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ABSTRACT 

To increase protein stability and test protein function, 
three double-cysteine mutations were individually 
introduced by protein engineering into the cysteine- 
free Cry3Aa δ-endotoxin from Bacillus thuringiensis. 
These mutations were designed to create disulfide 
bonds between α-helices 2 and 5 (positions 110 - 193), 
and α-helices 5 and 7 (positions 195 - 276 and 198 - 
276). Comparison of the CD spectra of the wild-type 
and the double-cysteine mutant proteins indicates a 
tighter helical packing consistent with formation of at 
least two of the disulfide bonds between the central 
and the outer helices. Thermal stability analysis indi-
cates that potential covalent linkages between the 
central α-helix 5 and the other helices increase resis-
tance to thermal denaturation by 10˚C to 14˚C com-
pared to the thermal stability of the wild-type protein. 
Spectroscopic analysis of the disulfide-specific ab-
sorbance band indicates that the double mutant pro-
teins are more stable to temperature and denaturant 
(guanidine hydrochloride) than the wild-type protein, 
as a result of the formation of two of the disulfide 
bridges. These results indicate that the double muta- 
tions M110C/F193C and A198C/V276C successfully estab- 
lished disulfide bonds, resulting in a more stable 
structure of the entire toxin. Despite the increase in 
stability and structural changes introduced by the 
disulfide bonds, no effect on toxicity was observed. A 
possible mechanism involving the insertion of all of 
domain I of Cry3Aa toxin into the target membrane 
accounts for these observations.  

Keywords: Disulfide Bonds; CD Spectra; Cry3Aa; Site 
Directed Mutagenesis 

1. INTRODUCTION 

Protein engineering is a powerful tool for modifying the 
properties of polypeptide molecules. One particular ap-
plication of protein engineering is sequence alteration to 
enhance protein stability in order to broaden their utility 
in commercial and medical applications. It is known that 
the tertiary structure of native proteins is defined by a 
number of weak interactions including: hydrophobic 
interactions [1], salt bridges [2], weakly polar interac-
tions [3], and hydrogen bonding [4]. Additionally, disul-
fide bonds can make a substantial contribution to the 
overall protein resistance to adverse environmental fac-
tors [5], and can play an important role in specific as-
pects of structural stability [6]. 

There have been reports in which protein stability of 
Cry1Aa protein has been improved by introducing artifi-
cial disulfide bridges [7,8]. Introduction of new disulfide 
bridges in proteins does not always result in increased 
stability to thermal or chemical inactivation, however. It 
has been suggested that one reason for this is that disul-
fide bridges in native proteins have special geometries 
which may be difficult to achieve in engineered proteins 
[9]. 

Several mechanisms have been proposed for the inser-
tion of -endotoxins into the insect plasma membrane. 
The “penknife” [10] and “umbrella” models [11] are 
supported by changes in the distribution of the hydro-
phobic faces of the helices in domain I. Both models 
involve separation of the α-helices from the α-helical 
bundle, followed by their insertion into the target mem-
branes resulting in the formation of ion pores. Other 
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studies have proposed that the whole domain I inserts 
into the protein, without α-helical separation [7,12-17]. 
There is also evidence that other domains of the protein 
are able to insert into membrane [16], and that several 
mutations in the domain I (α-helices 3 and 4) affect oli-
gomer formation [18-20]. Several disulfide-bridge muta-
tions generated by protein engineering which are related 
to the membrane partitioning mechanisms of Cry toxins 
are reviewed in [21]. An intermediate step has been pro-
posed in which the oligomerization occurs in tetramers 
after the hairpins from α-helices 3 and 4 are inserted into 
the membrane [22,23]. At the present time no single 
model can account for all the experimental observations.  

Based on the crystal structure of Cry3Aa, we designed 
and separately introduced three double cysteine muta-
tions expected to create disulfide bonds into the Cry3Aa 
protein. This was possible without prior manipulation of 
the protein because the Cry3Aa wild type protein does 
not contain disulfide bridges [11]. Structural analysis and 
site directed mutagenesis were used to engineer disulfide 
bonds between α-helices 2 and 5, and between α-helices5 
and 7 of Cry3Aa. It was expected that these bonds would 
modify the function of Cry3Aa and that that modification 
would be reflected in altered toxicity. In this study, we 
analyzed the effects of these disulfide mutants on protein 
stability. The data indicate that the thermal stability of 
Cry3Aa can be increased significantly by introduction of 
the disulfide bonds in domain I, without significant 
changes to protein toxicity. 

2. MATERIALS AND METHODS 

2.1. Design of Disulfide Bridges  

Candidate residues for the introduction of disulfide bri- 
dges were examined as previously described [7,8]. First, 
the coordinates for Cry3Aa were retrieved from the Pro-
tein Data Bank (http://www.rcsb.org/pdb/home/homedo 
PDB code: 1DLC; [11]). The structure of Cry3Aa was 
analyzed with the computer program HyperChem (Hy-
percube, Inc. Gainesville, FL) on a Silicon Graphics Iris 
workstation (Silicon Graphics, Fremont, CA). The de-
sired positions for the engineered disulfide bonds were 
between the central α-helix 5 and the outer α-helices of 
domain I (Figure 1). The following criteria were used to 
constrain the selection of candidate amino acids for 
mutagenesis: 1) the distance between the α-carbon of the 
residue on α-helix 5 and that on the outer α-helix must be 
less than 6 Å; and 2) the α-carbon atoms on both residues 
had to be oriented toward each other. Next, after in silico 
mutagenesis, the resulting structures were geometry- and 
energy-minimized. Geometry optimization for all the 
residues within a sphere of a 7 Å radius from the α-car- 
bon of the selected amino acid residues on α-helix 5 was 
carried out using the AMBER algorithm [24]. The global  

 
(a) 

 
(b) 

 
(c) 

Figure 1. Molecular representation of po- 
tential disulfide bonds in the domain I of 
the Cry3Aa δ-endotoxin. (a) Schematic rib- 
bon representation of DS1 disulfide bond, 
M110C/F193C, between α-helices 2 and 5; (b) 
DS2 disulfide bridge, T195C/V276C, be- 
tween α-helices 5 and 7; (c) Representation 
of the DS3 disulfide bond, A198C/V276C, 
between α-helices 5 and 7. 
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energy of the mutant protein after the optimization of 
disulfide mutants was compared to the global energy 
calculated for the wild-type toxin. Finally, root mean 
square tests were carried out on the mutant forms to de- 
termine the optimum conformations resulting from re- 
placing cysteine residues on the wild-type Cry3Aa struc- 
ture. Candidate amino acid residues for mutagenesis were 
simulated with Quanta 4.0 (Molecular Simulations Inc., 
Waltham, MA) and tested to determine that criteria 1 and 
2 were met.  

2.2. Construction of Mutant Proteins and  
Toxicity Assays 

The construction of pOS4601 which carries the Cry3Aa 
gene and its expression in Escherichia coli was described 
in Wu and Dean [25]. The Cry3Aa gene was used as a 
template to introduce the mutations that should result in 
the formation of the three disulfide mutants by site-di- 
rected mutagenesis [26]: M110C and F193C; T195C and 
V276C; A198C and V276C. The concentration of solubilized 
proteins was determined by Coomassie protein assay 
reagent (Thermo, Rockford, IL). The expression of wild- 
type and mutant toxins were determined by SDS-poly- 
acrylamide gel (12.5%) electrophoresis (SDS-PAGE) 
[27]. The selected mutations for the construction of three 
mutant proteins, containing pairs of cysteines that could 
potentially form disulfide bonds and five single mutants 
as control proteins are summarized in Table 1. The 
force-feeding bioassay technique on beetle larvae of T. 
molitor, and the data analyses have been previously de- 

scribed [25]. 

2.3. Circular Dichroism (CD) Measurements 

CD spectra were recorded on a Spex-CD6 spectropo- 
larimeter (HORIBA Jobin-Yvon, Longjumeau, France) 
equipped with thermostatic control with a 1-cm path-
length quartz cell (Hellma-Analytics, Müllheim, Ger- 
many), at room temperature (21˚C). CD data are pre- 
sented as molar ellipticities, i.e., deg·cm2/dmol. The 
spectra were the average of 25 scans collected from 195 
to 265 nm, recorded at 1 nm intervals at a scanning rate 
of 1 nm/min with a 2 msec time constant. 

Thermal denaturation was determined by measuring 
the protein’s secondary structure with CD. The spectra 
were recorded at a fixed wavelength of 222 nm (charac-
teristic of the α-helix conformation) [28,29]. Tempera- 
ture gradients from 40˚C to 82.5˚C were generated with a 
HP89090A Peltier temperature controller (Hewlett Pack- 
ard, Santa Clara, CA) and a Lauda RC6 circulating water 
bath (Lauda-Königshofen, Germany). Heating and cool- 
ing rates were performed in steps of 2˚C, with a 20 min 
equilibration time. Data were recorded using the CD6 
software supplied with the spectropolarimeter. The tran- 
sition curves were normalized to the fraction of the 
folded protein using the standard equation: F = ([θ] − 
θ)/([θ]ν − [θ]), where [θ]n and [θ]u represent the ellip- 
ticity values for fully-folded and fully-unfolded species, 
respectively; and [θ]is the observed ellipticity at 222 nm 
[28,29]. The concentration of the protein samples used 
for obtaining the CD spectra was 0.2 mg/mL in 10 mM  

 
Table 1. Amino acid residues selected for construction of disulfide bridge mutants and toxicity assays to Tenebrio molitor larvae. 

Relative 
Protein Selected amino acid residues Location Expression LD* (CL95)* 

toxicity 

Wild-type Cry3Aa   ++ (control) 11.4 (8.5 - 14.9) 1.0 

Single mutants:  

Single mutant 1 M110C 　-Helix 　 ++ 11.7 (8.3 - 14.5) 1.0 

Single mutant 2 F193C 　-Helix 　 -    

Single mutant 3 T195C 　-Helix 　 + 11.1 (7.8 - 13.4) 1.0 

Single mutant 4 A198C 　-Helix 　 + 10.2 (7.1 - 14.5) 1.1 

Single mutant 5 V276C 　-Helix 　 + 13.6 (10.3 - 17.7) 0.8 

Disulfide mutants:  

DS1 mutant M110C/F193C 　　　　　 + 12.7 (7.5 - 13.7) 0.9 

DS2 mutant T195C/V276C 　　　　　 + 10.3 (9.2 - 16.5) 1.1 

DS3 mutant A198C/V276C 　　　　　 + 9.6 (6.0 - 18.6) 1.2 

*
 50% lethal doses (LD50) and 95% confidence limits (CL95) are expressed as µg per larva. 
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sodium carbonate buffer, pH 11.0. 

2.4. UV Absorbance of Expected Disulfide  
Mutants 

The UV absorbance was scanned from 200 to 314 nm 
and the peak intensity at 250 nm was recorded using a 
HP8452A Diode-Array spectrophotometer (Hewlett Pack- 
ard, Santa Clara, CA). Temperature gradients from 25˚C 
to 100˚C were generated with a temperature-controlled 
circulating water bath (Lauda). Data were collected at 
2.5˚C intervals. The concentration of the protein samples 
was 0.2 mg/mL in 10 mM sodium carbonate and 6 M 
guanidine hydrochloride (GnHCl) buffer, pH 11.0. 

3. RESULTS 

3.1. Expression of Mutant Proteins 

Three double-cysteine mutants of the Cry3Aa protein 
were constructed which were expected to form disulfide 
bridges, referred to as DS1, DS2 and DS3 (Table 1). The 
expected disulfide bonds are indicated in the 3D struc-
ture of the toxin (Figures 1 (a)-(c)). There were also five 
proteins containing single amino acid mutations which 
were used as control proteins. These are M110C, F193C, 
T195C, A198C and V276C (Table 1). 

The expression of these mutant proteins was analyzed 
by SDS-PAGE (Figure 2). The predominant band of the 
expressed proteins displayed a 73-kDa apparent molecu-
lar weight. The average molecular weight of these pro-
teins was reduced to approximately 67 kDa after treat-
ment with the midgut juice of T. molitor larvae (Figure 2, 
lane 6). The single mutant, F193C, did not express struc-
turally-stable protein (Figure 2, lane 3), except when a 
counterpart mutation M110C was also introduced (Figure  
 

 

Figure 2. Coomassie blue stained 12.5% SDS-PAGE compar-
ing the expression of wild-type Cry3Aa and disulfide mutant 
proteins. Lanes 1 to 5, single mutants: 1) A198C; 2) M110C; 3) 
F193C; 4) T195C; and 5) V276C. Lane 6: wild-type Cry3Aa 
treated with Tenebrio molitor midgut juice. Lanes 7 to 9, dou-
ble mutants: 7) DS1, M110C/F193C; 8) DS2, T195C/V276C; and 9) 
DS3, A198C/V276C. Lane 10: molecular weight protein markers 
(Bio-Rad, Hercules, CA). Positions of molecular weight mark-
ers are indicated in kDa to the right. Each lane contained 10 - 
12 µg of protein. 

2, lane 7). This may be evidence that the disulfide bridge 
was actually formed, and that it introduced an unex-
pected stability to the protein, rendering it resistant to 
proteolytic activity). All of the expected disulfide mu-
tants produced structurally-stable proteins (Figure 2, 
lanes 7-9). 

3.2. Secondary Structure Analysis of Disulfide  
Mutants by CD Spectroscopy 

The far-UV CD spectra for Cry3Aa and the double mu-
tants showed a significant degree of α-helical structure 
(Figure 3). At 21˚C, the molar ellipticities of wild-type, 
DS1, DS2 and DS3 proteins at the minimum (ca. 220 
nm), which is characteristic for an α-helix, are −23,367, 
−20,314, −21,619 and −21,619 deg·cm2/dmol, respect- 
tively. Although these values for disulfide mutants de- 
creased slightly, the changes are not statistically signify- 
cant and the overall CD spectra of the wild-type and the 
mutant proteins were similar to one another. Further 
analysis of the spectrum between 200 and 240 nm (sec- 
ondary structure analysis) showed that there were 
changes in molar ellipticity resulting from the introduc- 
tion of double mutants, consistent with the formation of 
disulfide bridges in Cry3Aa. The parallel band reshifted 
from 211 for the wild-type protein to 213 for the DS2, 
and DS3 mutants and decreased in intensity from 
−22,322 to −20,516 deg·cm2/dmol. However, the changes 
in sign of the π-π* transition is at a lower wavelength 
(208 nm) for the DS1 mutant protein than for the wild- 
type. 

The n-π* transition (220 nm CD band) is a function of  
 

 

·

 

Figure 3. CD spectra of wild-type Cry3Aa and disulfide mutant 
proteins. Spectra were recorded at a protein concentration of 3 
µM in 10 mM sodium carbonate buffer (pH 11.0), at 21˚C. 
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the α-helical content. The π-π* excitation band at 208 nm 
polarizes parallel to the α-helical axis and is sensitive to 
whether the α-helix is monomeric or involved in tertiary 
contacts [30,31]. Thus, the ratio of [θ]220/[θ]208 is re- 
garded as a measure of the degree of inter-helix coiling 
structure. The 220 to 208 nm ratio of ellipticities for 
Cry3Aa and the disulfide mutants were calculated and 
are summarized in Table 2. The ratio changes from 1.18 
for wild-type protein to 1.34 for DS2 and DS3 mutants, 
while the ratio of ellipticity decreases to 0.92 for the DS1 
mutant protein. These results suggest that α-helical struc-
ture in domain I of DS2 and DS3 proteins is slightly 
more closely-packed than in the wild-type protein. 

3.3. Thermal Stability and Transition of  
Disulfide Mutants 

To measure the structural stability and evaluate the na-
ture of the folding/unfolding transition for disulfide mu-
tants, the CD signal change at 222 nm was monitored. 
CD spectra for mutant proteins recorded at different 
temperatures show a significant increase in thermal sta-
bility, as evidenced by amplitude of the CD signal at 222 
nm (Figure 4). The unfolding process is complete at 
80˚C as the spectrum does not change when the tem-
perature is increased to 85˚C. Assuming 100% and 0% 
folded structure at 40˚C and 80˚C, respectively, we cal-
culated a melting temperature at the midpoint of the 
transition curve, F = 0.5 and T = Tm (Figure 4 and Table  

2). The results showed that Tm increases by 10˚C to 14˚C 
as a result of the apparent introduction of the disulfide 
bonds. The thermal denaturation studies on the effect of 
the new inter-chain disulfide bonds in domain I suggest 
that the stability of Cry3Aa increases significantly, espe-
cially when the cysteine mutations are placed in the α- 
helices 5 and 7. 

3.4. Guanidine Hydrochloride Induced  
Unfolding of Double Cysteine Mutants 

To determine the contribution of the apparent disulfide 
bridges to the stability of the mutant proteins, the UV 
spectra in the presence of 6 M GnHCl were measured. It 
is well known that disulfide bonds display a weak ab-
sorbance band around 250 nm, where the disulfide group 
is the only significant chromophore [32]. In contrast to 
urea, GnHCl is a charged molecule and can potentially 
mask electrostatic interactions [33]. Therefore, the un-
folding of wild-type and double cysteine mutants in-
duced by GnHCl would result in a larger spectral change 
 
Table 2. Circular dichroism results of the wild-type Cry3Aa 
and disulfide mutant proteins. 

 Wild-type DS1 DS2 DS3 

[θ]220/[θ]208 1.18 0.92 1.34 1.34 

Tm (˚C) 57.3 67.3 71.4 70.8 

 

 

Figure 4. Thermal stability of wild-type Cry3Aa and the double-cysteine mutant proteins. (a) CD thermal equilibrium transition pro-
files, recorded at 222 nm, were normalized to the fraction of folded protein. Melting was performed in 10 mM sodium carbonate 
buffer (pH 11.0) at a rate 6˚C/h. Melting temperatures are illustrated by dashed lines; (b) Thermal denaturation curves for Cry3Aa 

ild type (●), and the three double cysteine mutants DS1 (■), DS2 (▲) and DS3 (▼). w  
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around 250 nm as a function of temperature if disulfide 
bonds were formed (Figure 5). Note that the thermal 
stability of the disulfide mutants varies approximately 
linearly with the increase of temperature. It is noteworthy 
that DS1 and DS3 mutant proteins display an increase in 
absorptivity at 250 nm, compared to wild-type and DS2 
proteins. These results would suggest a large contribution 
of these two double-cysteine mutations to the thermal 
stability of the Cry3Aa protein, which is consistent with 
formation of disulfide bridges. 

3.5. Insecticidal Activity of Mutant Proteins 

To determine whether these mutations affect the toxicity 
of the Cry3Aa δ-endotoxin, the toxicities of the wild- 
type and mutant toxins towards T. molitor larvae were 
analyzed by a force-feeding method. The results are re- 
ported in Table 1. The LD50 (50% lethal dose) for wild- 
type protein was 11.4 µg/larva. Single mutant, V276C, 
showed slightly less toxicity than the wild-type, but the 
confidence intervals overlapped. The toxicity of the DS3 
mutant, A198C/V276C, was similar to that of the wild-type 
toxin (LD50 = 9.6 µg/larva, 95% confidence limits: 6.0 - 
18.6 µg). Overall, The LD50 values showed no significant 
difference in insecticidal activity between the wild-type 
and mutant proteins (Table 1). 

4. DISCUSSION 

Three double cysteine mutants were engineered into the 
beetle-active δ-endotoxin Cry3Aa. Two of the double 
mutants (DS2 and DS3) were expected to create disulfide  
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Figure 5. Guanidine hydrochloride induced unfolding of wild- 
type Cry3Aa and double cysteine mutant proteins. Far-UV 
spectra were recorded at 250 nm for proteins in 6 M GnHCl. 
Thermal denaturation curves were performed in 10 mM sodium 
carbonate buffer (pH 11.0). 

bonds connecting the central α-helix 5 to an outer helix 
(α-helix 7), and the other double mutant (DS1) was ex-
pected to link another outer chain (α-helix 2) to the 
α-helix 5. The data indicate that these double mutations 
resulted in increased structural stability of the proteins. 
In contrast, the single cysteine mutant, F193C, did not 
produce structurally-stable protein (Figure 2, lane 3). 
Another single mutant, V276C, was slightly more suscep-
tible to proteolysis than both the wild-type and the other 
mutant proteins (Figure 2, lane 5), although why these 
individual cysteine mutations had an unfavorable effect 
on stability is not known. It is noted, however, that both 
F193 and V276 are buried in the hydrophobic interior of 
domain I [11]. Thus, the effects of the F193C and V276C 
mutations might be attributed to the removal of favorable 
hydrophobic interactions involving the native phenyla-
lanine and valine residues at these positions. Interestingly, 
the unfavorable effects of the single-cysteine mutants are 
suppressed in the double-cysteine mutations, a clear in-
dication of the formation of disulfide bonds, and DS1, 
DS2, and DS3 produced structurally stable proteins 
(Figure 2, lanes 7-9). 

Toxicity assays of the mutant proteins on T. molitor 
larvae showed that neither the proteins with sin-
gle-cysteine substitutions, nor the double-cysteine mu-
tants had a significant effect on the insecticidal activity, 
as compared to wild-type toxin (Table 1). The single- 
cysteine mutant proteins, when ingested by beetle larvae, 
were as toxic as the wild-type toxin, with overlapping 
confidence limits (Table 1). Since the midgut environ-
ment of beetle larva is usually mildly acidic and exhibits 
a negative (reducing) redox potential [34], disulfide 
bonds of mutant proteins may be labile under these con-
ditions. This would explain why the LD50 values for 
double mutants were similar to wild-type protein. How- 
ever, we cannot rule out the possibility that buried disul-
fide bridges may not be exposed to the reducing envi-
ronment of the midgut lumen. In this case, a plausible 
explanation is that the entire domain I inserts into mem-
brane as previously proposed, either as a whole protein 
[7,12-17] or as a member of an oligomeric complex [18, 
23,35,36]. This would also result in no difference in tox-  
icity between the wild-type and disulfide proteins. Thus, 
it is a reasonable assumption that the whole bundle of 
α-helices may be maintained as a closely-packed domain 
by disulfide bonds. 

Analysis of the difference between the ellipticity for 
wild-type and DS mutant proteins indicates that the de-
crease in the parallel band maximum for the DS2 and 
DS3 mutants (Figure 3) corresponds to the conversion of 
a relatively loose α-helical bundle to a more close- 
packed structure. It therefore appears reasonable to con-
clude that disulfide bridges were formed between the 
α-helices 5 and 7 resulting in a more tightly packed con-
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formation of domain I. Nevertheless, we did not observe 
a similar result for DS1, where the double cysteine muta-
tions would have been expected to hold α-helices 2 and 5 
together (Table 2). 

To further characterize the properties of the double- 
cysteine mutations, a geometry optimization for the DS1, 
DS2, and DS3 mutant proteins was performed using the 
AMBER algorithm [24]. The details of the potential di- 
sulfide bond geometry in the mutant proteins are sum- 
marized in Table 3. There are stringent geometric re- 
quirements for the relative positions and orientations of 
the two cysteine residues in order to form stable disulfide 
bridges [6]. The bond length must be 2.05 ± 0.03 Å, and 
the optimal 3 dihedral torsion angle should be ± 90 de- 
grees. Based on the simulation, the disulfide bond in the 
DS3 mutant (A198C/V276C) almost invariably satisfies 
these criteria. These calculated data for DS3 mutant are 
in good agreement with thermal denaturation CD spectra 
and the 250 nm UV absorbance results. 

The thermal CD transition curves for the mutant pro- 
teins suggest that there is a covalent linkage between the 
central α-helix 5 and the outer chains which significantly 
increases protein stability. The DS mutant proteins dis- 
played higher stability against temperature and chemical 
(GnHCl) denaturation than the wild-type protein. Ther- 
mal CD transition curves exhibit a 10˚C to 14˚C differ-  

ence in melting temperature (Figure 4 and Table 2), 
which reflects a stabilizing effect that can be explained 
by the engineered inter-chain bridges. In addition UV 
spectra taken in the presence of GnHCl also indicate a 
substantial increase in protein stability that could result 
from disulfide bonds (Figure 5). The difference in the 
250-nm UV absorbance between DS2 and DS3, however, 
was unexpected. The decrease in intensity for DS2 is not 
consistent with the [θ]220/[θ]208 ratio and the melting tem-
perature (Table 2). 

5. CONCLUSION 

The thermal analysis data, the molecular calculations, 
and the structural analysis indicate that the double-cys- 
teine mutant proteins DS1 and DS3 formed disulfide 
bridges. In addition, the fact that DS1 became a stable 
protein only after a second mutation was introduced fur-
ther supports this conclusion. It is also clear that there is 
not conclusive evidence to indicate that the DS2 mutant 
formed a disulfide bridge. Taken together these results 
indicate that we have introduced two stable disulfide 
bonds into Cry3Aa, but that these mutations do not alter 
protein toxicity. A plausible model to explain these ob-
servation will be one in which the protein inserts into the 
target membrane either as a whole molecule, or as a  

 
Table 3. Details of disulfide bond geometry in the mutant toxins by geometry optimization. 

Distance (Å) Disulfide bond torsion angle* (˚) 

Ca-C'a Cb-C'b S-S' c1 c2 c3 c'2 c'1 
Energy 

Proteins 

        (kcal/mol) 

DS1 mutant          

M110C/F193C 4.87 4.60 2.01 −139 84 −144 77 −121 −342 

(Wild-type)# (6.12) (7.21)        

DS2 mutant          

T195C/V276C 5.68 4.34 2.03 −118 64 152 53 −96 −263 

(Wild-type) (6.03) (5.92)        

DS3 mutant          

A198C/V276C 5.81 3.60 2.04 −175 154 93 65 177 −362 

(Wild-type) (5.81) (4.29)        

*The geometry of a disulfide bond is represented by five torsion angles, as shown below: 

 
#Corresponding distances in the wild-type Cry3A crystal structure are given in parentheses. 
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member of a complex oligomeric structure. 
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