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1. Introduction 

CutA1 is a universal protein distributed in bacteria, plants and animals, including humans. 
This protein was originally isolated and characterized from a gene locus of Escherichia coli 
called cutA (Fong et al., 1995). The CutA protein is involved in copper tolerance; moreover, 
it affects divalent cation tolerance levels of zinc, nickel, cobalt and cadmium salts. The cutA 
locus consists of two operons: one containing a single gene encoding a cytoplasmic protein, 
CutA1, and the other is composed of two genes encoding the inner-membrane proteins, 
CutA2 and CutA3. It has been reported that mammalian CutA1 is necessary for anchoring 
the enzyme acetylcholinesterase (AChE) in neuronal cell membranes (Navaratnam et al., 
2000; Perrier et al., 2000). Additionally, CutA1 affects the folding, oligomerization, and 
secretion of AChE (Falasca et al., 2005; Liang et al., 2009), and co-expression with CutA1 
increased the formation and secretion of AChE tetramers (Liang et al., 2009). Therefore, the 
presence of CutA1 in the secretory pathway affects the processing, probably the folding, and 
the oligomerization of AChE. However, the precise functions of CutA1 remain to be 
validated. 

The structure of bacterial and mammalian CutA1 has been crystallographically 
demonstrated in Pyrococcus horikoshii (Ph-CutA1) (Tanaka et al., 2004a), Thermus 

thermophilus (Tt-CutA1) (Tanaka et al., 2006), Oryza sativa (Os-CutA1) (Sawano et al., 
2008), Escherichia coli (Ec-CutA1) (Arnesano et al., 2003), Homo sapiens (Hs-CutA1) 
(Bagautdinov et al., 2008), Thermotoga maritima (Tm-CutA1) (Savchenko et al., 2004), and 
Xanthomonas campestris (Xc-CutA1) (Lin et al., 2006). In all cases, from bacterial to 
mammalian, the trimeric structure of CutA1 was conserved. Moreover, the heat-
denaturation temperatures of Ph-CutA1, Tt-CutA1, Os-CutA1, Es-CutA1, and Hs-CutA1 
are quite high: 150, 113, 97, 90, and 96°C, respectively. The denaturation temperature of 
Ph-CutA1 (150°C) is among the highest of known proteins. Several factors responsible for 
the extreme thermostability of proteins have been proposed, such as an increase in the 
number of ion pairs and hydrogen bonds (Aguilar et al., 1997; Perutz & Raidt, 1975; 
Tahirov et al., 1998; Tanner et al., 1996; Yamagata et al., 2001), core hydrophobicity 
(Schumann et al., 1993; Takano et al., 1995), packing density (Russell et al., 1994), as well 
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as the oligomerization of several subunits (Dams & Jaenicke, 1999; Jaenicke et al., 1996; 
Sterner et al., 1996), and entropic effects due to relatively shorter surface loops and 
peptide chains (Russell et al., 1994; Yamagata et al., 2001). The difference in stability 
among CutA1 was explained by the difference in electrostatic interactions (Matsuura et 
al., 2010; Sawano et al., 2008; Tanaka et al, 2004a; Tanaka et al., 2006) and the 
conformation of the ǃ2-strand (Bagautdinov et al., 2008; Savchenko et al., 2004; Tanaka et 
al, 2004a). Though their stabilities fundamentally depended on the optimal growth 
temperatures of their host organisms, their denaturation temperatures were remarkably 
higher than the optimal growth temperatures. These results suggested that the unique 
trimeric structural motif, which enables tightly intertwined subunit interactions among 
the ǃ-strands, was the critical factor in the unusually high stability of CutA1. 

Recently, we cloned the gene encoding CutA1 from Shewanella sp. strain SIB1 (SIB1-CutA1), 
overexpressed it in E. coli, purified the recombinant protein and crystallized it (Sato et al., 
2011). Shewanella sp. SIB1 is a psychrophilic bacterium that grows rapidly at 20°C (Kato et 
al., 2001). Although this bacterium can grow at temperatures as low as -0.15°C, growth was 
inhibited at temperatures exceeding 30°C. We demonstrated that the heat-denaturation 
temperature of SIB1-CutA1 was 95°C, suggesting that SIB1-CutA1 needs to maintain high 
stability in order to function, even in psychrophilic organisms. However, the precise 
function of Cut-A1 remains controversial. 

In this chapter, we discuss the robustness of CutA1 from the viewpoint of its structure. 
Herein, we first briefly introduce the structure and stability of Ph-CutA1, Tt-CutA1, Os-
CutA1, Tm-CutA1, Es-CutA1, Hs-CutA1, and SIB1-CutA1. Next, we will further discuss 
why the stability of CutA1 is so structurally remarkable using our novel results of CutA1 
from the psychrophilic bacterium Shewanella oneidensis MR-1 (So-CutA1). 

2. Structure and stability of CutA1 proteins 

2.1 CutA1 from Pyrococcus horikoshii 

Pyrococcus horikoshii OT3, a hyperthermophilic obligate anaerobe, can grow at temperatures 
between 88 and 104°C with an optimal temperature of 98°C. Differential scanning 
calorimetry (DSC) analysis revealed that the denaturation peak of Ph-CutA1 appeared near 
150°C at pH 7.0, indicating that the folding of Ph-CutA1 was maintained near this 
temperature and pH (Tanaka et al., 2006). Interestingly, this temperature was 50°C higher 
than the optimum growth temperature of the organism. 

The crystal structure of Ph-CutA1 consisted of a tightly intertwined trimer assembled so as 
to form a closed circular ǃ-sheet structure (Fig. 1). The monomeric structure consisted of 
three ǂ-helices and five ǃ-strands. Two short (ǃ1 and ǃ4) and two long (ǃ2 and ǃ3) ǃ-strands 
formed an askew curved sheet. The trimer was composed of monomers through interactions 
between the edges of three ǃ-strands. Each trimer had three identical intersubunit interfaces, 
in which both edges of one strand (ǃ2) interacted with the edges of the ǃ2-strand in the 
other two subunits, and one short strand (ǃ5) mutually interacted with the ǃ4-strand of a 
different subunit. This tightly intertwined interaction appeared to contribute to the 
stabilization of the trimeric structures of the Ph-CutA1 protein. 
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Fig. 1. Ribbon diagram of trimeric structure of Ph-CutA1 (PDB code 1J2V) at 2.00 Å 
resolution. The figure was prepared using PyMol (DeLano, 2004). 

The structural characteristics of Ph-CutA1 revealed that Ph-CutA1 had many ionizable 
residues, though it had few neutral residues. The number of ionizable residues (Asp, Glu, 
Lys, Arg, and His) and intra-subunit ion pairs in Ph-CutA1 were prominent (43 and 30, 
respectively) compared to those in Ec-CutA1 (25 and 1, respectively). Importantly, the 
monomeric structure of Ph-CutA1 was highly stabilized by hydrogen bonds, ion pairs, and 
hydrophobic interactions (Tanaka et al., 2006). The intra-subunit ion pairs consisted of 14 
donor and 16 acceptor residues, which were partially exposed to the solvent. Six donor 
positively-charged residues formed ion pairs between different secondary segments in the 
same subunit (Arg82-Glu59, His35-Glu50, Arg36-Glu47, Arg68-Glu24, Arg25-Glu99, and 
Lys101-Glu64), where the other residues formed pairs within the same segment. All of the 
donor residues (Lys19, Lys66, Lys70, and Arg36) forming inter-subunit ion pairs shared 
intra-subunit ion pairs that formed of inter- and intra-subunit ion pair networks.  

Chemical denaturation by guanidine HCl (GdnHCl) or urea has been widely used to study 
protein folding and stability. These denaturants can influence not only the protein stability, 
but also the ensemble of the native structure. Tanaka et al. (2004b) reported the effects of 
GdnHCl on Ph-CutA1 through spectroscopic techniques and crystal structure studies. CD 
spectra results showed no changes in secondary structure of Ph-CutA1 even in 3 to 8 M 
GdnHCl, indicating that Ph-CutA1 had a rather rigid secondary structure. The crystal 
structure of Ph-CutA1 in 3 M GdnHCl was determined at 1.6 Å resolution by the molecular 
replacement method using native Ph-CutA1 as a search model. The crystal structure of 
native Ph-CutA1 had a large number of intermolecular hydrogen bonds, of which more than 
90% were retained in 3 M GdnHCl. The disrupted hydrogen bonds were mainly located on 
the protein surface. Additionally, Ph-CutA1 in the native state showed that the protein had 
seven ion pairs per monomer. All ion pairs were present in 3 M GdnHCl, even though they 
were on the protein surface. These observations indicated that the intermolecular 
interactions of hydrogen bonds and ion pairs of Ph-CutA1 were extraordinary stable. 
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2.2 CutA1 from Thermus thermophilus, Oryza sativa, and Thermotoga maritima 

Thermus thermophilus, Oryza sativa, and Thermotoga maritima is an extreme thermophilic 
bacterium with an optimum growing temperature of 75°C. The optimum growth 
temperature of mesophilic Oryza sativa from the rice plant is 28°C. Both of the CutA1 
proteins from these organisms had a trimeric form (Fig. 2) composed of identical subunits 
between pH 2.5 and 9.0 (Sawano et al., 2008). DSC analysis has shown that the denaturation 
temperatures of Tt-CutA1 and Os-CutA1 were 113°C  at pH 7.0 and 97°C  at pH 7.0, 
respectively. These results indicated that both CutA1 proteins had high thermostability. On 
the other hand, Tt-CutA1 showed higher stability to heat, and moreover, resistance to 
denaturation than Ph-CutA1 at acidic pH (Tanaka et al., 2006). From a structural standpoint, 
the number of ionizable residues and intra-subunit ion pairs in Tt-CutA1 is not relatively 
high (29 and 12, respectively) compared to those in Ph-CutA1 (43 and 30, respectively). 
These phenomena occurred due to protonated ion pairs, which suggested that the ion pairs 
in Ph-CutA1 maintained its structural integrity at neutral pH. Changes in the cavity volume 
in the interior of a protein upon its denaturation affected the conformational stability 
(Eriksson et al., 1992; Funahashi et al., 2001). The total cavity volumes of the tertiary trimeric 
structure of Tt-CutA1 were smaller than those of Ph-CutA1. In addition, Ph-CutA1 had a 
large cavity near the center of a trimer along with four smaller cavities. These observations 
indicated that Tt-CutA1 formed tighter interactions at the trimer interfaces than Ph-CutA1, 
resulting in the high stability of Tt-CutA1 at acidic pH. 

 
Fig. 2. Ribbon diagrams of trimeric structures of (a) Tt-CutA1 (PDB code 1NZA), (b) Os-
CutA1 (PDB code 2Z0M) and (c) Tm-CutA1 (PDB code 1O5J) at 1.70 Å, 3.02 Å, and 1.95 Å 
resolution, respectively. The figures were generated with PyMol (DeLano, 2004). 

The CutA1 from Thermotoga maritima showed amino acid sequence identities to those of Ec-
CutA1 (35%), Hs-CutA1 (32%) and Ph-CutA1 (46%). The structure of Tm-CutA1 was very 
similar to those of other CutA1 proteins (Fig. 2). 

2.3 CutA1 from Escherichia coli 

The CutA1 protein was originally identified in the cutA gene locus of Escherichia coli, which 
was involved in divalent metal tolerance. Although the optimal growth temperature of 
Escherichia coli is 37°C, the denaturation temperature of Ec-CutA1 is greater than 90°C at pH 
9.0, which was also significantly higher than other proteins from mesophilic E. coli. 

The structure of Ec-CutA1 consisted of homotrimers (Arnesano et al., 2003) (Fig. 3). In the 
crystal asymmetric unit, two homotrimers were present that made extensive contacts 
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leading to a dimer of trimers. One trimer was rotated by 60° around the axis perpendicular 
to the trimer plane with respect to the other. 

 
Fig. 3. Ribbon diagram of two trimers of Ec-CutA1 (PDB code 1NAQ) at 1.7 Å resolution. 
The structures are shown in two different orientations; (a) front view and (b) side view with 
90° rotation of (a). The figure was prepared with PyMol (DeLano, 2004). 

Recently, it was reported that in order to confirm the thermostabilization mechanism, the 
structure-sequence compatibility between the conformation of Ec-CutA1 and its native 
sequence was examined using the Stability Profile of Mutant Protein (SPMP) (Matsuura et 
al., 2010). SPMP analysis is a method to rationally improve the estimation of the 
conformational stability of a protein (Ota et al., 1995). A pseudo-energy potential derived 
from a number of Protein Data Bank (http://www.pdb.org/pdb/home/home.do) 
structures was used in SPMP analysis to predict protein structures and consisted of four 
elements: packaging of the side-chains, hydration, local structure, and back-bone/side-chain 
repulsion. From the SPMP scores, seven positions of Ec-CutA1 were mutated to improve 
protein stability. The mutant Ec-CutA1 proteins were evaluated structurally and for changes 
in stability by DSC. The crystal structures of these mutant proteins were highly similar to 
the wild-type Ec-CutA1 structure, while the stabilities of the proteins with mutations at 
positions 11 and 61 were remarkably improved. The denaturation temperature of single 
mutant S11V and E61V were 105°C and 103°C, respectively, and that of the S11V/E61V 
double mutant was 114°C. The values of the denaturation temperatures were improved by 
15, 13 and 24°C, respectively, suggesting a cumulative effect for each single mutation. The 
SPMP evaluations were consistent with the DSC results. These observations suggested that 
these substitutions resulted in changes in the hydration effect, local structure, and side chain 
packaging. Positions 11 and 61 were located in the ǃ-sheet and the two substitutions 
included residues with a higher propensity to form the ǃ-sheet, which indicated enhanced 
stabilization (Matsuura et al., 2010). 

2.4 CutA1 from Homo sapiens 

The heat-denaturation temperature of CutA1 from Homo sapiens (Hs-CutA1) was 96°C, 
which was remarkably higher than the optimal temperature of Homo sapiens. The N-terminal 
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sequence of Hs-CutA1 was hydrophobic and might represent a cleavable secretion signal, a 
mitochondrial import signal, or a transmembrane anchor (Perrier et al., 2000); whereas, the 
bacterial CutA1 was devoid of this hydrophobic domain, and Ec-CutA1 was located in the 
cytoplasm (Arnesano et al., 2003).  

Hs-CutA1 was functional as a trimer and the orthorhombic crystal form contained two 
trimers per asymmetric unit (Bagautdinov et al., 2008). A rigid trimeric core structure 
appeared to be common to the CutA1 proteins. Similar to other CutA1 structures, the Hs-
CutA1 subunit was made up of a double ǃǂǃ motif. Strand ǃ2 in Hs-CutA1, however, had a 
kink at its center that may have been caused by the presence of Pro101 in the middle of the 
ǃ2-strand. This kink-type deformation of ǃ2 close to Pro101 allowed the formation of 
hydrogen bond arrangements that stabilized the ǃ2-strand in Hs-CutA1. The conformation 
of ǃ2 may have a possible role in protein thermostability. 

The ǃ2- and ǃ3-strands and the loop between them (the ǃ2-ǃ3 loop) in Hs-CutA1 formed an 
extended ǃ-hairpin. The six subunits in the asymmetric unit and the two trimers formed by 
them were very similar. However, superposition of the Hs-CutA1 subunits showed different 
conformations in the turn region of the ǃ-hairpins, indicating a high degree of 
conformational flexibility. Actually, superposition of CutA1 trimers from different sources 
indicated that the main differences were observed in the turn area of the ǃ-hairpins. 

The conserved residues were mainly isolated to two regions in the Hs-CutA1 subunit. A 
loop region between ǂ2 and ǃ4, spatially close to the ǃ-hairpin turn, encompassed the 
conserved residues His141, Pro142 and Tyr143. The other highly conserved amino acids 
Cys96 and Tyr107 in ǃ2, Glu118, Lys124 and Thr125 in ǃ3, Trp109 and Gly111 in the ǃ2-ǃ3 
loop and Tyr160 and Trp163 in ǂ3 were clustered at the opposite end of the scaffold. The 
tertiary fold was assembled such that the two conserved regions in the subunits were 
brought together and formed three potential active sites in the clefts at the trimer interfaces.  

In conclusion, the functionally important areas of Hs-CutA1 appeared to be the putative 
active site clefts and the flexible ǃ-hairpins. Oligomerization of Hs-CutA1 allowed the small 
protein to form a compact cylinder-shaped structure and offered the three ǃ-hairpins and 
cleft site for specific interactions with other proteins and molecules. These regions contained 
conserved residues and the flexible ǃ-hairpin may have changed conformation upon 
binding of effectors and docking with a receptor. The negatively charged cleft of Hs-CutA1 
reflected the positive charge of the substrate ligands and was readily accessible to solvent.  

2.5 CutA1 from Shewanella sp. SIB1 

The CutA1 protein from Shewanella sp. SIB1 (SIB1-CutA1) contained 108 amino acid residues 
and shared 25, 30, and 39% identity with Ph-CutA1, Ec-CutA1, and Hs-CutA1, respectively. 
Recently, we determined the crystal structure of SIB1-CutA1 and measured its thermal 
stability (Sato et al., 2011).  

The overall structure of SIB1-CutA1 was a trimeric structure, which resembled other 
homologous CutA1 proteins (Fig. 4). The root-mean-square deviations (r.m.s.d.) of the Cǂ 
atoms for Ph-CutA1 and Ec-CutA1 against SIB1-CutA1 were 1.08 and 1.00 Å as a monomer, 
and 1.17 and 1.11 Å as a trimer, respectively. The r.m.s.d. of the Cǂ atoms between any pair 
of subunit SIB1-CutA1 was 0.50-0.58 Å. Each subunit consisted of three ǂ-helices and six ǃ-
strands, although the monomers of any other CutA1 had three ǂ-helices and five ǃ-strands. 
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The main difference was observed in the ǃ2-strand (Figs. 4 and 5). The ǃ2-strand was 
divided into two short ǃ2-strands, ǃ2a and ǃ2b, in SIB1-CutA1. Ph-CutA1 and Tm-CutA1 
isolated from hyperthermophiles did not exhibit kinks, whereas Tt-CutA1, Os-CutA1, Ec-
CutA1, and Hs-CutA1 had a conformational kink in the ǃ2-strand. This kink was caused 
from an insertion of a Pro residue into the ǃ2-strand. In addition, a Pro deletion variant of 
Ec-CutA1 increased its stability. A Gln residue (Gln39) was inserted into a ǃ2-strand and 
was divided into two short ǃ-strands in the SIB1-CutA1 from a psychrotrophic bacterium. 
So-CutA1 also had an insertion of an Ala residue in the ǃ2-strand. Therefore, these results 
suggested that the conformation of the ǃ2-strand affected the thermostability of CutA1 since 
hyperthermophilic CutA1 had no kink, although mesophilic CutA1 contained a kink, and 
psychrotrophic CutA1 had two short divided ǃ-strands. Moreover, hydrogen bonds 
between strands may have affected the stability. A kink caused by Pro (Pro58) in the ǃ3-
strand was another peculiarity of SIB1-CutA1. The kink in the ǃ3 strand also seemed to be a 
factor leading the split of the ǃ2-strand in SIB-CutA1, since there was interaction between 
ǃ2a and ǃ2b of Gln39 and ǃ3 of Pro58. 

 

Fig. 4. Ribbon diagram of trimeric structure of SIB1-CutA1 (PDB code 3AHP) at 2.7 Å 
resolution. The ǃ-strand is shown in red. The figure was prepared using PyMol (DeLano, 2004). 

 
Fig. 5. Close-up views of ǃ2 (ǃ2a and ǃ2b) and ǃ3. (a) SIB1-CutA1. (b) Ec-CutA1. (c) Ph-
CutA1. The figure was prepared using PyMol (DeLano, 2004). 
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The SIB1-CutA1 protein began to unfold at 80°C at pH 7.0. However, the unfolding was not 
completed at 95°C, because the CD value at 95°C and pH 7.0 differed from that at 95°C  and 
pH 5.0. Shewanella sp. could not grow at temperatures over 30°C, and other enzymes from 
Shewanella sp. SIB1, FKBP22 and ribonuclease H1 were inactivated at temperatures less than 
40°C. These results illustrated the high stability of SIB1-CutA1. 

3. Function of CutA1 proteins from the viewpoint of their structure 

Despite the similarities in folding of copper chaperones and roles in copper tolerance, CutA1 
proteins did not possess the classical CXXC motif that has been shown to bind metal ions via 
thiol sulphurs in Cys residues (Bull & Cox, 1994; O’Halloran, 1993). In Ec-CutA1, three 
cysteine residues (16, 39, and 79) were far apart both in sequence and structure, as none 
were located within a single subunit or trimer. This suggested that potential metal-binding 
features of CutA1 were different from those of metallochaperones. Moreover, in Tm-CutA1, 
there was a cavity accessible from the outside via three solvent accessible channels. The 
cavity of Tm-CutA1 was formed by a number of conserved aromatic residues (Tyr45, Trp47, 
Tyr81, and Trp101), and charged residues (Asp54, Glu56, and Glu82), which made this cleft 
a strong candidate for a conserved function. Several conserved residues including Cys35 
covered inner surfaces of the cavity that may serve as potential metal binding sites. Though 
CutA has been known to be involved in metal homeostasis, the metal-binding CXXC 
sequence motif was not found in Tm-CutA1.  

The CutA1 architecture was similar to those of several well-characterized PII signal 
transducer proteins (Arnesano et al., 2003; Savchenko et al., 2004). PII proteins are trimeric 
structures and integrate intracellular nitrogen and carbon status signals to the control of 
enzymes responsible for nitrogen assimilation (Ninfa & Atkinson, 2000). The trimeric PII-
like domains were reported to act as signal sensors that regulated unknown catalytic 
activities of more conserved domains (Godsey et al., 2007; Saikatendu et al., 2006), which 
might suggest that the conserved trimeric assembly showed a similar mechanism of action 
as PII proteins and CutA1. On the other hand, the major structural differences included the 
presence of a C-terminal ǃ-strand in PII proteins, while in CutA1 they replaced the ǂ3-
helices. Additionally, a large loop between strands ǃ2 and ǃ3 protruded into the solvent, 
whereas strands ǃ2 and ǃ3 in CutA1 were longer and formed ǃ-hairpin strands. In PII 
proteins, the two central ǃ-strands (ǃ3 and ǃ4) were joined by the T-loop, which were 
composed of 17 amino acids and played a key role in protein-protein interactions. In Tm-
CutA1, the ǃ3- and ǃ4-strands were joined by a two amino acid turn to form a hairpin loop. 
The residues in the C-terminal extension of the Tm-CutA1 ǃ3-strand (Tyr45, Trp46, and 
Trp47) were conserved. However, the structure of this region in Tm-CutA1 was different 
from that in PII proteins, suggesting that this region in Tm-CutA1 may not participate in 
protein-protein interactions (Savchenko et al., 2004).  

Recently, it was shown that overexpressed CutA isoform2 sensitized HeLa cells to copper 
toxicity by promoting copper-induced apoptosis (Yang et al., 2008); moreover, the inhibitory 
effect of excessive copper on cell proliferation was enhanced by over-expression of CutA 
isoform2. Based on these results, it was suggested that CutA isoform2 was implicated in an 
important role in copper toxicity. These studies will be helpful to guide future investigations 
in understanding the physiological role of the CutA1 protein. 
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4. High stability of the trimeric structural motif of CutA1 proteins 

CutA1 has an extraordinary stability that fundamentally depends on the optimal growth 
temperatures of their host organisms. The difference in stability among CutA1 proteins was 
explained by the difference in electrostatic interactions and the conformation of the ǃ2-
strand. From a structural point of view, the high stability of CutA1 originated from the 
common trimer structural motif. The trimeric structure enabled tightly intertwined 
interactions among the ǃ-strands. It was indicated that hydrophobic interactions in Ph-
CutA1 were responsible for stabilizing the trimeric structure. Moreover, it was observed that 
in SIB1-CutA1, the trimer subunits were solidly locked to each other with highly conserved 
aromatic residues, such as Tyr45, Trp47, Tyr81, Tyr98 and Trp101 (Fig. 6). These residues 
were located in the subunit interfaces. Therefore, we suggest that increasing stability of 
CutA1 was caused by the aromatic cluster. There was no report which provided evidence 
indicating that the aromatic cluster affected the stability of the CutA1 protein. 

 
Fig. 6. Close-up view of the subunit interface of SIB1-CutA1. Each monomer is coloured 
differently. The highly conserved aromatic residues are shown. The figure was prepared 
using PyMol (DeLano, 2004). 

SIB1-CutA1 subunit A (B or C) interacted with hydrogen bonds between ǃ2a and ǃ2b of 
subunit C (A or B), between ǃ2b and ǃ2a of subunit B (C or A) and between ǃ4 and ǃ5 of 
subunit B (C or A), resulting in a tightly intertwined trimer. The intertwined interactions 
among ǃ strands of SIB1-CutA1 appeared to stabilize the trimeric structure as in other 
CutA1 proteins. Furthermore, three ǂ-helices were located on the outside of the trimer and 
cover ǃ-strands. Highly conserved aromatic residues, Tyr45, Trp47, and Tyr81 from subunit 
A (B or C) and Tyr98 and Trp101 from subunit B (C or A) existed in the subunit interfaces. 
These residues formed a hydrophobic core at the trimer interfaces. 

In this section, we discussed our novel results in order to demonstrate the effects of the 
aromatic cluster on So-CutA1 protein stabilization. The highly conserved aromatic residues 
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of So-CutA1 were replaced (Y44A, W46A, Y97A, W100A, and W100F) and the CD spectra 
measurements and DSC analysis of these mutant proteins were evaluated.  

The gene encoding So-CutA1 was amplified by polymerase chain reaction (PCR), where the 
genomic DNA of Shewanella oneidensis MR-1 was used as a template. The resultant DNA 
fragment was digested with NdeI and BamHI. Plasmids for overproduction of So-CutA1 were 
constructed by ligating the resultant DNA fragment into the NdeI-BamHI sites of pET25b. The 
pET25b derivatives for overproduction of the five mutant proteins were constructed by PCR 
using the QuikChange II site-directed mutagenesis kit (Stratagene). The pET25b derivative for 
overproduction of So-CutA1 was used as a template. The mutagenic primers were designed 
such that the codons for Tyr44, Trp46, Tyr97 and Trp100 were changed to Ala, and the codon 
for Trp100 was changed to Phe. The resultant DNA fragments were digested with NdeI and 
BamHI and ligated into the NdeI-BamHI sites of pET25b. For overproduction of WT and 
mutant So-CutA1, E. coli BL21 (DE3) was transformed with WT or mutant pETCutA1 and 
grown at 37°C. When D600 reached 0.6, 1 mM IPTG was added to the culture medium and 
cultivation was continued at 37°C for 4 h. The cells were harvested by centrifugation, 
disrupted by sonication, and heat-treated at 60°C for 10 min. The supernatant was dialyzed 
against 50 mM Tris-HCl at pH 8.0 and applied to a HiPrep DEAE column (GE Healthcare Life 
Sciences). The protein was eluted from the column with a linear gradient of 0 to 1.0 M NaCl 
and the purity was analyzed by SDS-PAGE.  
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Fig. 7. CD spectra of the WT and mutant So-CutA1 at pH 8.0 and 30°C. 

The CD spectra measurements were made on a J-725 automatic spectropolarimeter from 
Japan Spectroscopic Co., Ltd. (Tokyo, Japan). The mean residue ellipticity, θ, which has units 
of degrees cm2 dmol-1, was calculated. For CD spectra measurements, the buffer used 
consisted of 50 mM Tris-HCl at pH 8.0, 1 mM EDTA, and 1 mM DTT. The protein 
concentration was 0.2 mg ml-1. DSC measurements were carried out on a high-sensitivity 
VP-DSC controlled by the VPVIEWERTM software package (Microcal, Inc., Northampton, 
MA, USA) at a scan rate of 1°C min-1. The buffer for DSC measurements contained 50 mM 
Glycine-NaOH at pH 9.0, and 1 mM EDTA. The protein concentration during the 
measurements was ≈ 0.5 mg ml-1. The reversibility of thermal denaturation was verified by 
reheating the samples. 
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The far-UV spectra of these five proteins at pH 8.0 and 30°C were nearly similar to those of 
WT-So-CutA1 as shown in Fig. 7, suggesting they have folded structures. Since far-UV CD 
spectra of a protein had been affected due to the aromatic residues (Woody, 1994), the 
differences in far-UV spectra of the six proteins might be caused mainly by differences in the 
content of aromatic residues. Fig. 8 shows the DSC curves of WT and five mutant proteins at 
pH 9.0. The peak temperatures of WT-So-CutA1 was 100°C, and those of five mutant proteins 
were 89 (Y44A), 99 (W46A), 85 (Y97A), 90 (W100A), and 94°C (W100F), respectively. The peak 
temperatures of mutant proteins were lower than that of WT-So-CutA1, suggesting that the 
aromatic cluster, especially Tyr44, Tyr97, and Trp100, which were located within the interface 
of the trimer, contributed to the stabilization of So-CutA1 (Fig. 9). 
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Fig. 8 DSC curves of the WT and mutant So-CutA1 at pH 9.0. 

 
Fig. 9. Close-up view of the subunit interface (model) of So-CutA1. Each monomer is 
coloured differently. The highly conserved aromatic residues are shown in magenta. The 
figure was prepared using PyMol (DeLano, 2004). 
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5. Conclusion 

In general, high thermostability of proteins correlated with high resistance against 
proteolysis. CutA1 unfolded at a remarkably higher temperature compared to the growth 
temperatures of the host organisms. The stability of CutA1 depended upon the growth 
temperature. Therefore, CutA1 must maintain the robustness for its function. At this present 
stage, we cannot explain the relationship between the exact functions and stability of CutA1. 
Nevertheless, the unusual high stability of CutA1 basically originated from a common 
trimer structure of these proteins. Structurally, the aromatic cluster, which combined the 
subunits, participated in the stabilization of CutA1. The evolutionarily conserved trimeric 
structure and thermostability might point to a similar mechanism of CutA1 action. 
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