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The three hybrid glucanases (1-12)AMY . MAC(13-214), (1 -12)AMY. des-Tyr13MAC(14-214); 
(1 -16)AMY . MAC(l7-214) are composed of short N-terminal segments of 12 or 16 amino acid resi- 
dues derived from the Bacillus amyloliquefaciens glucanase (AMY) and of residues 13-214, 14-21 4 
and 17 -214, respectively, derived from the Bacillus macerans enzyme (MAC). The three proteins have 
similar conformational features as shown by the similar characteristics of their CD spectra in the far- and 
near-ultraviolet region. A metal-ion-binding site was identified in the hybrid glucanase (1 - 16)AMY . 
MAC(17-214) by a crystal structure analysis [Keitel, T., Simon, O., Borriss, R. & Heinemann, U. (1993) 
Proc. Nut1 Acad. Sci. USA 90, 5287-52911. Only minor conformational changes of the three hybrid 
glucanases were observed depending on the presence or absence of Ca2+ ions but for (1-16)AMY . 
MAC(17-214) and (1 -12)AMY . des-Tyr13MAC(14-214) the occupation of this metal-binding site by 
a Ca2+ ion is connected with a large increase of the stability against thermal and chemical unfolding. 
Surprisingly, for (1-12)AMY . MAC(13-214), which differs from (1-12)AMY . des-Tyrl3MAC(14- 
214) by only one additional amino acid in an N-terminal loop region, the effect of Ca2' ions on the 
stability is small. The exchange of a few amino acid residues near the N-terminus of the B. macerans 
glucanase against amino acids found at comparable positions in the B. amyloliquefaciens glucanase seems 
to influence very strongly the strength of the Ca" binding site and concomitantly the stability of the 
hybrid glucanases. 
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Determination of the forces that govern protein stability 
remains a challenging task and the accumulation of all available 
information, including results of genetic experiments, crystal 
structure analyses and physicochemical approaches, is necessary 
for a deeper understanding of the factors responsible for the 
stability of a protein (Creighton, 1993). 

Reasonable progress can be expected for a group of bacterial 
(1,3-1,4)-P-glucan hydrolases @-glucanase). These enzymes re- 
present a distinct class of enzymes distinguished from other 
endo-P-glucanases by their substrate specificity (Andersen and 
Stone, 1975) and their primary sequences (Herissat and Bairoch, 
1993). P-Glucanases are able to degrade mixed linked P-glucans, 
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Tyrl3MAC(14-214) and (1-16)AMY . MAC(17-214) and hybrid 
glucanases containing 22, 12 and 16 N-terminal amino acids derived 
from Bacillus amyloliquefuciens (1,3-1,4)-~-glucanase ; with the C-ter- 
minal sequence segments 13-214, 14-214 and 17-214, respectively, 
from BacilEus maceruns (1,3-1,4)-p-glucanase; Gdn/HCl, guanidine 
hydrochloride; DSC, differential scanning calorimetry; [O],,,, molar 
mean residue ellipticity at 210 nm;f,, fraction of unfolded protein; AC,, 
free energy of unfolding; AH,, enthalpy difference between folded and 
unfolded state at half-transition temperature. 

Enzymes. 1,3-1,4-P-D-glucan 4-glucanohydrolase, (1,3-l,4)-/?-gluca- 
nase (EC 3.2.1.73). 

as barley P-glucan and lichenan, cleaving the 1,4-P-linkages ad- 
jacent to 1,3-P-linkages within these polysaccharides (Andersen 
and Stone, 1975). 

Hybrid enzymes containing segments derived from Bacillus 
macerans P-glucanase and Bacillus amyloliquefaciens P-gluca- 
nase were constructed and expressed in Escherichia coli in an 
attempt to combine the thermostability of the former enzyme 
with the tolerance towards acidic conditions of the latter enzyme 
(Olsen et al., 1991). A set of hybrid glucanases composed of 
16, 36, 78 and 152 N-terminal amino acids derived from the B. 
amyloliquefaciens sequence (AMY) followed by a C-terminal 
segment derived from the B. maceruns sequence (MAC) was 
tested. At pH 4.1, three of the hybrid enzymes containing 16, 36 
and 78 amino acids of the B. amyloliquefaciens sequence 
showed a largely enhanced thermostability in comparison to the 
wild-type enzymes. At neutral pH, the hybrid enzyme (1-16)- 
AMY . MAC(17-214), with 14 N-terminal amino acids of the 
B. macerans enzyme exchanged against a N-terminal segment 
of 16 amino acid residues derived from B. amyloliquefaciens, 
was found to be the most thermostable enzyme (Olsen et al., 
1991). Further hybrid glucanases were constructed by site-di- 
rected mutagenesis in a search for the molecular basis of the 
enhanced thermostability of some of the hybrid enzymes. It was 
found that substitution of four N-terminal residues of the B. 
macerans enzyme by the B. amyloliquefaciens residues Glnl, 
Thr2, Ser5 and Phe7 is sufficient and responsible for an increase 
of the thermostability of the hybrid enzymes in comparison to 
the parental glucanases (Politz et al., 1993). 
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Fig. 1. Schematic stereo drawing of (1-16) AMY MAC(17-214). 
Curved ribbons symbolize p-strands, the a-helix is drawn as a wound 
ribbon. Amino and carboxy termini are labeled with N and C, respective- 
ly. Ca2+ binding residues Pro9, Gly45 and Asp207 are shown in ball and 
stick mode and the Ca2+ ion is indicated by a van der Waals sphere. 
This figure was prepared with the program QUANTA using coordinates 
kindly provided by Dr U. Heinemann. Insert: segments of 10 amino 
acids [(l-16) AMY . MAC(17-214); (1-12)AMY . des-Tyrl3- 
MAC(14-214)] and 11 amino acids [(1-12)AMY . MAC(13-214)] 
where the sequence differences of the three glucanase variants are 
localized. Amino acids derived from B. amyloliquefaciens are under- 
lined. 

Surprisingly, one of the hybrids constructed in this series, 
(1-12)AMY . MAC(13-214), containing 12 amino acid resi- 
dues derived from the N-terminal AMY sequence, was found to 
be less stable than its counterparts containing 8 or 16 AMY 
residues (Politz et al., 1993). This suggested the existence of 
further effects contributing to the thermostability of hybrid glu- 
canases. In fact, deletion of Tyrl3 in hybrid (1-12)AMY . 
MAC(13-214) yielded a hybrid enzyme (1-12)AMY . des- 
Tyrl3MAC(14-214) characterized again by high thermostabil- 
ity (Politz et al., 1993). Thus it became obvious that the ex- 
change of few amino acid residues or the removal of only one 
is connected with rather drastic changes in the thermostability 
of the various proteins. 

Recently the three-dimensional structures of (1 - 16)AMY . 
MAC(17-214) (Keitel et al., 1993) and of the two circularly 
permuted P-glucanase variants cpA16M-59 and cpMAC-57 
(Hahn et al., 1994) were determined by X-ray crystallography. 
The polypeptide chains of these glucanases are folded into two 
seven-stranded antiparallel p-pleated sheets arranged on top of 
each other (Fig. 1). The backbone carbonyl oxygen atoms of 
Pro9, Gly45 and Asp207, a carboxylate oxygen of Asp207, and 
two water molecules form a calcium-ion-binding site on the con- 
vex face of the proteins (Keitel et al., 1993). The N-terminal 
segment of the protein molecule that has a decisive effect for 
the resistance against thermoinactivation (Politz et al., 1993) 
contains only Pro9 as a component of the Ca2+-binding site. 
Hydrogen bonds between N- and C-terminal segments of the 
hybrid molecule (1 -16)AMY . MAC(17-214) were identified 
and assumed to be responsible for the enhanced thermostabilities 
of some of the hybrid glucanases (Politz et al., 1993). A disul- 
fide bridge is formed between Cys32 and Cys59. The disulfide 
bridge can be formed both in thermostable glucanases and in 
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those with lower thermostability and seems therefore not to 
contribute significantly to the observed thermostability differ- 
ences. 

Despite the valuable information of site-directed mutagene- 
sis and crystal structure analysis, the large differences in the 
thermostability observed, especially between the hybrid gluca- 
nases (1-12)AMY . MAC(13-214) and (1-12)AMY . des- 
Tyrl3MAC( 14 - 214) differing by one amino acid only, could 
not be explained by the available data. Therefore, a further 
physicochemical study was undertaken comparing the three 
closely sequence related (see insert of Fig. 1) hybrid glucanases 
(1-12)AMY . MAC(13-214), (1-12)AMY . des-Tyrl3 
MAC(14-214) and (1-16)AMY . MAC(17-214). The minor 
sequence differences are located in a loop region near the N- 
terminus. Drastic effects of Ca2+ ions on the thermostability of 
the hybrid glucanases (1-16)AMY . MAC(17-214) and (1- 
12)AMY . des-Tyrl3MAC(14-214) have been demonstrated 
recently by differential scanning calorimetric measurements 
(Welfle et al., 1994). 

In this paper we describe further experiments to characterize 
the molecular basis of the thermostability of glucanases. The 
influence of Caz+ ions on the stability of the three hybrid 
enzymes (1-12)AMY . MAC(13-214), (1-12)AMY . des- 
Tyr13MAC(14-214) and (1-16)AMY . MAC(17-214) was 
studied by spectroscopic monitoring of their chemical or thermal 
unfolding in the presence or absence of calcium ions. Despite 
only minor sequence differences, large differences were found 
in the unfolding behavior of the hybrid enzymes in buffer con- 
taining 1 mM Ca*+ in comparison to the unfolding in calcium- 
free, EDTA-containing buffer. The data suggest that the strength 
of calcium ion binding may have a decisive effect for the high 
thermostability of certain hybrid P-glucanases. This suggests dif- 
ferences in the strength of Ca” binding as a major factor for 
the stability of the hybrid glucanases. 

EXPERIMENTAL PROCEDURES 

Materials. Sodium cacodylate was purchased from Serva 
and guanidine hydrochloride (GddHCl) from ICN Biochemi- 
cals. CaC1, and EDTA were from Merck. 

Enzymes. Hybrid glucanases were expressed in E. coli and 
prepared as described earlier (Olsen et al., 1991 ; Politz et al., 
1993) including CM-Sepharose CL-6B chromatography and gel 
filtration on Sephacryl S-200 (Pharmacia) as final purification 
steps. The electrophoretic purity of the preparations was tested 
on sodium dodecyl sulfate gels (Laemmli, 1970) and was better 
than 98 %. The proteins were exhaustively dialyzed before opti- 
cal measurements against 2 mM sodium cacodylate pH 6.0, con- 
taining 1 mM CaC1, or 1 mM EDTA, with or without 1.5 M 
Gdn/HCl. The buffers were prepared in water purified by Milli- 
pore filtration followed by bidistillation in quartz equipment to 
remove traces of Ca” ions. 

For the monitoring of protein unfolding, aliquots of a stock 
solution of denaturant in buffer were mixed with aliquots of 
protein stock solutions in the same buffer. The samples were 
incubated for at least 1 h at each denaturant concentration before 
the measurements. 

Protein concentrations were determined spectrophotometri- 
cally using the following absorption coefficients at 282 nm: 
(1-16)AMY . MAC(17-214), 27.4 ml . mg-’ . cm-’; (1-12)- 
AMY . MAC(13-214), 27.2 ml . mg-’ . cm-’; (1-12)AMY . 
des-Tyrl3MAC(14-214), 26.8 ml . mg-’ . cm-I. The absorp- 
tion coefficients were calculated from the amino acid composi- 
tions of the respective proteins and the molar absorption coeffi- 
cients of aromatic amino acid and cysteine residues in the pres- 
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ence of 6 M  Gdn/HCI (Gill and von Hippel, 1989) using the 
program PHYSCHEM of the program package PCGENE, Intel- 
ligenetics. 

Circular dichroic measurements. Circular dichroic spectra 
were recorded on a Jasco-720 CD Spectrometer using a path 
length of 0.01 -0.1 cm for measurements in the far-ultraviolet 
region over 180-260 nm at protein concentrations of 0.1 -0.5 
mg . m1-l. In the near-ultraviolet region, due to the much weaker 
CD effect of aromatic amino acids, a path length of 0.5 cm was 
necessary. All measurements were performed in a cell holder 
thermostatted with an accuracy of 20.2"C. Gdn/HCl and ther- 
mal unfolding were monitored by measuring the changes of the 
CD at 210 nm. At this wavelength the CD can be measured up 
to a Gdn/HCI concentration of about 5 M. Molar mean residue 
ellipticities [O] (deg . cmz . dmol-') were calculated using a 
mean-residue molecular mass of 11 1.8 Da determined from the 
amino acid composition of the proteins. The content of second- 
ary structure elements was calculated from the far-ultraviolet CD 
spectra using the program VARSLCl starting with a set of 33 
reference proteins (Manavalan and Johnson Jr, 1987 ; Johnson 
Jr, 1990). 

Fluorescence measurements. Fluorescence spectra were 
obtained with a Shimadzu RF 5001 PC spectrofluorimeter. The 
excitation wavelength was set at 295 nm where selectively Trp 
but not Phe and Tyr are excited. The slit width for excitation 
and emission was 5 nm. Measurements were performed in 
0.2-ml micro quartz cells with 3-mm path length, and the sample 
absorbance was less than 0.1 at the excitation wavelength. The 
sample temperature was carefully controlled by thermostatting 
the cuvettes. The fluorescence intensities were normalized to a 
protein concentration of 1 mg . ml-' and the Raman peak of 
water was used as an internal standard. 

Calculation of thermodynamic parameters. The fractions 
of unfolded protein were calculated from GddHC1 unfolding 
curves or from melting curves as described previously (Pace, 
1986; Pace et al., 1989). 

Frequently unfolding of a monomeric, single-domain protein 
occurs as a single, cooperative transition from the folded F-state 
to an unfolded, mostly disordered form, called the U-state, and 
can be written as: 

F - U .  (1) 

The difference in free energy AG, between the two states can 
be calculated from the equilibrium constant K, of the unfolding 
reaction 

according to the equation : 

AG, = -RTln K,. 

K,  and thus AG, can be calculated from unfolding curves with 
fu as the fraction of unfolded protein molecules obtained by mon- 
itoring spectral changes depending on the GddHC1 concentra- 
tion. 

The enthalpy difference AH,,, between the folded and un- 
folded state at the half-transition temperature can be calculated 
according to the van't Hoff equation : 

The Gibbs-Helmholtz equation 

(4) 

(5) 
was used for the calculation of AG;', the free energy of unfold- 
ing at 25°C. AC, values used in this calculation were obtained 
from differential scanning calorimetry (DSC) measurements 
(Welfle et al., 1994). 

RESULTS 

Conformation of (1-16)AMY - MAC(17-214), (1-12)AMY * 

MAC(13-214) and (1-12)AMY - des-Tyr13MAC(14-214) as 
derived from the CD spectra in the peptide region. Circular 
dichroic spectra of the three hybrid glucanases in the far-ultravi- 
olet region are shown in Fig. 2a. The spectra were measured in 
2 mM sodium cacodylate buffer pH 6.0, containing 1 mM CaC1, 
(full lines) or 1 mM EDTA (broken lines). The CD spectra of 
the three hybrid glucanases differ to a certain extent and show 
also some quantitative differences depending on the presence or 
absence of Ca2+ ions in the buffer. The qualitative characteristics 
of the spectra, however, are rather similar indicating the same 
type of folding of the polypeptide backbone in each of the three 
proteins both in the presence and absence of Ca2+ ions. The ob- 
served minor quantitative differences may be caused at least par- 
tially by the experimental error of the protein concentrations as 
suggested by an even closer matching of the spectra when 
multiplied with appropriate factors. 

According to the main features of the CD spectra, the three 
proteins most probably belong to the class of p-proteins. This is 
indicated by the strong positive band at 200-202 nm and the 
negative band around 188 nm. The weak positive band at 
227 nm, however, is an unusual feature in the spectra of the 
hybrid glucanases deviating from the CD spectra of most other 
p-proteins. A similar CD spectrum was found for gene 5 protein 
of fd bacteriophage. The positive band at 228nm in the CD 
spectrum of gene 5 protein was assigned to tyrosine according 
to data for model compounds and to the pH dependence of this 
band (Liang et al., 1993; Day, 1973). 

From the CD spectra shown in Fig. 2 a the content of second- 
ary structure elements was calculated using the program 
VARSLCl (Manavalan and Johnson Jr, 1987) and the results are 
given in Table 1. This data evaluation suggests an amount of 
6-17% of parallel p-sheets in the hybrid glucanases but none 
were found in the crystal structure of (1 -16)AMY . MAC(17- 
214) (Keitel et al., 1993). Considering the discrimination of p- 
structures into parallel and antiparallel sheets as an overinter- 
pretation of the CD data and summing up the two p-sheet com- 
ponents for comparison, the values are in good agreement with 
the content of secondary structure elements as found by the crys- 
tal structure analysis. Furthermore, taking into account the 
limitations of the method (Yang, 1990), the evaluation of the CD 
spectra yields a similar content of secondary structures for the 
three studied hybrid glucanases. 

Circular dichroic spectra of (1-16)AMY * MAC(17-214), 
(1-12)AMY - MAC(13-214) and (1-12)AMY - des-Tyrl3- 
MAC(14-214) in the near-ultraviolet region. In the 250- 
340-nm region, the circular dichroism of proteins originates 
from aromatic amino acid residues. CD spectra in the near-ultra- 
violet region are sensitive to any changes in the surrounding of 
these residues (Kahn, 1979). 

In Fig. 2b, CD spectra in the region 250-340 nm of the 
three hybrid glucanases are shown. The spectra were measured 
in the presence (full lines) and absence (broken lines) of Ca*+ 
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Fig.2. CD and fluorescence spectra of the three hybrid enzymes 
(1-16)AMY * MAC(17-214) (spectra 1 and 4), (1-12)AMY 
MAC(13-214) (spectra 3 and 6) and (1-12)AMY - des-ljrl3- 
MAC(14-214) (spectra 2 and 5). The proteins were in 2 mM sodium 
cacodylate pH 6.0, containing 1 mM CaC1, (-) or 1 mM EDTA 
(- - - -). (a) CD spectra in the peptide region of 185-260 nm measured 
at protein concentrations in the range of 0.5 mg ml-', at a path length 
of 0.01 cm and at 25°C. (b) Near-ultraviolet CD spectra measured at 
protein concentrations of 0.5 mg ml-', at a path length of 0.5 cm and at 
25 "C. (c) Fluorescence spectra measured at protein concentrations of 
0.060 mg ml-', at a path length of 1 cm and at 25°C. The excitation 
wavelength was 295 nm. The spectra were standardized with respect to 
the Raman peak of water as internal standard. 
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Fig. 3. CD spectra of (1-16)AMY MAC(17-214) (a) in the peptide 
region and (b) in the near-ultraviolet region at three different buffer 
conditions. 2 mM sodium cacodylate pH 6.0, 1 mM CaCl,: (-) in 
the absence of GddHC1; (. . . .) with 1.5 M GddHC1; (- - - -) with 5 M 
GddHCl. 

ions. The quantitative differences in the spectra of the three pro- 
teins exceed the experimental error and cannot be explained by 
quantitative differences in the contents of aromatic amino acids. 
The sum of Phe, Trp and Tyr amounts to 39,38 and 38 residues/ 
molecule for (I-12)AMY. MAC(13-214), (1-12)AMY. des- 
Tyr13MAC(14-214) and (1 -16)AMY . MAC(17-214), re- 
spectively. Probably the observed spectral differences indicate 
subtle conformational differences between the variant gluca- 
nases. On the other hand, the qualitative similarity of the spectral 
characteristics points to comparable general features of the sur- 
roundings of the aromatic amino acids residues of the three en- 
zymes. Removal of Caz+ ions has practically no effect on the 
spectra of (1-16)AMYMAC(17-214) (Fig. 2b, curves 1 and 
4) and (1-12)AMY . MAC(13-214) (Fig. 2b, curves 3 and 6). 
There are small differences between the spectra of (1 - 12)AMY 
. des-Tyrl3MAC(14-214) measured in the presence or absence 
of Ca2+ ions (Fig. 2 b, curves 2 and 5 )  suggesting for this protein 
certain Caz+-dependent changes of the conformation in the 
neighborhood of aromatic residues. 

Fluorescence spectra of (1-16)AMY - MAC(17-214), 
(1-12)AMY - MAC(13-214) and (1-12)AMY * des-Tj~l3- 
MAC(14-214). Fluorescence emission spectra of (1 - 16)AMY 
. MAC(17-214), (1-12)AMY . MAC(13-214) and (1-12)- 
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Table 1. Content of secondary structure elements of (1-16) AMY * MAC(17-214), (1-12)AMY - MAC(13-214) and (1-12)AMY - des- 
Tyr13MAC(14-214) in buffers I and 11. Buffer I is 2 mM sodium cacodylate pH 6.0, 1 mM CaC1, and buffer I1 2 mM sodium cacodylate pH 6.0, 
1 mM EDTA. A, antiparallel; P, parallel. The third line of values for (1-16) AMY . MAC (17-214) was determined from atomic coordinates 
obtained by X-ray analysis (Keitel et al., 1993) using the Program QUANTA, based on the definitions of Kabsch and Sander (1983). 

Protein Buffer Content of 

a-helix b-sheet turn remainder 

A P 

% 

(1-16)AMY. MAC(17-214) 

(1-12)AMY. MAC(13-214) 

I 7 33 11 10 39 
I1 3 30 17 9 42 
X-ray 3 48 10 39 - 

I 
I1 

0 34 13 9 44 
1 39 8 12 39 

(1 - 12)AMY . des-TyrlSMAC( 14-214) I 1 44 6 9 40 
I1 -1 39 13 8 39 

AMY . des-Tyrl3MAC(14-214) are shown in Fig. 2c. These 
spectra reflect the fluorescence properties of the Trp residues in 
the three proteins that were selectively excited at a wavelength 
of 295 nm. There are pronounced differences between the fluo- 
rescence intensities of the three variant hybrid glucanases but 
the effect of Caz+ ions on the fluorescence intensities is rela- 
tively small. Thus, only minor quantitative differences in the 
spectra of each protein depending on the presence or absence of 
Ca” ions were observed. The positions of the fluorescence max- 
ima were found at about 335 nm with minor differences among 
the three proteins. These positions indicate a hydrophobic envi- 
ronment of the Trp residues for all three hybrid enzymes 
(Burstein et al., 1973). The removal of Caz+ ions does not 
change the positions of the fluorescence maxima. This is ex- 
pected in the case of the preservation of the folded state of the 
proteins under both buffer conditions. 

Guanidine-hydrochloride-induced unfolding of (1-16)AMY * 

MAC(17-214), (1-12)AMY - MAC( 13-214) and (1-12)AMY 
* des-Tyrl3MAC(14-214). At high Gdn/HCl concentrations 
drastic changes in the CD spectra of the three hybrid glucanases 
indicate the denaturant-induced unfolding of the proteins. This 
is shown for (1-16)AMY . MAC(17-214) both in the peptide 
region (Fig. 3 a) and in the near-ultraviolet region (Fig. 3 b). At 
1.5 M GddHC1 the conformation of the protein is still very 
similar to the conformation in Gdn/HCl-free buffer as shown 
by the similarity of the spectra measured under both conditions 
(Fig. 3a, b). Completely different spectra were obtained in the 
presence of 5 M GdnlHCl, demonstrating the unfolding of the 
protein under these conditions. In the peptide region (Fig. 3 a) 
the measurements in 1.5 M and 5 M GddHC1 are limited to 205 
and 210 nm, respectively, due to a strong increase of the absor- 
bance in the far-ultraviolet region with increasing Gdn/HCl con- 
centration. The absorbance is not limiting in the near-ultraviolet 
region (Fig. 3 b). 

Microcalorimetric measurements have shown previously that 
the unfolding of the two hybrid glucanases (1-16)AMY . 
MAC(17-214) and (1-12)AMY . des-Tyr13MAC(14-214) in 
the presence of Ca2+ does not follow a ‘two-state’ mechanism 
(Welfle et al., 1994). Thus an essential precondition for the cal- 
culation of thermodynamic parameters from spectroscopic data 
(Pace, 1986; Pace et al., 1989) is not valid in these cases. There- 
fore results of further data treatment as shown in Fig. 4a-c for 

(1-16)AMY . MAC(17-214), (1-12)AMY . MAC(13-214) 
and (1 - 12)AMY . des-Tyrl3MAC(14-214), respectively, are 
only valid for (1-12)AMY . MAC(13-214) in the presence 
and absence of Caz+ and for (1-16)AMY . MAC(17-214) and 
(1-12)AMY . des-Tyr13MAC(14-214) without Ca2 + ions. For 
(1-16)AMY. MAC(17-214) and (1 -12)AMYMAC(13-214) 
in the presence of Caz+ only apparent values can be ob- 
tained. 

The half-transition concentrations range over 2.3 -2.9 M 
Gdn/HCl and are summarized in Table 2. The unfolding is 
highly cooperative starting at Gdn/HCl concentrations above 
2 M and reaching plateau values at about 3 M Gdn/HCl. Ca2+ 
ions stabilize the hybrid glucanases (1-16)AMY . MAC(17- 
214) and (1-12)AMY . des-Tyr13MAC(14-214) against un- 
folding by Gdn/HCl as shown qualitatively by the shift of the 
unfolding curves to higher GddHC1 concentration in the pres- 
ence of 1 mM CaCl, (Fig. 4 a  and c, open triangles) in compari- 
son to that in the presence of 1 mM EDTA (Fig. 4 a  and c, full 
triangles). The effect of CaZf ions is small in the case of (1- 
12)AMY . MAC(13-214) (Fig. 4b, open and full rectangles). 
The transition midpoints were found at only marginally differing 
Gdn/HCl concentrations (Ac, = 0.12 M) but the cooperativity 
of unfolding is lower in the absence of Caz+ ions. This explains 
the large stability difference of 22.2 kJ mol-’. 

The unfolding processes of the three hybrid glucanases show 
a high degree of reversibility both in the presence and absence 
of Ca2+. In Fig. 4a, as an example, a refolding curve of (1 - 
16)AMY . MAC(17-214) in buffer containing 1 mM EDTA is 
shown (stars). 

From the unfolding curves given in Fig. 4 values of the free 
energy of unfolding AGU,,$ were calculated as described in Ex- 
perimental Procedures and linearly extrapolated to 0 M denatur- 
ant. Thus values of A G X  were obtained which are summarized 
in Table 2. 

Thermal unfolding of (1-16)AMY - MAC(17-214), (1-12)- 
AMY - MAC(13-214) and (1-12)AMY * des-Tyrl3MAC- 
(14-214) in 1.5 M Gdn/HCl. Thermal unfolding of the hybrid 
glucanases is impaired by a strong aggregation tendency of the 
proteins at higher temperatures. This aggregation prohibits the 
correct measurement of thermal melting curves when the pro- 
teins are dissolved in 2 rnM sodium cacodylate pH 6.0, with 
either 1 mM CaC1, or 1 mM EDTA. Fortunately, aggregation 



Welfle et al. (Eur J .  Biochern. 229) 731 

a 

I 1 , 1 , 1 1 1  

0 1 2 3 4 5 6 -0.2 

GdnHCl (M) 

9 0  

9 

U 

L 

1 ,  I 
6 

-0,2 ' 
0 1 2 3 4 5 

GdnHCl (M) 

A 
A 

A 

A 

A 

A A  

A a  
A A  

-0.2' ' 
l , l ,  

0 1 2 3 4 5 6 

GdnHCl (M) 

Fig. 4. Gdn/HCI-induced unfolding of (a) (1-16)AMY * MAC(17-214), (b) (1-12)AMY * MAC(13-214), and (c) (1-12)AMY * des-Tyrl3- 
MAC(14-214) in 2 mM sodium cacodylate pH 6.0, containing 1 mM CaCI, (7, 0, A) or 1 mM EDTA (V, M. A). In (a) refolding of (1 - 
16)AMY . MAC(17-214) in buffer containing 1 mM EDTA is also shown (%). The curves were obtained by monitoring of the changes of the 
circular dichroism of the samples at 25 "C and 210 nm and data evaluation according to Pace (1986) and Pace et al. (1989). 

Table 2. Free energies AG?; of unfolding and Gdn/HCI half-transition concentrations c, of the hybrid glucanases (1-16)AMY * 

MAC(17-214), (1-12)AMY - MAC(13-214) and (1-12)AMY - des-Tyr13MAC(14-214). Values were determined from denaturation experiments 
with increasing concentrations of Gdn/HCl. The measurements were performed in 2 mM sodium cacodylate pH 6.0, 1 mM CaC1, (buffer I) or in 
2 mM sodium cacodylate pH 6.0, 1 mM EDTA (buffer 11). n.d., not determined because the 'two-state model' assumption is not valid for these 
transitions. A G X  values have a relative error of about 10%; the error of c, values is 0.05 M. 

Protein 

kJ mol-' M kJ mol-' M kJ mol-' M 

(1-16)AMY. MAC(17-214) n.d. 2.87 73.3 2.55 n.d. 0.32 

(1 - 12)AMY . des-Tyr13MAC(14-214) n.d. 2.73 64.5 2.32 n.d. 0.41 
(1-12)AMY. MAC(13-214) 89.6 2.51 67.4 2.39 22.2 0.12 

was not observed in the presence of sufficient concentrations of 
Gdn/HCI even at temperatures as high as 80°C. Depending on 
the individual protein a Gdn/HCl concentration of 0.5 - 1.5 M is 
necessary to prevent aggregation as found by turbidity measure- 
ments for the three proteins (data not shown). A denaturant con- 
centration of 1.5 M Gdn/HCI was used for all three proteins 
studied throughout measurements of the thermal unfolding to 
have comparable conditions. At this concentration the conforma- 
tions of the hybrid glucanases are still not impaired as shown 

above (Fig. 3 a and b). Fractionsf, of unfolded protein were cal- 
culated from the changes in the molar ellipticity and unfolding 
curves are given in Fig. 5 a-c. Measurements of the CD spectra 
after cooling down indicate a 85-95% refolding of the proteins 
as judged by the restoration of the [O],,,  values. 

In the presence of Ca2' ions (Fig. 5, open symbols) the three 
proteins melt at somewhat higher temperatures than in EDTA- 
containing CaCI,-free buffer. The observed melting temperatures 
sensitively depend on the Gdn/HCI concentrations of the buffers. 



732 Welfle et al. (EUK J. Biochem. 229) 

a 

0.6 
+- 

v v 
D 

Tv 
V 

T 

v v 
D 

Tv 
V 

T 

0.2 1 
0 

-0.2' ' ' ' ' 
/ , I  I . / , /  

10 20 30 40 50 60 70 80 

Temperature ("c) 

'i 
O.* 1 -  

0.4 

-".L 

10 20 30 40 50 60 70 80 

Temperature ("C) 

A 

b 

-0,2 ~ ~ - - ~  I I 

10 20 30 40 50 60 70 80 

Temperature ("C) 

Fig. 5. Temperature-induced unfolding of (a) (1-16)AMY MAC(17-214), (b) (1-12)AMY * MAC(13-214) and (c) (1-12)AMY * des- 
ljr13MAC(14-214) in 2 mM sodium cacodylate pH 6.0, containing 1 mM CaCl, (V, 0) or 1 mM EDTA (7, W). The curves were obtained 
by monitoring of the changes of the circular dichroism of the samples at 210 nm and data evaluation according to Pace (1986) and Pace et al. 

This is illustrated in Fig. 6 showing the melting of hybrid gluca- 
nase (1-12)AMY. MAC(13-214) at three Gdn/HCl concentra- 
tions. For these Gdn/HCI concentrations of 0.5 M, 1.0 M and 
1.5 M decreasing melting temperatures of 62"C, 55 "C and 
48 "C, respectively, were found. 

From the unfolding curves given in Figs 5 and 6, A H ,  values 
were calculated using the van? Hoff equation (Eqn 4 in Experi- 
mental Procedures) and are given in Table 3. Furthermore, 
values of the half-transition temperature and of the free energy 
of unfolding AGA;ZFGdflC1 calculated by the Gibbs-Helmholtz 
equation (Eqn 5 in Experimental Procedures) are listed in Ta- 
ble 3. The A C ,  values used for these calculations are also given 
in Table 3 and were taken from DSC measurements (Welfle et 
al., 1994). 

MAC(13- 
214) determined at 0.5 and 1.0 M Gdn/HCl are given. These 
values are higher than the values calculated for 1.5 M GddHCl. 
The data reflect the expected decrease of protein stability with 
increasing denaturant concentrations. 

The stability of the hybrid glucanases increases in the pres- 
ence of Ca2+ ions. The rank order of the three enzymes accord- 
ing to their half-transition temperatures in the presence of 
Caz+ ions is (1-16)AMY . MAC(17-214) > (1-12)AMY . 

In Table 3 also AH,,, values of (1-12)AMY 

des-Tyrl3MAC( 14 - 214 > (1 - 12)AMY . MAC( 13 - 214). 
Removal of Ca" ions has the most pronounced effect on the 
stabilities of (1-16)AMY . MAC(17-214) and (1-12)AMY . 
des-Tyrl3MAC(14-214). Only small Ca2+ ion-dependent 
stability differences were found in the case of (1-12)AMY . 
MAC(13-214). 

DISCUSSION 

Several hybrid glucanases composed of short N-terminal 
sequences derived from the B. amyloliquefaciens enzyme and of 
a C-terminal region of the B. macerans enzyme are significantly 
more thermostable than the parental wild-type enzymes (Politz 
et al., 1993). The results of microcalorimetric measurements 
(Welfle et al., 1994) and of the experiments described in this 
paper demonstrate that binding of Caz+ ions contributes at least 
partly to the enhanced thermostability of the hybrid glucanases 
(1-16)AMY . MAC(17-214) and (1-12)AMY . des-Tyrl3- 
MAC(14-214). 

Ca2+ binding is important for conformation and stability of 
many proteins. Therefore structural aspects of Ca2+ binding 
were intensively studied (McPhalen et al., 1991). The stability 
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Table 3. Half-transition temperatures tm, enthalpy differences AH,,, and free energies of unfolding AG:;52$'GdflC1 of the hybrid glucanases 
(1-16) AMY * MAC(17-214), (1-12)AMY - MAC(13-214) and (1-12)AMY - des-Tyr13MAC(14-214) determined from thermal unfolding 
experiments. The proteins were measured in 2 mM sodium cacodylate pH 6.0, 1.5 M Gdn/HCl containing 1 mM CaCl, (buffer I) or 1 mM EDTA 
(buffer 11); in 2 mM sodium cacodylate pH 6.0, 1 mM CaCl,, containing 1.0 M Gdn/HCI (buffer In) or 0.5 M Gdn/HCl (buffer IV). DSC data are 
taken from Welfle et al. (1994). t ,  values are half transition temperatures in the case of CD measurements or peak maximum temperatures obtained 
by deconvolution of the excess heat capacity functions; f,, is the temperature at the peak position of the experimental difference heat capacity 
curve; n.d., not determined. The error of the data is as follows: t,: 20.5OC; AH,: 5%; AC,: 10-15%; AC:,&"GdmC1: about 10%. 

Protein 

(1-16)AMY. MAC(17-214) I 

(1-12)AMY. MAC(13-214) I 
(1-12)AMY. des-Tyr13MAC(14-214) I 

(1-16)AMY. MAC(17-214) I1 
(1-12)AMY. MAC(13-214) I1 

(1-12)AMY. MAC(13-214) 111 
(1-12)AMY. MAC(13-214) IV 

(1-12)AMY. des-Tyr13MAC(14-214) I1 

"C 

55.9 (57.4) 
57.3 
50.5 
52.0 (54.4) 
54.8 
51.2 
49.3 
46.6 

53.0 

49.1 
51.2 

51.2 
47.7 
49.7 
55.4 
61.9 

!d mol-' K-' 

327 n.d. 
595 
653 678 
364 n.d. 
548 
674 645 
611 607 
599 565 

708 
766 

kJ mol-' 

9.2 n.d. n.d. 

7.5 43.5 44.0 
10.5 n.d. n.d. 

8.4 45.2 43.1 
6.7 41.4 37.7 
7.1 35.2 36.0 
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Fig. 6. Temperature-induced unfolding of (1-12)AMY - MAC- 
(13-214) in 2 mM sodium cacodylate pH 6.0, 1 mM CaCI,, at 0.5 M 
Gdn/HCl(+), 1.0 M Gdn/HCl (x) and 1.5 M Gdn/HCI (m). 

of Caz+ binding proteins sensitively depends on the presence of 
Ca2+ ions and their removal is usually connected with a general 
destabilization of the proteins. This is indicated, for example, by 
a drastic reduction of their melting temperatures. In a search for 
the molecular cause of thermostability of subtilisins, based on a 
combination of theoretical and experimental evidence, four 
members of this protein family were compared and the unusual 
tight binding of calcium by thermitase was suggested as the most 
likely single influence responsible for its increased thermostabil- 
ity (Frommel and Sander, 1989). Additional energetically 
favorable interactions within the protein structure seem to be 
promoted by the CaZ' binding but until now little has been 
known about the nature and extent of the contribution of 
different possible factors (McPhalen et al., 1991). Physicochemi- 
cal studies quantifying the effects of Ca2' on the stability of 
proteins are still rather scarce. The unfolding and refolding ki- 
netics of a-lactalbumin were studied varying the concentrations 
of denaturant and free Ca2+ ions (Kuwajima et al., 1989). Dif- 

ferential scanning calorimetric studies have been described for 
troponin C and calmodulin (Tsalkova and Privalov, 1985), par- 
valbumin (Filimonov et al., 1978) and equine lysozyme (Van 
Deal et al., 1993). Circular dichroism and ultraviolet absorption 
spectroscopy were used to analyze effects of amino acid substi- 
tutions and deletions on the thermal stability, the pH stability 
and unfolding by urea of bovine calbindin D,, (Wendt et al., 
1988). For the apo-form of horseradish peroxidase the free 
energy change during unfolding was determined in the absence 
and presence of Ca" and found to be 9.2 kJ mol-' and 16.7 kJ 
mol-', respectively (Pappa and Cass, 1993). 

In a search for glucanases with enhanced thermostability, a 
series of hybrid glucanases was constructed. In these hybrid en- 
zymes a few N-terminal amino acid residues of the glucanase 
from B. macerans were exchanged against amino acid residues 
of the glucanase from B. amyZoZiquefaciens (Olsen et al., 1991 ; 
Politz et al., 1993). The thermostabilities of hybrids (1-16)- 

AMY . MAC(5-214) and (1-12)AMY . des-Tyrl3MAC(14- 
214) obtained in this way are much higher than the thermostabil- 
ities of the parental enzymes. The thermostability was measured 
by determining residual enzymic activity after incubation of the 
enzymes in a test mixture for defined times and temperatures. 
This test indicates an irreversible denaturation of the enzymes 
during prior incubation in the presence of buffer ions and bovine 
serum albumin (Olsen et al., 1991; Politz et al., 1993). Results 
of such tests are important for practical purposes but can be 
influenced by different effects and do not necessarily correlate 
with the stability of the glucanases in thermodynamic terms. 
Therefore we studied the melting of the hybrid glucanases (1 - 
16)AMY . MAC(17-214), (1-12)AMY . MAC(13-214) and 
(1-12)AMY . des-Tyrl3MAC(14-214) by DSC measurements 
(Welfle et al., 1994) and by thermal and chemical denaturation 
studies monitoring the unfolding of these proteins spectroscopi- 
cally as described in this paper. The experiments were performed 
under nonreducing conditions. Therefore the disulfide bond be- 
tween Cys32 and Cys59 is considered to be intact under all ex- 
perimental conditions. 

In (1-16)AMY . MAC(17-214) a metal ion binding site 
was identified by X-ray crystal structure analysis (Keitel et al., 
1993, 1994). When crystals are grown in the presence of Ca2+ 

AMY . MAC(17-214), (1-8)AMY . MAC(9-214), (1-4)- 
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this site is occupied by a Ca2+ ion (Keitel et al., 1993). In Ca2+- 
free buffer containing EDTA the protein crystallizes with a 
sodium ion in this site (Keitel et al., 1994). The heat generated 
by Ca2+ binding to (1 -16)AMY . MAC(17-214) was measured 
by isothermal titration calorimetry and used for the calculation 
of a binding constant K = lo6 M-' (Keitel et al., 1994). Unfold- 
ing and refolding of (1-16)AMY. MAC(17-214)Na' and (1- 
16)AMY . MAC(17-214)Ca" depending on the Gdn/HCl con- 
centration were monitored by measuring fluorescence changes 
and were considered for both cases as two-state processes be- 
cause of the high cooperativity of the transition observed (Keitel 
et al., 1994). High cooperativity, however, does not prove that 
the process closely approaches the two-state model assumption 
(Pace et al., 1989). DSC measurements for (1-16)AMY . 
MAC(17-214) in 1.5 M Gdn/HCl and 1 mM Ca2+ demon- 
strated that the two-state model is not correct for these condi- 
tions (Welfle et al., 1994). Binding of Ca2+ to the hybrid en- 
zymes (1-16)AMY . MAC(17-214) and (1-12)AMY . des- 
Tyrl3MAC(14-214), which are the most thermostable proteins 
in the thermoinactivation test (Olsen et al., 1991 ; Politz et al., 
1993), is connected with the appearance of a second domain 
in these proteins. Thus, the essential precondition of two-state 
behavior of the system for the calculation of the free energy of 
unfolding AG, according to Eqn (3) in Experimental Procedures 
is not valid for (1-16)AMY. MAC(17-214) and (1-12)AMY 
. des-Tyrl3MAC(14-214) in the presence of Ca2' ions. 

In Ca2+-containing buffer the three studied hybrid gluca- 
nases can be arranged according to decreasing half-transition 
temperatures and half-transition Gdn/HCI concentrations in the 
sequence (1 -16)AMY . MAC(17-214), (1 -12)AMY . des- 
Tyr13MAC(14-214) and (1-12)AMY . MAC(13-214) (Ta- 
bles 2 and 3). The same order was found in DSC experiments 
according to the maximum transition temperatures of the experi- 
mental melting curves and the half-transition temperatures ob- 
tained by a deconvolution procedure (Welfle et al., 1994). Quan- 
titative differences between half-transition temperatures deter- 
mined by DSC or CD measurements may be caused by the ex- 
perimental error of the methods or by the different protein con- 
centrations used in the two sets of experiments. Also, it cannot 
be excluded that protein properties are reflected in a slightly 
different way by the monitored signals. Nevertheless, the data 
obtained in Ca"-containing buffer are in qualitative agreement 
with the behavior of (1-16)AMY . MAC(17-214), (1- 
12)AMY . des-Tyr13MAC(14-214) and (1-12)AMY . 
MAC(13-214) in the thermoinactivation test classifying (1 - 
16)AMY . MAC(17-214) and (1-12)AMY . des-Tyrl3- 
MAC(14-214) as thermostable enzymes and (1-12)AMY . 
MAC(13-214) as a thermosensitive enzyme (Politz et al., 
1993). 

Results of different methods obtained in Ca2+-free buffer are 
in reasonably good agreement. According to the AG:.:PGdmC' 
values determined from DSC and CD measurements of 
thermal unfolding (Table 3), a stability order of (1 - 16)AMY . 

12)AMY . des-Tyrl3 MAC(14-214) was obtained. The same 
order was determined from Gdn/HC1 denaturation experiments 
(Table 2). Consistently these data demonstrate in Caz+-free 
buffer a higher stability of (1-12)AMY . MAC(13-214) in 
comparison to (1-12)AMY . des-Tyrl3MAC(14-214), in con- 
trast to the rank order obtained in the presence of Ca2+ by 
thermoinactivation studies (Politz et al., 1993) and spectroscopic 
unfolding experiments. Inspection of the three-dimensional 
structure of (1-16)AMY . MAC(17-214) (Keitel et al., 1993) 
revealed hydrogen bonding between the side chains of Thr2 and 
Ile69, as well as between SerS and Ser213 (Politz et al., 1993). 
Therefore improvements in hydrogen-bonding patterns were 

MAC(17-214) > (1-12)AMY . MAC(13-214) > (1- 

considered as the simplest explanation for the increased stability 
of the hybrid glucanases (Politz et al., 1993). Probably the sta- 
bility increase is caused by two effects, at first a Ca2+-indepen- 
dent improvement in hydrogen-bonding patterns and second by 
Ca2+ binding. 

Nevertheless, the available data are still not sufficient to 
understand in full detail the molecular basis for the high stability 
of some hybrid glucanases against thermoinactivation. The bio- 
chemical thermoinactivation tests show large differences be- 
tween different hybrid glucanases (Olsen et al., 1991 ; Politz et 
al., 1993). The same rank order can be derived from thermody- 
namic stability parameters but the quantitative stability differ- 
ences (a) between different hybrid glucanases and (b) between 
the Cazi -free and Ca'+-containing forms of the individual pro- 
teins are relatively small (Table 3). Thermal unfolding experi- 
ments were performed in 1.5 M Gdn/HCl to avoid aggregation. 
Possibly these conditions equilibrate larger stability differences 
that exist under native conditions. Alternatively, a small increase 
of the unfolding temperature by a few degrees may have very 
pronounced effects on the results of the biochemical thermoinac- 
tivation tests. This might be possible if the chosen incubation 
temperature of 70 "C of the thermoinactivation test (Politz et 
al., 1993) is in the range of the transition temperatures. The 
cooperativity of unfolding is very high and therefore a difference 
of few degrees in the half-transition temperatures could be deci- 
sive for the results of the thermoinactivation. 

It is tempting to speculate that the geometry of the Ca2+ 
binding site and the strength of the Caz+ binding determine the 
different extent of stabilization of the three studied hybrid gluca- 
nases by Ca2 + binding. The Caz' binding site in (1 - 16)AMY . 
MAC(17 -214) is formed by the backbone carbonyl oxygen 
atoms of Pro9, Gly45 and Asp207, a carboxylate oxygen of 
Asp207 and two water molecules (Fig. 1). Differences in the 
effect of Ca2+ ions on the three enzymes seem to depend very 
sensitively on the precise positioning of the Caz+ binding resi- 
dues because all of them are present in each of the three hybrid 
glucanases. There are only small sequence differences in the N- 
terminal region of the three hybrid enzymes (Fig. 1, insert). The 
most obvious difference between the strongly Caz+-depending 
enzymes (1-16)AMY. MAC(17-214) and (1-12)AMY. des- 
Tyrl3MAC114-214) on the one hand and (1-12)AMY . 
MAC(13-214) on the other is the size of the N-terminal loop 
starting behind Pro9 and ending at Thrl7. This loop is composed 
of seven residues in the thermostable enzymes (1-16)AMY . 
MAC(17-214) and (1-12)AMY . des-Tyrl3MAC(14-214) 
and of eight residues in (1-12)AMY. MAC(13-214). Pro9 is 
the only residue in this region directly participating in the Ca2' 
binding but also residues Gly45 and Asp207 participating in 
Ca2+ binding are in close spatial neighbourhood. The size of this 
loop may contribute significantly to the precise geometry of the 
Ca2+ binding site and thus to the stability of the proteins in the 
presence of Ca2+ ions. 
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