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Multiple proline substitutions cumulatively thermostabilize Bacillus cereus 
ATCC7064 oligo-1,6-glucosidase 
Irrefragable proof supporting the proline rule 
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Nine residues of Bacillus cereus ATCC7064 oligo-l,6-glucosidase were replaced stepwise with 
proline residues. Of the nine residues, Lysl21, Glu208 and Glu290 were at second sites of p turns; 
Asnl09, Glu175 and Thr261 were at N-caps of a helices; Glu216, Glu270 and Glu378 were in 
coils within loops. The replacements were carried out in the order, Lysl21-.Pro, Glul75-.Pro, 
Glu29Ct.Pr0, Glu208-Pr0, Glu270+Pro, Glu378-Pr0, Thr261+Pro, Glu216+Pro and Asnl09 
-+Pro. The resultant nine active mutant enzymes contained 1-9 more proline residues than B. 
cereus oligo-l,6-glucosidase. The therrnostability of these mutants was additively enhanced with 
the increase in the number of proline residues introduced. The increase in the thermostability was 
most remarkable when proline residues were introduced at second sites of p turns or at N-caps of a 
helices. The above results afforded irrefragable proof for the proline rule as an effective principle 
for increasing Drotein thennostability ISuzuki, Y,, Oishi, K., Nakano, H. & Nagayama, T. (1987) 
Appl. Microb;:o?. Biotechnol. 26, 546-5511 

Suzuki et al. [I -41 had found a strong correlation be- 
tween the increase in the number of proline residues and the 
rise in the thermostability of bacillary oligo-l,6-glucosidases 
(dextrin 6-a-glucanohydrolase). On the basis of this finding, 
Suzuki et al. [4, 51 proposed an idea (the proline rule, for- 
merly named the proline theory) which stated that the in- 
creases in the frequency of proline occurrence at p turns 
(their second sites, see Note) and in the total number of hy- 
drophobic residues can enhance protein thermostability. This 
was first given strong support by Matthews et al. [6]. These 
authors increased the thermostability of bacteriophage T4 ly- 

Correspondence to Y. Suzuki, Department of Agricultural 
Chemistry, Kyoto Prefectural University, Shimogamo, Sakyo-ku, 
Kyoto-shi, Japan 606 

~- 

Fax: +81 75 781 6043. 
Abbreviations. t,,,, temperature at which enzyme was 50% inacti- 

vated at pH 7.0 in 10 min; At,, the difference between r,,, values of 
Bacillus cereus ATCC7064 oligo-I ,6-glucosidase and its mutant. 

Enzyme. Oligo-l,6-glucosidase or dextrin 6-a-glucanhydrolase 
(EC 3.2.1.10). 

Note. The p turn involves four consecutive residues i ,  i+ 1, i+2  
and i+3 in a protein where the polypeptide chain folds back on 
itself by nearly 180" [Wilmot, C. M. & Thornton, J. M. (1988) J. 
Mol. Biol. 203, 221 -2321 The position i+ 1 is referred to the second 
site of the /l turn. There is a hydrogen bond between the CO group 
of residue i and the NH group of residue i+3. The type-I turn has 
( + , w ) ~  = (-60", -30') and ( 4 , ~ ) ~  = (-90°, O O ) ,  while the type-I1 
turn has ( 4 , ~ ) ~  = (-60°, 120") and ( 4 , ~ ) ~  = (80°, 0"), for residues 
i+l  and i+2 of the p bend, respectively. Of seven critical residues 
in p turns of B. cereus oligo-l,6-glucosidase, Lysl2l(-Pro in Mut- 
l), Glu290 (-Pro in Mut-3), Pro443, Lys457 and Glu487 are at the 
second sites of type-I turns, while Glu208 (-Pro in Mut-4) and 
Pro257 are at those of type-I1 turns [Kizaki, H., Hata, Y., Watanabe, 
K., Kdtsube, Y. & Suzuki, Y. (1993) J. Biochem. (Tokyo) 113, 646- 
6491. 

sozyme by replacing an alanine residue with a proline residue 
at one of the p turns, so as to decrease the backbone entropy 
of unfolding. The enhanced thermostability by single-site 
proline substitutions has also been reported for hen egg white 
lysozyme [7], human lysozyme [8], Escherichiu coli ribo- 
nuclease HI [9, 101 and Bacillus stearothermophilus neutral 
protease [ l l ] .  

Watanabe et al. [12-141 deduced primary structures of 
oligo-l,6-glucosidases for B.  cereus ATCC7064 (mesophile), 
Bacillus coaguluns ATCC7050 (facultative thermophile) and 
Bacillus thermoglucosidusius KP1006 (DSM2542, obligate 
thermophile) from the corresponding gene structures. Very 
recently, Kizaki et al. [15] determined the tertiary structure 
of B. cereus oligo-l,6-glucosidase by X-ray crystallography. 
This enzyme consists of three domains. The N-terminal do- 
main forms a barrel structure. The subdomain forms a 
loop-rich structure with an a helix and a p sheet. Eight anti- 
parallel p strands, folded in two Greek-key motifs, create the 
C-terminal domain. The subdomain and the loops binding C- 
termini of p strands to N-termini of a helices of the (alms 
barrel structure form a deep cleft at the active site (Fig. 1). 
Primary structures of three oligo-l,6-glucosidases were ana- 
lysed in the light of the tertiary structure of the B. cereus 
enzyme [12- 151. This analysis gave four definite findings. 
(a) Each enzyme has at least 22 critical sites, at which proline 
residues can occur randomly with increasing thermostability. 
(b) The majority of the critical sites are in solvent-exposed p 
turns (their second sites) or coils within loops forming the 
active-site cleft and its wall. (c) A few of the critical sites 
are at N-caps of a helices of the (a/& barrel structure. (d) 
Proline residues mainly replace charged or polar residues 
(Glu, Lys) at the critical sites. These substitutions result from 
two-base exchanges in codons by transversion. 
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Fig. 1. Positions of proline substitutions in B. cereus oligo-1,6-glucosidase. The enzyme model is from [15]. The residues substituted for 
proline residues are indicated by their corresponding single letters and residue numbers. 

On the basis of findings a-d, we selected nine of the 22 
critical sites in B. cereus oligo-1,6-glucosidase (Figs 1 and 
2). Of the nine sites, three were at second sites of ,O turns, 
three were at N-caps of a helices, and three were in coils 
within loops. In the present study, we found that the thermo- 
stability of B. cereus oligo-l,6-glucosidase can be cumula- 
tively increased by adding proline residues to these nine criti- 
cal sites. The most effective sites are second sites of p turns 
or N-caps of a helices. These results have afforded irrefraga- 
ble proof for the proline rule as an effective principle for 
increasing protein thermostability [4, 51. 

MATERIALS AND METHODS 
Materials 

Restriction enzymes, DNA-modifying enzymes, the M13 
sequencing kit and the site-directed mutagenesis kit were 
purchased from Toyobo Co. Ltd or from Takara Shuzo Co. 
Ltd. [u-”P]dCTP (400 Ci/mmol) for sequencing of DNA was 
purchased from Amersham Co. All other chemicals were of 
analytical grade. 

Plasmids and hosts 
The hybrid plasmid pBCE4-2 carried the B. cereus 

ATCC7064 oligo-l,6-glucosidase gene [ 161. This plasmid 
was used for site-directed mutagenesis of the gene. Plasmids 
resulting from cumulative mutagenesis were used for the ex- 
pression of mutant oligo-1,6-glucosidases in E. coli MV1184 
[16-181. E. coli BW313 was used for the preparation of 
single-stranded uracil-containing DNA templates for site-di- 
rected mutagenesis 1191. 

Mutagenesis 
Site-directed mutagensis was carried out according to the 

method of Kunkel [19]. The mutagenesis of the B. cereus 
ATCC7064 oligo-l,6-glucosidase gene was performed step- 
wise using pBCE4-2 to direct the following mutations, 
Lysl21+Pro, Glul75-Pr0, Glu29WPr0, GIu208-Pr0, 
Glu270-Pr0, Glu378-Pr0, Thr261+Pro, Glu216-Pro and 

Asnl09-Pro (Fig. 1). Primers used for the mutations were 
5’-AAGATAATEATATAGA-3’ for Lysl21-+Pro, 5’-GGG- 
ATAATEAAAGGTA-3’ for Glul75-+Pro, 5’-TTCAGG- 
AEAGGTGGA-3’ for Glu290+Pro, 5’-CTAAAGAAE- 
GGGATTAC-3’ for Glu208-Pr0, 5’-ATACTGGGEAGA- 
ACGAA-3’ for Glu270-+Pro, 5’-TCCGATTTEGTCGATT- 
GA-3’ for Glu378+Pro, 5’-GTGTAACGCCAGAAGAAG- 
3’ for Thr261+Pro, 5’-TGTTGAAACAEAGAAGAGG- 
GG-3’ for Glu216+Pro, 5’-GATGAACATCCTTGGTTTAT- 
3’ for Asnl09-Pro (mismatches are underlined). Resultant 
mutant clones of pBCE4-2 were selected and verified by di- 
deoxy DNA sequencing [20]. Mutant oligo-l,6-glucosiJases 
expressed in E. coli MV1184 cells were purified to homo- 
geneity as described earlier [16]. Primers used were sqnthe- 
sized with an Applied Biosystems 380B DNA synthesiLer. 

Heat inactivation 

B. cereus ATCC7064 oligo-l,6-glucosidase [16] and its 
mutants were assayed spectrophotometrically at 35 “C and at 
pH 6.8 with p-nitrophenyl-u-D-glucopyranoside as the sub- 
strate [12]. 1 U each enzyme was defined as the amount of 
the enzyme hydrolyzing 1 pmol substrate in 1 min 1121. Each 
enzyme (17 pg/ml) was heated for 10 min at different tem- 
peratures (OOC, 30-65°C) in 50 pl 50 mM potassium phos- 
phate, 5 mM EDTA, pH 7.0 (buffer A). The mixture was as- 
sayed immediately after a fourfold dilution with chilled 
buffer A. The enzyme (1 7 pg/ml) was incubated at 45 “C or 
at 48°C for different intervals in buffer A. The remaining 
activity was determined as described above. 

RESULTS 
Proline-introduced oligo-1,6-glucosidases 

Nine residues of B. cereus ATCC7064 oligo-l,6-glucosi- 
dase were replaced stepwise with proline residues by site- 
directed mutagenesis. Of the nine residues, Lysl21, Glu208 
and Glu290 were at second sites of ,O turns; Asnl09, Glu175 
and Thr261 were at N-caps of a helices and Glu216, Glu270 
and Glu378 were in coils within loops (Figs 1 and 2). The 
majority of these were exposed to solvent (Fig. 1). The resul- 
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Fig. 2. 15 sites of conservative proline residues and 21 critical sites of proline occurrence among oligo-l,6-glucosidases from B. 
cereus, B. coagulans and B. thermogbcosidasius. The amino acid sequences of B. cereus oligo-l,6-glucosidase (upper line, Bce) and of 
B. thermoglucosidasius oligo-l,6-glucosidase (lower line, Bth) are from the previous reports [12, 141. The sequence of B. couguluns oligo- 
1,6-glucosidase is not presented in this figure [13]. Colons (:) show the identical residues between the B. cereus enzyme and the B. 
themoglucosidusius enzyme. The 15 sites of conservative proline residues among three bacillary oligo-l,6-glucosidases are indicated with 
0 on the sequences of the B. cereus enzyme and the B. thermoglucosidasius enzyme. The 21 critical sites at which proline residues occur 
randomly among the three enzymes are presented with Y on the two sequences. One critical site equivalent to Pro293 of B. coagulaizs 
oligo-l,6-glucosidase [13] (see Discussion) is not shown in this figure, since the site is in the regions of residues 292-294 of the same 
enzyme, and these residues are lacked on the two sequences [12-141. The numbers typed under the 15 conservative proline residues and 
the 21 critical sites denote the number of proline occurrences among three bacillary oligo-1,6-glucosidases. a helices (Na) and strands 
(Np) in the N-terminal domain, an a helix ( S a )  and p strands (SB) in the subdomain, and p strands (CB) in the C-terminal domain are 
boxed. Their assignments are based on the result of X-ray crystallographic analysis of B. cereus oligo-1,6-glucosidase [lS]. The positions 
of secondary structures in B. cereus oligo-1,6-glucosidase are as follows. Np1 is residues 9-15; Nal  is residues 30-43; Np2 is residues 
47-50; Na2 is residues 78-90; Np3 is residues 93-100; Sal is residues 109-114; Spl is residues 127-131; SD is residues 149-152; 
S p  is residues 157-161; Na3 is residues 175-190; Np4 is residues 195-198; Na4 is residues 233-243; Np.5 is residues 250-255; 
Na5 is residues 261-267; NB6 is residues 277-280; Na6' is residues 282-286; Na6 is residues 301-314; Nf l  is residues 320-324; 
Na7' is residues 333-337; Na7 is residues 344-356; Np8 is residues 361-365; Na8' is residues 386-397; Na8" is residues 403-412; 
Na8"' is residues 450-455; Na8 is residues 460-473; Cp1 is residues 481-485; C P  is residues 492-499; CB3 is residues 502-509; 
CB4 is residues 515-518; Cp5 is residues 527-533; Cp6 is residues 536-540; C,67 is residues 544-547; Cp8 is residues 552-557. 

tant nine active mutant enzymes were expressed in E. coli Lysl21+Pro/Glul75+Pro in Mut-2, Lys121+Pro/Glul75 
MV1184 cells. These mutants were named Mut-1, Mut-2, +Pro/Glu290+Pro in Mut-3, Lysl21+Pro/Glul75+Pro/ 
Mut-3, Mut-4, Mut-5, Mut-6, Mut-7, Mut-8 and Mut-9 in Glu290-.Pro/Glu208+Pro in Mut-4, Lysl21+Pro/Glul75 
increasing order of proline residues introduced. Mutations +Pro/Glu290+Pro/Glu208-+Pro/Glu270-.Pro in Mut-5, 
in these enzymes were as follows : Lysl21+Pro in Mut-1, Lysl21+Pro/Glul75-+Pro/G1u29O~Pro/Glu208+Pro/Glu- 
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Number of introduced proline 

Fig. 3. A relationship between the thermostability and the 
number of proline residues added in the mutants of B. cereus 
oligo-1,6-glucosidase. The tempeartures t,,, at which these enzymes 
were SO% inactivated, were determined within the errors of 
+0.2"C, as described in the text. The difference At,, between t, 
values of the B. cereus enzyme and its mutants was used to evaluate 
the thermostability of the mutants. The t,,, of the wild-type enzyme 
was 44.S"C. The number of proline residues introduced into each 
mutant corresponds to the mutant number, i.e. nine proline residues 
added to Mut-9. Symbols A, 0 and V indicate second sites of ,8 
turns, N-caps of a helices and coils within loops, respectively, at 
which the last proline residues were added on cumulative proline 
substitutions in mutants (see text). 

270-Pro/Glu378+Pro in Mut-6, Lysl2l-Pro/Glul7.5- 
Pro/GI u290+Pro/Glu208-Pro/Glu27O--+Pro/Glu378-Pro/ 
Thr261+Pro in Mut-7, Lysl21-+Pro/Glul75-Pro/Glu290 
-Pro/Glu208 + Pro/Glu270 - Pro/Glu378 - Pro/Thr261-+ 
Pro/Glu216--+Pro in Mut-8, and Lysl21-Pro/Glul75-Pro/ 
Glu290 - Pro/Glu208 - Pro/Glu270 - Pro/Glu378 - Pro/ 
Thr261+Pro/Glu216+Pro/Asn109-+Pro in Mut-9. Specific 
activities of the purified mutant enzymes were determined as 
293 U/mg for Mut-1, 242 U/mg for Mut-2, 217 U/mg for 
Mut-3, 238 U/mg for Mut-4, 220 U/mg for Mut-5, 205 U/mg 
for Mut-6, 203 U/mg for Mut-7, 201 U/mg for Mut-8, and 
237 U/mg for Mut-9. These values were about comparable 
with that (282 U/mg) of B. cereus oligo-1,6-glucosidase [16]. 

Secondary structures versus thermostability 

B. cereus ATCC7064 oligo-l,6-glucosidase and its mu- 
tants were exposed to temperatures of 30-65 "C at pH 7.0. 
The temperature t,, at which the enzyme was 50% inacti- 
vated in 10 min, was determined using the plots of residual 
activities versus treated temperatures. This test was repeated 
separately 3-5 times with each enzyme. Mean values of t, 
achieved within errors of % 0.2"C were 44.5"C for B. cereus 
oligo-1,6-glucosidase, 45.9"C for Mut-I, 46.3 "C for Mut-2, 
47.1"C for Mut-3, 47.9"C for Mut-4, 47.6"C for Mut-5, 
47.6"C for Mut-6, 48.1"C for Mut-7, 48.2"C for Mut-8, and 
49.6"C for Mut-9. The difference At,,, between these t, val- 
ues of B. cereus oligo-l,6-glucosidase and of its mutant was 
used to evaluate the thermostability of the mutant. The ther- 
mostability of mutants was additively enhanced with the 
increase in the number of proline residues introduced, al- 
though the thermostability decreased only slightly on the 
transition Mut-4-Mut-5 (Fig. 3). This trend was far clearer 
with data from the kinetics of the inactivation of mutants 
(Fig. 4). Their half-life times were; at 45"C, 6.0 rnin for B. 
cereus oligo-1,6-glucosidase, 25 rnin for Mut-1, 120 min for 
Mut-2 and > 120 rnin for Mut-3 (Fig. 4A); at 48"C, 1.5 min 
fcr B. cereus oligo-l,6-glucosidase, 3.8 rnin for Mut-3, 
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Fig. 4. Kinetics of the inactivation of B. cereus oligo-1,6-glucosi- 
dase and its mutants Mut-1 to Mut-9 at 45°C (A) and at 48°C 
(B). V wild-type enzyme; V, Mut-1 ; 0 Mut-2; *, Mut-3; A, Mut- 
4; A Mut-5; 0, Mut-6; M, Mut-7; 0, Mut-8; 0, Mut-9. 

8.8 min for Mut-4, 5.8 min for Mut-5, 6.7 rnin for Mut-6, 
14 min for Mut-7, 13 min for Mut-8 and 40 rnin for Mut-9 
(Fig. 4B). The increase ( A A t , )  in the thermostability of mu- 
tants was most marked when proline residues were added at 
second sites of p turns (Lysl21-Pro in Mut-1, Glu29bPro  
in Mut-3, Glu208-Pro in Mut-4) or at N-caps of a helices 
(Glul75-Pro in Mut-2, Thr261-Pro in Mut-7, Asn109- 
Pro in Mut-9; Fig. 3). The addition of proline residues into 
coils was less effective or neutral for the thermostability 
(Glu27kPro in Mut-5, Glu378+Pro in Mut-6, Glu216 
-Pro in Mut-8). The increase (ddt,,,) in At,, due to one addi- 
tional proline residue ranged over 0.8 - 1.4 "C for second 
sites of p turns and from 0.4-1.4"C for N-caps of a helices. 

DISCUSSION 
Oligo-l,6-glucosidases from B. cereus ATCC7064, H. co- 

agulans ATCC7050 and B. thermoglucosidasius KP1006 
contain 19, 24 and 32 proline residues, respectively [12-141. 
15 of these occur at the common sites of three enzymes, 
which refer to positions 16, 52, 57, 130, 137, 168, 211, 231, 
298, 362, 421, 437, 490, 520 and 549 of the B. cereus en- 
zyme (Fig. 2). Each enzyme has at least 22 critical sites, at 
which proline can occur randomly with increasing thermosta- 
bility (see above) [12-141. These sites correspond to 
Asnl09, Lysl21, Lys132, Glu136, Glu175, Glu208, Glu216, 
Pro257, Thr261, Glu270, Glu290, Pro331, Glu378, Ile403, 
Thr440, Pro443, Lys457, Glu487, Cys515, Pro541 and 
Lys558 of the B. cereus enzyme, and Pro293 of the B. coagu- 
lans enzyme (Fig. 2). 

X-ray crystallography of B. cereus oligo-l,6-glucosidase 
has clarified its 21 critical sites and its 15 conservativc pro- 
line residues [15]. (a) 19 of the critical sites are exposed to 
solvent, but only two (Pro257 and Thr261) are buried within 
the molecule. Of the critical sites, seven (Lysl21, Glu208, 
Pro257, Glu290, Pro443, Lys457 and Glu487) are at second 
sites of p turns, nine (Lys132, Glu136, Glu216, Glu270, 
Pro331, Glu378, Thr440, Pro541 and Lys558) are in random 
coils, four (Asnl09, Glu175, Thr261 and Ile403) are at N- 
caps of a helices, and one (Cys515) is at the N-terminus of 
a p strand (Fig. 2). (b) In contrast, 11 of the conservative 
proline residues are buried within the molecule, and only 
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findings. Proline has a propensity for occurring at the second 
sites of /3 turns, at the N-caps of a helices and in coils in 
proteins [30-351. All of the mutants with 1-9 proline resi- 
dues added are as active as B. cetreus oligo-1,6-glucosidase. 
Nine critical residues (Asnl09, Lysl21, Glu175, Glu208, 
Glu216, Thr261, Glu270, Glu290 and Glu378) of the B. ce- 
reus enzyme are replaced by proline residues in its thermo- 
stable counterpart of B. thermoglucosidusius (Fig. 2) [12, 
131. Both enzymes are highly similar in their amino acid 
sequences around the nine critical sites (Fig. 2). The nine 
critical residues and their preceding residues of the B. cereus 
enzyme have + and iy angles that are within the allowed 
range for proline replacements, although Glu216 is in the 
range of y [27] (seven critical residues with + = -49"- 
approximately - 82", v = - 10" -approximately -54", 
Glu208 with 4 = -48" and iy = 128"; eight preceding resi- 
dues except Gly289 with + = -72"-approximately -I%", 
I// = 120"-approximately 167" [151; see c and d in the for- 
mer paragraph). The above critical residues except Thr261 
are exposed to solvent (Fig. 1). Proline residues substituted 
for these residues would less perturb their neighboring con- 
formations than those for the buried residues (a and b) [25, 
361. Indeed, enhanced thermostability has been achieved by 
adding proline residues to the surface regions of various pro- 
teins [6-111. Simple estimates of the contribution by the 
mutations Lys+Pro, Glu+Pro, Asn-Pro and Thr-Pro to 
the backbone entropy of unfolding are - 17 - approxi- 
mately -8 J mo1-1 K-' [6, 371. The corresponding increases 
in the free energy of unfolding are 5.4- approximately 
2.9 kJ/mol with B. cereus oligo-1,6-glucosidase at 45°C and 
pH 7.0 [6, 371. However, the observed increase in thermosta- 
bility varies according to the sites mutated (Figs 3 and 4). 
The B. cereus enzyme is thermostabilized most remarkably 
when proline residues are substituted for the critical residues 
at second sites (Lysl21, Glu208 and Glu290) of p turns or at 
N-caps (Asnl09, Glu175 and Thr261) of a helices. This may 
be caused because of a fall in the entropy of the denatured 
state of the enzyme without a significant change in the native 
backbone conformation (see above) [6]. This agrees well 
with results from T4 lysozyme, human lysozyme and B. 
stearothermophilus neutral protease [6, 8, 111. However, the 
substitution of proline residues for the critical residues 
(Glu216, Glu270 and Glu378) in coils of B. cereus oligo- 
1,6-glucosidase are less effective for the thermal stabilization 
(Figs 3 and 4). These proline residues may increase the con- 
formational energy in the native state, which can offset the 
entropic stability gain, as demonstrated with hen egg white 
lysozymre [7]. In contrast, E. coli ribonuclease HI and B. 
stearothermophilus neutral protease are stabilized by replac- 
ing residues on loops by proline residues [9, 111. 

The present study supports the proline rule [4, S] (Figs 3 
and 4). The rule reveals a simple and steady strategy used in 
evolution, whereby a protein can be stepwise adapted to ther- 
mal environments without largely affecting its functional and 
structural integrity. This strategy has three characteristics 
[38 -441. Proline residues critical for thermal stabilization 
favor second sites of /3 turns and N-caps of a helices (Figs 3 
and 4). Most of these critical sites occur randomly over the 
protein surface (Figs 1 and 2). Proline residues added to criti- 
cal sites independently contribute to thermal stabilization, i.e. 
such effects are additive, but not cooperative (Figs 3 and 4). 
These features indicate that the thermal adaptation of a pro- 
tein is accomplished by the cumulation of many small stabili- 
zation effects on its peripheral neutral regions, resulting in 
the molecule being more packed. 

four (Prol30, Pro231, Pro298 and Pro520) are on its surface. 
However, Pro231, Pro520 and Pro549 are locked at second 
sites of p turns, and Pro130 and Pro362 are within p strands 
(Fig. 2). All other 10 proline residues are in loops (Fig. 2). 
This finding (b) suggests that the conservative proline resi- 
dues contribute towards maintaining the basic conforma- 
tional integrity of the enzyme. This is consistent with results 
from E. coli tryptophan synthetase 1211, Aspergillus oryzue 
ribonuclease T1 [22], bovine ribonuclease A [23] and Dictyo- 
stelium nucleoside diphosphate kinase [24], which demon- 
strated that the protein stability is dramatically decreased by 
replacing conservative or buried proline residues by other 
amino acids. Indeed, Alber et al. [25] found that mutations 
substantially destabilizing bacteriophage T4 lysozyme are 
only observed in its rigid parts. (c) Ramachandran plots of 
the conformational angles (+ and iy)  [26] show that all resi- 
dues except for four (Lys132, Glu216, Cys515 and Lys558) 
at the 21 critical sites of B. cereus oligo-1,6-glucosidase are 
clustered around two distinct regions of a (+ = -47"-ap- 
proximately -82", cy = -10"-approximately -54") and B 
(4 = -48"-approximately -72", v = 128"approximately 
167"), as described using the nomenclature of Efimov [l 5 ,  
271. Their mean values of 4 and v are -60" and -29" for 
the a region, and -61" and 150" for the p region. These 
regions are near two theoretically predicted energy minima 
for a proline conformation in the polypeptide chain [28-301. 
The + and iy angles are -100" and -53" for Lys132; 
-123" and 37" for Glu216; -149" and 170" for Cys515; 
and 78" and -77" for Lys.558. The latter two ( 4 , ~ )  angles 
are not surprising in terms of Cys515 adopting a p conforma- 
tion at the N-end of a p strand 1301 and of Lys558 being at 
the C-terminus of the enzyme (Fig. 2). (d) 17 of the residues, 
with four exceptions (Met256, Gly289, Leu486 and Gly540), 
preceding the 21 critical sites take extended p conformations 
with 4 = -56"-approximately -158" and cy = 117"-ap- 
proximately 176" [15]. Met256 and Leu486 occur in the re- 
gions of 6 (+ = -135", v = 87") and a,- (+ = 44", v = 
45"), respectively [27]. The 4 and iy angles are -105" 
and - 155" for Gly289, and 172" and 144" for Gly540. These 
20 residues, with the exception of Leu486, preceding proline 
sites have + and cy angles within the allowed regions given 
by Schimmel and Flory [28] and by other investigators [29, 
301. 

Site-directed mutagenesis has proven that the thermosta- 
bility of B. cereus oligo-1,6-glucosidase can be cumulatively 
increased by introducing multiple proline residues to its criti- 
cal sites (Figs 3 and 4). Nine residues replaced by proline 
residues at the critical sites are Asnl09, Lysl21, Glu17.5, 
Glu208, Glu216, Thr261, Glu270, Glu290 and Glu378. All 
of these are in the N domain and the subdomain of the en- 
zyme (Fig. 1). Lysl21, Glu208 and Glu290 are at second 
sites of p turns on the loops between a helix Sal  and p-strand 
Spl, between P-strand Np4 and a helix Na4, and between a 
helices Na6' and Na6, respectively (Fig. 2) [15]. Asnl09, 
Glu175 and Thr261 are at N-caps of a helices Sal ,  Na3 and 
NaS, respectively (Fig. 2). Glu216, Glu270 and Glu378 are 
in random coils on the flexible loops between p-strand Np4 
and a helix Na4, between a helix Nu5 and p-strand Np6, and 
between p-strand Np8 and a helix NaS', respectively (Fig. 2). 
These critical residues, with the exception of Glu270, are 
located on the C-terminal side of the (a/p)s barrel structure, 
i.e. on the side of the active-site cleft (Fig. 1). Glu270 is on 
the N-terminal side of the barrel (Fig. 1). The proline substi- 
tutions for the nine critical sites may cause no significant 
change on the enzyme. This is compatible with the following 
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It remains to be solved whether or not the proline rule 
applies in general to a wide range of enzymes with different 
structural motifs 14, 14, 45, 461. Apart from such an evolu- 
tional problem, however, it is likely that the principle of the 
proline rule is useful in protein engineering, since it suggests 
that the potential sites and residues (such as Glu or Lys) of 
substitution in the protein improve thermostability [5].  
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