptide functions solely as a temporary 

inhibitor of proteolysis.  The pro-peptide also acts to protect the active site; premature 

processing of the β protein results in acetylation of Thr residues, yielding an inactive 

enzyme.
32

  Cleavage of the pro-peptide occurs during combination of dimer rings into a 

fully functional 20S proteasomes.
33

  The processing of the β-pro-peptide appears to be 

intramolecular and autocatalytic in nature, while the α protein is not subject to any 

cleavage.
31

 

 

The N-terminal region of the α subunit contains an α-helix that is required for proper 

ring formation.
22

  While the α proteins do not contain a pro-peptide sequence, it has been 

suggested that the archaeal α subunits may be subjected to post-translational 

modification, such as phosphorylation.
34,35

  The influence and purpose of α protein 

modifications on the 20S proteasome’s interaction with regulatory proteins such as PAN 

(proteasome-activating nucleotidase) have yet to be fully elucidated. 
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Role of αααα Subunits 

Access to the 20S proteasome interior is regulated by the α subunits, which in eukaryotes 

form a stable plug on each end of the cylinder.
15

  In yeast, extension of the N-termini 

from α1,2,3,6,7 prevents access of proteins to the center chamber; multiple hydrogen bonds 

are formed between the overlapping α subunit N-termini, contributing significantly to the 

stability of the “gates”.
15,36

  Opening of the 20S eukaryotic proteasome axial channel is 

facilitated by attachment of the 19S regulatory component.
37-39

  Combination of the 19S 

and 20S proteasomes, into the 26S complex, creates an enzymatic machine cable of 

selectively degrading ubiquitin-tagged proteins.
40-43

  Conversely, 20S proteasome 

structures from T. thermophila and A. fulgidus show disorder among the α N-termini with 

the presence of only 1 hydrogen bond between the Asp9 and Tyr8 residues of adjacent α 

subunits.
9,17,26

  Lack of α subunit interaction contributes to N-terminal flexibility of 

archaeal proteasomes, which allows entry of unfolded proteins and peptides without need 

for the ATP-dependent protein PAN.
44,45

 

 

Hyperthermophilic archaea encode both single and multiple homologs of α and ß 

proteasome components, as shown in Table 1.  The rarity of archaeal genomes encoding 

multiple α proteins supports genome sequence data suggesting β differentiation 

evolutionarily predated that of the α-subunits.
46

  One example of α differentiation is 

found in the native proteasome  from Methanosarcina thermophila, which contain 

multiple α subunits differing in length by 4 amino acids, but encoded by the same gene.
47

  

The difference in α subunit length has been attributed to three potential translation start 

sites within the α gene.
25

  Alternatively, multiple native 20S proteasome sub-types have 
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also been found in the haloarchaea; Haloferax volcanii produces at least 2 distinct 

proteasome sub-types resulting from 2 unique α genes.
48

  Immunoanalysis of the H. 

volcanii proteasome shows the α1 subunit represented 60% of incorporated α protein, 

while α2 comprised the other 40%.
48

  However, α2 has exhibited a 7-fold transcriptional 

increase during the transition from exponential growth to stationary phase,
49

 indicating 

the involvement of post-translational mechanisms to regulate subunit levels.
49

 While 

noted for a limited number of archaeal proteins,
50-52

 α1 and α2 proteins have been found 

subject to N-terminal acetylation.
34

 Alternatively, H. volcanii may alter proteasome 

composition to better adapt to certain growth phase conditions.  With the limited data 

available for multiple α proteins in Archaea, the impact of different α subunits on 

structure and activity is largely unknown. 

 

In eukaryotic organisms, the 20S proteasome is distributed throughout the cellular 

space,
53

 but during mitosis there is an increased movement of proteasomes to the 

nucleus.
54

 In solid tumor cells, cellular stress (e.g., hypoxia and starvation) causes nuclear 

localization of the proteasome, which subsequently induces drug resistance.
55

  Nuclear 

localization signals (NLS), found on the α subunits, facilitate intracellular proteasome 

transport; a highly similar sequence to the NLS is also found on the T. acidophilum α-

subunit.
56

  The production of a recombinant version of this archaeal proteasome in mouse 

cells results in active import of the T. acidophilum proteasome into the nucleus.
57

  Since 

T. acidophilum does not contain a nucleus, this NLS-similar sequence may represent an 

alternative signal that later developed into the NLS of eukaryotic organisms.  

Observations that T. acidophilum cell-lysate facilitates the nuclear import of both human 
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and Thermoplasma proteasome
58

 supports the use of the archaeal system as a model for 

NLS-mediated relocation. 

 

Role of ββββ Subunits 

Eukaryotic organisms ubiquitously encode a highly diversified set of subunit proteins: the 

yeast proteasomes consist of 7 α and 7 β subunits, while mammalian cells encode for 7 α 

and 10 β proteins.
10

  The 14 different subunits encoded by yeast are essential for cellular 

survival under standard growth conditions.
32,59,60

 Other efforts with eukaryotic organisms 

demonstrated significant cellular changes from loss of proteasome subunit function.
61,62

 

The presence of three γ−inducible, mammalian proteasome β subunits has been linked to 

production of alternative degradation products for antigenic presentation on cellular 

surfaces.
63

 Similarly, Drosophila melanogaster produces 6 male-specific 20S proteasome 

subunit isoforms only during late spermatogenesis.
64

  Functional requirement for 

proteasome activity varies by organism, and may depend on the availability of 

complementary proteases to compensate for proteasome loss.
21

 Mutation of the 20S 

proteasome in Mycobacterium smegmatis showed no effect on cellular growth or 

degradation of peptides, but in Mycobacterium tuberculosis the proteasome was required 

for growth during oxidative or nitrosactive stress.
4,65

  For eukaryotes, the large number of 

proteases encoded in their genomes makes determination of proteasome-specific 

functions difficult. 

 

Native versions of the archaeal proteasome have been isolated and characterized from P. 

furiosus,
66

 M. jannaschii,
67

 M. thermophila,
47

 H. volcanii,
35

 and Haloarcula 
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marismortui.
68

 Inhibition of the entire T. acidophilum 20S proteasome impacted cellular 

survival during heat stress.
69

 Proteasome inhibition studies carried out in H. volcanii 

demonstrated that the lack of an active 20S proteasome led to a 30% decrease in growth 

rate under otherwise optimal conditions.
70

  The necessity of proteasome function during 

stress conditions most likely stems from this protease’s ability to degrade large unfolded, 

misfolded, and damaged proteins. 

 

The genomes of M. thermophila, H. volcanii, M. jannaschii and A. fulgidus encode only 

single versions of α and β proteins.
71   On the other hand,  the genomes of Sulfolobus 

solfataricus and P. furiosus contain a single α protein gene and two distinct β protein 

genes.
21

 The purpose and function of these additional β subunit homologs in archaeal 

proteasomes is not known, although this simple model could offer insight into the 

maturation of the diverse set of homologous β subunits found in eukaryotes. 

 

Transcriptional response studies on hyperthermophilic archaea containing proteasomes 

comprised of single α and ß subunits show a consistent tendency for higher transcription 

of β during stress conditions.  The A. fulgidus proteasome exhibited a 2.7-fold decrease in 

transcription of the α gene after heat shock, while transcripts for β exhibited a slight 

increase.
72

  M. jannaschii showed no significant change in transcription of 20S 

proteasome genes in response to a 10ºC temperature increase.
73

  But, M. jannaschii did 

respond to a 20ºC decease in temperature with a 2.3-fold increase in β transcription, 

while α remained unchanged.
73

  The increased M. jannaschii β transcription during cold 

shock may be related to the difficulty of proteasome formation at sub-optimal 
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conditions.
29,74

  In addition, the α protein of M. jannaschii is unique because of the 

conservation of amino acid residues associated with the active site of β, which may result 

in transcriptional trends differing from other archaea.  These conserved residues in the M. 

jannaschii α protein are likely a remnant from times before differentiation of α and β. 

 

Unlike the case in eukaryotes, in which some multiple versions of α and β proteins have 

been observed to share 90% identical protein sequences,
75

 the two P. furiosus β proteins 

are only 48% identical at the amino acid level.
28

  This suggests that the β subunits can 

play distinct roles in P. furiosus CP structure and function.  Transcriptional analysis of 

the three subunits from P. furiosus showed that, under heat shock conditions, the α gene 

was down-regulated 2.0-fold, β1 increased 2-fold, and β2 remained relatively constant.  

The decreased transcription of the P. furiosus α subunit is consistent with results for heat 

shocked A. fulgidus,
72

 and may relate to the inherent thermal stability of α proteins 

compared with β.  The P. furiosus β1 and β2 proteins exhibit melting temperatures of 

104.4ºC and 93.1ºC respectively
28

, while the α protein is estimated to melt at 

approximately 135ºC.
76

 

 

For P. furiosus, active recombinant enzymes can be formed from combinations of α and 

β2, as well as α+β1+β2.
28

 When these enzymes were assembled at 90ºC, the version with 

β1 demonstrated a slightly higher activity.  However, versions containing α+β1+β2 

assembled at 105°C demonstrated significantly higher activity and thermostability.  Two-

dimensional gel electrophoresis showed a greater amount of β1, compared to β2, 

incorporated into the recombinant P. furiosus proteasome at higher assembly 
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temperatures.
28

  Native proteasomes isolated from P. furiosus cells grown under heat 

shock conditions demonstrated a ratio of β1 to β2 similar to the ratio noted for the 

recombinant enzymes assembled at higher temperatures; native proteasomes from non-

stressed cells contained a lower amount of β1, as shown in Figure 2.  This suggests that 

the β1 subunit, while not essential for catalytic activity, plays a role in stabilizing and 

activating the P. furiosus CP assembly, particularly at supraoptimal temperatures such as 

those encountered during thermal stress events.  Furthermore, the response of P. furiosus 

to produce proteasomes with higher β1 content was controlled at both the transcriptional 

level and during enzyme assembly. 

 

For the hyperthermophilic archaea, it is not clear whether CPs with 2 β subunits create 

any special physiological or ecological advantages during thermal stress response.  

Perhaps hyperthermophiles whose genomes encode 2 β proteins experience frequent 

temperature excursions in their natural habitats.  Recent results from our laboratory 

showed that when S. solfataricus was shifted from optimal (80°C) to supraoptimal (90°C) 

temperatures, the transcription of ORFs encoding CP proteins (α, β1, β2) were unaffected 

throughout the 60 min period following the temperature shift.
77

  However, it was also 

noted that the transcriptional level of CP proteins in S. solfataricus were much higher 

than in P. furiosus under both normal and stressed conditions.  In any case, these data 

suggest that the impact of CP β subunit content on function at suboptimal, optimal and 

supraoptimal temperatures merits further examination. 
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The relative conservation of proteasome constituent proteins across all domains of life is 

a primary reason that archaeal proteasomes can serve as model systems for investigating 

structure and function issues of this complex protease.  In fact, recombinant 20S 

proteasome proteins form active proteases when combined with pro-subunits from 

different organisms.  The possibility to form a hybrid proteasome, consisting of subunits 

from different organisms was first noted for Aeropyrum pernix and A. fulgidus.
26

  The α 

protein from A. fulgidus has recently demonstrated the ability to form active proteasome 

CPs when combined with either P. furiosus β1, β2, or the combination of both β1 and β2.
76

  

In addition to the creation of a hybrid CP, the formation of an active enzyme by A. 

fulgidus α + P. furiosus β1 was interesting since P. furiosus β1 does not from an active 

CP when combined with P. furiosus α.
28

 While intra-domain hybrid 20S proteasomes are 

fully assembled and active, the creation of inter-domain hybrids has yet to be 

demonstrated. Formation of such hybrids might be biotechnologically relevant in light of 

reports demonstrating the in vivo degradation of aggregation-prone proteins by a 

mesophilic archaeal proteasome expressed in mammalian cells.
78

 

 

Proteasome Biocatalysis 

The 20S proteasome is a member of the T1 peptidase family
71

  characterized by an N-

terminal Thr nucleophile.
79

 While initial observations noted that a Ser residue could be 

substituted in place of Thr without modifying hydrolysis of LLVY-Amc
80

, it was 

subsequently shown that the cleavage pattern was impacted as a result of the residue 

change.
81

 The hydroxyl group of Thr apparently initiates hydrolysis of the peptide bond, 

followed by nucleophilic attack from a water molecule resulting in peptide bond 
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cleavage.
81,82

 Even though the substrate specificity of 20S proteasomes may vary, the N-

terminal Thr residue is conserved in all known active β subunits.
1,19,20,27,43

 

 

Individual β proteins comprising eukaryotic proteasome are associated with certain 

substrate specificities.
32

  Yeast proteasome subunits β1, β2, and β5 are linked to 

chymotrypsin-like, trypsin-like, and post-glutamyl peptide hydrolase-like activities, 

respectively.
15,59,83,84

  The β1 and β2 active sites prefer cleavage after acidic and basic 

residues on the substrate protein or peptide.
85,86

  However, while the three active sites 

differ in their cleavage preference, all contribute significantly to protein degradation.
87

  

The limited number of active sites (i.e., 3) in eukaryotic proteasomes differs significantly 

from the 14 active sites present in the archaeal CP that exhibit only chymotrypsin-like 

activity. 

 

The increased number of active sites present in the archaeal proteasome has yet to be 

connected to a physiological role or advantage.  In part, this is due to a lack of 

understanding of which factors influence activity and substrate specificity.  A prime 

example is the M. jannaschii proteasome that consists of two unique subunits (α+β) with 

14 active sites distributed in β chamber.  The M. jannaschii native proteasome exhibits an 

optimal activity at 119ºC,
67

 although recombinant versions showed optimal temperatures 

of 95ºC and 110ºC, depending on assembly conditions.
74

 The recombinant M. jannaschii 

20S proteasome with an optimal temperature closest to the native organism was subjected 

to chemical denaturation followed by refolding at elevated temperatures, thus 

demonstrating the importance of assembly conditions on enzyme function.  In addition, 
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recombinant M. jannaschii proteasomes have demonstrated decreased enzymatic activity 

in response to high osmotic pressure, while the native enzyme exhibited increased 

protease activity under these conditions.
29

 Most studies on native proteasomes have 

focused on structure, size, and substrate preferences.  Table 2 summarizes the 

biochemical data available for several of the native archaeal proteasomes characterized to 

date; note that detailed kinetics are typically carried out only on recombinant versions 

such that information from such studies may not reflect in vivo properties (as shown in 

Table 3).  The range of activities presented in Table 2 may indicate diversity within the 

archaeal 20S proteasome family; however, the complete picture remains unclear without 

detailed kinetics and cleavage patterns for the native enzymes. Inconsistencies in extents 

of protein purification make direct biocatalytic comparisons between specific 

proteasomes intractable.  Differences between protocols and purification levels for native 

and recombinant proteasomes represent an obstacle to the more widespread use of 

archaeal 20S proteasomes as model systems. 

 

The impact of multiple α or β proteins on archaeal proteasome biocatalysis has not been 

studied to any extent as yet. The 20S proteasome from P. furiosus has been examined 

along these lines and the presence of 2 alternative β pro-subunits impacted biocatalytic 

and biophysical properties.
66

 For the P. furiosus CP, both the β1 and β2 proteins contain 

the conserved active site Thr residue, implying that 14 active sites are present in this 

enzyme.  However, the increased incorporation of β1 at 105ºC assembly (shown in Table 

2) altered the substrate preference by increasing the degradation of LLVY-MCA 

compared to AAF-MCA 
28

.  Alternatively, a preference was shown for AAF-MCA by the 
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P. furiosus proteasome assembled at 90ºC (lower ratio of β1).  Furthermore, increased 

incorporation of β1 into the CP yielded an enzyme with almost twice the Vmax of the 

version with less β1.
28

  These results support a role for β1 in both biocatalysis as well as 

structural integrity at elevated temperatures.  It is worth noting that the kinetic properties 

of the recombinant P. furiosus 20S proteasome were consistent with previously reported 

values for the native CP in terms of both Vmax (2200 pmol/min-µg) and Km (0.46 mM) .
66

 

 

Concluding Remarks 

Archaeal 20S proteasomes have the potential to serve as simpler model systems for core 

particles from eukaryotic sources, especially in determining the role of α/β subunit 

composition in biochemical and physiological function.  This is primarily due to the 

homogeneity of β subunits found within a single archaeal organism’s proteasome.  As 

more becomes known about the mechanisms of assembly, biochemical and biophysical 

characteristics, and cellular roles for archaeal 20S proteasomes, such information can be 

used as a basis to examine aspects of the complex heteromultimeric proteasome in 

eukaryotic systems.  Additionally, the ease of recombinant production, assembly, and 

purification of thermophilic and hyperthermophilic proteasomes makes them attractive 

systems for study from a logistical perspective.  One of the current disadvantages of 

using hyperthermophilic proteasomes as model systems is the lack of data regarding the 

enzyme’s in vivo function.  However, as genetic systems become more widely available 

for archaea, such as in the hyperthermophilic organisms Thermococcus KOD and 

Sulfolobus spp (see Chapters 11 and 13), the contribution of the 20S proteasome to 

cellular function can be scrutinized.
88-90

  Furthermore, intriguing possibilities using 
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archaeal proteasomes for novel therapeutic strategies exist and merit further examination 

in their own right.
78
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Table 1.  Proteasomes from thermophilic and hyperthermophilic archaea.  

 (ºC) α protein β protein PAN 

Aeropyrum pernix 95 APE1449  APE0521  APE0507 APE2012 

Archaeoglobus fulgidus 83 AF0490 AF0481  AF1976 

Halobacterium sp. NRC-1 50 VNG0166G  VNG0880G  VNG2000G VNG0510G 

Haloarcula marismortui  43049 50-53 AAV46668 AAV46124 AAV45476 AAV46667 AAV47895 AAV48212 

Haloferax volcanii 45 T48679 T48677  AAV38127 AAV38126 

Methanocaldococcus jannaschii  85 MJ0591 MJ1237  MJ1176 

Methanopyrus kandleri AV19  98 MK0385 MK1228  MK0878 

Methanosarcina thermophila 50 MTU30483 MTU22157  ND 

Methanotherm. thermautotrophicus 65-70 MTH686 MTH1202  MTH728 

Natronomonas pharaonis 2160 45 NP3738A NP3472A NP1524A NP5038A 

Nanoarchaeum equitans Kin4-M 90 AAR39362 AAR39057 AAR39040 

Picrophilus torridus DSM 9790 60 PTO0804 PTO0686 PTO0456* 

Pyrobaculum aerophilum 100 PAE2215 PAE3595 PAE0807  PAE0696* 

Pyrococcus abyssi 96 PAB0417 PAB1867 PAB2199  PAB2233 

Pyrococcus furiosus 100 PF1571 PF1404 PF0159  PF0115  

Pyrococcus horikoshii 98 PH1553 PH1402   PH0245  PH0201 

Sulfolobus acidocaldarius 75 AAY80005 AAY80046 AAY80272 AAO73475 

Sulfolobus solfataricus 87 SSO0738 SSO0766  SSO0278  SSO0271 

Sulfolobus tokodaii 80 ST0446 ST0477  ST0324  ST0330  

Thermoplasma acidophilum 59 TA1288  TA0612  TA0840* 

Thermoplasma volcanium 60 TVN0304  TVN0663  TVN0947* 

Thermococcus kodakarensis 95 TK1637 TK1429 TK2207 TK2252 

ND - No PAN homolog detected  

*No ORF annotated as PAN, but possible homolog detected. 

(Adapted from Madding, L.S. et al., J. Bacteriol., 189, 583, 2007) 

 



- 90 - 

 

Table 2.  Kinetic and physical properties of selected native proteasomes from high temperature microorganisms. 

 

Organism Methanococcus 

jannaschii 

Methanosarcina 

thermophila 

Haloferax 

 volcanii 

Thermoplasma 

acidophilum 

Pyrococcus  

furiosus 

Preferred 

Substrate 

Cbz-AAL-βNa Cbz-LLE-βNa Suc-AAF-Amc Suc-LLVY-Amc Suc-VKM-Amc 

Sp.Activity 

(nmol/min mg) 

116000 

(95ºC)* 

115.0 

(65ºC)* 

340.0 

(60ºC)* 

0.79 Vm = 2200 (pmol/min µg) 

kcat/Km = 3.64 (s
-1

 mM
-1

) 

pHoptimal 7.5-7.8 NR 7.0-9.3 NR 6.5 

Toptimal (ºC) 119 NR 75 NR 95 

References 67 25,47 35 17 66 

NR- Not Reported 

*Represents assay temperature for reported specific activity. 

βNa- β-naphthylamine 

Amc- 7-amino-4-methylcoumarin 
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Table 3.  Kinetic and physical properties of selected recombinant proteasomes from high temperature microorganisms. 

 

Organisms Methanococcus 

jannaschii 

Methanosarcina 

thermophila 

Haloferax 

volcanii 

Thermoplasma 

acidophilum 

Pyrococcus furiosus  

(90ºC Assembly) 

Pyrococcus furiosus 

(105ºC Assembly) 

Km (µµµµM) NR NR NR 30.0 45.2 36.4 

Vm (pmol/min µµµµg) NR NR NR 250 1159 2194 

kcat (s
-1

) NR NR NR 0.03 1.0 1.9 

kcat/Km (s
-1

 mM
-1

) NR NR NR 7.0 22.1 51.5 

ki  (115ºC) 0.018 NR NR NR 0.15 0.025 

Toptimal (ºC) 119 75 NR 60 >100.0 >100.0 

Substrate 

Preference
#

 

LLE-βNa 

LLVY-Amc 

AAF-Amc 

LLE-βNa 

LLVY-Amc 

AAF-Amc 

LLVY-Amc GGL-Amc 

LLVY-Amc 

AAF-Amc 

VKM-Amc 

AAF-Amc 

LLVY-Amc 

VKM-Amc 

LLVY-Amc 

AAF-Amc 

Reference 29,74 25 35 80,81 28 

NR- Not Reported 

βNa- β-naphthylamine 

Amc- 7-amino-4-methylcoumarin 
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Figure 1.  Assembly of the proteasome involves formation of ~300 kDa half-proteasome complexes (which are inactive and contain α 

and β pro-subunits) prior to cleavage of the β protein pro-peptide region.  Combination of two half-proteasomes results in an active 

600-700 kDa enzyme capable of degrading peptides and unfolded proteins. 
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Figure 2.  The β1/β2 ratio for the recombinant P. furiosus proteasomes assembled at 

temperatures between 80ºC and 105ºC, as well as for the native proteasomes isolated 

from P. furiosus grown at 80ºC and 90ºC.  Above each temperature bar, schematic 

representations of the 20S proteasome assembly are shown accounting for the altered β1 

content. 
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ABSTRACT 
 

The hyperthermophilic archaeon Pyrococcus furiosus genome encodes three proteasome 

component proteins: one α (PF1571) and two β proteins (β1-PF1404; β2-PF0159), as well as 

an ATPase (PF0115), referred to as Proteasome-Activating Nucleosidase (PAN). 

Transcriptional analysis of P. furiosus dynamic heat shock response (shift from 90 to 105°C) 

showed that the β1 gene was up-regulated over 2-fold within five minutes, suggesting a 

specific role during thermal stress. Consistent with transcriptional data, two-dimensional 

SDS PAGE revealed that incorporation of the β1 protein relative to β2 into the 20S 

proteasome (core particle, CP) increased with increasing temperature for both native and 

recombinant versions. For the recombinant enzyme, the β2/β1 ratio varied linearly with 

temperature from 3.8, when assembled at 80°C, to 0.9 at 105°C. The recombinant α+β1+β2 

CP assembed at 105°C was more thermostable than either the α+β1+β2 version assembled at 

90°C or the α+β2 version assembled at either 90°C or 105°C, based on melting temperature 

and biocatalytic inactivation rate at 115°C. The recombinant CP assembled at 105°C was 

also found to have different catalytic rates and specificity for peptide hydrolysis, compared to 

the 90°C assembly (measured at 95°C). Combination of the α and β1 proteins yielded neither 

a large proteasome complex nor demonstrated any significant activity. These results indicate 

that the β1 subunit in the P. furiosus 20S proteasome plays a thermostabilizing role and 

influences biocatalytic properties, suggesting that β subunit composition is a factor in 

archaeal proteasome function during thermal stress when polypeptide turnover is essential to 

cell survival. 
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INTRODUCTION 

Proteasomes are heteromultimeric proteases found in all domains of life that play a 

key role in intracellular protein degradation (14-17, 26, 29-31, 33, 38, 42). In eukaryotes, the 

composition of the proteasome core particle (CP or 20S proteasome) is based on many 

versions of small α−  and β−type proteins (21-31 kDa) that assemble into heptameric stacked 

rings (α7β7β7α7); the set of 14 α and 14 β subunits that comprise the CP assembly in 

eukaryotes can depend upon cellular status (16). The Saccharomyces cerevisiae CP can have 

up to seven different β proteins in its assembly, which contribute to multiple proteolytic 

activities (1). The genomes of higher eukaryotes, such as Arabidopsis thaliana, encode for as 

many as 13 α-type and 10 β-type proteins, creating the possibility for numerous versions of 

the CP (12). Many α and β proteins in a particular eukaryote are more than 90% identical at 

the amino acid sequence level, possibly representing some degree of redundancy (13). CP 

composition may, in some cases, also be variable in prokaryotes, although the possibilities 

are much more limited. In bacteria, 20S proteasomes have been identified in Rhodococcus 

erythropolis (8) as well as in Mycobacterium tuberculosis (25), both of which appear to be 

based on single α and β proteins. In Haloferax volcanii, the proteasome CP is found in at 

least two different isoforms, based on combinations of one β protein and two α proteins (7, 

21). The genome of Haloarcula marismortui encodes two versions of both the α and β 

proteins, although it is not known specifically how these contribute to the CP assembly (11). 

In the hyperthermophilic archaea, available genome sequence data indicate that the CP is 

based on either one α and one β protein, or two β proteins and one α protein. The role of an 

additional α or β protein in archaeal proteasome regulation may provide some biochemical 

and/or biophysical versatility along the lines seen in the eukaryotic proteasome. For example, 
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in H. volcanii, which has two α proteins, it has been proposed that the CP assembly, and 

association with the proteasome-activating nucleotidases (PanA and PanB), may be growth 

phase-associated (32). Environmental factors may also contribute to the β protein 

composition in hyperthermophiles with one α and two β proteins encoded in their genomes. 

N-terminal sequence analysis of the native CP purified from Pyrococcus furiosus grown at 

88°C showed that it was based primarily on one α (PF1571) and one β (PF0159, referred to 

here as β2) protein (2). However, when P. furiosus was exposed to supraoptimal 

temperatures, transcription of ORF encoding the putative β1 protein (PF1404) was up-

regulated after 60 min (37). The extent to which β1 is incorporated into the P. furiosus CP 

and resulting functional implications has not been examined. Given the relative simplicity of 

the archaeal proteasome compared to eukaryotic versions, many interesting questions 

concerning the relationship between CP α and β protein content can be addressed. For 

example, do hyperthermophilic archaea with genomes encoding a second β protein (e.g., P. 

furiosus (34) and Sulfolobus solfataricus (36)) have any physiological or ecological 

advantages over those with only one β protein (e.g., Methanococcus jannaschii (27, 28) and 

Archaeoglobus fulgidus (15))? To begin to answer this question, we examined the influence 

of temperature on in vivo and in vitro CP assembly for P. furiosus. 
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MATERIALS AND METHODS 

Enzyme assays.  CP peptidase activity was determined by endpoint assay in 50 mM 

sodium phosphate buffer (SPB), pH 7.2 and 95°C (unless otherwise noted), with a microtiter 

plate reader (Model HTS 7000 Plus Bio Assay Reader, Perkin-Elmer, Wellesley, MA) by 

detection of 7-amino-4-methylcoumarin (MCA) released from the carboxyl terminus of N-

terminally blocked peptides (Sigma-Aldrich, St. Louis, MO) (2). Negative controls (no 

enzyme) were run in triplicate to account for thermal degradation of substrates. Kinetic 

constants were determined using a least squares fit of the appropriate model to the initial 

velocity (U/µg) as a function of substrate concentration (0.01 mM-0.50 mM) data at 95ºC.  

One unit of protease activity was defined as the amount of enzyme required to release 1 pmol 

of MCA per min. Total protein concentrations were determined using the Coomassie blue 

dye-binding method (4) (Bio-Rad, Hercules, CA) in microtiter plates with bovine serum 

albumin (Sigma-Aldrich, St. Louis, MO) as the standard. 

 

Purification of 20S proteasome from P. furiosus grown at 80ºC and 90ºC.  P. 

furiosus (DSM 3638) was grown on sea salts media (40 g/L sea salts (Sigma-Aldrich, St. 

Louis, MO), 3.3 g/L PIPES buffer, 1 ml/L trace elements (VSM), 5 g/L tryptone, 1 g/L yeast 

extract, 120 g total sulfur).  The culture (12 L working volume) was grown in a 14-L 

fermentor (New Brunswick, Edison, NJ) at an agitation rate of 600 rpm, pressure of 0.5 bar, 

and sparge rate (N2) of 0.5 L/min.  The cells grew at 80ºC (pH 6.2) for 16.0 h, then shifted to 

90.0 ºC and held at this temperature for 1 h.  Culture samples of 2.4 L were taken at 16 h and 

17 h; the resulting cell pellet was stored at -80ºC.   
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Purification of the proteasome from cells grown at 80ºC and 90ºC was done using the 

same purification scheme.  The cell pellets were re-suspended in 20 ml of 20 mM Tris, pH 

8.0, passed (4x) through a French-pressure cell at 16,000 psi, and centrifuged (10,000 x g, 

4ºC) for 20 min.  The soluble protein fraction was applied to a 40-ml Q-Sepharose XK 26/20 

column (GE Life Sciences, Piscataway, NJ) and eluted between 0.5-0.7 M NaCl.  Many of 

the smaller contaminating proteins were cleared from the resulting VKM-MCA active pool 

using a Microcon centrifugal concentrator of 100,000 MWCO.  This pool was then applied to 

a hydroxyapatite (Calbiochem, San Diego, CA) XK 16/30 column.  Elution occurred 

between 220-265 mM SPB during a linear gradient of 0.05-0.5 M SPB, pH 8.0.  After 

concentration, this active pool was applied to a HiPrep Sephacryl S-300 High Resolution XK 

16/40 column calibrated with a High Molecular Weight Calibration Kit (GE Life Sciences, 

Piscataway, NJ).  All CP VKM-MCA activity was eluted in the first peak which 

corresponded to a protein of approximately 660 kDa; these fractions were then concentrated 

using a 30,000 MWCO Centriplus® Centrifugal Filter Device (Millipore, Billerica, MD).   

 

Cloning and expression of the P. furiosus CP genes in Escherichia coli.  The genes 

for the three proteins associated with the proteasome, psmA (α, PF1571, “proteasome, 

subunit alpha”), psmB-1 (β1, PF1404, “proteasome, subunit beta”), and psmB-2 (β2, PF0159, 

“proteasome, subunit beta”), were separately cloned into the pET-24d(+) vector (Novagen, 

Madison, WI).  The α gene was amplified using the primers: forward: (5’-

TGAACGCCATGGCATTTGTTCCACCTCA-3’) and reverse: (5’-

ATAAAAATTGGATCCAAGTCAGTAGTTGCTATCCA-3’). The β2 gene was amplified 

with: forward (5’-TTAGGTGGTGCTCATGAAGAAAAAGACTGGAA-3’) and the reverse 
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primer (5’-TAAGGAAGCCTGGATCCTTCATACTACAAACTCTT-3’).  The β1 gene was 

cloned using an ORF that started with the fourth amino acid from the reported amino-

terminus (based on locations of start codon and likely ribosomal binding site). N-terminal 

sequencing confirmed that the unprocessed ß1 subunit was expressed correctly. The primers 

used for β1 gene amplification were: forward (5’-

TGTTGCCCATGGAAGAGAAACTTAAGGGAA-3’) and reverse (5’- 

AAATTGTCGGATCCTTGGACTACTTTAACATTTT-3’). 

The α gene was expressed in E. coli BL21(DE3), while the β1 and β2 genes were 

separately expressed in E. coli BL21-CodonPlus
®

(DE3)-RIL (Stratagene, La Jolla, CA).  

Expression was induced with 0.4 mM IPTG (OD595 = 0.60); cells were harvested 3-5 hr after 

induction (37ºC). The resuspended cell pellets were treated with lysozyme, sonicated 

(Misonix, Inc., Farmingdale, NY), and centrifuged (18,000 x g, 4ºC) for 30 min.  Two 20-

min heat treatments of the soluble protein fractions for α and β1 were performed, the first at 

85ºC and the second at 90ºC, to remove residual E. coli protein. Each treatment was followed 

by cooling on ice for 30 min, centrifugation (18,000 x g, 4ºC) for 30 min to remove insoluble 

protein. The β2 protein preparation required only one 20-min heat treatment at 85ºC. 

 

Assembly of the recombinant CP. To assemble the CP, the α and β proteins were 

combined in equimolar ratios to a final total protein concentration of 0.5-0.7 mg/ml. This 

mixture was then incubated at the indicated temperature for 1 hr, cooled on ice for 1 hr, and 

precipitated material was removed through centrifugation (16,000 x g, 4ºC) for 30 min.  The 

CP soluble protein was then purified by a gel filtration step to remove unincorporated α and 
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β proteins, using the approach described above for the native CP. Fractions were 

concentrated using a 30,000 MWCO membrane filter, as described above for the native CP. 

 

Cloning, expression, and purification of the P. furiosus PAN gene in E. coli.  The 

PAN gene (PF0115) was cloned into pET-21b(+) vector (Novagen, WI.) using the primers: 

forward (5’-GGTGATACATATGAGTGAGGACGAAGCTCAATTT3’) and reverse (5’- 

TAAAAATTAGGATCCTCAGCCGTAAATGACTTCA 3’).  PAN was expressed using 

BL21-CodonPlus®(DE3)-RIL (Stratagene, CA.) with induction by 0.4 mM IPTG (OD600 = 

0.60); cells were harvested 3-5 hr after induction (37ºC).  Cells were resuspended in 20mM 

Tris pH 8.0 + 0.5% CHAPS + 1mM DTT + 1 mg/ml lysozyme and sonicated (Misonix, Inc., 

Farmingdale, NY).  The samples were centrifuged for 30 min (18,000 x g, 4ºC) and the 

supernatand removed.  The pellet was then resuspended in 20mM Tris pH 8.0 + 0.5% 

CHAPS + 1mM DTT and heat-treated at 85ºC for 20 min.   The sampe was then cooled and 

centrifuged, and the pellet was then re-suspended in the same manner as before and heat-

treated at 90ºC for 20 min.  The resulting suspension was centrifuged to remove precipitated 

debris, with the supernatant containing pure PAN. 

 

Two-dimensional gel electrophoresis of purified CP.  Purified samples of the 

proteasome (45 µg) were precipitated in a 10% trichloroacidic acid (TCA) solution on ice for 

1 hr.  The resulting pellet was washed 3 times with 150 µL of ice-cold acetone (-20ºC) and 

then dried for 5 minutes at 60ºC.  The protein was resuspended in 125 µL of rehydration 

buffer (8 M urea, 2% CHAPS, 50 mM dithiothreitol (DTT), 0.2% Bio-Lyte ampholytes (Bio-

Rad, Hercules, CA) and applied to a 7.0 cm pH 4-7 isoelectric focusing (IEF) strip (Bio-
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Rad).  The strip was subjected to active rehydration (50V) for 16 hrs.  The conditions used 

for focusing were:  250 V, linear ramp, 20 min; 4000 V, linear ramp, 2 hr; 4000 V, rapid 

ramp, 10,000 V-hr.  After IEF, the strips were incubated in equilibration buffer I (6 M urea, 

0.375 M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol, 2% DTT) for 10 min at room 

temperature, followed by another 10 min incubation in equilibration buffer II (6 M urea, 

0.375 M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol, 2.5% iodoacetamide). For the second 

dimension, the IEF strip was then placed on top of a 12% SDS PAGE gel and covered with a 

2-D agarose overlay gel (0.5 % Low Melting Point Agarose, Tris base 2.9 g/L, glycine 14.4 

g/L, SDS 1.0 g/L) .  The gels were stained with GelCode® Blue Staining Reagent (Pierce, 

Rockford, IL) and analyzed on a GS-710 Calibrated Imaging Densitometer (Bio-Rad). 

 

Differential scanning calorimetry of recombinant P. furiosus proteasome and 

PAN.  The melting temperatures of all expressed proteins were determined using a CSC nano 

differential scanning calorimeter (DSC; Calorimetry Sciences Corp., American Fork, UT).  

All samples were dialyzed against 50 mM SPB, pH 7.2, which was the buffer used to 

generate the baseline scan.  Samples (0.21 mg/ml) were de-gassed and scanned from 25-

125ºC using a scan rate of 0.5ºC/min for two heating and cooling cycles.  Heat capacity 

versus temperature curves were generated using the software program accompanying the 

DSC instrument to determine melting temperatures. After each sample was analyzed on the 

DSC, activity assays and native gels were used to determine if complete or irreversible 

denaturation had occurred.  Samples were centrifuged (16,000 x g, 4ºC) to remove 

aggregates, total protein concentrations were determined, and activity assays were run 

simultaneously against the corresponding initial samples to obtain relative loss of activity.  
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Thermal inactivation of CP assemblies.  High-temperature incubation of the active 

recombinant proteasome forms (α+β2 and α+β1+β2 assembled at 90ºC and 105ºC) was used 

to compare their stabilities.  Each assembly was adjusted to a baseline concentration of 0.15 

mg/ml and incubated at 115ºC in an oil bath for up to 12 hr.  Aliquots were taken at time 

points from 0-12 hr and stored on ice until the end of the incubation period.  The standard 

VKM-MCA microtiter plate assay was then used to compare the activities of the mixtures 

(300 ng enzyme, based on pre-incubation concentration, was mixed with 5 µM VKM-MCA 

and heated to 95ºC for 15 min).  The resulting fluorescence scores, with average background 

values subtracted were determined, and used to determine first-order decay constants.  

 

Transcriptional analysis of dynamic heat shock response.  A whole genome 

cDNA microarray including 2065 open reading frames (ORFs) was printed, following 

protocols described previously (5). The array was used to determine transient transcriptional 

response after a temperature shift from 90ºC to 105°C.  P. furiosus (DSM 3638) was cultured 

anaerobically at 90°C on Sea Salts Medium (SSM), as described previously (37). Tryptone 

(Sigma, St. Louis, MO) was added to SSM (final concentration 3.28 g/L) as a carbon source 

prior to inoculation, along with elemental sulfur (10 g/L).  A 60 ml batch culture was used to 

inoculate 500 ml of SSM medium supplemented with 3.28 g/L tryptone and 10 g/L sulfur in 

a 1-L pyrex bottle.  Two hundred fifty ml of this culture was added to 12 L of media in a 14-

L fermentor (New Brunswick Scientific, Edison, NJ).  The fermentor contained an internal 

temperature controller, and the pH was maintained by a Chemcadet controller (Cole Parmer, 

Vernon Hills, IL).  High purity N2 was used to reduce the medium and to sparge during 
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inoculation.  The culture was grown to mid-log phase at 90°C, after which a sample was 

collected.  The temperature set point was then shifted to 105°C, with the culture taking 

approximately 2 min to reach the set point temperature.  Once the culture reached 105°C, 

samples were taken at 0, 5, 10, 60 and 90 min. Approximately 20 ml of culture were 

collected prior to sampling at each time point to eliminate pre-existing fluid in the sampling 

lines. At each time point, 500 ml of culture were withdrawn and immediately put on ice until 

processed for RNA extraction.  One ml of sample was removed for cell density enumeration 

by epifluorescent microscopy with acridine orange stain (20).  

RNA was extracted from each 500-ml sample culture as described previously (37).  

The 500-ml samples from the fermentor were centrifuged for 20 min (10,000 x g, 4°C).  

After treatment with RNA lysis buffer, the samples were stored at –70°C.  Extractions 

proceeded with ethanol precipitation and purification using Ambion RNAqueous kits.  

Concentrations and degree of purity were determined by optical density at 260 nm and 280 

nm, as well as with gel electrophoresis (1% agarose gel, 60 V).  Procedures for reverse 

transcription reactions, aminoallyl-labeling with Cy3 and Cy5, and hybridization reactions 

are reported elsewhere (5). 

A loop experimental design incorporated reciprocal labeling of time point samples 

with both Cy3 and Cy5. Mixed model analysis was used to evaluate differential expression 

data using approaches presented elsewhere (5). Briefly, least squares estimates of gene-

specific treatment effects, corrected for global and gene-specific sources of error, were used 

to construct pair-wise contrasts analogous to fold changes for each gene between all pairs of 

conditions. The statistical significance of these fold changes was determined and a 

Bonferroni correction was used to establish an experiment-wide false positive rate of 
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α = 0.05 by dividing α by 2,821, the number of comparisons performed for all genes over all 

possible treatment pairs.  The corrected false positive rate was 1.77 x 10
-5

 (corresponding to a 

–log10(p-value) > 4.8).  Least squares estimates of gene-specific treatment effects were also 

used to perform hierarchical clustering in JMP 5.0 (SAS Institute, Cary, NC).  

 

RESULTS 

Transcriptional analysis of chaperones and proteosome components during P. 

furiosus heat shock response. We previously reported using a targeted cDNA microarray to 

examine the transcriptional response of P. furiosus grown quiescently in serum bottles, 

comparing before and 60 min after a temperature shift from 90 to 105°C (37). Table 1 shows 

more recent efforts focused on tracking transcriptional transients for P. furiosus grown in a 

14-liter agitated fermenter for the same thermal shift. The larger culture volume allowed for 

multiple time point RNA samples for microarray interrogation. Also, agitation effected rapid 

equilibration of the entire culture volume to the higher temperature. At the earliest sampling 

time (0
+
), which was 2 min or less following temperature shift, the thermosome (PF1974) 

and small heat shock protein (PF1883) were up-regulated 8.6-fold and 34.3-fold, 

respectively, indicative of a heat shock response. The β2 protein and PAN (PF0115) were not 

responsive at the 0
+
 sampling time, while the α protein was down-regulated 2-fold. The β1 

protein was up-regulated 2-fold at the earliest sampling time (0
+
). In fact, transcript levels for 

this gene were maintained at normal or above normal levels throughout the 90 min tracking 

period, in contrast to the β2 and α proteins which both dropped off considerably by 90 min. 

The gene encoding PAN rose 2-fold at 30 min, but ultimately dropping off more than 3-fold 

by 60 minutes.  
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Some differences in transcript levels were noted at the 60 min point between the 

quiescent (37) and agitated cultures for certain ORFs (data included in Table 1). Agitation 

seemed to accelerate the dynamics of heat shock response; note that transcript levels at 30 

min for the agitated culture were comparable to the 60 min levels for the quiescent cultures. 

Inspection of cells using epifluoresence microscopy with acridine orange stain showed that 

significantly more cell lysis was occurring at the 60 min point in the agitated culture 

compared to the quiescent culture, perhaps reflecting the adverse impact of increased shear 

sensitivity on cellular function at supraoptimal temperatures.  

 

ββββ subunit composition of the P. furiosus proteasome. Since transcriptional analysis 

indicated that β1 protein transcripts were up-regulated upon heat shock, an effort was made 

to determine whether growth temperature impacted the β2/β1 protein ratio in the CP. Native 

versions of the proteasome were purified from P. furiosus cells grown in the agitated 14-liter 

fermenter at 80 and 90°C. Significant cell lysis at 105°C, the temperature used to elicit a heat 

shock response reported in Table 1, made purification of the native proteasome at this 

temperature problematic. Densitometry on CP proteasome proteins, separated by two-

dimensional gel electrophoresis, from the two growth temperatures showed that the ratio of 

β2/β1 dropped from 3.0 at 80°C to 1.8 at 90°C (see Figure 1).  

At 90°C, combinations of recombinant versions of α and β1 proteins led to nothing 

more than α and β1 proteins by themselves as viewed by native PAGE (data not shown).  

However, the α+β2 and α+β1+β2 combinations at 90 and 105°C led to active and fully 

assembled (~660 kDa) proteasomes. Furthermore, recombinant versions of the P. furiosus CP 

reflected the β2/β1 observed for the native CP; at 80°C the β2/β1 was 3.8 which dropped to 
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1.9 at 90°C. The effect of assembly temperature on recombinant CP β protein composition at 

100°C (β2/β1 = 1.4)  and 105°C (β2/β1 = 0.9) reinforced the trend of increasing β1 protein 

content with increasing temperature (see Figure 1).  

 

Biochemical properties P. furiosus CP. Recombinant CP assemblies were screened 

for activity against a number of peptide substrates. For those peptides for which hydrolysis 

was noted, relative activities of the 105ºC assembled proteasome were as follows: 

VKM>>LLL>LLE>LLVY>AAF. These results were consistent with previous 

characterization of the native CP from P. furiosus (2).  VKM was used as the comparative 

basis to track the activities of various assemblies of the recombinant 20S complexes. Each 

individual protein (α, β1, β2) was inactive against VKM-MCA when initially expressed and 

stored at 4ºC or when heated at 90ºC, 98ºC, or 105ºC under the assembly conditions used 

here. When β1 and β2 proteins were combined in a 1:1 molar ratio, they were not active 

against VKM-MCA after incubation at temperatures of 4ºC, 85ºC, 90ºC, or 105ºC.  

Compared to the native proteasome, the combinations α+β2 (assembled from a 1:1 molar 

ratio) and α+β1+β2 (assembled from a 1:1:1 molar ratio) were active after incubation at 90, 

98 and 105ºC. The α+β1 (1:1 molar ratio) combination was essentially inactive at any 

assembly temperature. When higher levels of β1 were added to the assembly mixture so that 

α:β1 molar ratios were 1:5 and 1:10, activity increased slightly with increased β1, but was 

still extremely low in comparison to the native form and the other recombinant forms of the 

CP. 

The effect of assembly temperature (and, hence β protein composition) was examined 

for recombinant versions of the CP. Table 2 shows kinetic parameters determined at 95°C for 
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recombinant versions of the P. furiosus CP assembled at 90°C and 105°C on three different 

peptide substrates; note that a standard Michaelis-Menten model was used for LLVY and 

AAF, while substrate inhibition was included in the model for VKM (39). Km values 

measured were all between 20-70 µM, which are similar to CPs from Rhodococcus and 

Mycobacterium species (25). Vmax values obtained were also consistent with previously 

reported values for other prokaryotic CPs (25, 42) and consistent with the native P. furiosus 

CP (2). Based on the information in Figure 1, the CP assembly at 105°C had twice the β1 

protein content than that at 90°C and comprised approximately half of the CP compared to 

one-third of the CP at 90°C. Thus, β1 protein content impacted the kinetic parameters for the 

three substrates tested in Table 2. In all cases, the catalytic efficiency (kcat/Km), measured at 

95°C, was higher for the 105°C assembly than for the 90°C assembly. The kcat/Km was 2.4, 

3.6, and 15-fold higher for the 105°C CP assembly than the 90°C version on VKM, LLVY, 

and AAF, respectively.  

Thermostability of recombinant P. furiosus CP proteins and assemblies. The 

thermostability of the individual recombinant CP proteins was assessed by differential 

scanning microcalorimetry. The α protein was found to be very thermostable, even relative to 

other P. furiosus proteins; no thermal transitions were noted for scans up to 120-125°C (data 

not shown), the upper limit that could be tested by the instrument used here. Melting 

temperatures for the β1 and β2 subunits were 104.4ºC and 93.1ºC, respectively (see Figure 

2a). In the absence of the α subunit, the pro-peptide region of 6-7 N-terminal residues 

upstream of the putative active-site Thr within the “TTT” tripeptide in each of the expressed 

β subunits was retained, as determined by N-terminal sequencing. It is not known whether 
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the presence or absence of the N-terminal region impacts the thermostability of the β 

proteins. The P. furiosus version of PAN melted at 94.2°C (Figure 2b).  

Figure 3 shows the melting curves for the α+β2 and α+β1+β2 assembly mixtures 

forms at 90ºC and 105ºC. The α+β1 combination was not tested because significant amounts 

of assembled CP were never obtained.  A thermal transition was noted for all cases within 

110.5-112ºC. For the α+β1+β2 form assembled at 90°C (Curve C), a transition at 104.5°C 

was noted, likely corresponding to unincorporated β1 subunit, which melts at that 

temperature (see Figure 2a). No transition at this temperature was observed for the α+β1+β2 

form assembled at 105°C (Curve D). Furthermore, analysis of samples twice scanned to 

125°C and cooled back to ambient temperatures showed that at least 25% of initial activity 

on VKM-MCA remained.  The fully assembled CP, without evidence of denatured subunits, 

could also be viewed on SDS-PAGE (Coomassie stain) following thermal scans to 125°C 

(data not shown). This was consistent with what appeared to be a thermal transition (Curve 

D) which was beginning at 120°C. 

The thermal inactivation of the α+β2 and α+β1+β2 assemblies is shown in Figure 4. 

The calculated kobs for α+β2 (90ºC assembly temperature), α+β2 (105ºC assembly 

temperature), and α+β1+β2 (90ºC assembly temperature) were all relatively close, ranging 

from 0.15-0.19 hr
-1

.  In contrast, the calculated kobs for α+β1+β2 assembled at 105ºC was 

significantly lower (kobs = 0.025 hr
-1

).  When samples remaining after the 12- hour incubation 

period were viewed on a 10% native gel, only the α+β1+β2  form assembled at 105ºC was 

visible by Coomassie staining.  
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DISCUSSION 

The P. furiosus 20S proteasome β-protein complement differs from several other archaeal 

proteasomes that have been characterized to date (A. fulgidus (15), T. acidophilum (26), M. 

thermophila (28), M. jannaschii (9, 10, 42), Haloferax volcanii (21)), in that it encodes two 

distinct β protein homologs (see Table 3). Original isolation of the proteasome from H. 

marismortui showed a single α and ß composition(11), however later genome sequencing has 

revealed the coding possbility for 2 α and 2 ß proteins.  Unlike the case in eukaryotes, in 

which some multiple versions of α and β proteins have been observed to share 90% 

identitical protein sequences (13), the P. furiosus β proteins are only 48% identical at the 

amino acid level. This suggests that the β subunits can play distinct roles in P. furiosus CP 

structure and function. Recombinant versions of the biocatalytically active P. furiosus CP 

could not be generated based solely on α and β1 proteins but could be obtained using 

combinations of α and β2, or all three proteins. Although the combinations of α and β2, 

lacking β1, were fully active, combinations that included β1 had enhanced catalytic 

efficiency at 95°C.  Versions containing α, β1 and β2 proteins that had been assembled at 

105°C were also significantly more thermostable. Thus, this leads to the conclusion that the 

β1 subunit, while not essential for catalytic activity, plays a role in stabilizing and activating 

the P. furiosus CP assembly, particularly at supraoptimal temperatures such as those 

encountered during thermal stress events. Assembly of the recombinant CP from M. 

jannaschii was found to require the unfolding and re-folding of the α and β proteins to obtain 

activity levels comparable to the native version (9, 10). In comparison, the in vitro CP 

assembly for Thermoplasma acidophilum, Haloferax volcanii, and Methanosacrcina 

thermophila did not require unfolding and re-folding to produce a recombinant protein with 



 

 

 

111   

biochemical characteristics analogous to those of the respective native enzymes (27, 41, 43). 

This indicates that the assembly protocol needed for a fully functioning proteasome may vary 

depending on the individual proteasome being investigated. Here, the native and active 

recombinant versions (α+β2 and α+β1+β2) of the P. furiosus CP were comparable with 

respect to relative activity of peptide substrates, such that the functional properties of the 

recombinant CP did not seem to be impacted significantly by assembly protocol. Certainly, 

the relationship between temperature and β-subunit composition was similar for native and 

recombinant assemblies (see Figure 1). This may be the result of the fact that each 

recombinant protein underwent heat treatment at 85-90°C for at least 20 min to facilitate 

purification prior to assembly. The melting temperatures determined for the recombinant CP 

proteins (Figure 2) also appear to be consistent with previous reports on the thermostability 

of a range of P. furiosus proteins. However, hints of thermal transitions beginning at 

temperatures of 115°C and higher (see Figure 3) raises the prospect that multiple versions of 

a functional CP can exist when two β subunits are involved. 

Even though archaeal 20S proteasomes are based on a limited number of α and β 

proteins, the results here support the prospect that distinct specialized roles for specific 

proteins can exist even in prokaryotes. The roles of the two α proteins in H. volcanii appear 

to be different, with separate proteasome structures being assembled based on varying 

stoichiometric ratios of subunits per structure (21, 42).  In fact, H. volcanii synthesizes at 

least two native versions of the CP, α1+β and α1+α2+β, which may recognize and degrade 

different types of substrates (21). Certainly, in many eukaryotic forms of the proteasome (3, 

6, 12), α and β subunits can play specific and distinctive roles. Yeast CPs are comprised of 

up to seven different β subunits, with certain β subunits responsible for separate proteolytic 
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specificities (19). In fact, yeast proteasome β proteins interact to form active sites for 

proteolysis that nonetheless resemble archaeal CP active sites which are based on a single β 

protein (1).  

Proteasome function was found to be essential for cell survival during heat shock but 

not under normal conditions for T. acidophilum (35), which has single α and β subunit types. 

The relationship between heat shock and CP α/β protein content has not been examained yet 

to any extent in eukaryotes or prokaryotes with multiple subunit forms. Certainly, 

temperature was found to be a factor in the composition of other complex multimeric 

archaeal proteins in thermophilic archaea; e.g., the hetero-oligomeric rosettasome in 

Sulfolobus shibatae has different α/β/γ subunit composition depending upon growth 

temperature (22, 23). In mammalian murine RM cells, even though heat shock led to 

decreased proteasome RNA levels and inhibited formation of the protease complex, no 

drastic alteration of CP α/β protein content was noted (24). In yeast, a heat shock 

transcription factor was found to coordinate expression of proteasome proteins to control 

proteasome synthesis under thermal stress, although the impact on this on CP constitution 

was not determined (18). Recent results from our lab showed that when S. solfataricus was 

shifted from optimal (80°C) to supraoptimal (90°C) temperatures, the transcription of ORFs 

encoding CP proteins (α, β1, β2) were unaffected throughout the 60 min period following the 

temperature shift (40). It was also noted that the transcriptional level of CP proteins in S. 

solfataricus were much higher than in P. furiosus under normal or stressed conditions, 

although the ORF encoding S. solfataricus PAN decreased significantly following 

temperature shift. For the hyperthermophilic archaea, it is yet to be determined whether CPs 

with two β subunits confer any special advantages upon specific microorganisms with 
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respect to thermal stress response. Perhaps those hyperthermophiles whose genomes encode 

two β proteins experience frequent temperature excursions in their natural habitats. In any 

case, the results here suggest that the impact of CP β subunit content on function at 

suboptimal, optimal and supraoptimal temperatures merits further examination, with an eye 

towards insights that relate to eukaryotic CPs. Such efforts are currently underway. 
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Table 1:  Changes in expression levels of P. furiosus proteasome protein, PAN and heat shock proteins 

upon shift from 90ºC to 105ºC. Data represent log2-transformed fold-changes for four time points after culture 

temperature was increased relative to the 90ºC baseline.  Column ‘0 min - Baseline’ represents fold-change upon 

temperature increase (zero time point), column ‘5 min - Baseline’ is 5 min after temperature change, and columns 

’30 min - Baseline,’ ’60 min - Baseline,’ and ’90 min – Baseline’ are 30, 60, and 90 min after temperature 

change, respectively. Also reported are 60 min HS data (two replicates) from (37), shown in italics. 
 

PF ID
a
 Function

a
 0

+
 min - Baseline 5 min - Baseline 30 min - Baseline 

 

60 min - Baseline 

 

90 min - Baseline 

  log2(Fold) 

 

Fold log2(Fold) 

 

Fold 

 

log2(Fold) 

 

Fold 

 

log2(Fold) 

 

Fold log2(Fold) 

 

Fold 

 

PF1974 

 

Thermosome 

 

3.1 ± 0.2 

 

8.6 

 

2.0 ± 0.2 

 

4.0 

 

2.0 ± 0.3 

 

4.0 

 

-0.4 ± 0.4 

 

-1.3 

 

-1.0 ± 0.2 

 

-2.0 

     
   2.00 ± 0.25 

2.07 ± 0.16 

 4.0 

 4.2 

 
 

 

PF1883 

 

SmHSP 

 

5.1 ± 0.2 

 

34.3 

 

3.7 ± 0.2 

 

13.0 

 

4.9 ± 0.2 

 

29.9 

 

2.9  ±   0.3 

  

 7.5 

  

1.5 ± 0.2 

  

2.8 

        
     >2.95 ± 0.34 

  >2.80 ± 0.12 

> 7.7 

> 6.9 

 
 

 

PF1404 

    

ββββ1 protein 

 

1.0 ± 0.2 

 

2.0 

 

1.2 ± 0.3 

 

2.3 

 

0.4 ± 0.5 

 

1.3 

 

0.5 ± 0.5 
  

 1.4 

  

0.2 ± 0.3 
  

1.1 

        
   1.03 ± 0.33 

0.98 ± 0.05 

 2.0 

 2.0 

 
 

 

PF0159 

    

ββββ2 protein 

 

 

0.2 ± 0.1 

 

 

1.1 

 

 

-0.1 ± 0.2 

 

 

-1.1 

 

 

0.4 ± 0.5 

 

 

1.3 

 

 

-2.1 ± 0.6 

 

 

-4.3 

 

 

-2.2 ±0.3 

 

 

-4.6 

     
   0.89 ± 0.21 

0.47 ± 0.05 

 1.9 

 1.4 

 
 

 

PF0115 

 

PAN 

 

-0.1 ± 0.3 

 

1.1 

 

-0.4 ± 0.4 

 

-1.3 

 

1.0 ± 0.4 

 

2.0 

 

-1.6 ± 0.6 

 

-3.0 

 

-1.7 ± 0.6 

 

-3.2 

        
   0.25 ± 0.16 

-0.12 ± 0.05 

 1.2 

-1.1 

 
 

 

PF1571 

    

α α α α protein 

 

-1.0 ± 0.3 

 

-2.0 

 

-0.7 ± 0.5 

 

-1.6 

 

-2.1 ± 0.6 

 

-4.3 

 

-2.3 ± 0.9 
 

-4.9 

 

-1.6 ± 0.8 
 

-3.0 

        
   -1.96 ± 0.28 

-1.16 ± 0.03 

-3.9 

-2.2 

 
 

 

a 
SmHSP=small heat shock protein; PAN = proteasome-activating nucleotidase 
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Table 2. Effect of Assembly Temperature  (β β β β Protein Content)  

on P. furiosus 20S Proteasome Kinetics at 95°C 

 

 
Vmax 

(U/µg) 
K'm 

(µM) 
Ks1 

(µM) 
kcat 

(s
-1

) kcat/K'm R
2 

 VKM-MCA*       
90ºC Assembly 1159 45.2 346 1.0 21.9 0.96 
105ºC Assembly 2194 36.4 581 1.9 51.5 0.87 

Native (2) 2200 460     
 

 LLVY-MCA**    

90ºC Assembly 41 204 NA 0.03 1.8 0.83 
105ºC Assembly 150 214 NA 0.12 6.4 0.89 

Native (2) 114 360     
 

AAF-MCA**  

90ºC Assembly 135 695 NA 0.12 0.2 0.99 
105ºC Assembly 70 282 NA 0.05 3.0 0.91 

Native (2) 162 1780     
 

*VKM data were fit here using substrate inhibition model. Note that previous data for 

native 20S Pfu proteasome was fit with standard Michaelis-Menten model (2) 

 

**LLVY, AAF data were fit using standard Michaelis-Menten model 
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Table 3. Proteasome proteins encoded in prokaryotic genomes 
 

  T (ºC) α protein β protein PAN 

Archaea      
Aeropyrum pernix 95 APE1449  APE0521  APE0507 APE2012 

Archaeoglobus fulgidus 83 AF0490 AF0481  AF1976 

Ferroplasma acidarmanus 37 EAM94259 EAM93969 EAM94439* 

Halobacterium sp. NRC-1 50 VNG0166G  VNG0880G  VNG2000G VNG0510G 

Haloarcula marismortui  43049 50-53 AAV46668 AAV46124 AAV45476 AAV46667 AAV47895 AAV48212 

Haloferax volcanii 45 T48679 T48677  AAV38127 AAV38126 

Haloquadratum walsbyi 37 HQ1516A HQ2454A HQ2661A HQ3115A HQ1544A 

Methanocaldococcus jannaschii  85 MJ0591 MJ1237  MJ1176 

Methanococcoides burtonii  6242 30-35 ABE51206 ABE51369 ABE53157 ABE52987 

Methanopyrus kandleri AV19  98 MK0385 MK1228  MK0878 

Methanosarcina acetivorans 35-40 MA1779 MA3873  MA4268 MA4123 

Methanosarcina barkeri 37 AAZ71416 AAZ69178 AAZ69383 AAZ69600 

Methanosarcina mazei Goel 30-40 MM2620 MM0694  MM1006 MM0798 

Methanosarcina thermophila 50 MTU30483 MTU22157  ND 

Methanospirillum hungatei JF 30-37 ABD41987 ABD40598 ABD40790 ABD40788 

Methanotherm. thermautotrophicus 65-70 MTH686 MTH1202  MTH728 

Methanococcus maripaludis S2 35-40 MMP0251 MMP0695 MMP1647 

Natronomonas pharaonis 2160 45 NP3738A NP3472A NP1524A NP5038A 

Nanoarchaeum equitans Kin4-M 90 AAR39362 AAR39057 AAR39040 

Picrophilus torridus DSM 9790 60 PTO0804 PTO0686 PTO0456* 

Pyrobaculum aerophilum 100 PAE2215 PAE3595 PAE0807  PAE0696* 

Pyrococcus abyssi 96 PAB0417 PAB1867 PAB2199  PAB2233 

Pyrococcus furiosus 100 PF1571 PF1404 PF0159  PF0115  

Pyrococcus horikoshii 98 PH1553 PH1402   PH0245  PH0201 

Sulfolobus acidocaldarius 75 AAY80005 AAY80046 AAY80272 AAO73475 

Sulfolobus solfataricus 87 SSO0738 SSO0766  SSO0278  SSO0271 

Sulfolobus tokodaii 80 ST0446 ST0477  ST0324  ST0330  

Thermoplasma acidophilum 59 TA1288  TA0612  TA0840* 

Thermoplasma volcanium 60 TVN0304  TVN0663  TVN0947* 

Thermococcus kodakarensis 95 TK1637 TK1429 TK2207 TK2252 

     

Bacteria     
Mycobacterium tuberculosis 37 MT2169 MT2170 ND 

Rhodococcus erythropolis 10-40 AAC45741 AAC45737 AAC45740 AAC45736 ND 

Streptomyces coelicolor 10-37 SCO1643 SCO1644 ND 

 

ND - No PAN homolog detected  

*No ORF annotated as PAN, but possible homolog detected. 
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Figure 1. The graph shows the ratio of β2 to β1 proteins in recombinant P. furiosus 20S 

proteasome as a function of assembly temperature as determined by densitometry of 

proteins separated by 2D gel electrophoresis.  Enlargements of 2D gels for various 

recombinant proteasome assemblies are shown a-c, in which the ß1 subunit is located on 

the left and the ß2 is on the right.  The ß2 to ß1 ratios for the native enzyme purified from 

cells grown at either 80ºC or 90ºC are shown in the table and are compared to the ratio 

for the recombinant assembly. 

Recombinant Enzyme Native Enzyme 

Assembly 

Temperature 

(°C) 
ββββ2/ββββ1 

Growth 

Temperature 

(°C) 
ββββ2/ββββ1 

80  3.8 80 3.0 

90 1.9 90 1.8 

100 1.4 

105 0.9 
 Not determined 
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Figure 2.  Differential scanning calorimetry showing melting points of P. furiosus (a) 

recombinant proteasome β proteins, and (b) recombinant PAN. No thermal transition was 

noted for α protein up to 125°C. Recombinant PAN (b) was analyzed in two separate 

scans, with both melting peaks occurring at the same temperature of 94.2ºC. 

β1 = 104.4ºC 

β2 = 93.1ºC 

PAN = 94.2ºC 

(a) 

(b) 
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Figure 3.  Differential scanning calorimetry showing thermal transitions for P. furiosus 

recombinant 20S proteasome  assemblies. A = α+β2 assembled at 90ºC, B = α+β2 

assembled at 105ºC, C = α+β1+β2 assembled at 90ºC, and D = α+β1+β2 assembled at 

105ºC.  

A α+β2 90ºC 

B α+β2 105ºC 

C α+β1+β2 90ºC 

D α+β1+β2 105ºC 
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Figure 4.  Specific Activity of VKM-MCA by P. furiosus proteasomes versus incubation 

time at 115ºC.  Error bars are shown on plots.  VKM-MCA endpoint activities for all 

points were determined using a fixed volume of each aliquot in triplicate in microtiter 

plates and at an assay incubation temperature of 95ºC with 5 µM substrate. 

 

 

Proteasome form Decay constant (kobs) 

α+β2 90ºC 0.18 ± 0.01 

α+β2 105ºC 0.19 ± 0.01 

  α+β1+β2 90ºC 0.15 ± 0.01 

α+β1+β2 105ºC 0.025 ± 0.004 
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ABSTRACT 

The hyperthermophilic archaeon Archaeoglobus fulgidus produces a 20S proteasome 

(or core particle, CP) comprised of two distinct subunits α (AF0490) and β (AF0481). In 

contrast, the Pyrococcus furiosus genome encodes three proteasome components, one α 

(PF1571) and two β proteins (β1-PF1404; β2-PF0159); in vitro the functional 20S 

proteasome assembly in P. furiosus requires α and β2 but not β1.  The ratio of the two 

different β subunits incorporated in P. furiosus proteasome was previously shown to vary in 

accordance with growth temperature and in vitro assembly temperatures, which led to altered 

biochemical and biophysical characteristics (27).  In this work, we demonstrate the ability to 

form hybrid proteasome CPs comprised of A. fulgidus α and P. furiosus β1 and/or β2 that 

display characteristics different then the wild-type enzymes.  Of particular significance was 

the finding that P. furiosus β1 preferentially assembles with A. fulgidus α in the presence of 

AFβ. The A. fulgidus recombinant proteasome exhibited comparable biochemical properties 

to the P. furiosus enzyme (α+β2 or α+β1+β2), albeit with a reduced temperature optimum.  

However, the A. fulgidus and hybrid CPs were not substrate-inhibited as was the case for the 

P. furiosus CP.  Consistent with the 20°C difference in optimal growth temperatures for these 

two organisms, thermostability of the two wild-type proteasomes were markedly different; 

the 1
st
 order inactivation constant (kd) for A. fulgidus proteasome was 0.35 at 90°C compared 

to a kd of 0.15 at 115.0°C for the P. furiosus CP (PFα+PFβ1+PFβ2) assembled at 90°C. A 

melting temperature of 104°C was determined by DSC for AFα+AFβ, compared to >115°C 

for PFα+PFβ1+PFβ2.  The melting temperature for P. furiosus α was estimated to be 135°C, 
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which likely contributes significantly to the extreme thermostability of the native P. furiosus 

proteasome.  Combination of AFα with PFβ1, PFβ2, or both PFβ1+PFβ2 resulted in active 

proteases  of approximately 700 kDa. PFα and AFβ did not form a CP.  The chimeric, or 

hybrid, proteasomes exhibited inactivation constants, kd, in the range of 0.3-0.4 when 

measured at 80°C. The hybrid CP based on AFα and both PFβ1 and PFβ2 demonstrated an 

optimal temperature comparable to that of PFα+PFβ1+PFβ2  The substrate specificity of the 

hybrid proteasomes differed biochemically from the wild-type proteasome; AFα+PFβ1 and 

AFα+PFβ2 both degraded VKM-, AAF-, and LLVY-MCA.  However, AFα+PFβ1+PFβ2 

hydrolyzed FVA- and QRR-MCA in addition to VKM-, AAF-, and LLVY-MCA.  Taken 

together, these results demonstrate that hybrid proteasomes can be constructed from different 

hyperthermophiles and that subunit composition influences biochemical and biophysical 

properties. They also suggest that CPs in particular archaea may have arisen from common 

sources, given the fact that hybrid inter-generic versions can be created in vitro. 
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INTRODUCTION 

Proteasomes are heteromultimeric proteases found in all domains of life that play a 

key role in intracellular protein degradation (15-17, 20, 26, 31, 33, 34, 38, 41, 44).  In 

eukaryotes, the composition of the proteasome core particle (CP or 20S proteasome) is based 

on many versions of small α- and β-type proteins (21-31 kDa) that assemble into heptameric 

stacked rings (α7β7β7α7); the set of 14 α and 14 β subunits that comprise the CP assembly 

can vary depending upon cellular status (17). For example, the Saccharomyces cerevisiae CP 

can have up to seven different β proteins in its assembly, which contributes to multiple 

proteolytic specificities (1). The genomes of higher eukaryotes, such as Arabidopsis thaliana, 

encode for as many as 13 α-type and 10 β-type proteins, creating the possibility of numerous 

CP versions (13). Three γ-interferon-inducible mammalian β subunits are linked to the 

generation of major histocompatibility complex class 1 peptides (2, 9, 14, 35).  All archaeal 

and some bacterial genomes that have been sequenced to date encode α and β proteins that 

comprise the 20S proteasome (30). In some cases, 20S proteasome composition may also be 

variable in archaea, although the possibilities appear much more limited since typically only 

one or two α/β proteins are found in their genomes (15, 27, 30, 31). 

In bacteria, 20S proteasomes have been identified in Streptomyces coelicolor as well 

as in Mycobacterium tuberculosis, both of which appear to be based on single α and β 

proteins (25, 36).  In the hyperthermophilic archaea, available genome sequence data indicate 

that the CP is most commonly based on either one α and one β protein, or two β proteins and 

one α protein.  In Haloferax volcanii, the proteasome CP is found in at least two different 

isoforms, based on combinations of one β protein and two α proteins (6, 22). The additional 
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α or β protein in archaeal proteasomes may provide some biochemical and/or biophysical 

versatility, along the lines seen in the eukaryotic proteasome (17, 18).  It has been proposed 

that the H. volcanii CP assembly, and association with the proteasome-activating 

nucleotidases (PanA and PanB), may be growth phase-associated (37). Environmental factors 

may contribute to the β protein composition in hyperthermophiles, as demonstrated by the P. 

furiosus proteasome which alters β composition as a function of growth temperature (27).  

The purpose of the additional β subunit in archaeal proteasomes is not known, although in P. 

furiosus the alternate β subunit has been linked to increased thermostabililty and altered 

biochemical properties (27).  The less expansive inventory of 20S proteasome subunits in 

bacteria and archaea could facilitate efforts to pinpoint the specific roles of these individual 

components in proteasome function both in vivo and in vitro.  

For many thermophilic archaea, in vitro combination of the α and β proteins leads to 

spontaneous, self-directing assembly of the 20S proteasome, without need for chaperones or 

other accessory proteins (31, 32).  However, this process can be extremely inefficient, such 

as is the case for the Methanosarcina thermophila 20S proteasome in which only 50% of the 

β proteins were processed and incorporated into a fully active 20S CP (28).  Likewise, the 

assembly of the P. furiosus 20S proteasome at physiologically relevant temperatures yielded 

a substantial amount of unincorporated β proteins (Michel and Kelly, unpublished data).  In 

vitro assembly of the 20S proteasome can be problematic.  Indeed, the recombinant 20S 

proteasome from Methanococcus jannaschii required denaturation of α and β subunits with 

urea, followed by their combination at high temperature and subsequent refolding by removal 

of the denaturant using dialysis (12). Without unfolding-refolding of the M. jannaschii 

proteasome, an active enzyme was produced, but with a markedly decreased optimal 
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temperature (95ºC) compared to the native version (119ºC) (11).  Conversely, the 

recombinant proteasome from P. furiosus and M. thermophila demonstrated similar 

biochemical and physical characteristics to their native counterparts (27, 28). It was noted 

that the recombinant P. furiosus proteasome contained more β1 subunits when assembled at 

higher temperatures (27).  Yet, no proteasome formation was noted when P. furiosus α and 

β1 were combined in the absence of β2 at any assembly temperature tested (80-105°C) (27). 

Large heteromultimeric proteases are vital and ubiquitous components of cellular 

proteolytic systems (15).  In addition to the architectural similarity among the ATP-

dependent proteases Clp and the proteasome, other degrading enzymes display similar self-

compartmentalizing structures.  The proteasome genes have also been found in close 

proximity to those associated with RNA/DNA processing, leading to the region being termed 

the exosome (24).  Proposed as a functional homolog in organisms lacking the proteasome, 

the caseinolytic protease (Clp) demonstrates the ability to selectively degrade proteins based 

on target residue sequences or with the aid of adaptor proteins (4, 5).  The alteration of Clp 

subunit composition has been linked to changes in protein targeting, possibly in response 

environmental changes (7, 8).  Within the ubiquitin-proteasome system, chimeric proteins 

have been used to regulate degradation rates for specific cellular targets (46).  However, 

generally little is known about the properties of hetero- and homo-multimeric enzymes 

formed from the replacement of component subunits with heterologous counterparts.  

Additionally, the use of genetic variability of individual subunits within multimeric proteins 

has yet to be fully exploited for tailoring enzyme function. 

Within a single organism’s genome, archaeal proteasome subunits exhibit a high level 

of conservation to each other, although not to the degree (90% similarity) found in 
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euckaryotic genomes.  However, the archaeal subunits in distinct organisms also display a 

level of similarity comparable to those found within a single species (27).  The possibility to 

form in vitro hybrid, or chimeric, proteasomes consisting of subunits from different 

organisms was first noted for Aeropyrum pernix and A. fulgidus (16).  This assembly of A. 

pernix α with A. fulgidus β suggested that a common assembly pathway for the CP of these 

two organisms existed (16).  Formation of such hybrids might be of biotechnological 

relevance in light of reports demonstrating the in vivo degradation of aggregation-prone 

proteins by a mesophilic archaeal proteasome expressed in mammalian cells (45); this system 

may provide an opportunity for the in vivo combination of heterologous proteasome proteins.  

Here, we present the first detailed description of biochemical and biophysical properties for 

the hybrid proteasomes formed from P. furiosus and A. fulgidus CP components. 

 

MATERIALS AND METHODS 

Note on Nomenclature:  Typically the terms 20 proteasome and core 

particle(CP) are used interchangeably when referring to the central catalytic barrel of 

the proteasome.  However, in this work we will use CP, which we believe is more 

general and thus better suited for describing enzymes comprised of heterlogous 

subunits.  The term 20S proteasome will be reserved for descriptions of enzymes 

formed by combination of subunits from a single organism. 

 

Enzyme assays.  Core particle peptidase activity was determined by endpoint assay 

in 50 mM sodium phosphate buffer (SPB), pH 7.2 and 95°C (unless otherwise noted), with a 

microtiter plate reader (Model HTS 7000 Plus Bio Assay Reader, Perkin-Elmer, Wellesley, 
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MA) by detection of 7-amino-4-methylcoumarin (MCA) released from the carboxyl terminus 

of N-terminally blocked peptides (Sigma-Aldrich, St. Louis, MO) (3). Negative controls (no 

enzyme) were run in triplicate to account for thermal degradation of substrates. Kinetic 

constants were determined using a least squares fit of an appropriate model (Michaelis-

Menten with or without inhibition) to the initial velocity (U/µg) as a function of substrate 

concentration (0.01 mM-0.50 mM) data at 95ºC.  The optimal catalytic temperature of each 

assembly was determined using 200 ng of enzyme in 0.05 mM VKM-MCA, incubated at 

temperatures ranging from 50ºC to 100ºC.  One unit of protease activity was defined as the 

amount of enzyme required to release 1.0 pmol of MCA per min. Total protein 

concentrations were determined using the Coomassie blue dye-binding method (Bio-Rad, 

Hercules, CA) in microtiter plates with bovine serum albumin (Sigma-Aldrich, St. Louis, 

MO) as the standard.  The optimal catalytic temperature of each assembly was determined 

using 200 ng of enzyme in 0.05 mM VKM-MCA, incubated at temperatures ranging from 

50ºC to 100ºC. 

 

Cloning and expression of the P. furiosus and A. fulgidus 20S proteasome genes 

in Escherichia coli.  The genes for the three proteins associated with the P. furiosus 

proteasome, psmA (PFα, PF1571, “proteasome, subunit alpha”), psmB-1 (PFβ1, PF1404, 

“proteasome, subunit beta”), and psmB-2 (PFβ2, PF0159, “proteasome, subunit beta”), were 

separately cloned into the pET-24d(+) vector (Novagen, Madison, WI).  The PF α gene was 

amplified using the primers: forward: (5’-TGAACGCCATGGCATTTGTTCCACCTCA-3’) 

and reverse: (5’-ATAAAAATTGGATCCAAGTCAGTAGTTGCTATCCA-3’). The PF β2 

gene was amplified with: forward (5’-
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TTAGGTGGTGCTCATGAAGAAAAAGACTGGAA-3’) and the reverse primer (5’-

TAAGGAAGCCTGGATCCTTCATACTACAAACTCTT-3’).  The PF β1 gene was cloned 

using an ORF that started with the fourth amino acid from the reported amino-terminus 

(based on locations of start codon and likely ribosomal binding site). N-terminal sequencing 

confirmed that the unprocessed β1 subunit was expressed correctly. The primers used for β1 

gene amplification were: forward (5’-TGTTGCCCATGGAAGAGAAACTTAAGGGAA-3’) 

and reverse (5’- AAATTGTCGGATCCTTGGACTACTTTAACATTTT-3’). 

The gene for the A. fulgidus alpha proteasome protein (AF0490) was cloned into 

pET-24d(+) vector, while the corresponding beta protein (AF0481) was cloned into pET15b 

vector (Novagen, Madison, WI), which codes for a removable N-terminal (Histidine)6-tag.  

The AF α gene was amplified using the primers: forward: (5’- 

GCGCCATATGATGCATTTACCGCAAATGGGATA-3’) and reverse: (5’- 

GCGCGTCGACTCACTTCTTCAGCAGCTCCCTA -3’).  The primers used for AF β gene 

amplification were: forward (5’-GCGCCATATGATGAGCATGATAGAGGAGAAGAT-3’) 

and reverse (5’-GCGCCTCGAGTTATTTCCTGAACTTGGCCAGTA-3’). 

The P. furiosus α gene was expressed in E. coli BL21(DE3), while the PF β1 and PF 

β2 genes were separately expressed in E. coli BL21-CodonPlus
®

(DE3)-RIL (Stratagene, La 

Jolla, CA).  Expression was induced with 0.4 mM IPTG (OD595 = 0.60); cells were harvested 

3-5 hr after induction (37ºC). The re-suspended cell pellets were treated with lysozyme, 

sonicated (Misonix, Inc., Farmingdale, NY), and centrifuged (18,000 x g, 4ºC) for 30 min.  

Two 20-min heat treatments of the soluble protein fractions for α and β1 were performed:  

the first at 85ºC and the second at 90ºC, to remove residual E. coli protein. Each treatment 

was followed by cooling on ice for 30 min, centrifugation (18,000 x g, 4ºC) for 30 min to 
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remove insoluble protein. The β2 protein preparation required only one 20-min heat treatment 

at 85ºC. 

The A. fulgidus α and β genes were also expressed separately in E. coli BL21(DE3).  

Cultures were grown at 37ºC, expression was induced with 1.0 mM (final concentration) 

IPTG (OD595 = 0.70-1.0) and shifted to 30ºC; cell harvest occurred 5 hr after induction.  The 

re-suspended cell pellets were treated with lysozyme, sonicated (Misonix, Inc., Farmingdale, 

NY), and centrifuged (18,000 x g, 4ºC) for 30 min.  A single 20-min heat treatment of the 

soluble protein fraction for A. fulgidus α was performed at 60ºC to remove residual E. coli 

protein.  The A. fulgidus β protein was purified using a HiTrap Chelating HP column (GE 

Life Sciences, Piscataway, NJ) followed by a 20-min heat treatment at 60C.  The N-terminal 

His-tag was cleaved by overnight digestion with Thrombin (Novagen, Madison, WI) at 37ºC, 

followed by a second 20 min teat treatment at 60°C. 

 

Expression of the A. fulgidus ββββ protein (AF0481).  The A. fulgidus β protein was 

expressed with an N-terminal (His)6-tag that aided in expression and purification.  However, 

the N-terminal His residues blocked the formation of an active proteasome when combined 

with the AFα protein.  This is most likely due to a hindrance effect from the (His)6 region 

which prevented ring formation, as well as N-terminal hydrolysis.  For this reason, the N-

terminal region (approximately 3 kDa in size) was cleaved using the mesophilic protease 

Thrombin.  Figure 1 shows the SDS PAGE gel of the expressed AFβ uncleaved (lane 2), 

AFβ thrombin cleaved (lane 3), and AFβ thrombin cleaved & heat-treated (lane 4).  

Following thrombin cleavage and heat treatment the AFβ recombinant protein exhibited a 

similar molecular weight (~28 kDa) to that calculated from sequence data (27.6 kDa).  The 
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heat treatment step following Thrombin cleavage removed both residual E. coli proteins, as 

well as the Thrombin present, resulting in a pure β protein sample. 

 

Assembly of the recombinant CP. To assemble the CP, the α and β proteins were 

combined in equimolar ratios to a final total protein concentration of 0.5-0.7 mg/ml. This 

mixture was then incubated at the indicated temperature for 1 hr, cooled on ice for 1 hr, and 

precipitated material was removed through centrifugation (16,000 x g, 4ºC) for 30 min.  In 

order to remove unincorporated α and β proteins, the sample was applied to a S-300 High 

Resolution XK 16/40 column, calibrated with a High Molecular Weight Calibration Kit (GE 

Life Sciences, Piscataway, NJ).  All CP VKM-MCA activity was eluted in the first peak 

which corresponded to a protein of approximately 660 kDa; these fractions were then 

concentrated using a 30,000 MWCO Centriplus® Centrifugal Filter Device (Millipore, 

Billerica, MD). 

 

Two-dimensional gel electrophoresis of purified CP.  Purified samples of the CP 

(45 µg) were precipitated in a 10% trichloroacidic acid (TCA) solution on ice for 1 hr.  The 

resulting pellet was washed 3 times with 150 µL of ice-cold acetone (-20ºC) and then dried 

for 5 minutes at 60ºC.  The protein was re-suspended in 125 µL of re-hydration buffer (8 M 

urea, 2% CHAPS, 50 mM dithiothreitol (DTT), 0.2% Bio-Lyte ampholytes (Bio-Rad, 

Hercules, CA) and applied to a 7.0 cm pH 3-10 isoelectric focusing (IEF) strip (Bio-Rad).  

The strip was subjected to active re-hydration (50V) for 16 hrs.  The conditions used for 

focusing were:  250 V, linear ramp, 20 min; 4000 V, linear ramp, 2 hr; 4000 V, rapid ramp, 

10,000 V-hr.  After IEF, the strips were incubated in equilibration buffer I (6 M urea, 0.375 
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M Tris-HCl, pH 8.8, 2% SDS, 20% glycerol, 2% DTT) for 10 min at room temperature, 

followed by another 10 min incubation in equilibration buffer II (6 M urea, 0.375 M Tris-

HCl, pH 8.8, 2% SDS, 20% glycerol, 2.5% iodoacetamide). For the second dimension, the 

IEF strip was then placed on top of a 12% SDS PAGE gel and covered with a 2-D agarose 

overlay gel (0.5 % Low Melting Point Agarose, Tris base 2.9 g/L, glycine 14.4 g/L, SDS 1.0 

g/L) .  The gels were stained with GelCode® Blue Staining Reagent (Pierce, Rockford, IL) 

and analyzed on a GS-710 Calibrated Imaging Densitometer (Bio-Rad). 

 

Differential scanning calorimetry of recombinant CP’s and proteasome subunit 

proteins.  The melting temperatures of all expressed proteins were determined using a CSC 

nanodifferential scanning calorimeter (DSC; Calorimetry Sciences Corp., American Fork, 

UT).  All samples were dialyzed against 50 mM SPB, pH 7.2, which was the buffer used to 

generate the baseline scan.  Samples (0.21 mg/ml) were de-gassed and scanned from 25-

125ºC using a scan rate of 0.5ºC/min for two heating and cooling cycles.  Heat capacity as a 

function of temperature was determined using the software program accompanying the DSC 

instrument to estimate melting temperatures. After each sample was analyzed on the DSC, 

activity assays and native gels were used to determine if complete or irreversible 

denaturation had occurred.  Samples were centrifuged (16,000 x g, 4ºC) to remove 

aggregates, total protein concentrations were determined, and activity assays were run 

simultaneously against the corresponding initial samples to obtain relative loss of activity.  

 

Thermal inactivation of CP assemblies.  High-temperature incubation of the active 

recombinant proteasome forms (AFα+AFβ, AFα+PFβ1, AFα+PFβ2, and AFα+PFβ1+PFβ2 
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assembled at 90ºC) was done to examine thermal inactivation rates.  Each assembly was 

adjusted to a baseline concentration of 0.01 mg/ml and incubated at 80ºC, 90ºC, or 100ºC in 

a Polymerase Chain Reaction machine (Perkin Elmer, Waltham, MA) for up to 12 hr.  

Aliquots were taken at time points from 0-12 hr and stored on ice until the end of the 

incubation period.  The standard VKM-MCA microtiter plate assay was then used to 

compare the activities of the mixtures; 100 ng enzyme, based on pre-incubation 

concentration, was mixed with 50 µM VKM-MCA and heated to 95ºC for 1-10 min 

depending on the sample.  The resulting fluorescence scores, with average background values 

subtracted, were determined, and used to calculate first-order decay constants.  

 

RESULTS 

Composition of the A. fulgidus and A. fulgidus-P. furiosus hybrid CP.  The 

purified, functional CP constructs were subjected to analysis by 2D gel electrophoresis to 

determine subunit composition. Separation of the proteasome subunits was facilitated by the 

difference in molecular weight and isoelectric points, as noted in Table 1.  As shown in 

Figure 2, the 2D gel image for AFα+AFβ exhibited 2 spots corresponding to the α and β 

proteins, while the AFα+PFβ1+PFβ2 gel  image showed three spots corresponding to α, β1, 

and β2.  Densitometry analysis of the A. fulgidus recombinant proteasome showed a 1:1 ratio 

between AFα and AFβ that is consistent with the α7β7β7α7 proteasome architecture. The 

hybrid enzyme, AFα+PFβ1+PFβ2, yielded a β1:β2 ratio of 1.0, which is similar to that found 

for the recombinant P furiosus proteasome assembled at 105ºC (27).  In contrast, the 2D gel 

of the AFα+AFβ+PFβ1 hybrid shows only 2 spots, corresponding to the AFα and PFβ1 
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proteins.  Thus, the A. fulgidus α protein appears to preferentially incorporate the P furiosus 

β1 in place of the A. fulgidus β. 

 

Biochemical properties of A. fulgidus and hybrid A. fulgidus-P. furiosus CP 

assemblies.  The recombinant A. fulgidus CP assembly was screened for activity against a 

number of peptide substrates, shown in Table 3.  For substrates that were hydrolyzed, relative 

activities were as follows: VKM >> AAF >LLVY > AAA > QRR > GPLPG > RR > FVR.  

The preferential cleavage of VKM-MCA by the recombinant A. fulgidus proteasome was 

similar to that reported for the P. furiosus native and recombinant enzymes (3, 27).  Each 

individual protein (AFα, AFβ, PFα, PFβ1, PFβ2) was inactive against VKM-MCA and all 

other substrates tested, when initially expressed and stored at 4ºC or when heated to 80ºC, 

90ºC or 95ºC.  The hybrid proteasome formed from AFα+PFβ1+PFβ2 showed a substrate 

preference of VKM > LLVY > AAF > FVR > AAA > QRR, which is similar to the native P. 

furiosus proteasome and recombinant 20S proteasome PFα+PFβ1+PFβ2 (3).  The hybrid CP 

AFα+PFβ1 showed a substrate preference of VKM >> AAA > LLVY > AAF, while 

AFα+PFβ2 demonstrated the preference VKM >> AAF > LLVY.  Thus, the incorporation of 

either PFβ1 or PFβ2 has a significant impact on CP substrate preference, which is consistent 

with previous work on the recombinant P. furiosus proteasome (27).  Due to the preferential 

degradation, VKM-MCA was used as a comparative basis to track the activities of various 

assemblies of the recombinant CP complexes.  

The effect of subunit composition on kinetic properties was examined for the various 

recombinant versions of the CP.  Table 2 summarizes the kinetic parameters for the 6 

different 20S proteasome versions (AFα+AFβ, AFα+PFβ1, AFα+PFβ2, AFα+PFβ1+PFβ2, 
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PFα+PFβ1+PFβ2, & PFα+PFβ2) assembled at 90ºC.  Degradation of VKM-MCA by the P. 

furiosus recombinant proteasome (PFα+PFβ1+PFβ2) was fit to a substrate inhibition model, 

while the other proteasome constructions exhibited standard Michaelis-Menten kinetics.  The 

Km values of all proteasomes forms on VKM-MCA were in the range of 40-240 µM, which 

was consistent with results for CPs from Rhodococcus, Mycobacterium, and Thermoplasma 

species (23, 25, 39, 42).  The hybrid proteasome AFα+PFβ1 exhibited the highest Km (237 

µM), while the P. furiosus proteasome PFα+PFβ1+PFβ2 was at the low point of the range 

(45.2 µM).  The incorporation of β1 into the active proteasome was accompanied by a 

decrease in Km. The catalytic efficiency (kcat/Km) of all proteasomes tested fell within the 

range of 12.0-35.0 s
-1

 mM
-1

, with the highest noted for AFα+PFβ1+PFβ2 at 34.8 s
-1

 mM
-1

.  

The catalytic efficiency of AFα+PFβ1+PFβ2, in which β1 and β2 combined in a 1:1 ratio, was 

consistent with the recombinant P. furiosus proteasome, however no substrate inhibition was 

noted (27). In addition, AFα+PFβ1+PFβ2 exhibited a significantly higher Vmax at 95°C then 

the recombinant P. furiosus proteasome assembled at 90°C; this may be attributed to the 

substrate inhibition found for the P. furiosus enzyme. 

The specific rate of VKM-MCA hydrolysis for temperatures ranging from 50°C to 

100°C is shown in Figure 3.  The A. fulgidus 20S proteasome (AFα+AFβ) and chimeric CPs 

(AFα+PFβ1 and AFα+PFβ2) exhibited similar temperature optima (~100°C).  In contrast, the 

P. furiosus 20S proteasome (PFα+PFβ1+PFβ2) and hybrid CP (AFα+PFβ1+PFβ2) 

demonstrated optimal temperatures above 100°C. 

 

Thermostability of recombinant A. fulgidus CP proteins and hybrid assemblies. 

Thermostability of the individual recombinant CP proteins was determined by differential 
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scanning microcalorimetry (DSC).  The AFα protein was found to be very thermostable; in 

phosphate buffer no thermal transitions were noted for scans up to 125°C (data not shown), 

the upper limit that could be tested by the instrument in use.  In the presence of 6M urea, a 

transition was noted at approximately 120ºC, indicating an extremely high melting point for 

AFα under standard conditions. The melting temperature for AFβ was 81.0 ºC (see Figure 

4a). In the absence of the α subunit, the pro-peptide region of 10 N-terminal residues 

upstream of the putative active-site Thr within the “TTT” tripeptide in the expressed β 

protein was retained, as determined by 2D gel electrophoresis (data not shown).  The 

thermostabilizing properties of the N-terminal region, if any, are not known. 

The melting curve for AFα+AFβ exhibited a thermal transition at 105°C, as shown in 

Figure 4b.  For the AFα+PFβ1 hybrid form, a transition at 104.5°C was noted, likely 

corresponding to unincorporated β1 subunit, which also melts at that temperature (27); the 

transition corresponding to AFα+PFβ1 was found at 91.0ºC.  The P. furiosus proteasome 

(Figure 4C) demonstrated a thermal transition at 112.0ºC, as well as the beginning of another 

transition at 125ºC, resulting from an additional proteasome sub-type (27). Samples that were 

twice scanned to 125°C and cooled back to ambient temperatures showed that at least 25% of 

the initial activity on VKM-MCA remained.  To fully denature all forms of the P. furiosus 

proteasome, scans were performed to 125ºC in the presence of 2-6 M Urea.  Extrapolating 

the altered melting points back to the 0 M Urea condition, provided an estimate of 134.0ºC 

for the high melting form of the P. furiosus proteasome.  

The thermal inactivation constants for all the proteasome forms tested are shown in 

Table 2.  Due to their relative thermal stabilities, the inactivation constants were necessarily 

determined at different temperatures. At 90ºC, the kd for AFα+AFβ (A. fulgidus proteasome) 
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was 0.35 s
-1

, compared to a kd of 0.15 s
-1 

for PFα+PFβ1+PFβ2 (P. furiosus proteasome) at 

115º. The hybrid proteasomes AFα+PFβ1 and AFα+PFβ2 exhibited inactivation constants, kd,  

of 0.26 and 0.37, respectively, at 80ºC.  Conversely, AFα+PFβ1+PFβ2 yielded a kd of 1.18 

when measured at 100ºC.  The recombinant P. furiosus proteasome (PFα+PFβ1+PFβ2) was 

the most stable form, which remained active at a temperature of 115ºC over 12 hours. 

 

DISCUSSION 

The catalytic component of the A. fulgidus 20S proteasome is formed from a single 

type of β-protein, as is the case with several other archaeal proteasomes that have been 

characterized to date (T. acidophilum (26), M. thermophila (29), M. jannaschii (11, 12, 44), 

Haloferax volcanii (22)).  In comparison, P. furiosus encodes two different β proteins, which 

is less common among the sequenced archaeal genomes but found for Aeropyrum pernix, 

Haloarcula marimorui, Sulfolobus solfataricus, Sulfolobus tokodaii, Thermococcus 

kodakarensis.  Unlike the case in eukaryotes, in which some multiple versions of α and β 

proteins have been observed to have 90% identical protein sequences (13), the P. furiosus β 

proteins are only 48% identity at the amino acid level.  As Figure 5 demonstrates, a high 

level of sequence similarity exists among the hyperthermophilic α proteins.  The β protein 

amino acid sequences are more variable than the α subunits, but universally contain the N-

terminal active Thr residue as noted in Figure 6.  Furthermore, the identity between the two β 

proteins in P. furiosus is approximately the same as the identity between A. fulgidus β and 

either of the P. furiosus β proteins.  As was noted in Table 1, the A. fulgidus β protein is 45% 

and 47% identical to the P. furiosus β1 and β2 proteins, respectively.  In comparison, PFβ1 is 
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48% identical to PFβ2.  Thus, we noted that PFβ1 and PFβ2 proteins could potentially replace 

AFβ, at least to some extent, in vitro.   The differential incorporation of the discrete β 

proteins in P. furiosus have been shown to change the kinetic properties and thermal stability 

of this archaeon’s CP (27). 

The A. fulgidus α protein formed an active proteasome CP when combined to either 

PFβ1, PFβ2, or the combination of both PFβ1 and PFβ2. Both AFα+PFβ1 and AFα+PFβ2 

showed overlapping activities against VKM-, AAF-, and LLVY-MCA; however the 

proteasome with β1 also degraded the fluorescent peptide AAA-MCA.  The two P. furiosus β 

subunits, along with A. fulgidus β, contain an active N-terminal Thr residue.  By comparison, 

the yeast proteasome contains three active sites composed of β subunits containing the N-

terminal Thr residue (β1,β2, and β3) (18).  Five distinct chromogenic substrate preferences 

have been identified by substitution of the Thr residue and can be attributed to particular 

active sites within the yeast CP.  The β1 site displays peptidy-glutamyl-peptide hydrolysising 

activity (21).  The β2 pocket is associated with tryptic activity; while β5 exhibits 

chymotryptic degradation in addition to a preference for branched chain and neutral amino 

acid residues (18, 19, 21).  Substitution of the immuno-proteasome subunits results in 

changes to the β1 associated substrate pocket, but little alteration is noted in those connected 

to the β2 and β5 sites (10, 15, 40).  Our results show that in the P. furiosus-A. fulgidus hybrid 

there is overlapping substrate specificity for CPs composed of either β1 or β2, in addition to 

a preference for AAA-MCA by AFα+PFβ1 CP.  However, recombinant proteasomes that 

contain both subunits exhibit a preference for QRR-MCA and FVA-MCA, which cannot be 

attributed solely to either β1 or β2.  This indicates that the interaction between PFβ1 and PFβ2 
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is important in substrate selection.  Combination of PFα and PFβ1 did not yield an active 

enzyme, but extrapolation of the hybrid CP result to the homogenous P. furiosus 20S 

proteasome suggests a modulation proteasome activity occurs by a change in subunit 

composition.  While the yeast proteasome changes cleavage patterns to produce MHC-1-

associated peptides, the possible reasons for changes in substrate preference in archaea has 

yet to be elucidated. 

The formation of an active enzyme by AFα+PFβ1 was significant due to the fact that 

PFβ1 does not from an active CP when combined with PFα (27).  AFα+PFβ1 had a similar 

catalytic efficiency to both recombinant A. fulgidus and P. furiosus 20S proteasomes 

(PFα+PFβ1+PFβ2 assembled at 90°C), indicating a fully assembled and functioning enzyme.  

While the recombinant M. jannaschii 20S proteasome requires specific protocols for proper 

assembly (11, 12), correct CP formation in vitro for Thermoplasma acidophilum, Haloferax 

volcanii, and Methanosacrcina thermophila is spontaneous after subunit combination (28, 

43, 47).  This indicates that the assembly protocol needed for a fully functioning proteasome 

may vary depending on the individual proteasome being investigated.  Furthermore, the 

ability of PFβ1 to form an active proteasome with AFα, and not with PFα, suggests that the 

CP assembly is significantly influenced by the α protein.  From this limited sample of simple 

archaeal proteasomes, the requirement for folding and refolding appears related to the 

enzymes temperature stability.  The M. jannaschii proteasome had an optimal temperature of 

115°C and needs to be assembled at an elevated temperature to be fully functional (11, 12).  

In contrast, the in vitro assembly of P. furiosus CPs results in a fully active enzyme at all 

temperatures, but displays altered β subunit composition dependent on temperature.  

Presumably, the hyperthermophilic proteasome subunits are less flexible at lower 
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temperatures, which may influence their rate of incorporation.  This may also be indicative of 

a tradeoff between thermostability and folding efficiency for large multimeric proteases.  In 

regard to the P. furiosus proteasome, the possibility exists that PFα and PFβ1 form an active 

enzyme when subjected to optimal folding conditions. 

When AFα was combined with PFβ1 and AFβ, the result was a preference of AFα to 

form an active proteasome with PFβ1 (no AFβ appeared in fully assembled enzymes).  

Formation of AFα + PFβ1 indicates that in some cases the formation of a hybrid proteasome 

is preferred. Thus, assuming that proteasome proteins from a single organism will 

preferentially self-assemble is not necessarily the case.  Furthermore, the formation of 

heterologous multi-subunit  enzymes may be relevant to other similar enzymes, such as the 

Clp protease in which subunits demonstrate high conservation..  Formation of chimeric 

proteasomes may be of particular significance in view of reported efforts showing that 

archaeal proteasomes expressed in mammalian cells degrade aggregation prone proteins 

associated with certain neurodegenerative diseases (45).  The ability of the archaeal 

proteasome proteins to form hybrid enzymes with the corresponding eukaryotic version has 

yet to be investigated.  The formation of chimeric proteasome sub-types during the 

expression of recombinant archaeal proteins in mammalian cells merits further examination.  

However, the probability of this occurring would be low due to the complex proteasome 

assembly mechanisms in mammalian cells. Hybrid proteasomes raise the prospect for 

designing these proteases with preferred characteristics - different substrate preference or 

thermostability.  

  

 



 147 

ACKNOWLEDGMENTS 

This work was supported in part by grants from the NSF Biotechnology Program and the 

DOE Energy Biosciences Program. JKM acknowledges support from an NIH T32  

Biotechnology Traineeship. 

 



 148 

REFERENCES 

 

1. Arendt, C. S., and M. Hochstrasser. 1997. Identification of the yeast 20S 

proteasome catalytic centers and subunit interactions required for active-site 

formation. Proc. Natl. Acad. Sci. U. S. A. 94:7156-61. 

2. Bai, A. L., and J. Forman. 1997. The effect of the proteasome inhibitor lactacystin 

on the presentation of transporter associated with antigen processing (TAP)-

dependent and TAP-independent peptide epitopes by class I molecules. J. Immunol. 

159:2139-2146. 

3. Bauer, M. W., S.B. Halio, and R.M. Kelly. 1997. Purification and characterization 

of a proteasome from the hyperthermophilic archaeon, Pyrococcus furiosus. Appl. 

Environ. Microbiol. 63:116-1164. 

4. Bochtler, M., L. Ditzel, M. Groll, C. Hartmann, and R. Huber. 1999. The 

proteasome. Annu. Rev. Biophys. Biomol. Struct. 28:295-317. 

5. Bochtler, M., L. Ditzel, M. Groll, and R. Huber. 1997. Crystal structure of heat 

shock locus V (HslV) from Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 94:6070-

4. 

6. De Castro, R. E., J. A. Maupin-Furlow, M. I. Gimenez, M. K. Herrera Seitz, and 

J. J. Sanchez. 2006. Haloarchaeal proteases and proteolytic systems. FEMS 

Microbiol. Rev. 30:17-35. 

7. Dougan, D. A., A. Mogk, and B. Bukau. 2002. Protein folding and degradation in 

bacteria: To degrade or not to degrade? That is the question. Cell. Mol. Life Sci. 

59:1607-1616. 



 149 

8. Dougan, D. A., A. Mogk, K. Zeth, K. Turgay, and B. Bukau. 2002. AAA plus 

proteins and substrate recognition, it all depends on their partner in crime. FEBS Lett. 

529:6-10. 

9. Driscoll, J., M. G. Brown, D. Finley, and J. J. Monaco. 1993. MHC-linked LMP 

gene-products specifically alter peptidase activities of the proteasome. Nature 

365:262-264. 

10. Fehling, H. J., W. Swat, C. Laplace, R. Kuhn, K. Rajewsky, U. Muller, and H. 

Vonboehmer. 1994. Mhc Class-I Expression In Mice Lacking The Proteasome 

Subunit Lmp-7. Science 265:1234-1237. 

11. Frankenberg, R. J., M. Andersson, and D. S. Clark. 2003. Effect of temperature 

and pressure on the proteolytic specificity of the recombinant 20S proteasome from 

Methanococcus jannaschii. Extremophiles 7:353-60. 

12. Frankenberg, R. J., T. S. Hsu, H. Yakota, R. Kim, and D. S. Clark. 2001. 

Chemical denaturation and elevated folding temperatures are required for wild-type 

activity and stability of recombinant Methanococcus jannaschii 20S proteasome. 

Protein Sci. 10:1887-96. 

13. Fu, H., J. H. Doelling, C. S. Arendt, M. Hochstrasser, and R. D. Vierstra. 1998. 

Molecular organization of the 20S proteasome gene family from Arabidopsis 

thaliana. Genetics 149:677-92. 

14. Gaczynska, M., K. L. Rock, and A. L. Goldberg. 1993. Gamma-interferon and 

expression of MHC genes regulate peptide hydrolysis by proteasomes. Nature 

365:264-267. 



 150 

15. Groll, M., M. Bochtler, H. Brandstetter, T. Clausen, and R. Huber. 2005. 

Molecular machines for protein degradation. Chembiochem 6:222-56. 

16. Groll, M., H. Brandstetter, H. Bartunik, G. Bourenkow, and R. Huber. 2003. 

Investigations on the maturation and regulation of archaebacterial proteasomes. J. 

Mol. Biol. 327:75-83. 

17. Groll, M., and T. Clausen. 2003. Molecular shredders: how proteasomes fulfill their 

role. Curr. Opin. Struct. Biol. 13:665-73. 

18. Groll, M., L. Ditzel, J. Lowe, D. Stock, M. Bochtler, H. D. Bartunik, and R. 

Huber. 1997. Structure of 20S proteasome from yeast at 2.4 A resolution. Nature 

386:463-71. 

19. Groll, M., W. Heinemeyer, S. Jager, T. Ullrich, M. Bochtler, D. H. Wolf, and R. 

Huber. 1999. The catalytic sites of 20S proteasomes and their role in subunit 

maturation: A mutational and crystallographic study. Proc. Natl. Acad. Sci. U. S. A. 

96:10976-10983. 

20. Groll, M., and R. Huber. 2004. Inhibitors of the eukaryotic 20S proteasome core 

particle: a structural approach. Biochim. Biophys. Acta 1695:33-44. 

21. Heinemeyer, W., M. Fischer, T. Krimmer, U. Stachon, and D. H. Wolf. 1997. The 

active sites of the eukaryotic 20 S proteasome and their involvement in subunit 

precursor processing. J. Biol. Chem. 272:25200-9. 

22. Kaczowka, S. J., and J. A. Maupin-Furlow. 2003. Subunit topology of two 20S 

proteasomes from Haloferax volcanii. J. Bacteriol. 185:165-74. 



 151 

23. Kisselev, A. F., Z. Songyang, and A. L. Goldberg. 2000. Why does threonine, and 

not serine, function as the active site nucleophile in proteasomes? J. Biol. Chem. 

275:14831-7. 

24. Koonin, E. V., Y. I. Wolf, and L. Aravind. 2001. Prediction of the archaeal 

exosome and its connections with the proteasome and the translation and transcription 

machineries by a comparative-genomic approach. Genome Res. 11:240-252. 

25. Lin, G., G. Hu, C. Tsu, Y. Z. Kunes, H. Li, L. Dick, T. Parsons, P. Li, Z. Chen, P. 

Zwickl, N. Weich, and C. Nathan. 2006. Mycobacterium tuberculosis prcBA genes 

encode a gated proteasome with broad oligopeptide specificity. Mol. Microbiol. 

59:1405-16. 

26. Lowe, J., D. Stock, B. Jap, P. Zwickl, W. Baumeister, and R. Huber. 1995. 

Crystal structure of the 20S proteasome from the archaeon T. acidophilum at 3.4 A 

resolution. Science 268:533-9. 

27. Madding, L. S., K.R. Shockley, S.B. Conners, K.L. Epting, M.R. Johnson and 

R.M. Kelly. 2007. Role of β1 subunit in function and stability of the 20S proteasome 

from the hyperthermophilic archaeon Pyrococcus furiosus. J. Bacteriol. 189:583-590. 

28. Maupin-Furlow, J. A., H. C. Aldrich, and J. G. Ferry. 1998. Biochemical 

characterization of the 20S proteasome from the methanoarchaeon Methanosarcina 

thermophila. J. Bacteriol. 180:1480-7. 

29. Maupin-Furlow, J. A., and J. G. Ferry. 1995. A proteasome from the methanogenic 

archaeon Methanosarcina thermophila. J. Biol. Chem. 270:28617-22. 



 152 

30. Maupin-Furlow, J. A., M. A. Gil, M. A. Humbard, P. A. Kirkland, W. Li, C. J. 

Reuter, and A. J. Wright. 2005. Archaeal proteasomes and other regulatory 

proteases. Curr. Opin. Microbiol. 8:720-8. 

31. Maupin-Furlow, J. A., M. A. Gil, I. M. Karadzic, P. A. Kirkland, and C. J. 

Reuter. 2004. Proteasomes: perspectives from the Archaea. Front. Biosci. 9:1743-58. 

32. Maupin-Furlow, J. A., S. J. Kaczowka, M. S. Ou, and H. L. Wilson. 2001. 

Archaeal proteasomes: proteolytic nanocompartments of the cell. Adv. Appl. 

Microbiol. 50:279-338. 

33. Maupin-Furlow, J. A., S. J. Kaczowka, C. J. Reuter, K. Zuobi-Hasona, and M. 

A. Gil. 2003. Archaeal proteasomes: potential in metabolic engineering. Metab Eng 

5:151-63. 

34. Maupin-Furlow, J. A., H. L. Wilson, S. J. Kaczowka, and M. S. Ou. 2000. 

Proteasomes in the archaea: from structure to function. Front. Biosci. 5:D837-65. 

35. Milligan, S. A., M. W. Owens, and M. B. Grisham. 1996. Inhibition of I kappa B-

alpha and I kappa B-beta proteolysis by calpain inhibitor I blocks nitric oxide 

synthesis. Arch. Biochem. Biophys. 335:388-395. 

36. Nagy, I., T. Tamura, J. Vanderleyden, W. Baumeister, and R. De Mot. 1998. The 

20S proteasome of Streptomyces coelicolor. J. Bacteriol. 180:5448-5453. 

37. Reuter, C. J., S. J. Kaczowka, and J. A. Maupin-Furlow. 2004. Differential 

regulation of the PanA and PanB proteasome-activating nucleotidase and 20S 

proteasomal proteins of the haloarchaeon Haloferax volcanii. J. Bacteriol. 186:7763-

72. 



 153 

38. Reuter, C. J., and J. A. Maupin-Furlow. 2004. Analysis of proteasome-dependent 

proteolysis in Haloferax volcanii cells, using short-lived green fluorescent proteins. 

Appl. Environ. Microbiol. 70:7530-8. 

39. Seemuller, E., A. Lupas, D. Stock, J. Lowe, R. Huber, and W. Baumeister. 1995. 

Proteasome from Thermoplasma acidophilum: a threonine protease. Science 268:579-

82. 

40. Sibille, C., K. G. Gould, K. Willardgallo, S. Thomson, A. J. Rivett, S. Powis, G. 

W. Butcher, and P. Debaetselier. 1995. Lmp2(+) Proteasomes Are Required For 

The Presentation Of Specific Antigens To Cytotoxic T-Lymphocytes. Curr. Biol. 

5:923-930. 

41. Song, H. K., M. Bochtler, M. K. Azim, C. Hartmann, R. Huber, and R. 

Ramachandran. 2003. Isolation and characterization of the prokaryotic proteasome 

homolog HslVU (ClpQY) from Thermotoga maritima and the crystal structure of 

HslV. Biophys. Chem. 100:437-52. 

42. Tamura, T., I. Nagy, A. Lupas, F. Lottspeich, Z. Cejka, G. Schoofs, K. Tanaka, 

R. Demot, and W. Baumeister. 1995. The first characterization of a eubacterial 

proteasome - The 20S complex Of Rhodococcus. Curr. Biol. 5:766-774. 

43. Wilson, H. L., H. C. Aldrich, and J. Maupin-Furlow. 1999. Halophilic 20S 

proteasomes of the archaeon Haloferax volcanii: purification, characterization, and 

gene sequence analysis. J. Bacteriol. 181:5814-24. 

44. Wilson, H. L., M. S. Ou, H. C. Aldrich, and J. Maupin-Furlow. 2000. 

Biochemical and physical properties of the Methanococcus jannaschii 20S 



 154 

proteasome and PAN, a homolog of the ATPase (Rpt) subunits of the eucaryal 26S 

proteasome. J. Bacteriol. 182:1680-92. 

45. Yamada, S. I., J. I. Niwa, S. Ishigaki, M. Takahashi, T. Ito, J. Sone, M. Doyu, 

and G. Sobue. 2006. Archaeal proteasomes effectively degrade aggregation-prone 

proteins and reduce cellular toxicities in mammalian cells. J. Biol. Chem. 

46. Zhou, P. B. 2005. Targeted protein degradation. Curr. Opin. Chem. Biol. 9:51-55. 

47. Zwickl, P., F. Lottspeich, and W. Baumeister. 1992. Expression of functional 

Thermoplasma acidophilum proteasomes in Escherichia coli. FEBS Lett. 312:157-60. 

 

 



 155 

 

Table I – Comparison of physical characteristics of proteasome component proteins from P. 

furiosus and A. fulgidus before and after assembly. Comparison of β sequence 

identity/similarity was based on amino acid sequence prior to pro-peptide cleavage. 

 

 Pre-Assembly Post-Assembly Percent Identity/Similarity 

 Mr 

(kDa) 

pI Mr 

(kDa) 

pI Pfu α AF α Pfu ß1 Pfu ß2 AF ß 

Pfu α 29.0 4.8 NC NC  57/78 27/46 26/46 29/53 

AF α 27.6 5.2 NC NC 57/78  29/51 29/48 28/50 

Pfu ß1 22.4 7.6 21.2 5.8 27/46 29/51  48/70 45/69 

Pfu ß2 21.6 4.9 20.9 4.8 26/46 29/58 48/70  47/67 

AF ß 23.4 5.3 22.1 5.3 29/53 28/50 45/69 47/67  

NC ~ No cleavage, the α proteins are not cleaved during assembly of the 20S proteasome. 
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Table 2 – Biochemical and biophysical properties for A. fulgidus, P. furiosus, and A. fulgidus – P. furiosus hybrid proteasomes. 

 

 AF αααα+AF ββββ AF αααα+Pfu ββββ2 AF αααα+Pfu ββββ1 AF αααα+Pfu ββββ1+Pfu ββββ2 Pfu αααα+Pfu ββββ1+Pfu ββββ2 Pfu αααα+Pfu ββββ2 

Km (µµµµM) 162.0 237.0 74.8 64.9 45.2 88.5 

Vm (U/µµµµg) 2324 3632 2125 2766 1159 1383 

kcat (s
-1

) 1.95 5.91 1.74 2.26 1.0 1.15 

kcat/Km (s
-1

 mM
-1

) 12.0 24.9 23.3 34.8 22.1 13.0 

ki 0.35 0.27 0.36 1.18 0.15 0.18 

Tinactivation (ºC) 90.0 80.0 80.0 100.0 115.0 115.0 

Toptimal (ºC) ~100.0 ~100.0 ~100.0 >100.0 >100.0 >100.0 
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Table 3 – Substrate preference (1= highest activity/8=lowest activity) against MCA-linked 

peptides for the hybrid proteasomes (AFα+PFβ1, AFα+PFβ2, and AFα+PFβ1+PFβ2) as well as 

recombinantwild-type P. furiosus and A. fulgidus proteasomes. 

 

 VKM AAF LLVY AAA QRR GPLPG RR FVA 

AFα+PFβ1 1 4 3 2 - - - - 

AFα+PFβ2 1 2 3 - - - - - 

AFα+PFβ1+PFβ2 1 3 2 5 6 - - 4 

PFα+PFβ1+PFβ2 1 3 2 ND ND - - - 

AFα+AFβ 1 2 3 4 5 6 7 8 

ND-Not Determined 

 

“-“ – No Activity Noted 
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Figure 1 – SDS PAGE (12%) showing the recombinant A. fulgidus β protein (AF0481).  A 

Benchmark Ladder is shown in lane 1. The other lanes show AF0481 after HiTrap 

purification (lane 2), AF0481 after HiTrap purification and Thrombin cleavage (lane 3), and 

AF0481 after HiTrap purification/Thrombin cleavage/Heat Treatment (lane 4). 

 

 

 

 

 

 
 

Figure 2 – Composition of recombinant active proteasome assemblies, as determined by 2-

dimensional electrophoresis.  Shown are (i) the recombinant A. fulgidus proteasome AFα + 

AFβ, and hybrid proteasome (ii) AFα + AFβ + Pfuβ1, and (iii) AFα + Pfuβ1 + Pfuβ2.  The 

ratio of PFβ1 and PFβ2 was 1.0 as determined by the densitometry of the spots, indicating an 

equal amount of both subunits incorporated into the CP. 
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Figure 3 – Thermal activation profiles (50°-100°C), based on hydrolysis of VKM-MCA, 

for CPs of differing subunit composition.  Activity curves for AFα+AFβ (o) and 

AFα+PFβ2 (x) cross at 70°C; along with AF+PFβ1() these hybrid exhibit optimal 

temperatures of approximately 100°C. CPs based on AFα+PFβ1+PFβ2 and 

PFα+PFβ1+PFβ2 had optimal temperatures well in excess of 100°C. 
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Figure 4 – Differential scanning calorimetry (DSC) of A. fulgidus 20S CP and individual 

pro-subunits.  (a) Melting curve for AFβ protein before cleavage of the pro-peptide 

region indicates a thermal transition at 82°C.  (b) AFα + AFβ transition indicated by the 

arrow at 105°C while the AF α+PF ß1 sample showed two melting transitions of 92°C 

(b1) and 104°C (b2); the 104°C transition likely is related to unincorporated β1.  (c) P. 

furiosus proteasome PFα+PFβ1+PFβ2 assembled at 90°C shows two transitions at 104°C 

(c1) and 112°C (c3), along with the beginning of a third transition (c3) at the limit of the 

DSC instrument. 
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Figure 5 – Primary sequence alignment (using ClustalW) of proteasome α proteins from 

Archaeoglobus fulgidus (AF0490), Pyrococcus furiosus (PF1571), Methanococcus 

jannaschii (MJ0591), Sulfolobus solfataricus (SSO0738), and Thermoplasma 

acidophilum (TA1288).  Helix 1 and 2 regions are involved in α and β subunit 

interaction, while helix 3 and 4 are part of α-α association, as determined from the T. 

acidophilum structure.   
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Figure 6 – Primary sequence alignment (ClustalW) of proteasome β proteins from 

Archaeoglobus fulgidus (AF0481), Pyrococcus furiosus (PF1404 and PF0159), 

Methanococcus jannaschii (MJ1237), Sulfolobus solfataricus (SSO0766 and SSO0278), 

and Thermoplasma acidophilum (TA0612).    Helix 1 and 2 regions are involved in α and 

β subunit interaction, while helix 3 and 4 are part of β-β association, as determined from 

the T. acidophilum structure. 
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ABSTRACT 
 

The transcriptional response of the hyperthermophilic bacteria Thermotoga maritima was 

analyzed in response to pulse addition and increased extracellular acetate levels as a function 

of medium pH. During exponential growth, a pulse addition of acetate (final concentration 

200 mM) yielded an immediate cessation of growth and down-regulation of a number of 

metabolic genes.  In contrast, growth of T. maritima in the presence of an initial acetate 

concentration of 40 mM at both pH 5.6 and 6.8 resulted in a more diverse transcriptional 

response. A significant difference in overall transcription levels was noted between the 

response to acetate at pH 5.6 compared to 6.8, which was expected due to the higher flux of 

acetate across the cellular membrane under acidic conditions.  During growth with acetate at 

pH 5.6, T. maritima showed increased transcription for certain proteolytic genes, including 

the ClpC ATPase (+1.7-fold) which may be related to the removal of damaged enzymes or 

degradation of regulatory proteins.  However, the molecular chaperone GroEL was down-

regulated (-2.0-fold) in the presence of extracellular acetate; GroEL increased (1.7-fold) as a 

result of decreased pH. The enzymes associated with the fermentative pathway showed a 

general decrease in transcription, except for phosphate acetyltransferase and 

phosphoglycerate mutase, which were both slightly up-regulated.  This indicated a general 

strategy of reduced acetate production in response to the presence of extracellular acetate.  

While the pulse addition of acetate to exponentially growing cells resulted in an immediate 

transition to stationary-phase, T. maritima was able to grow in moderate levels of acetate at 

both pH 5.6 and 6.8. 
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INTRODUCTION 

Hyperthermophilic organisms have been found to grow in extremely basic and acidic 

environments, in addition to neutral pH niches (2, 43).  Survival within these diverse habitats 

has required that these organisms develop a myriad of strategies for maintenance of cellular 

integrity. This feature is not unique to hyperthermophiles. Many microorganisms have the 

ability to maintain intracellular pH at near neutral levels, even in highly acidic and basic 

environments (18).  For example, some bacteria that grow optimally in media at less then pH 

5 exhibit an internal pH between 6.5 and 7.0 (2).  The anaerobic thermophilic bacterium 

Clostridium thermocellum has a cytoplasmic pH of 8.5, while the external media was pH 6.8 

(3).  Additionally, fluctuations in environmental conditions may result in an organisms’ 

exposure to a range of pH levels.  In response, cellular organisms modulate ion-transport, 

carbohydrate utilization, catabolism, and growth rates (4, 6, 24, 34). 

Fermentative growth can be based on conversion of carbohydrates to short chain 

acids (e.g. acetate, formate, lactate), which is coupled with energy production.  Under batch 

conditions the resulting rise in extracellular acid levels causes a decrease in medium pH (42).  

For example, C. thermocellum maintains a membrane pH gradient of 0.6 until the media 

reaches a pH of 5.0, at which time the ∆pH collapses (26, 41); it has been proposed that 

gradient maintenance is facilitated by the presence of a Na
+
/H

+
 anti-porter in this organism 

(41).  In contrast, Thermoanaerobacter wiegelii is insensitive to Na
+
/H

+
 anti-porter 

inhibitors, suggesting an alternative method for cytoplasmic alkalization, possibly similar to 

that found in Clostridium acetobutylicum (10, 11).  In either case, the pH gradiant is kept low 

in order to avoid the intracellular accumulation of toxic fermentation products. 

While a common product of fermentative growth, acetate has been shown to 
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deleteriously alter cellular function at concentrations as low as 5 g/L (21).  The inhibitory 

effects noted for acetate, and the other weak acids, increase as the environment becomes 

more acidic (10, 11, 32).  The toxicity of acetate is facilitated by the ability of the 

undissociated acid to diffuse freely across the hydrophobic lipid membrane, where the 

neutral cytoplasm leads to H
+
 release (6).  The increase in intracellular ion concentrations 

leads to a decrease in membrane potential and a reduction of ATP production (31).  

Additionally, high intracellular concentrations of acetate have been linked to acetyl-CoA 

accumulation, which is suggested as an indicator of cellular concentration; increased acetyl-

CoA concentrations may result in a shift to stationary-phase (44).  Furthermore, weak acids 

have also been linked to alteration of membrane functions as well as inhibitory effects 

resulting from the charged anions presence (40). 

 The anaerobic hyperthermophilic bacteria Thermotoga maritima utilizes an Embden-

Meyerhof ferementative pathway, shown in Figure 1, which converts glucose to hydrogen, 

CO2, and acetate (19, 37). Batch growth of T. maritima results in an accumulation of 

extracellular acetate combined with a decreased pH (37).  In order to determine the cellular 

response to increased acetate levels at low pH, we utilized cDNA microarrays to analyze the 

transcriptional changes resulting from increased initial extracellular acetate levels at pH 5.6 

and pH 6.8.  Additionally, the transcriptional changes resulting from growth at pH 5.6 and 

6.8 were examined in the absence of acetate in the initial growth media.  Finally, we 

analyzed the shock response of T. maritima to a pulse addition of sodium acetate during 

exponential growth. 
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MATERIALS AND METHODS 

Growth of T. maritima and pulse addition of acetate.  T. maritima was cultured 

anaerobically at 80°C on Sea Salts Medium (SSM), as described previously (30). Maltose 

(Sigma, St. Louis, MO) was added to SSM (final concentration 5.0 g/L) as a carbon source 

prior to inoculation and 10 ml of 10% Na2S was added as a reducing agent.  A 30 ml batch 

culture was used to inoculate 1.5 L of media in a 2.4 L bioreactor (New Brunswick 

Scientific, Edison, NJ).  The glass fermentor was maintained at 80°C by immersion in mixed 

oil bath and the pH was monitored by an internal pH meter.  High purity N2 was used to 

reduce the medium and to sparge during inoculation.  The culture was grown to mid-log 

phase (~5.5 hr after inoculation), after which a 400 mL sample was collected to provide a 

baseline reading.  The culture was then brought to an extracellular acetate level of 200 mM 

by addition of 120 mL of 3 M Sodium Acetate (Sigmas, St. Louis, MO).  After 10 minutes 

another 400 ml sample was collected and immediately put on ice until processed for RNA 

extraction.  During the entire 8 hr run, 1 ml of sample was removed act every hour for cell 

density determination by epifluorescent microscopy with acridine orange stain (17). 

 

Growth of T. maritima in different media with altered pH and/or extracellular 

acetate concentration.  T. maritima was cultured anaerobically at 80°C on Sea Salts 

Medium (SSM), as described above.  The pH and extracellular acetate levels were altered as 

shown in the experimental design in Figure 2.  T. maritima was grown in SSM Maltose 

media at pH 5.6 and pH 6.8, both with and without the presence of 40 mM extracellular 

sodium acetate at the start of growth; a total of 4 batch growth experiments were performed.  
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A 400 mL sample was harvested during mid-log cell growth during the 4 conditions and 

RNA extraction proceeded as described below. 

 

Transcriptional analysis of harvested samples by cDNA microarray.  A whole 

genome cDNA microarray including 1928 open reading frames (ORFs) was printed, 

following protocols described previously (8, 29, 30).  RNA was extracted from each 400-ml 

sample culture, as described previously (8).  The 400-ml samples from the fermentor were 

centrifuged for 20 min (10,000 x g, 4°C).  After treatment with RNA lysis buffer, the 

samples were stored at –70°C.  Extractions proceeded with ethanol precipitation and 

purification using Ambion RNAqueous kits.  Concentrations and degree of purity were 

determined by optical density at 260 nm and 280 nm, as well as by gel electrophoresis (1% 

agarose gel, 60V).  Procedures for reverse transcription reactions, aminoallyl-labeling with 

Cy3 and Cy5, and hybridization reactions are reported elsewhere (8). 

A loop experimental design, shown in Figure 2, incorporated reciprocal labeling of 

time point samples with both Cy3 and Cy5. Mixed model analysis was used to evaluate 

differential expression data using approaches presented elsewhere (8). Briefly, least squares 

estimates of gene-specific treatment effects, corrected for global and gene-specific sources of 

error, were used to construct pair-wise contrasts analogous to fold changes for each gene 

between all pairs of conditions. The statistical significance of these fold changes was 

determined and a Bonferroni correction was used to establish an experiment-wide false 

positive rate of α = 0.05 by dividing α by 2,821, the number of comparisons performed for 

all genes over all possible treatment pairs.  The corrected false positive rate was 1.77 x 10
-5

 

(corresponding to a –log10(p-value) > 4.8).  Least squares estimates of gene-specific 
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treatment effects were also used to perform hierarchical clustering in JMP 5.0 (SAS Institute, 

Cary, NC).  

 

RESULTS AND DISCUSSION 

Transcriptional response of T. maritima to a pulse addition of sodium acetate 

during the exponential growth phase.  Addition of sodium acetate, to a final concentration 

of 200 mM, resulted in an immediate cessation of growth as shown in Figure 3a.  As would 

be expected, this was accompanied by decreased transcription of a number of genes including 

those involved in various metabolic functions such as galactokinase and glutamate 

dehydrogenase.  The volcano plot in Figure 3b shows that the highest increases transcription 

noted was 1.7-fold; this corresponded to an iron-dependent transcriptional repressor 

(TM0510).  Increased transcription of iron-related genes has previously been described 

during the entry into stationary phase (9).  In Escherichia coli, the global response to external 

acetate appears to be the avoidance of internal acetate production as evidenced by the 

reduced transcription of genes involved in the uptake and degradation of carbohydrates (28).  

The genes showing a down-regulation of 2-fold or increased transcription above 1.4–fold are 

listed in Table 1.  The increased transcription of the acetate kinase (TM0274) by 1.5-fold 

appeared to be a specific acetate shock response.  The T. maritima acetate kinase is a 90 kDa 

protein comprised of 244 kDa subunits and is responsible for the reversible conversion of 

acetyl phosphate + ADP to acetate + ATP (5). Mutation studies in E. coli have shown that 

removal of acetate kinase and acetyl phosphotransferase leads to increased levels of acetyl-

Co-A, similar to those encountered during growth in the presence of exogenous acetate (22).  
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It has been suggested that increased acetate conversion to acetyl-CoA may act as an indicator 

of high cell density, resulting in stationary-phase response (22).   

Several genes within the arginine succinyl transferase (Ast) pathway were 

significantly down-regulated in response to the 200 mM sodium acetate shock.  In E. coli, the 

Ast pathway is a five enzyme catabolic system responsible for the primary conversion of 

arginine into succinate and glutamate, which results in the production of ammonia (36).  The 

AstB/chuR related genes TM1324 and TM1325 were down-regulated 2.5- and 2.0-fold, 

respectively.  Additionally, the associated ABC transporter (TM1327) was down 2.4-fold 

along with several other genes sequentially located within the same operon (TM1329 and 

TM1331).  The decreased need for arginine breakdown and ammonia production is most 

likely linked to the rapid decrease in growth rate resulting from acetate stress.  In contrast, 

entry of E. coli into stationary phase has been shown to include the up-regulation of ast genes 

(23).  These results suggest the exceedingly high acetate concentration of 200 mM moves T. 

maritima into stationary phase, in addition to causing a mild stress response. 

 

Effect of pH and extracellular acetate on the glycolysis and acetate fermentation 

pathway. The central metabolic by-product of fermentative energy production is acetate, 

which is typically exported from the cell using active transport mechanisms (37).  However, 

decreased environmental pH coupled with increasing acidic acid levels results in the 

diffusion of neutral acetate molecules back across the cellular membrane (1).  To avoid the 

deleterious results of this natural process organisms have developed a wide array of strategies 

to offset or respond to higher intracellular acetate levels.  Even during aerobic growth, E. coli 

produces significant amounts of both acetate and formate as the result of fermentation (20).  
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In response to increased concentrations of short chain acids, E. coli induces lactate 

dehydrogenase A (ldhA) which produces lactate in place of acetate and formate, but at a cost 

of fermentative energy production (22).  Alternatively, transcriptional analysis of E. coli has 

shown a trend of reduced transcription of genes involved in the uptake and metabolism of 

carbohydrates; this may represent a strategy to reduce intraceullar acetate by reducing its 

production and may be an initial cellular signal to enter stationary phase (28).  In response to 

extracellular acetate at high and low pH, T. maritima exhibited a significant transcriptionl 

response, shown in Figure 4, as opposed during the pulse addition of sodium acetate. 

Within the fermentation/glycolysis metabolic pathway only two genes demonstrated a 

significant transcriptional change when T. maritima was grown in media with 40 mM sodium 

acetate at a pH of 6.8 as shown in Table 2; glyceraldehyde-3-phosphate (TM0688) was down 

1.6-fold, while the 4 pyruvate ferredoxin oxidoreductase subunits were up-regulated 

approximately 1.5-fold.  In contrast, when grown at pH 5.6 in the presence of extracellular 

acetate, fructose-bisphosphate aldolase (TM0273) and glyceraldehyde-3-phosphate 

(TM0688) showed decreased transcription of 1.6- and 2.0-fold, respectively.  Additionally, 

the acetate kinase (TM0274) was down-regulated 1.9-fold; but phosphate acetyltransferase 

(TM1130) showed a slight increase in transcription.  The differential transcription of these 

two enzymes might be related to a strategy of reduced acetate production while avoiding 

acetyl-CoA accumulation.  The conversion of acetate to acetyl-CoA has been suggested as a 

general signal of high cellular-density resulting in stationary-phase response (22).  The 

intermediate formed during conversion of acetate to acetyl-CoA, acetyl-phophate, reduces 

expression of flagellum and chemotaxis genes in E. coli (38).  Additionally, a 1.6-fold 

increased transcription for phosphoglycerate mutase (TM1374) was the same as that reported 
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for the Lactobacillus plantarum homolog during lactic acid stress (27).  In contrast to T. 

maritima, the transcriptional analysis of L. plantarum suggested a metabolic re-routing 

during lactic acid stress at lower growth rates (27). 

 

  

Proteolytic and chaperone response to growth at below optimal pH and 

increased extracellular acetate.  The ATP-dependent protease system Clp demonstrated the 

highest transcriptional increase in response to an initial sodium acetate concentration of 40 

mM.  As shown in Figure 5, the proteolytic core (ClpP; TM0695) and ATPase complement 

(TM0198) also showed the highest transcriptional levels of all T. maritima proteases over the 

conditions tested in this study.  In the presence of extracellular acetate at pH 6.8, ClpP 

showed a 2.0-fold transcriptional increase, but demonstrated no significant response to 

acetate at pH 5.6.  In the presence of 40 mM sodium acetate, the Clp ATPase subunit 

TM0146 was 1.7-fold and 1.4-fold up-regulated at pH 6.8 and 5.6, respectively.  

Interestingly, in Staphylococcus aureus, the loss of ClpC has been linked to acetate 

accumulation due to reduced expression/activation of aconitase, which is part of the TCA 

cycle (7).  The Clp ATPase homologs TM0873 and TM1391 showed no response to either 

altered initial pH or sodium acetate levels.  In response to lactic acid stress, L. plantarum 

showed an increased transcription of ClpE by 1.7-fold; ClpE was up-regulated slightly (1.4-

fold) during growth at acidic pH (27).  Significant transcriptional changes were also noted for 

the membrane-associated, ATP-dependent protease FtsH (TM0580), which was 1.9-fold up 

in response to acetate at pH 6.8; when grown at pH 5.6 TM0580 was only 1.5-fold higher in 

response to the same conditions.  This suggests that there may be a membrane specific effect 

of extracellular acetate due to FtsH involvement in membrane protein degradation.  This 
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work assumed the ion effects from sodium acetate were negligible due to the high salt 

concentration of the SSM media; but further experimentation would be needed to confirm 

this hypothesis.  A third large multimeric protein (TM0785) was not significantly affected by 

higher initial acetate conditions at either pH 6.8 nor 5.6.  Demonstrating similarity to 

bacteriocin proteins in both Brevibacterium linens and Mycobacterium tuberculosis, TM0785 

possesses weak proteolytic activity, but the function of this hyperthermophilic bacteriocin 

homolog has yet to be elucidated (15, 16).  The M. tuberculosis homolog has been found to 

accumulate in the membrane where it is gradually released into the extracellular 

environment, but the activity has yet to be determined (33).  The purpose or function of the T. 

maritima protein version during acetate challenge is unclear, but may be related to the 

slowing of cellular growth. 

 The serine peptidase, TM0587, showed a 2.8-fold increase for growth at an initial pH 

of 5.6 compared to the optimal pH, which is 6.8.  However, TM0587 responded to initial 

acetate conditions differently then the ATP-dependent proteases.  This serine peptidase was 

1.5-fold up on 40 mM acetate at pH 6.8, but showed a -1.8 fold change to acetate at the lower 

pH condition. Alternatively, the methionine aminopeptidase (TM1478) showed no response 

to acetate concentration, but was 1.6-fold higher when grown at pH 5.6 compared to pH 6.8.  

The increased transcription of select proteolytic enzymes during acid and base stress has 

been well documented (13).  Three genes coding for aminopeptidases (TM1048, TM1049, 

and TM1050) were all up-regulated approximately 1.5 fold in the presence of acetate at both 

pH 5.6 6.8.  These enzymes may play a role in either initial degradation of proteins or the 

cleavage of smaller products produced by ATP-dependent proteolysis.  The increased 
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occurrence of misfolded and aggregated proteins at acidic pH levels provides the most likely 

explanation for higher transcription of proteolytic genes. 

 

The chaperone GroEL was up-regulated 1.7-fold at pH 5.6 compared to pH 6.8.  

However, in the presence of extracellular acetate, GroEL was down-regulated 2.5-fold at pH 

5.6.  In contrast, there was no significant change of GroEL at pH 6.8 in the presence of 

higher initial sodium acetate.  This is in contrast to previous work showing that in response to 

acid stress a number of general stress genes are significantly up-regulated (e.g. groEL, dnaK, 

dnaJ) (25, 35, 39); the three T. maritima homologs of GroEL, dnaK, and dnaJ were down-

regulated in cultures with 40mM initial acetate levels.  Furthermore, the up-regulation of 

GroEL-related genes has been noted as a consistent response to stress inducing conditions 

(12, 14).  This disparity might suggest that T. maritima interprets the accumulation of acetate 

not solely as a stress condition, but as a natural progression into stationary phase. 

 

CONCLUSIONS 

T. maritima exhibited the ability to compensate for higher initial sodium acetate 

concentrations at both the optimal pH, as well as at pH 5.6 (coinciding with late-exponential 

growth in batch cultures).  In contrast, the pulse addition of acetate (200 mM) resulted in an 

immediate transition to stationary phase and a down-regulation of most genes.  However, in 

response to the lower acetate levels T. maritima exhibited decreased transcription of a 

number of fermentative enzymes in what may be a strategy to reduce acetate production.  

Most notably, acetate kinase was down-regulated 2-fold in the presence of acetate at low pH.  

Additionally the Clp ATPase genes are found to play a vital role in the acetate response.  
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Overall, the response of T. maritima to acetate indicates a movement into stationary-phase in 

conjunction with the down-regulations of a number of carbohydrate utilizing proteins.  

However, further studies are needed to confirm the acetate specific responses isolated from 

growth-phase variability arising from the use of batch cultures.  Continuous culture would 

provide a stable platform for growth and thus alleviate many of these inconsistencies. 
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Table 1 – Fold changes for T. maritima genes that demonstrated significant up or 

down regulation in response to the pulse addition of sodium acetate during the mid-

log growth phase. 

Gene Predicted Protein Function Fold-Change 

TM0260 Conserved 1.4 

TM0846 cytidine deaminase 1.4 

TM0019 oxidoreductase 1.4 

TM1499 50S ribosomal protein L4 1.4 

TM0945 hypothetical protein 1.4 

TM1780 argininosuccinate synthase 1.4 

TM0332 decarboxylase (putative) 1.4 

TM1112 hypothetical protein 1.4 

TM0051 iron(II) transport protein B 1.4 

TM1425 NADH dehydrogenase I chain F 1.5 

TM0254 hypothetical protein 1.5 

TM0689 phosphoglycerate kinase  1.5 

TM1076 conserved hypothetical protein 1.5 

TM0274 acetate kinase 1.5 

TM1245 phosphoribosylformylglycinamidine synthase I 1.5 

TM1248 phosphoribosylglycinamide formyltransferase 1.6 

TM0160 conserved hypothetical protein 1.6 

TM0688 glyceraldehyde-3-phosphate dehydrogenase 1.6 

TM0510 iron-dependent transcriptional repressor (putative) 1.7 

TM0211 Aminomethyltransferase -2.5 

TM0236 MurF (putative) -2.6 

TM0269 homocysteine methyltransferase (putative) -2.6 

TM0319 hypothetical protein -2.3 

TM0426 PHT4-related protein (putative) -2.6 

TM0565 sugar fermentation stimulation protein, putative -2.2 

TM0614 Cell Envelope Protein (putative) -2.5 

TM0621 hypothetical protein -2.1 

TM0972 hypothetical protein -2.0 

TM1015 glutamate dehydrogenase -2.5 

TM1017 conserved hypothetical protein -2.1 

TM1190 galactokinase -2.3 

TM1324 astB/chuR-related protein -2.5 

TM1325 astB/chuR-related protein -2.0 

TM1327 ATP-binding protein -2.4 

TM1329 hypothetical protein -2.5 

TM1331 hypothetical protein -2.4 

TM1341 hypothetical protein -2.5 

TM1359 sensor histidine kinase -2.1 

TM1366 flagellar hook-basal body complex protein -2.1 

TM1402 hypothetical protein -2.4 

TM1683 cold shock protein -2.2 

TM1856 transcriptional regulator, LacI family -2.1 

TM1874 cold shock protein -2.4 
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Table 2 –At pH 5.6 and 6.8 the fold changes of metabolic genes resulting from increased extracellular aceatate are shown for 

Thermotoga maritima.  Also shown are the resulting fold changes from lower initial media pH. 

 

Gene ID Enzyme Name 
pH 5.6 

0 vs. 40 mM NaOAc 
pH 6.8 

0 vs. 40 mM NaOAc 

pH 5.6  

vs. 

pH 6.8 

TM1155 Glucose-6-phosphate dehydrogenase -1.1 -1.3 -1.3 

TM1385 Phosphoglucose isomerase -1.2  1.0  1.2 

TM0209 6-phosphofructokinase -1.5  1.4  2.1 

TM0289 6-phosphofructokinase (P-dependent) -1.2 -1.3  1.0 

TM0273 Fructose-bisphosphate aldolase -1.6 -1.1  1.9 

TM0688 Glyceraldehyde-3-phosphate -2.0 -1.6  1.1 

TM0689 Phosphoglycerate kinase -1.8 -1.4  1.1 

TM1374 Phosphoglycerate mutase  1.6 -1.2 -1.6 

TM0877 Enolase -1.4  1.1  1.7 

TM0208 Pyruvate kinase -1.3  1.6  1.7 

TM0015 Pyruvate ferredoxin oxidoreductase subunit -1.4  1.5  1.7 

TM0016 Pyruvate ferredoxin oxidoreductase subunit -1.3  1.6  1.7 

TM0017 Pyruvate ferredoxin oxidoreductase subunit -1.5  1.6  1.6 

TM0018 Pyruvate ferredoxin oxidoreductase subunit -1.2  1.4  1.4 

TM1130 Phosphate acetyltransferase  1.3 -1.1 -1.3 

TM0274 Acetate kinase -1.9 -1.3  1.7 

TM1867 Lactate dehydrogenase -1.2 -1.2  1.0 
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Figure 1 – Pathway for the conversion of glucose to acetate in the hyperthermophilic 

bacteria Thermotoga maritima.  The specific enzymes for each reaction are shown along 

with the corresponding tigr identification numbers. 
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Figure 2 – Loop design for cDNA microarray experiments on T. maritima for the 

conditions:  (a) growth in media of pH 6.8 or 5.6 in the presence and absence of a 40 mM 

sodium acetate initial concentration; (b) effect of pulse addition of sodium acetate (final 

concentration 200 mM) after 10 minutes during mid-log growth.  Each set of arrows 

represents a single cDNA microarray slide using both Cy-3 and Cy-5 dyes. 
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Figure 3 – (a) Growth Curve for T. maritima grown on maltose at 80°C and subjected to a pulse addition of acetate to a 200 mM final 

concentration.  (b)  Volcano plot of log2 fold change versus p-value for baseline condition compared to 10 minutes after the pulse 

addition of sodium acetate. 
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Figure 4 – Volcano plots of fold change versus p-value for (a) pH 5.6/0 mM acetate - pH 

6.8/0 mM acetate (b) pH 5.6/40mM acetate – pH 6.8/40mM acetate (c) pH 6.8/0 mM 

acetate – pH 6.8/40 mM acetate (d) pH 5.6/0 mM acetate – pH 5.6 and 40 mM acetate  
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Figure 5 – Heat plot of transcriptional change for proteolytic enzymes in T. maritima for 

growth at pH 5.6 and pH 6.8 in the presence and absence of 40mM extracellular sodium 

acetate. 
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Figure 6 – Heat plot of genes showing significant changes during at least one of the four conditions tested.  The columns show (1) pH 

5.6 / 0 mM acetate (2) pH 5.6 / 40 mM acetate (3) pH 6.8 / 0 mM acetate (4) pH 6.8 / 0 mM acetate 
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