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Abstract 

The hyperthermophilic archaeum Pyrobaculum aerophilum grows optimally at 100  "C and  pH 7.0. Cell homog- 
enates exhibit strong proteolytic activity within a  temperature range of 80-130 "C. During an analysis of cDNA 
and genomic sequence tags, a genomic clone was recovered showing strong sequence homology to alkaline sub- 
tilisins of Bacihs  sp. The  total DNA sequence of the gene encoding the protease (named "aerolysin") was deter- 
mined. Multiple sequence alignment with 15 different serine-type proteases showed greatest homology with 
subtilisins from gram-positive bacteria rather  than archaeal or eukaryal serine proteases. 

Models of secondary and tertiary  structure based on sequence alignments and the  tertiary  structures of subti- 
lisin Carlsberg, BPN', thermitase, and protease K were generated for P. aerophilurn subtilisin. This allowed iden- 
tification of sites potentially contributing to the thermostability of the protein. One common transition put alanines 
at the beginning and end of surface alpha-helices. Aspartic acids were found at  the N-terminus of several surface 
helices, possibly increasing stability by interacting with the helix dipole. Several of the substitutions in regions  ex- 
pected to  form surface  loops were adjacent to each other in the  tertiary  structure model. 
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Hyperthermophilic organisms are of great theoretical and com- 
mercial interest. These organisms are distinct from "classical" 
thermophiles such as Thermus aquaticus in  having  much  higher 
temperature optima  for growth (between 100 and 115 "C). The 
majority of the Archaea (formerly Archaebacteria) are hyper- 
thermophilic, and some grow at temperatures  above 110 "C 
(Woese et al., 1990; Stetter, 1993). 

Analysis of the proteins of these organisms is expected to be 
particularly revealing. It is  believed that the  progenote,  the last 
common  ancestor of all life, was probably a hyperthermophile 
(woese, 1 9 9 0 ) .  Hyperthermophiles may therefore provide a win- 
dow into the requirements for protein thermostability. Isolated 
proteins from these organisms are frequently active at temper- 
atures exceeding 150 "C (Schuliger et al., 1993), and  the phylo- 
genetic tree indicates that such extreme thermostability may  be 
a primitive, not an acquired, characteristic. If mesophilic pro- 
teins are cold-active mutants of their original form, studies of 
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hyperthermophilic proteins may be necessary to explain protein 
stability. 

Unfortunately, cultivation of hyperthermophilic organisms is 
difficult because  of their high growth temperatures, low growth 
titers, strict anaerobiosis, sulfur dependence, and other features. 
For this reason, most of the  exploratory work has been done 
using proteins from Thermus sp. with much lower temperature 
optima (65 "C). Recently, a novel hyperthermophilic archaeum, 
Pyrobaculurn aerophilum (type strain: IM2), was described. This 
organism grows optimally at 100 "C and  pH 7.0 (Volkl et al., 
1993). It is the only facultatively aerobic member of the slowly 
evolving order Thermoproteales, and it has several features that 
make it a suitable candidate for developing genetic systems. To 
begin analysis of the genome of P. aerophilum, we collected  se- 
quence information from randomly chosen clones of genomic 
and cDNA libraries following the sequence tag methodology 
(Adams et al., 1993). The characteristics and applications of the 
sequence tags of P. aerophilum will  be reported elsewhere  (Volkl 
et al., manuscript in prep.). In the following, we describe the 
analysis of a gene from P. aerophilum showing strong similari- 
ties to Bacillus-type subtilisins. Subtilisin is one of the best stud- 
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ied proteins (Wells et al., 1987). The 3-dimensional structure of 
several variants is known, and sequences of related serine pro- 
teases are available from different organisms. It is of commer- 
cial value, being used as an additive in detergents, and several 
studies have attempted to improve its thermostability (Mitchin- 
son & Wells,  1989; Eijsink et al., 1992)  by protein engineering. 
The analysis of a hyperthermophilic subtilisin should  improve 
our understanding of protein stability at high temperatures. 

To this end, the complete sequence of the P. aerophilum sub- 
tilisin gene was determined and its amino acid sequence com- 
pared with other subtilisins. Preliminary analysis of the sequence 
allows us to draw conclusions about  the structure,  thermosta- 
bility, and evolution of this protein. 

Results 

Cloning  and  sequencing of a serine-type protease 
from P. aerophilum 

Randomly chosen clones from a 1-2-kb genomic DNA library 
and a poly A primed cDNA  library of P. aerophilum were  se- 
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quenced (Volkl et al., manuscript in prep.). One of the geno- 
mic clones (GSPA-35) carried a 1-kb insert with an open reading 
frame (ORF) matching the N-terminal sequence of various Ba- 
cillus sp. subtilisins. 

To clone the remainder of the gene, chromosomal DNA  of 
P. aerophilum was digested with restriction endonucleases and 
probed by Southern blot  hybridization with a radiolabeled 
18-mer oligonucleotide derived from GSPA-35. Fragments hy- 
bridizing to  the probe were recovered and subcloned (Fig. 1). 
Additional  plaque lift hybridizations recovered several clones 
from the poly A  cDNA library containing the subtilisin gene. 
The complete sequence is  given  in Figure 2. Comparison of the 
cDNA and genomic sequences showed no introns were present, 
despite a report of an intervening sequence in P. aerophilum 16s 
rRNA (Burggraf et al., 1993). Some cDNA clones started well 
upstream of the predicted N-terminus. This,  and the fact that 
primer extension experiments gave signals 74 and 400 bases up- 
stream of the ORF, indicated that transcription may proceed 
from an upstream promoter. Sequencing of other cDNAs from 
P. aerophilum has shown that many transcripts are polycistronic 
(Volkl et al., manuscript in prep.). 
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Fig. 1. Schematic diagram of a serine-type protease gene from P. aerophilum. A: Clones used to construct  the total sequence 
containing  the  protease gene. ESUB3, cDNA clone obtained by plaque  lift  hybridization of poly A primed cDNA library;  GSPA- 
35, randomly  sequenced clone of genomic I-2-kb  library; pBS H2/6. Hind 111 fragment obtained by Southern blot and colony 
lift hybridization. B:  The open reading  frame ( + I )  encoding the  serine-type protease. C: Restriction map. 
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GGAACAAAGCTGAGCTCACgGTGCGCGCTCTAGACTAGTGATCCAtTGGCGAGTGACTTGTGAATACTCCAAGCGCtTTAC 

TTAATCCAGTGGGAGGGCAAGCTGACTATTAGACAAGCCCCCCAGTACTTCAACGAGTTAGATTTACAATTGAGAATCGGC 
-162 
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GCTGAGGTGATAGAAACTGCG~GCATAGGCGTTTCT~GTTC~GAGTTTCCGCTGTAATAGACGAATTA 
1/1 31/11 
ATG TCA  TAA  TAT  TTG AAA AGA  CGT AAA AAA CTG  GCT  CAA  TGC  CAA  AGG  TTT  GGC  GGC  ACT 
M S * ( Q ) Y L K R R K K L A Q C Q R F G G T  
61/21 91/31 
AGT  GGC  ATT  TCT  TCA  AGC  CGC  GAG  ATT  GTA  GTG  GGC  TAT  GTC  GAT  TCC  CCT  CCC  ACG  GAA 
S G I S S S R E I V V G Y V D S P P T E  
121/41  151/51 
GCT  TTA AAA GAG  TTA  AAT AAA ACA  GGC GAT  ATT AAA ATA  ATA AAA CAT  TTA AAA GAA  ATC 
A L K E L N K T G D I K I I K H L K E I  
181/61 211/71 
AAG  GCA  ATT  GTA  TTA  AAC  ATT  CCC  GAT  AAT AAA ACA  GAG AAA CTT AAG  GAA  AAG  TTA AAA 
K A I V L N I P D N K T E K L K E K L K  
241/81  271/91 
GGA  GTT  AGA  TAT  ATA  GAG  GAA  GAC  GGC  GTT  GCG  TAT  GCG  TTT  GGT  TTT  TCT  AAT  TAT  ACC 
G V R Y I E E D G V A Y A F G F S N Y T  
301/101  331/111 
GAT  GTA  CAG  TGG  AAT  GTA AAA ATG  ATA  AAC  GCC  CCG  CGT  CTG  GGA  CGC  CTA TTT  TCT  CAC 
D V Q W N V K M I N A P R L G R L F S H  
361/121  391/131 
ATT  TGG  CGA  CGC  GCA  TTT  GGC  TAT  GGA  GTT AAA GTG  GCG  GTG  CTC  GAC  ACA  GGC  ATT  GAC 
I W R R A F G Y G V K V A V L   Q T G I D  
421/141  451/151 
TAC  AAG  CAC  CCG  GAG  CTA  TCC  GGC  AAG  GTG  GTT  TAT  TGT  ATT  AAC  ACT  CTC  GGC  AAC  ACT 
Y K H P E L S G K V V Y C I N T L G N T  
481/161  511/171 
CTC  TAC  AAG  GGG  ACA  AAT  TTA  AGG  AAG  TGC  GCC  GAC  AGA AAA TGC  CAC  GGC  ACG  CAT  GTA 
L Y K G T N L R K C A D R K C   H G T H V  
541/181  571/191 
GCT GGG  ATA  ATA  GCC  GCT  TCG  TTG  AAT  AAC  GTG  AGC  GCA  GCC  GGC  GTT  GTG  CCT  AAG  GTG 
A G I I A A S L N N V S A A G V V P K V  
601/201  631/211 
CAG  TTA  ATA  GCA  GTT  AAG  GTC  TTA  TAC  GAC  AGC  GGC  TCC  GGG  TAC  TAT  AGC  GAT  ATT  GCC 
Q L I A V K V L Y D S G S G Y Y S D I A  
661/221  691/231 
GAG  GGG  ATA  ATA  GAG  GCA  GTT AAA GCA  GGG  GCT  TTA  ATT  CTA  TCA  ATG  TCC  CTA  GGA  GGC 
E G I I E A V K A G A L I L S M S L G G  
721/241  751/251 
CCC  ACA  GAC  GCC  TCT  GTG  TTG  AGA  GAC  GCC  TCG  TAT  TGG  GCC  TAT  CAA  CAA  GGC  GCT  GTT 
P T D A S V L R D A S Y W A Y Q Q G A V  
781/261  811/271 

Q I A A A G N S G D G D P L T N N V G Y  
CAG  ATA  GCC  GCC  GCT  GGT  AAT  TCA  GGC  GAT  GGC  GAT  CCC  TTG  ACA  AAC  AAC  GTG  GGG  TAT 

841/281 
CCC  GCC  AAG  TAT  AGC  TGT  GTA  ATA  GCA  GCG  GCG  GCG  GTA  GAT  CAA  AAC  GGC  TCC  GTC  CCC 
P A K Y S C V I A A A A V D Q N G S V P  
901/301  931/311 
ACG  TGG  AGT  AGC  GAC  GGG  CCA  GAG  GTG  GAC  ACC  GCG  GCG  CCA  GGG  GTA  AAC  ATA  TTG  TCC 
T W S S D G P E V D T A A P G V N I L S  
961/321  991/331 
ACA  TAT  CCC  GGC  GGC  AGA  TAC  GCG  TAT  ATG  TCC  GGC  ACA  TCT  ATG  GCG  ACG  CCT  CAC  GTG 
T Y P G G R Y A Y M S G T   S M A T P H V  
1021/341 
ACT  GGC  GTA  GCG  GCC  TTA  ATA  CAA  GCG  TTG  AGA  CTC  GCC  TCA  GGC  AAG  AGG  TTG  CTA  ACC 
T G V A A L I Q A L R L A S G K R L L T  
1081/361  1111/371 
CCA  GAC  GAG  GTT  TAT  CAA  GTA  ATT  ACC  TCT  ACG  GCT  AAG  GAT  ATC  GGC  CCG  CCC  GGT  TTT 
P D E V Y Q V I T S T A K D I G P P G F  
1141/381 
GAC  GTC  TTT  TCG  GGC  TAC  GGC  TTA  GTT  GAC  GCA  TAC  GCC  GCA  GTT  GTG  GCC  GCG CTA AGT 
D V F S G Y G L V D A Y A A V V A A L S  
1201/401 

871/291 

1051/351 

1171/391 

CGC  TAA CTTTTTATATAGAATTCAAATTGAGTATATGCCCACGTGGACTGAGTACATACTCTAT~TTGGGGAA 

AACTCCGTCGCCAGGTGACGTCGTTGAAATAGTTCCAGATCTCGTCGGCTTTCACGACTTGACGGGGTACCACGTCCTTG 

AGGTGTTGGAAAGCATGGGCAAAGTGGAGGTGTTTGACAGGGAGAGAGTCGTTGTTGCGTTTGATCACTTGTCCCCGCCC 

CCAAATCAGAGAGCCGCTGAGATAATGGTGTACATAAGGCGTCATGTCAAGGCTCTGGGCTTCCTAATTTCTACGACGTA 

GGCGCGGCATTTTGCACCAGATTATCTGGAGAAATACGCCTTGCCGGGCCAA~TGATCTTCGCCGCGATAGCCACACTTT 

R *  

CACCGCC 

Fig. 2. Nucleotide sequence and corresponding amino acid sequence of the serine-type protease of P. uerophilum. The predicted 
leader and prepro sequences have been underlined. 
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The translated sequence  showed a long ORF starting 83 amino 
acids upstream of  sequence homology to various subtilisins. The 
first 15 amino acids encoded by this region showed similarities 
to leader sequences from subtilisins Carlsberg, BPN‘, 1168, and 
7: aquaticus aqualysin  I (data not shown). The intervening re- 
gion is not  homologous to any known protein, and  appears  to 
be the N-terminal peptide autocatalytically cleaved on subtilisin’s 
export from  the cell (Terada et al., 1990).  Based on these con- 
siderations, we assigned a potential  initiator methionine for the 
protein, as well as a  potential cleavage site for  the  mature pro- 
tein (Fig. 2). The end of the gene is clearly defined by 5 stop co- 
dons.  The  first stop codon  appeared 15 bases downstream, 
comparable in position to  the end  of  the gene in several Bacil- 
lus species, and was followed by a poly T region. 

Multiple sequence alignments 

The similarity  of the  translated sequence to subtilisin  en- 
couraged us to perform  a multiple sequence alignment using 
homologous  proteins identified by BLAST searches. The pro- 
grams CLUSTALV (Higgins & Sharp, 1989) and Predictprotein 
(Rost & Sander, 1993; send an e-mail message with “help” to 
PredictProtein@EMBL-Heidelbergde) were  used. The Predict- 
Protein server generated  a multiple sequence alignment and a 
secondary structure prediction for  the P. aerophilum protein. 
The results are combined in Figure 3. To make  the  figure, the 
sequences were aligned with the  Predictprotein  output  and 
known secondary structures of thermitase, Carlsberg, BPN’, and 
proteinase K. The alignment similarity scores identified the P. 
aerophilum sequence as most similar to gram-positive subtilis- 
ins,  but Predictprotein identified thermitase from Thermoac- 
tinomyces vulgaris (Meloun et al., 1985) as having the most 
similar structure. Similarity to other serine proteases was much 
weaker. In particular, the P. aerophiium sequence showed weak 
homology to aqualysin I, produced by ‘I: aquaticus (Terada 
et al., 1990), and halolysin, a serine protease from a moderately 
thermophilic (60 “C) and halophilic archaeum (Kamekura et al., 
1992). Neutral proteases such as thermolysin (Pauptit et al., 
1988), despite their structural  similarity, were not recovered by 
BLAST or Predictprotein  and were not included in the align- 
ment. Based on its observed similarities to other subtilisins, we 
have named the protein  product of the P. aerophilum gene 
“aerolysin.” 

Potential thermophilic transitions in the 
Pyrobaculum subtilisin sequence 

Recent studies (Frommel & Sander, 1989; Menendez-Arias & 
Argos, 1989) have shown a pattern of substitutions associated 
with protein stability at high temperatures. In a preliminary 
analysis of the aerolysin sequence, sites potentially  contribut- 
ing to thermostability were scored manually using the statisti- 
cally significant exchanges from Table 3 in Menendez-Arias and 
Argos (1989). A site was scored positive if the transition was  pre- 
dicted by the table and if  it  was shared by 3 or fewer of the 15 
proteins in the alignment. Transitions were considered strongly 
thermophilic if the transitions were confined to  the moderately 
thermophilic  proteins  thermitase, aqualysin I, halolysin, and 
proteinase K. A summary of the results is found in Table 1. The 

most common  transition replaced a variety of amino acid types 
with alanine. This result fits several instances in their transition 
table, but  runs  counter to their finding that substitutions of in- 
creasing hydrophobicity are also stabilizing. In  the P. aerophi- 
lum sequence, transitions to alanine were observed at  at least 
9  sites, with the only strong counterexamples found at Thr 258 
and Val 260. By contrast, the Gly + Ala  transition,  reported as 
being statistically the most frequent by Argos et al. (1979),  was 
found at only a single site in the protein. Suggestive  evidence for 
the less statistically significant transitions Ser + Thr, Lys -+ Arg, 
and Asp + Glu  were also found, although several counterexam- 
ples  exist for these cases. 

A second class of sites was also noted in  which the P. aero- 
philum subtilisin replaced an uncharged amino acid  with aspar- 
tic acid.  The  only  subtilisins  sharing these transitions were 
halolysin and TA41 from an Antarctic Bacillus species. 

Model building 

In order to further examine the  structure of the transition sites 
in P. aerophilum aerolysin, 2 models were generated. The first, 
shown in Figure 4, maps data from  Table 1 onto a cartoon of 
secondary structure drawn after Chen and Arnold (1993). The 
sequence/secondary structure alignments in Figure 3 were  used 
to assign sites to the  structure. Five of the alanine  transitions 
map to the amino  and carboxyl ends of  helices H3,  H4,  and H7. 
Because these helices are on the protein surface, alanine replace- 
ment may result in more stable packing against the hydrophobic 
core and/or decreased helical flexibility. The counterexamples 
at positions 258-260 (where the P. aerophilum sequence has a 
bulky hydrophobic amino acid relative to other subtilisins) map 
to internal  hydrophobic helix H5. Because this helix  is buried, 
requirements for its stability may differ from those of surface 
helices. 

The transitions to aspartic acid also show correlation with  sec- 
ondary structure, mapping to the N-terminal ends of  helices H3, 
H4,  H6,  and H7 (Fig. 5C). Aspartic acid is common at  the 
N-terminus of alpha-helices, where it can interact with the he- 
lix dipole to increase stability (Sali et al., 1988). However, the 
Antarctic subtilisin TA41 has even more negative charges than 
aerolysin in these positions, which raises doubts as to their role 
in thermostability. 

The remaining sites map to variable  surface loops and beta- 
strands E6 and E7. In order to interpret these sites, a simple 
3-dimensional model was generated using the sequence align- 
ment and Biosym’s Homology program (see Materials and meth- 
ods).  Examination of the  tertiary  structure model reveals that 
several of the remaining sites may be  in physical contact with 
each other (Fig. 5A,B). In thermitase, the turn containing Asp 47 
passes  near the loop containing Gly  88 and Ile  89. The correspond- 
ing  residues  in the P. aerophilum sequence  all  show thermophilic 
transitions, at Glu 62, Ser 109, and Ala 110, respectively. AI- 
though the  true structure of the  loop regions cannot be deter- 
mined from  the model, the clustering of thermostable sites may 
indicate that loops L4 and L6 continue to interact in i? aero- 
philum subtilisin. A similar spatial clustering is found for resi- 
dues Ala 207, Ala 208, and Ala 229 (thermitase residues Val 181, 
Ala 182, and Ala 203). These residues are in the  adjacent ex- 
tended strands E6 and E7, connected by loop L8. 
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Localization and characterization of proteolytic activity 

Analysis of the  supernatant of a  batch  culture, of the cell enve- 
lope fraction,  and  the cytoplasmic fraction showed that  about 
two-thirds of the proteolytic activity was associated with the cell 
envelope fraction and  about one-third was found in the cyto- 
plasm. No activity was present in the supernatant. Below 75 "C, 
no significant proteolytic activity was found. Activity was high- 
est at neutral to alkaline pH  and temperatures from 100 up  to 
130  "C (data  not shown). Polyacrylamide gel substrate  contain- 
ing denaturing SDS showed a  band at molecular weight 60 kDa 
after incubation for 30 min at 95 "C.  After 60-90 min of incu- 
bation, up to 4 additional bands  appeared.  This is possibly due 
to self-digestion of the protein. SDS-PAGE therefore indicates 
that P. aerophilum contains at least 1 secreted protease with a 
size consistent with the aerolysin  gene,  which  is active in the pres- 
ence of SDS. 

Discussion 

Advantages of the study of hyperthermophilic proteins 

Hyperthermophiles  make interesting objects of study for sev- 
eral reasons. These organisms live under the most extreme con- 
ditions yet found  for living organisms. Within the Archaea, 
some forms  are active above 110 "C (Stetter et al., 1983; Kurr 
et al., 1991), which may be compared to  the 50-70 "C  tempera- 
ture ranges for "classical" thermophiles such as 7: aquaticus. In 
addition, it  is generally believed that hyperthermophiles are an- 
cestral to organisms that grow at room  temperature. In the 16s 
rRNA phylogenetic tree, all known hyperthermophiles have 
short evolutionary lineages indicating slow evolution. The deep- 
est branching  organisms within 16s rRNA phylogenetic trees 
consist exclusively of hyperthermophilic bacteria and Archaea 
(Woese,  1990; Stetter, 1993). On this tree, the  branch lengths of 
hyperthermophilic species are shorter than those of mesophiles. 
This indicates that these organisms evolved  slowly  relative to me- 
sophiles and may be  very similar to  the progenote or the last 
common ancestor of all life. 

Such considerations  make  proteins from hyperthermophiles 
of great  interest for protein  structure and engineering. If  it is 
accepted that their thermal stability is a primitive and not an ac- 
quired feature, it  is appropriate  to study  proteins from hyper- 
thermophiles to determine mechanisms of protein  stability. 
Structural studies may also be easier. Because the  intramolecu- 
lar forces in these proteins may be stronger than those in me- 
sophiles, they may form crystals of greater compactness and 
stability. It is also  worth  noting that many of these proteins re- 
tain residual activity at mesophilic temperatures. Hyperthermo- 
philic proteins are also good candidates for protein engineering. 
It seems likely that cold-active mutants of hyperthermophilic 
proteins could be created that retained some of their extreme sta- 
bility at moderate temperatures. If this is the case, it may be eas- 
ier to engineer low-temperature activity into hyperthermophilic 
proteins, instead of enhancing the thermostability of mesophilic 
proteins. 

The P. aerophilum subtilisin gene 

Analysis of the ORF encoding the protease gene  revealed a num- 
ber of  interesting  features. The N-terminal portion of the se- 

quence  encoded  a likely leader peptide (Wiech et al., 1991) and 
a longer (-80 amino acids) precursor peptide. This suggests that 
the processing mechanism for the P. aerophilum protein is  sim- 
ilar to  that of other subtilisins. In these enzymes, a  short leader 
peptide directs transport  into the periplasmic space. A  second, 
larger,  "prepro" sequence allows folding into  an active confor- 
mation and is subsequently cleaved  by an autocatalytic process. 
Because proteolytic activity of P. aerophilum cells  is confined 
to the cell envelope fraction, the P. aerophilum subtilisin is prob- 
ably processed by a similar mechanism. It will  be  of interest to 
see whether active P. aerophilum subtilisin can be recovered 
when expressed in mesophiles such as E. coli. In other  organ- 
isms, removal of the  prepro peptide is independent of the pri- 
mary sequence of the cleavage site (Egnell & Flock, 1992). It has 
been demonstrated that when aqualysin I from 7: aquaticus is 
expressed in Escherichia coli, its N-terminal peptide is correctly 
removed and  the precursor protein is exported to  the periplas- 
mic space (Terada et al., 1990). Subsequent  heat  treatment at 
65 "C causes autocatalytic cleavage of the N-terminal  peptide, 
activating the protease. 

Secondary and tertiary structure analysis 

Comparison of the sequence alignment and secondary structure 
prediction from Predictprotein indicates that P. aerophilum pro- 
tease is structurally most similar to thermitase from 7: vulgaris. 
However, 4 predicted surface loops (Ll, L2, L3, and L10  in 
Figs. 3 and 4) are larger than their homologs in thermitase. L1 
and L2 are comparable in  size to the more distantly related pro- 
teins aqualysin I and proteinase K,  while  L3 and L10 are unique 
to aerolysin. Their presence is somewhat  surprising, because 
large loops in the structure  should increase the entropy of un- 
folding and destabilize the protein at high temperatures.  A 
3-dimensional structure will  be needed to resolve the function 
of the  expanded  loops. 

The sequence alignment also revealed individual sites within 
the protein that may contribute to its thermostability.  The re- 
sults are in contrast to a similar analysis of the trpE,  trpC, and 
trpD genes from  the hyperthermophilic  eubacterium Ther- 
motoga maritima (Kim  et al., 1993),  in  which thermostability 
sites were difficult to identify. The most common  change was 
alanine replacement, which appeared at at least 9 sites  in P. aero- 
philum subtilisin  (Table 1) and was  especially common at the be- 
ginning and end of surface helices. Many of the same transitions 
were shared by thermitase, which functions at temperatures in- 
termediate between the gram-positive subtilisins and aerolysin. 
The results are also consistent with the reported sequence of a 
subtilisin isolated from  the Antarctic  psychrotroph Bacillus 
TA41 (Davail et al., 1992). Compared to aerolysin,  the  corre- 
sponding sites in TA41 exhibit transitions likely to reduce 
stability. 

In  other  positions,  neutral  amino acids at  the N-terminus of 
helices H3, H4, H6,  and H7 of mesophilic subtilisins were re- 
placed by aspartic acid in aerolysin (Figs. 4,5C). Three of these 
transitions were also found in halolysin, which is halophilic, 
moderately  thermophilic, and  the only other archaebacterial 
protease in the set. The local sequence similarity between halo- 
lysin and aerolysin in these regions contrasts with its lower over- 
all homology to aerolysin. On  the other hand, subtilisin TA41 
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AEROLYSIN 
THERMITASE 
Halolysin 
SUBT.  TA41 
SUBT.  CARLSBERG 
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Fig. 4. Positions of sites potentially in- 
volved  in thermostability in the P. aerophi- 
lum aerolysin. Structure cartoon is drawn 
after Chen and Arnold (1993); variable re- 
gions are  from Siezen et al. (1993). Num- 
bering and secondary structure designation 
ARE  after  the P. aerophilum subtilisin se- 
quence in Figure 3. Heavy dashed lines in- 
dicate loop regions that are larger in the P. 
aerophilum sequence compared to Gram- 
positive subtilisins. Black circles indicate 
positions of thermostable  transitions in 
which a bulky hydrophobic  amino acid is 
replaced by alanine.  Plus and minus signs 
indicate positions where the charge addition 
or replacement might affect the stability of 
an alpha-helix. Partly shaded circles indi- 
cate  other  transitions expected to have 
smaller effects on thermostability,  after 
Menendez-Arias and Argos (1989). Clear 
circles indicate sites where the sequence 
transition is the reverse  of that predicted by 
Menendez-Arias and Argos.  Shaded re- 
gions indicate sites that may be in close 
proximity in the  tertiary  structure. 

exhibited many of the same  transitions.  Instead of thermosta- to helix H2, where P. aerophilum subtilisin has a small inser- 
bility, the charge  transitions may be related to  the high ionic tion (Asp-Arg-Lys) near the active site histidine. However, Arg 
strength all 3 subtilisins encounter in their respective environ- and Lys have long side chains, and their conformations with  re- 
ments. Destabilizing charge transitions were observed N-terminal spect to helix H2 are difficult to predict (Nicholson et al., 1988). 

Fig. 3 (facing  page). Sequence of the P. aerophilum protease (aerolysin), aligned with 14 subtilisins and subtilisin-like serine 
proteases. The first 16 lines show the alignment generated using the CLUSTAL algorithm.  The  bottom of the figure shows the 
secondary structure prediction from  the  Predictprotein  algorithm, along with known secondary structures for several  of the sub- 
tilisins in the  alignment.  Secondary  structures are labeled with H = helix, E = extended, and L = loop/turn. Active site residues 
are boxed. Uppercase letters are "strong" (85% cutoff) predictions, lowercase letters are "weak" (75% cutoff) predictions ac- 
cording to the  Predictprotein algorithm (for more information, send a help  message to PredictProtein@EMBL-Heidelberg.de). 
Residues in bold represent the carboxyl portion of the  prepro peptide cleaved from the  mature  protein, when known.  Number- 
ing of sequences used  in the text and Table  1 proceeds from  the first residue of the mature peptide when known. This residue 
is indicated in the alignment by double underlining. Otherwise, the first residue listed in the alignment is used for  numbering. 
A **** at the sequence end indicates that a  C-terminal  portion of the  protein is not included in the alignment. Pairwise similar- 
ity scores (percentile) are listed at the end of each sequence. AEROLYSIN, protease from P. aerophilurn; THERMITASE,  ther- 
mitase from T. vulgaris (Meloun et al., 1985); Halolysin, halolysin from  an unnamed halophilic archaebacterium (Kamekura 
et al., 1992); SUBT. TA41, subtilisin from Antarctic B. subtilis strain TA41 (Davail et al., 1992); SUBT. CARLSBERG, subtil- 
sin Carlsberg (Betzel  et al., 1993); SUBT. BACMS, subtilisin Bacms (Svendsen et al., 1986); SUBT. 1168, subtilisin I168 (Stahl 
& Ferrari, 1984); SUBT. J, subtilisin J (Jang et al., 1992); SUBT. DY, subtilisin DY (Betzel et al., 1993); SUBT. BPN', subtilisin 
BPN' (Pantoliano et al., 1989); ISP-I, ISP-1 (Rufo et al., 1990); B. ALCALOPHILUS, subtilisin from Bacillus alcalophilus 
(van der Laan et al., 1992); ELASTASE YAB, elastase YaB (Kaneko et al., 1989);  BSUB MINOR PROT., minor protease from 
B.  subtilis (Sloma et al., 1991); Aqualysin I, aqualysin I from Thermus aquaticus (Terada et al., 1990); PROTEINASE  K,  pro- 
teinase K from Tritirachium album (Gunkel & Gassen, 1989); Predictprotein, secondary structure prediction of Predictprotein 
algorithm for aerolysin; Thermitase 2", Proteinase K 2", Carlsberg 2", BPN' 2", secondary structures of thermitase, proteinase K, 
subtilisin Carlsberg, and subtilisin BPN'. 
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Table 1. Sites potentially  important to the thermostability of P. aerophilum subtilisina 
~ 

~ 

P. Volkl et al. 

PA TM CB 

Ala 42 
Glu 62 
Ser 109 
Ala 110 
Ala 111 
Ala 137 
Ala 148 
Ala 161 
Ala 116 
Ala 207 
Ala 208 
Thr 218 
Ala 229 
Ser 248 
Ala 308 

Thr 258 
Val  260 

Asp 135 
Asp 160 
Asp 219 
Glu 280 
Asp 307 

Arg 90 
Lys  91 

~ -~ 

Ala 27 
Asp 47 
Gly 88 
Ile 89 
Ala 90 
Ala 116 
Ala 127 
Asn 140 
Ser 155 
Val  181 
Ala 182 
Ser 192 
Ala 203 
Ser 220 
Ala 273 

Ala 232 
Val 234 

Thr 113 
Gly 139 
Ser 246 
Asn 247 
Am 272 

Gly 68 
Asn 69 

Gly 20 

Gly 79 
Asp 41 

Val 80 
Leu 81 
Val  107 
Met 118 
Ser 131 
Val  146 
Val  176 
Gly 177 
Ser 187 
Met  198 
Asn 217 
Val 269 

Ala 227 
Ala 229 

TA4 1  Transition 

Predicted from transition tables 
Thr 33 Hyd. + Ala 
Asp 54 Asp + Glu 
Gly 99 Gly + Ser 
Val 100 Hyd. + Ala 
Leu  101 Hyd. + Ala 
Ala 127 Hyd. + Ala 
Thr 138 Hyd. + Ala 
Ser 156 Asn/Ser -+ Ala 
Val  171 Hyd. -+ Ala 
Leu 202 Hyd. + Ala 
Glu 203 Gly --* Ala 
Val 213 Ser + Thr 
Thr 224 Hyd. -+ Ala 
Ser 257 Asn-Gly + Ser-Gly 
Ala 311 Hyd + Ala 

Counterpredictions 
Ala 260 Ala + Thr 
Ala 262 Ala + Val 

Secondary  structure 
"" 

Turn  C-terminal  to helix H1 
Turn in loop L2 
Loop L4 (adj.  to Glu 62) 
Loop L4 (adj.  to  Glu 62) 
Loop L4 
N-terminal helix H3 
C-terminal helix H3 
Loop N-terminal to helix H4 
Turn  C-terminal  to helix H4 
Extended  E6  (adj.  to  Ala 229) 
Extended  E6  (adj.  to  Ala 229) 
Turn in loop L8 
Extended E7 (adj.  to Ala 18 1, 182) 
Extended E8 
N-terminal helix H7 

Buried helix H5 
Buried helix H5 

Addition  of negative charge at N-terminus of alpha-helices 
Gly 105 Asp 125 Unch. + (+) N-terminal helix H3 
Gly 130 Glu 155 Unch. --* (+) N-terminal helix H4 
Ser 243 Val 283 Unch. + (+) N-terminal helix H6 
Gln 244 Asp 284 Unch. + (+) N-terminal helix H6 
Asn 268 Ile 3 10 Unch. + (+) N-terminal helix H7 

Counterpredictions 
Gly  60 Arg 79 Unch. + (+) N-terminal helix H2 
Asn 61 Asn 80 Unch. -+ (+) N-terminal helix H2 

. -~ ~. . " 

a Numbering is based on  the first amino acid in the P. aerophilum aerolysin sequence alignment,  rather  than  the position of 
the  initiator methionine. The  corresponding positions in thermitase (TM)  from 7: vulgaris (Meloun et  al., 1985), subtilisin Carls- 
berg (CB;  after Betzel  et al., 1993), and subtilisin TA41 from  the  Antarctic B. subtilis strain TA41 (Davail et al., 1992) are given. 
Secondary  structure  descriptions  are based on the  Protein  Data Bank 3-dimensional structure files for  thermitase, subtilisins 
Carlsberg  and BPN', and proteinase K. Numbering proceeds from  the first amino acid of the  mature protein when known.  Oth- 
erwise, the first residue listed in the alignment in Figure 3 is used. Helix numbering is after Figure 3.  To  create  the  table,  the 
alignment shown in Figure 3 was used. Amino acid transitions were scored when they matched thermophilic transitions observed 
by Frommel and  Sander (1989) and  Argos et al. (1979). For  a site to be listed, (1) the P. aerophilum sequence contained  the  ther- 
mophilic transition,  and (2) 3 or fewer of the  nonthermophilic sequences carried  the  same  transition. P. aerophilum subtilisin, 
halolysin, thermitase,  and  aqualysin I were classified as  thermophilic. 

In  addition to these sites, other positions, mostly in variable 
loops, show transitions predicted by the statistical tables.  Sup- 
port  for their  role in protein stability comes from  the observa- 
tion  that several of the proposed sites, while remote in the 
primary sequence, are adjacent in the tertiary  structure model 
(Fig. 5A,B). 

Calcium binding sites are also found in many other subtilis- 
ins (Frommel & Sander, 1989; Gros et al., 1990; Teplyakov 
et al., 1990) and  are believed to make  a major contribution to 
stability.  In order  to determine whether aerolysin uses calcium 
binding to stabilize its structure, it will  be necessary to charac- 
terize the protein at  the physical level. 

It is interesting to compare the P. aerophilum sequence with 
amino acid substitutions engineered into subtilisins to increase 
their stability. Pantoliano et al. (1989) made 6 concerted amino 
acid substitutions in subtilisin BPN', causing nearly additive in- 
creases in thermal stability. The T, for  the protein was changed 

from 58.5 "C to 72.8 "C. In another study  (Narhi et al., 1991), 
3  mutations were made in the aprA gene of Bacillus subtilis to 
increase its long-term stability. Two of these mutations replaced 
asparagine residues  with serines, preventing cyclization with ad- 
jacent glycine residues. A  third substitution changed asparagine 
76 in the high-affinity Ca2+ binding pocket to  aspartic acid. 
These changes resulted in a significantly higher unfolding tem- 
perature  and increased detergent resistance. Eijsink et al. (1992) 
increased the stability of a neutral protease by removing charged 
residues at the N-terminus of alpha-helices. With the exception 
of the Gly 169 + Ala change made by Pantoliano et al. (1989) 
in subtilisin BPN', the P. aerophilum sequence does not con- 
form to the replacements made in these studies. More recently, 
Chen and Arnold (1993) used sequential random mutagenesis 
to select a mutant subtilisin E able to function in 60%  dimeth- 
ylformamide.  The 10 effective mutations clustered in variable 
loop regions on one side of the protein. Two of the mutations 
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(Gly  160 + Asp in front of  helix H4, and Asn 248 -+ Ser  between 
E8 and H5) match  a  thermophilic  transition in aerolysin. Most 
of the remaining changes were opposite the direction expected 
for thermostability, and are probably specific for activity  in  high 
concentrations of dimethylformamide. 

The results of the sequence and structural analysis presented 
here make P. aerophilum aerolysin an  attractive protein for ex- 
pression,  crystallization, and structure  determination.  Its simi- 
larity to  other subtilisins,  coupled with the extremely high 
temperatures at which  it  is active, will  help our understanding 
of the origins of  thermostability.  The discovery of this protein 
in a relatively small-scale study of the P. aerophilum genome 
demonstrates  the validity of the expressed sequence tag method 
for genome analysis of hyperthermophiles, and indicates that 
this organism could provide additional proteins valuable for re- 
search and biotechnology. 

Materials and methods 

Strains and media 

P. aerophilum was grown aerobically in BS-medium at 97 "C as 
described previously (Volkl et al., 1993). Cells were harvested 
in the late  exponential  growth phase by centrifugation, and the 
cell  masses  were stored at -80 "C until use. E, coli strain XLI- 
Blue  is described by the manufacturer (Stratagene, La  Jolla, Cal- 
ifornia) as recAl,  endAI,  gyrA96,  thi-l, supE44, relAl, lac 
(FproAB IacP ZAM15,  TnlO(tet')). E. coli strain SURE 
(Stratagene) is mcrA, A(mcrBC-hsdRMS-mrr)l71, supE44, thi- 
1, I- ,  gyrA96,  relA, lac, recB, recJ, sbcC, umuC::TnS (kan'), 
uvrC (F'proAB  IacPZDMIS, TnlO(tet')). 

Luria broth (LB) medium for growing the E. coli strains was 
prepared as described by Miller (1992). LB was supplemented 
with 0.2% maltose and 10 mM magnesium sulfate when strains 
were grown before and during phage infection. NCY broth con- 
tained, per liter of distilled water: 5 g NaCl, 2 g MgSO4.7H2O, 
5 g yeast extract (Difco), and IO g NZ amine (casein hydroly- 
sate; Sigma). The pH was adjusted to 7.5 with NaOH. Agar 
plates contained 1.5% agar  (Difco), and  top agarose contained 
0.7% agarose (Bio-Rad) instead of agar. SM buffer contained 
5.8 g NaCI, 2.0 g MgS04.7H20, 50 mL 1 M  Tris/HCl, pH 7.5, 
and 5 mL 2% gelatin per liter of water. Ampicillin was added 
to 100 pg/mL and tetracycline to 20 pg/mL medium  as  described 
by Miller (1992). Tetracycline was not  added to media supple- 
mented with maltose and magnesium sulfate. 

Preparation of  enzyme fractions 

About  1 g of frozen cell paste was resuspended in 10 mL 50 mM 
Tris/HCl,  pH 8.0, supplemented with 1 mM CaCl,, and  the 
cells  were mechanically opened by vortexing in the presence of 
glass pads. The cell homogenate was separated into cytoplasmic 
and cell envelope fractions by centrifugation at 15,000 X g for 
30 min  in a Beckmann JA-20 rotor. The cell envelope fraction 
was washed twice in the same buffer  as used above. 

Protease assay 

Proteolytic activity was determined by the hydrolysis of casein 
according to Kunitz (1947).  If not mentioned otherwise, 100 pL 

of cell envelope fraction  (CEF) was added to 0.5 mL of 0.6% 
casein (Merck) or 0.2% azocasein (Serva) in 50 mM Tris/HCI, 
pH  8.0.  After incubation, the reaction was stopped by adding 
1 mL of 5% trichloroacetic acid and incubating at room tem- 
perature  for  about 30 min. The reaction was centrifuged in an 
Eppendorf centrifuge for 10 min, and the  absorbance of the su- 
pernatant was determined at 280 nm when casein was used and 
420  nm  when azocasein was used. 

Substrate containing SDS 

Discontinuous SDS-PAGE was performed according to Laemmli 
(1970), except that 0.01% casein (Merck) and 0.1% SDS were 
added to the 10% polyacrylamide separation gel. The 3% stack- 
ing gel  was supplemented with 0.1070 SDS only.  Electrophore- 
sis, incubation, and fixing of the gel were done  as described by 
Connaris et al. (1991)  except that the gel  was incubated at 95 "C 
in 50 mM Tris/HCI, 1 mM CaCI, buffer,  pH 8.0. 

DNA isolation and characterization 

DNA from selected h clones was isolated according to Sam- 
brook et al. (1989). Plasmid DNA was isolated by the alkaline 
lysis procedure as described by Kraft et al. (1988). Prior to se- 
quencing, the DNA was analyzed by restriction mapping and 
agarose gel analysis as described by Sambrook et al. (1989). 

Plaque  lift, colony lift, and Southern  hybridizations of aga- 
rose gels  were carried out according to Sambrook et al. (1989) 
using membranes from Bio-Rad. For the hybridizations, 18-mer 
oligonucleotide probes radiolabeled with Y ~ ~ P - ~ A T P  were 
used. Hybridization was performed by shaking overnight at 
50 "C.  The  membranes were washed in 20  mM Na2HP04, 5% 
SDS at 50 "C for 45 min, covered  with Saran Wrap,  and exposed 
to Kodak XAR film. 

Sequencing  and data analysis 

Clones from  the oligo-dT primed library and genomic libraries 
were sequenced by the Sanger chain termination  method using 
a Sequenase version 2.0 kit (US Biochemical) and C Y ~ ~ P - ~ A T P  
(New England Nuclear).  Sequencing products were separated on 
6% polyacrylamide-urea gels at 2 intervals to obtain overlap- 
ping sequencing runs. 

Sequences  were  analyzed for similarity to known proteins with 
the NCBI BLAST program (Altschul et al., 1990) using the 
NCBI nonredundant database  containing  the  GenBank, PIR, 
Swiss-Prot, and EMBL databases.  Database sequences were re- 
trieved using BLAST retrieve or Internet  Gopher  (Krol, 1992). 
Multiple sequence alignments were performed using  CLUSTALV 
(Higgins & Sharp, 1989), and secondary structure predictions 
based on alignments used the  Predictprotein server (Rost & 
Sander, 1993). Using these 2 sources, a final alignment was de- 
rived. Three-dimensional models of the P. aerophilum subtilisin 
were created using the Insight11 and Homology programs  from 
Biosym Technologies (San Diego, California). The structurally 
conserved regions  of thermitase were  used for creating the model, 
but refinement of the loop structures and other  structures was 
not  attempted. In a previous study comparing predicted and ac- 
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tual structures for thermitase, it was found that molecular dy- 
namics and energy minimization were inadequate to select the 
correct loop  conformation  for subtilisins (Frommel & Sander, 
1989). 
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