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To identify the critical sites for protein thermostabilization by proline substitution, the gene for oligo-1,6-
glucosidase from a thermophilic Bacillus coagulans strain, ATCC 7050, was cloned as a 2.4-kb DNA fragment
and sequenced. In spite of a big difference in their thermostabilities, B. coagulans oligo-1,6-glucosidase had a
large number of points in its primary structure identical to respective points in the same enzymes from a
mesophilic Bacillus cereus strain, ATCC 7064 (57%), and an obligately thermophilic Bacillus thermoglucosidasius
strain, KP1006 (59%). The number of prolines (19 for B. cereus oligo-1,6-glucosidase, 24 for B. coagulans
enzyme, and 32 for B. thermoglucosidasius enzyme) was observed to increase with the rise in thermostabilities
of the oligo-1,6-glucosidases. Classification of proline residues in light of the amino acid sequence alignment
and the protein structure revealed by X-ray crystallographic analysis also supported this tendency. Judging
from proline residues occurring in B. coagulans oligo-1,6-glucosidase and the structural requirement for
proline substitution (second site of the b turn and first turn of the a helix) (K. Watanabe, T. Masuda, H.
Ohashi, H. Mihara, and Y. Suzuki, Eur. J. Biochem. 226:277–283, 1994), the critical sites for thermostabili-
zation were found to be Lys-121, Glu-290, Lys-457, and Glu-487 in B. cereus oligo-1,6-glucosidase. With regard
to protein evolution, the oligo-1,6-glucosidases very likely follow the neutral theory. The adaptive mutations of
the oligo-1,6-glucosidases that appear to increase thermostability are consistent with the substitution of
proline residues for neutrally occurring residues. It is concluded that proline substitution is an important
factor for the selection of thermostability in oligo-1,6-glucosidases.

The proline rule for thermostabilizing proteins was pro-
posed by Suzuki (22). This rule demonstrated that an increase
in the frequency of proline occurrences at b turns and in the
total number of hydrophobic residues can enhance protein
thermostability. This idea was based on the finding that there
is a strong correlation between an increase in the number of
proline residues and the rise in the thermostability of oligo-
1,6-glucosidases from Bacillus strains with different growth
temperatures (Bacillus cereus ATCC 7064, 10 to 408C; Bacillus
coagulans ATCC 7050, 30 to 558C; Bacillus thermoamylolique-
faciens KP1071, 30 to 668C; Bacillus thermoglucosidasius
KP1006, 42 to 698C; and Bacillus flavocaldarius KP1228, 51 to
828C) (23–26). Through further studies with oligo-1,6-glucosi-
dase genes from B. cereus ATCC 7064 and B. thermoglucosi-
dasius KP1006 (29, 30, 32) and through X-ray crystallographic
analysis of B. cereus ATCC 7064 oligo-1,6-glucosidase (10, 31),
it was determined that proline residues at the second sites of b
turns and in the first turn of a helices also contributed to
protein thermostability. Those proline residues mostly re-
placed hydrophilic or charged residues such as Glu and Lys.
However, the original idea defining the proline rule was found
to be conserved in these oligo-1,6-glucosidases. In the previous
report, multiple proline substitutions introduced by site-di-
rected mutagenesis on the oligo-1,6-glucosidase gene from B.
cereusATCC 7064 resulted in a cumulative thermostabilization
of its protein product (33).

We report here the cloning of the oligo-1,6-glucosidase gene
from B. coagulans ATCC 7050, which possesses an intermedi-
ate thermostability between those of B. cereus ATCC 7064 and
B. thermoglucosidasius KP1006. Through a structural compar-
ison of these three oligo-1,6-glucosidases, we identified the
proline residues that specifically occur in the B. coagulans
ATCC 7050 oligo-1,6-glucosidase and also were able to point
out four candidate residues in the B. cereus ATCC 7064 oligo-
1,6-glucosidase that are believed to be important for thermo-
stability in agreement with the proline rule. The data reported
here further support the proline rule for thermostabilization of
the oligo-1,6-glucosidase protein. Furthermore, we discuss
protein evolution during oligo-1,6-glucosidase thermostabiliza-
tion with reference to the neutral theory (8).

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. B. coagulans ATCC 7050
was used as a source of chromosomal DNA. The Escherichia coli strains C600
(F2 thi-1 thr-1 leuB6 lacY1 tonA21 supE44 l2) (19) and MV1184 {[ara D(lac-
proAB) rpsL thi f80 lacZ DM15] D(srl-recA) 306::Tn10 (Tetr)/F9 (traD36 proAB
lacIq lacZDM15)} (28) were used for screening and expression and for sequenc-
ing, respectively. Vector plasmids pUC18, for cloning, and pUC118/119, for
sequencing with the helper phage M13 KO7, were used as previously described
(34). L broth for E. coli cultivation consisted of 1% (wt/vol) peptone, 0.5% yeast
extract, 0.5% NaCl, and 0.1% glucose in distilled water (pH 7.2). The medium
for B. coagulans cultivation contained 2% soluble starch, 2% peptone, 0.2% yeast
extract, 0.05% meat extract, 0.3% K2HPO4, and 0.1% KH2PO4 in distilled water
(pH 7.0). Liquid cultivation was carried out aerobically as described previously
(25).
Chromosomal DNA extraction and DNA manipulation. Chromosomal DNA

was purified from B. coagulans ATCC 7050 cells grown at 508C for 8 h on the
medium described above, according to the method of Meade et al. (15). All DNA
manipulations were performed as described by Sambrook et al. (19). All restric-
tion and other modifying enzymes were used according to the suppliers’ speci-
fications.

* Corresponding author. Mailing address: Department of Agricul-
tural Chemistry, Kyoto Prefectural University, Shimogamo, Sakyo,
Kyoto 606, Japan. Phone: (81) 75-781-3131, ext. 286. Fax: (81) 75-781-
6043. Electronic mail address: y_suzuki@kpu.ac.jp.

2066



Selection for E. coli colonies containing the B. coagulans oligo-1,6-glucosidase
gene. Chromosomal DNA (3.0 mg) of B. coagulans ATCC 7050 was partially
digested with EcoRI and ligated into pUC18 (1.0 mg). After transformation of E.
coli C600 cells with the ligation mixture, about 2,000 ampicillin-resistant colonies
were obtained. All E. coli cells with or without pUC18, pUC118, and pUC119
showed neither an isomaltose-hydrolyzing p-nitrophenyl-a-D-glucopyranosidase
active at 508C nor a protein cross-reactive with rabbit antiserum against B.
coagulans oligo-1,6-glucosidase on double immunodiffusion (30). A screening for
E. coli C600 cells harboring the B. coagulans oligo-1,6-glucosidase gene was
carried out by searching for p-nitrophenyl-a-D-glucopyranosidase activity of
transformant colonies on blotting filter paper (16). The method was performed
according to the procedure described in our previous papers (30, 32), except that
the incubation temperature of the paper disk was 508C. As a result of the
screening for oligo-1,6-glucosidase, one yellow colony, the color of which was
caused by the reaction of oligo-1,6-glucosidase on the substrate, was selected.
The screened clone carried a plasmid, pBCO1, containing a 4.3-kb DNA insert
in pUC18. The physical map of the DNA insert, as revealed by restriction
enzyme analysis, is depicted in Fig. 1. Further subcloning resulted in two plas-
mids, pBCO2 and pBCO3, with inserts with sizes of 3.0 and 2.4 kb, respectively
(Fig. 1).
Assay for the enzymatic activity of oligo-1,6-glucosidase.Oligo-1,6-glucosidase

activity was determined spectrophotometrically at 508C by monitoring the in-
crease in A400 of a reaction mixture (1.0 ml) containing 33.3 mM phosphate
buffer (pH 6.8), 2 mM p-nitrophenyl-a-D-glucopyranoside, and enzyme (25). One
unit of activity was defined as the amount of enzyme hydrolyzing 1 mmol of
p-nitrophenyl-a-D-glucopyranoside per min.
Amino acid sequencing. An Applied Biosystems (Foster City, Calif.) 477A

gas–liquid-phase protein sequencer was used for the determination of the amino-
terminal sequence of the B. coagulans oligo-1,6-glucosidase. The purified sample
(100 mg) that reacted with phenylthiohydantoin was separated and identified
with an Applied Biosystems on-line PTH 120A analyzer with a phenylthiohy-
dantoin-C18 high-performance liquid chromatography column.
Purification of cloned oligo-1,6-glucosidase. All steps were carried out at 48C,

and centrifugation was done at 12,000 3 g unless otherwise stated. E. coli C600
cells bearing pBCO3 were cultivated overnight at 378C in 5 ml of L broth
supplemented with 50 mg of ampicillin per ml. The culture (1 ml) was transferred
into fresh medium (200 ml) and cultivated for 12 h. E. coli cells (wet weight, 14.2
g) obtained from the culture (total of 2 liters) by centrifugation for 10 min were
suspended in 50 ml of buffer A (50 mM potassium phosphate, 5 mM EDTA [pH
7.0]) and disrupted by sonication at 48C for 10 min. The cell debris was removed
by centrifugation for 20 min. The sediments were then sonicated again. The cell
extract (128 ml) was treated at 608C for 30 min and centrifuged for 20 min. The
supernatant was applied to a DEAE-cellulose column (5.0 by 20 cm) equilibrated
with buffer A. Elution was performed at a rate of 20 ml/h with a linear gradient
of 0 to 0.7 M NaCl in buffer A (2,000 ml). The active fractions were combined
(380 ml), concentrated by ultrafiltration through a Diaflo-Amicon (Danvers,
Mass.) PM-10 membrane and dialyzed against 150 mM phosphate–5 mM EDTA
(pH 7.0 [buffer B]). The dialysate (20 ml) was loaded onto a Sephadex G-100
column (3.0 by 95 cm) equilibrated with buffer B. The column was developed
with buffer B at the rate of 15 ml/h. The active fractions were combined (370 ml)
and concentrated by ultrafiltration. The concentrate (74 ml) was dialyzed against
5 mM phosphate (pH 7.9) and applied to a hydroxylapatite (Bio-Gel HTP;
Bio-Rad Laboratories, Richmond, Calif.) column (2.0 by 40 cm) equilibrated
with the same buffer. After being washed with 120 ml of the same buffer, the
column was eluted with 800 ml of a linear 5 to 50 mM phosphate buffer gradient.
The active fractions were pooled (370 ml), concentrated by ultrafiltration, and

dialyzed against buffer A. The dialysate was subjected to gel filtration on a
Bio-Gel P200 (Bio-Rad Laboratories) column (3.0 by 95 cm) equilibrated with
buffer A. The column was developed with the buffer at a rate of 10 ml/h. The
active fractions were combined (92.5 ml) and concentrated to 30 ml by ultrafil-
tration.
DNA sequencing. Progressive unidirectional deletions containing overlapping

sequences of the inserted DNA fragment (2.4-kb EcoRI-EcoRV fragment) en-
coding the oligo-1,6-glucosidase gene were created with the ExoIII/mung bean
nuclease kit (Takara Shuzo, Kyoto, Japan). The single-stranded template DNA
was obtained with a helper phage, M13 KO7, and was used for the DNA
sequencing reaction (20).
Nucleotide sequence accession number. The nucleotide sequence reported

here has been deposited in the GenBank, EMBL, and DDBJ databases under
accession number D78342.

RESULTS

Cloning and sequencing of the gene encoding oligo-1,6-glu-
cosidase. By following the procedure described in Materials
and Methods, the gene responsible for oligo-1,6-glucosidase
from B. coagulans ATCC 7050 was cloned as a 4.3-kb DNA
insert in pUC18 (pBCO1 [Fig. 1]). The E. coli cells harboring
pBCO1 clearly showed p-nitrophenyl-a-D-glucopyranosidase
activity on the blotting paper.
The 2.4-kb EcoRI-EcoRV fragment from pBCO1 was in-

serted between the EcoRI and SmaI sites of pUC118 and
pUC119 for DNA sequencing. With deletion clones generated
from both plasmids, the DNA sequences of both strands were
determined (Fig. 2). The EcoRI-EcoRV fragment was found to
be 2,352 bp in length and contained a single open reading
frame with a size of 1,668 bp. The open reading frame corre-
sponded to a polypeptide with a size of 555 amino acids and
with a predicted molecular mass of 64,953 Da. The sequence of
the first 15 amino-terminal amino acids coincided with that of
the cloned oligo-1,6-glucosidase purified from E. coli cells
bearing pBCO3. The amino-terminal amino acid had been
previously determined to be threonine for the native oligo-1,6-
glucosidase purified from B. coagulans ATCC 7050 (25). Since
threonine occurred as the second amino acid, the first amino
acid, methionine, might have been processed at the amino
terminus of oligo-1,6-glucosidase in B. coagulans ATCC 7050
cells. The start codon, ATG, was located at nucleotide posi-
tions 48 to 50, close to the EcoRI cloning site, and the stop
codon, TAG, was located at nucleotide positions 1713 to 1715.
A Shine-Dalgarno sequence was assigned as GGAGTAT
GAG, 5 bp upstream of the start codon. No consensus pro-
moter sequences could be found in the 59-flanking region up-
stream of the open reading frame. It seems reasonable that in
the E. coli host lacking lacIq, the lac promoter of pUC18 must
be responsible for the expression of the oligo-1,6-glucosidase.
This promoter would have the correct spacing and is in the
correct orientation for the expression of the cloned gene.
The putative amino acid composition of oligo-1,6-glucosi-

dase from B. coagulans was compared with that of the se-
quence experimentally determined for the native oligo-1,6-
glucosidase purified from B. coagulans ATCC 7050 (25). The
putative amino acid compositions of B. cereus ATCC 7064 and
B. thermoglucosidasius KP1006 oligo-1,6-glucosidases, deduced
from their nucleotide sequences (29, 32), are also listed in
Table 1. The putative oligo-1,6-glucosidase of B. coagulans
ATCC 7050 was in good agreement with the experimental
sequence of the native enzyme, except for the percentage of
cysteine. Comparison of the amino acid composition of the B.
coagulans oligo-1,6-glucosidase with those of the B. cereus and
B. thermoglucosidasius oligo-1,6-glucosidases showed that the
enzymes were highly similar, with the exception of the remark-
able increase in proline, the occurrence of which coincided
with an increase in the thermostability of the corresponding
proteins.

FIG. 1. Physical maps of the DNA fragments of the plasmids encoding the B.
coagulans oligo-1,6-glucosidase gene. Open bars indicate the insert DNA in the
hybrid plasmid carrying the oligo-1,6-glucosidase in pUC18. The location of the
structural gene is designated by a thick arrow at the bottom. Restriction sites: B,
BamHI; Ei, EcoRI; Ev, EcoRV; H, HindIII; Pv, PvuII; Ps, PstI.
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Structural homology with other oligo-1,6-glucosidases. The
primary structure deduced from the B. coagulans oligo-1,6-
glucosidase gene was compared with those of the other two
oligo-1,6-glucosidases (Fig. 3). The percentages of identity of
B. coagulans oligo-1,6-glucosidase to the B. cereus and B. ther-
moglucosidasius oligo-1,6-glucosidases were 57 and 59%, re-
spectively. These values were slightly lower than that from the
comparison between the B. cereus and B. thermoglucosidasius
oligo-1,6-glucosidases (72%) (29).
On the basis of the amino acid sequence alignment of these

three oligo-1,6-glucosidases and the results of the X-ray crys-
tallographic analysis of B. cereus oligo-1,6-glucosidase (10), the
secondary structural elements of the B. coagulans oligo-1,6-
glucosidase were assigned as shown in Fig. 3 and Table 2.
Neither additional nor missing secondary structure was ob-
served in the B. coagulans oligo-1,6-glucosidase. Therefore,
these secondary structural elements should permit the B. co-
agulans oligo-1,6-glucosidase to assume a tertiary structure,
analogous to that of the other two oligo-1,6-glucosidases, with
respect to an N-terminal domain [(b/a)8 motif (1)], a subdo-
main, and a C-terminal domain (10).
The catalytic residues of the B. cereus and B. thermoglucosi-

dasius oligo-1,6-glucosidases were proposed to be Asp-199,
Glu-255, and Asp-329 for the B. cereus oligo-1,6-glucosidase
and Asp-199, Glu-256, and Glu-330 for the B. thermoglucosi-
dasius oligo-1,6-glucosidase (29, 32). X-ray crystallographic
analysis revealed that these active residues are located in the

cleft between the N-terminal domain and the subdomain (10).
With site-directed mutagenesis to alter these residues of the B.
cereus oligo-1,6-glucosidase gene, we could show through the
loss of activity that these three residues were critical to the
catalytic behavior of this protein. These equivalent residues
(Asp-199, Glu-255, and Asp-332) were completely conserved
in the B. coagulans oligo-1,6-glucosidase. Not only are the
three catalytically active site residues conserved, but so are a
number of other residues in the vicinity of the catalytic site
(29). These observations support the idea that all of the oligo-
1,6-glucosidases share the same catalytic mechanism.
Purification and characterization of the cloned B. coagulans

oligo-1,6-glucosidase. In order to study the products of the
cloned and native oligo-1,6-glucosidases, the cloned oligo-1,6-
glucosidase was expressed in E. coli C600 cells, purified, and
characterized. A six-step procedure was performed for the
purification, as shown in Table 3. The final preparation (23.2
ml [119 mg]) contained 345 U/mg of protein, which was 12.7-
fold enhanced over the concentration of the cell extract; the
yield was 48%. The cloned oligo-1,6-glucosidase exhibited a
mobility identical to that of the native oligo-1,6-glucosidase
according to both native and sodium dodecyl sulfate-denatured
polyacrylamide gel electrophoresis (data not shown). The iso-
electric point for the cloned oligo-1,6-glucosidases was 4.1,
which was close to that of the native enzyme (4.3) in the
previous paper (25). Double immunodiffusion of the cloned
oligo-1,6-glucosidase was performed with rabbit antiserum
raised against the native oligo-1,6-glucosidase (25) and re-
sulted in the formation of the precipitin lines without any spur
(data not shown).
The temperature dependence of the native and cloned oligo-

1,6-glucosidases on activity was examined (Fig. 4A). The ac-
tivities of both oligo-1,6-glucosidases were maximal at 628C,
with half-optima at 48 and 678C. Neither protein showed ac-
tivity at 788C. The thermostabilities of both oligo-1,6-glucosi-
dases were compared by monitoring the remaining activity
after incubation in buffer A for 10 min at various temperatures
(Fig. 4B). With these data, the temperature at which 50%
activity was lost (Tm) was determined as 61.08C for both oligo-
1,6-glucosidases. As a result, the profiles of the Tms of the
various oligo-1,6-glucosidase-versus-proline contents were ob-
tained and are depicted in Fig. 4C.
The inhibitory effects by heavy metal ions were investigated

with the glucosidase assay described in Materials and Methods.
Reaction mixtures contained either 2 mM heavy metal ion
(added as the salt of chloride) or 2 mM EDTA in 20 mM
H3BO3-KCl-NaOH buffer (pH 7.5). Both native and cloned
oligo-1,6-glucosidase demonstrated similar inhibitory effects
with respect to the various heavy metal ions and other reagents
tested. These values included the following: Cd21, 100%;
Pb21, 100%; Co21, 95%; Hg21, 100%; Cu21, 100%; Ni21,
81%; Fe21, 99%; Ba21, 28%; Mg21, 25%; Ca21, 25%; Sr21,
11%; and EDTA, 0%. The thiol reagents p-chloromercuriben-
zoic acid and 5,59-dithiobis(2-nitrobenzoic acid) had inhibitory
effects of 35 and 3%, respectively, after preincubation at 53.3
mM with the enzyme for 20 min at 508C (25). Because the B.
coagulans oligo-1,6-glucosidase contains three cysteine resi-
dues, the inhibition by thiol was reasonable. The cloned oligo-
1,6-glucosidase showed the Km and k0 values for p-nitrophenyl-
a-D-glucopyranoside (0.17 mM, 253 s21) and isomaltose (2.1

TABLE 1. Comparison of amino acid compositions of B. coagulans,
B. cereus, and B. thermoglucosidasius oligo-1,6-glucosidases

Amino
acid

Amino acid composition [no. of residues (mol %)] of oligo-1,6-
glucosidase from:

B. coagulansa B. cereus
(putative)b

B. thermoglucosidasius
(putative)bPutative Experimental

Ile 29 (5.23) 28 (5.38) 37 (6.63) 34 (6.05)
Phe 23 (4.14) 22 (4.30) 19 (3.41) 17 (3.02)
Pro 24 (4.32) 24 (4.63) 19 (3.41) 32 (5.69)
Leu 42 (7.57) 38 (7.23) 39 (7.00) 38 (6.76)
Val 26 (4.68) 23 (4.36) 32 (5.73) 34 (6.05)
Met 19 (3.42) 16 (3.09) 28 (5.02) 24 (4.27)
Ala 29 (5.22) 26 (5.05) 14 (2.51) 16 (2.85)
Gly 37 (6.67) 36 (6.93) 36 (6.45) 37 (6.58)
Cys 3 (0.54) 0 (0) 3 (0.54) 0 (0)
Tyr 37 (6.67) 31 (6.02) 35 (6.27) 39 (6.94)
Lys 37 (6.67) 35 (6.74) 41 (7.35) 42 (7.47)
Arg 27 (4.86) 24 (4.63) 20 (3.58) 33 (5.87)
Thr 27 (4.86) 24 (4.63) 23 (4.12) 23 (4.09)
Ser 28 (2.34) 25 (4.76) 28 (5.02) 28 (4.98)
His 13 (2.34) 19 (3.57) 16 (3.16) 11 (1.96)
Asn 28 (2.34) 38 (6.81) 28 (4.98)
Asp 52 (9.37) 37 (6.63) 45 (8.01)
Asx 80 (14.4) 77 (14.8) 75 (13.4) 73 (13.0)
Gln 16 (2.88) 15 (2.69) 14 (2.49)
Glu 41 (7.39) 62 (13.8) 50 (8.90)
Glx 57 (10.3) 60 (11.5) 77 (16.5) 64 (11.4)
Trp 17 (3.06) 12 (2.31) 16 (2.87) 17 (3.02)

a The putative and experimental values for B. coagulans oligo-1,6-glucosidase
were derived from this study and the previous paper (25), respectively.
b The putative values for B. cereus and B. thermoglucosidasius oligo-1,6-gluco-

sidases are quoted from previous papers (29, 32), respectively.

FIG. 2. DNA and computer-generated amino acid sequence of the 2.4-kb DNA insert harboring the B. coagulans oligo-1,6-glucosidase gene. Nucleotides of the
2.4-kb EcoRI-EcoRV DNA fragment are shown with consecutive numbering starting from the 59 terminus. The putative Shine-Dalgarno (SD) ribosome binding
sequence is underlined.
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mM, 229 s21), respectively. These kinetic parameters were in
good agreement with those of the native oligo-1,6-glucosidase
(25). These results indicated that the cloned oligo-1,6-glucosi-
dase from B. coagulans ATCC 7050 was identical to the native
enzyme in E. coli cells.

DISCUSSION

Since the proline theory based on comparative analysis of
various bacillary oligo-1,6-glucosidases was demonstrated (22,
24), protein thermostabilization by a strategy of proline sub-
stitution was reported to be applicable for many proteins. It
was first shown that proline substitution in bacteriophage T4
lysozyme enhanced its thermostability (14). Replacement of
Ala-87 in T4 lysozyme with a proline residue at a b turn
decreased the backbone entropy of unfolding. This entropic
effect contributed to the increase in the free energy change for
protein thermostabilization. Thereafter, similar results with

respect to proline substitution at single sites were reported for
hen egg lysozyme (27), human lysozyme (4), E. coli ribonucle-
ase HI (7, 9), and Bacillus stearothermophilus neutral protease
(3). Recently, cumulative enhancement of thermostability by
multiple proline substitutions provided conclusive evidence

FIG. 3. Comparison of the primary sequences and secondary structural as-
signments of three bacillary oligo-1,6-glucosidases. The sequences are shown in
the order B. thermoglucosidasius oligo-1,6-glucosidase (Bth), B. coagulans oligo-
1,6-glucosidase (Bco), and B. cereus oligo-1,6-glucosidase (Bce). Identical resi-
dues of the three oligo-1,6-glucosidases are symbolized by asterisks in the second
and third rows. Bars represent gaps introduced during the alignment process.
Each secondary structural element is boxed with the names used in previous
reports (10, 33). The number of proline occurrences is given under the primary
sequences. Putative active site residues are marked with o.

TABLE 2. Positions of secondary structures and unique prolines

Secondary structure or
unique proline

Position of secondary structure or proline for
oligo-1,6-glucosidase from:

B. cereus
ATCC
7064

B. coagulans
ATCC 7050

B. thermoglucosidasius
KP1006

Secondary structuresa

Nb1 9–15 8–14 9–15
Na1 30–43 29–42 30–42
Nb2 47–50 46–49 47–50
Na2 78–90 77–89 78–90
Nb3 93–100 92–99 93–100
Na3 175–190 175–190 175–190
Nb4 195–198 195–198 195–198
Na4 233–243 233–243 234–244
Nb5 250–255 250–255 251–256
Na5 261–267 261–267 262–268
Nb6 277–280 277–280 278–281
Na69 282–286 282–286 283–287
Na6 301–314 304–317 302–315
Nb7 320–324 323–327 321–325
Na79 333–337 336–340 334–338
Na7 344–356 347–359 345–357
Nb8 361–365 364–368 362–366
Na89 386–397 388–399 387–398
Na80 403–412 405–414 404–413
Na8- 450–455 453–458 451–456
Na8 460–473 463–476 461–474

Sa1 109–114 108–113 109–114
Sb1 127–131 126–131 127–131
Sb2 149–152 149–152 149–152
Sb3 157–161 157–161 157–161

Cb1 481–484 484–487 482–485
Cb2 492–499 495–502 493–500
Cb3 502–509 505–512 503–510
Cb4 515–518 518–521 516–519
Cb5 527–533 528–532 528–534
Cb6 536–540 535–539 537–541
Cb7 544–547 540–544 546–550
Cb8 552–557 548–553 554–561

Unique proline 541 132, 136,
293, 490

109, 175, 208, 262,
379, 404, 441,
516, 562

a Secondary structure assignments were derived from Fig. 3.

TABLE 3. Purification of oligo-1,6-glucosidase from E. coli C600
cells bearing pBCO3

Fraction
Total

Sp act
(U/mg)Protein

(mg)
Activity
(U)

Cell extract 3,140 85,500 27.2
Heat treatment 2,000 81,700 40.9
DEAE-cellulose eluate 688 79,800 116
Sephadex G-100 eluate 212 58,200 275
Hydroxylapatite eluate 150 50,500 336
Bio-Gel P-200 eluate 119 41,100 345
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that (i) proline residues critical for thermal stabilization favor
second sites of b turns and the first turns of a helices, (ii) most
critical sites occur randomly over the protein surface, and (iii)
substituted prolines independently contribute to thermal sta-
bilization (33). By following this strategy in combination with
other evolutionary improvements in various factors, Bacillus
strains growing in various ranges of temperature are supposed
to accomplish the thermal adaptation of oligo-1,6-glucosidase
in nature and give clues about the critical sites and structures
for proline substitution in their oligo-1,6-glucosidases.
This study revealed that the B. coagulans ATCC 7050 oligo-

1,6-glucosidase contained 24 proline residues. The proline con-
tent was comparable to that calculated from the amino acid
composition of the native enzyme purified from B. coagulans
ATCC 7050. The correlation of proline content with protein
thermostability was shown to be consistent, as illustrated pre-
viously (Fig. 4C). The proline residues of the B. cereus and B.
thermoglucosidasius oligo-1,6-glucosidases and those of the B.
coagulans oligo-1,6-glucosidase were classified according to
their primary sequence alignment (Fig. 3) and protein struc-
ture (Table 2). The results are depicted in Fig. 5. These three
oligo-1,6-glucosidases share 15 common proline residues cor-
responding to the following residue numbers for the B. cereus
oligo-1,6-glucosidase: 16, 52, 57, 130, 137, 168, 211, 231, 298,
362, 421, 437, 490, 520, and 549. Moreover, the three proline
residues of the B. cereus oligo-1,6-glucosidase (257, 331, and
443) and five proline residues of the B. coagulans oligo-1,6-
glucosidase (120, 216, 270, 290, and 460) were shared between
the B. cereus and B. thermoglucosidasius oligo-1,6-glucosidases
and between the B. coagulans and B. thermoglucosidasius oligo-
1,6-glucosidases, respectively. However, none of these eight
proline residues were observed to be shared between the B.
cereus and B. coagulans oligo-1,6-glucosidases. There are also a
number of prolines unique to each of the oligo-1,6-glucosi-
dases. The thermostable B. thermoglucosidasius protein has
nine unique proline residues at positions 109, 175, 208, 262,
379, 404, 441, 516, and 562. The B. coagulans protein, which is
intermediate in thermostability, has four unique proline resi-
dues at positions 132, 136, 293, and 490. Interestingly, there is
only one unique proline residue, at amino acid position 541, in
the thermolabile oligo-1,6-glucosidase of B. cereusATCC 7064.

These observations revealed that the occurrence of proline
consistently increased along with the rise in thermostability of
oligo-1,6-glucosidases. Not including the 15 shared proline res-
idues or Pro-293 in the B. coagulans oligo-1,6-glucosidase, we
note that these extant proline residues are at sites predicted by
the proline rule to be critical to the thermostabilization of the
proteins.
Nine of these critical sites in the B. cereus oligo-1,6-glucosi-

dase, which also occur in the B. coagulans enzyme, were struc-
turally characterized by direct comparison with the structure of
the B. cereus oligo-1,6-glucosidase that was determined by X-
ray crystallographic analysis (10). Pro-132, Pro-136, Pro-216,
and Pro-270 in the B. coagulans enzyme were equivalent to the
residues Lys-132, Glu-136, Glu-216, and Glu-270 in B. cereus

FIG. 4. (A) Effect of temperature on the activities of the cloned (E) and native (F) oligo-1,6-glucosidases from B. coagulansATCC 7050. The enzyme activities were
determined as described in Materials and Methods. The activity was expressed as the percentage of the maximum value at 628C. (B) Effect of temperature on the
stability of the cloned (E) and native (F) oligo-1,6-glucosidases from B. coagulans ATCC 7050. The enzyme (1.15 mg) was incubated for 10 min in 50 ml of buffer A,
diluted with 0.15 ml of buffer A, and then assayed for its remaining activity. The activity observed at 508C was defined as 100%. (C) Strong correlation between the
increase in the proline contents of five Bacillus oligo-1,6-glucosidases and the increase in their thermostability (Tm [Tm]). Thermostability is expressed as the
temperature at which the enzyme (15 to 23 mg/ml) was 50% inactivated in 10 min at pH 6.8. The proline contents of the oligo-1,6-glucosidases from B. cereus ATCC
7064 (E), B. thermoamyloliquefaciens KP1071 (m), B. thermoglucosidasius KP1006 (É), and B. flavocaldarius KP1228 (Ç) are quoted from previously published reports
(24, 29, 32). The data for B. coagulans oligo-1,6-glucosidase ({) are from this study.

FIG. 5. Classification of common and uncommon proline residues of the
three oligo-1,6-glucosidases compared in this study. The vertical direction shows
the increase in thermostability in an arbitrary unit. The three circles represent
the B. thermoglucosidasius, B. coagulans, and B. cereus oligo-1,6-glucosidases.
The numbers shown within the regions created by these circles indicate the
number of proline residues shared by these oligo-1,6-glucosidases. The numbers
on the circles are the respective total numbers of proline residues in individual
oligo-1,6-glucosidases.
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oligo-1,6-glucosidase and located in the flexible loops. Pro-293,
lying in a three-amino-acid insert between Na69 and Na6 in B.
coagulans oligo-1,6-glucosidase, was also presumably in a flex-
ible loop according to the secondary structure prediction (2).
The effect of proline substitution of these residues in flexible
loops may be slighter than that of other residues, such as
Glu-216 and Glu-270, for which the significance was unclear
(33). The sites (Lys-121, Glu-290, Lys-457, and Glu-487) in the
B. cereus oligo-1,6-glucosidase corresponding to Pro-120, Pro-
290, Pro-460, and Pro-490 in the B. coagulans oligo-1,6-gluco-
sidase were at the second sites of b turns. These four sites are
good candidates for thermostabilization by proline substitu-
tion. In fact, proline substitution at Lys-121 and Glu-290 re-
sulted in additive enhancement of its thermostability (33).
However, the conformation of a residue preceding the substi-
tuted proline residue is also an important factor (5) for ther-
mostabilization. Since Leu-486, preceding Glu-487, has an un-
favorable conformation angle in the region of aL (f 5 448, c
5 458) (5, 21), proline substitution at 487 may be less effective
for thermostabilization. In addition to the structural charac-
teristics, the residues in the B. cereus oligo-1,6-glucosidase
equivalent to specific prolines in the B. coagulans oligo-1,6-
glucosidase are limited to all hydrophilic or ionic ones, such as
Glu and Lys. This finding well follows the definition of the
proline rule.
It is likely that the 15 proline residues shared among the

three oligo-1,6-glucosidases are essential for maintaining the
structure and function of the protein. Proline is such a peculiar
amino acid, because it has an intramolecular pyrrolidine ring
between the a-carbon and the preceding peptide bond nitro-
gen (12). Hence, the influence of proline on other residues in
the vicinity is so strong that proline has a preference for the
second sites of b turns, the first turns of a helices, and the
flexible loops in proteins (12, 18). If such a proline residue is
imprudently substituted for other amino acids, it may result in
the destruction of both secondary and tertiary structures as
well as the loss of protein function and thermostability (6).
This is the case for the application of the proline rule at
unsuitable sites, such as the middle of an a helix (11).
The neutral theory states that sequence changes in proteins

are caused by fixation of selectively neutral mutations (8).
Malcolm et al. (13) examined a selectively neutral corridor
with an in vitro system by determining the Tms for extant
sequences of bird lysozymes. Since some of the mutant ly-
sozyme proteins representing intermediates along the possible
evolutionary pathways had thermostabilities outside the range
of the extant proteins, Malcolm et al. concluded that the evo-
lution of lysozyme follows a nonneutral evolutionary pathway
(13). On the other hand, the findings of a similar study with
Saccharomyces cerevisiae cytochrome c were consistent with
the neutral theory of evolution (17). With respect to the oligo-
1,6-glucosidase, we have shown previously (33) and again in
this study (Fig. 4C) data which support an evolutionary path-
way consistent with the neutral theory. Upon comparison of
the Tms from this study with those of extant sequences, five
oligo-1,6-glucosidases from various Bacillus strains demon-
strated thermostabilities within the corridor defined by most
thermostable and thermolabile oligo-1,6-glucosidases. This is
consistent with what we observed before—that the thermosta-
bilities of mutant oligo-1,6-glucosidases containing substituted
prolines lie significantly within the thermostability corridor.
Therefore, the evolution of oligo-1,6-glucosidases supports the
neutral theory of evolution for proline substitution. While our
data are as yet quite limited, these findings suggest that proline
substitution is an important factor in the selection of thermo-
stability during the evolution of oligo-1,6-glucosidase.

ACKNOWLEDGMENTS

We are indebted to Robert Pohlman and Angelina Guzzo for help-
ful comments and correcting the English in the manuscript.

REFERENCES
1. Banner, D. W., A. C. Bloomer, G. A. Petsko, D. C. Phillips, C. I. Wilson, P. H.
Corron, A. J. Furth, J. D. Milman, R. E. Offord, J. D. Priddle, and S. G.
Waley. 1975. Structure of chicken muscular triose phosphate isomerase de-
termined crystallographically at 2.5 Å resolution. Nature (London) 255:609–
614.

2. Chou, P. Y., and G. D. Fasman. 1978. Prediction of the secondary structure
of proteins from their amino acid sequence. Adv. Enzymol. 47:45–148.

3. Hardy, F., G. Vriend, O. R. Veltman, B. van der Vinne, G. Venema, and
V. G. H. Eijsink. 1993. Stabilization of Bacillus stearothermophilus neutral
protease by introduction of proline residues. FEBS Lett. 317:898–902.

4. Herning, T., K. Yutani, K. Inaka, R. Kuroki, M. Matsushima, and M.
Kikuchi. 1992. Role of proline residues in human lysozyme stability: a scan-
ning calorimetric study combined with X-ray structure analysis of proline
mutants. Biochemistry 31:7077–7085.

5. Hurley, J. H., D. A. Mason, and B. W. Matthews. 1992. Flexible geometry
conformational energy maps for the amino acid residue preceding a proline.
Biopolymers 32:1443–1446.

6. Imanaka, T., M. Nakae, T. Ohta, and M. Takagi. 1992. Design of temper-
ature-sensitive penicillinase repressors by replacement of Pro in predicted
b-turn structures. J. Bacteriol. 174:1423–1425.

7. Ishikawa, K., S. Kimura, S. Kanaya, K. Morikawa, and H. Nakamura. 1993.
Structure study of mutants of Escherichia coli ribonuclease HI with enhanced
thermostability. Protein Eng. 6:85–91.

8. Kimura, M. 1983. The neutral theory of molecular evolution. Cambridge
University Press, Cambridge.

9. Kimura, S., H. Nakamura, T. Hashimoto, M. Oobatake, and S. Kanaya.
1992. Stabilization of Escherichia coli ribonuclease HI by strategic replace-
ment of amino acid residues with those from thermophilic counterpart. J.
Biol. Chem. 267:21535–21542.

10. Kizaki, H., Y. Hata, K. Watanabe, Y. Katsube, and Y. Suzuki. 1993. Polypep-
tide folding of Bacillus cereus ATCC7064 oligo-1,6-glucosidase revealed by
3.0 Å resolution X-ray analysis. J. Biochem. 113:646–649.

11. Luo, G.-X., and P. M. Horowits. 1993. The folding and stability of rhodanese
are influenced by the replacement of glutamic acid 17 in the NH2-terminal
helix by proline but not by glutamine. J. Biol. Chem. 268:10246–10251.

12. MacArthur, M. W., and J. M. Thornton. 1991. Influence of proline confor-
mation. J. Mol. Biol. 218:397–412.

13. Malcolm, B. A., K. P. Wilson, B. W. Matthews, J. F. Kirsch, and A. C.
Wilson. 1990. Ancestral lysozymes reconstructed, neutrality tested, and ther-
mostability linked to hydrocarbon packing. Nature (London) 345:86–89.

14. Matthews, B. W., H. Nicholson, and W. J. Becktel. 1987. Enhanced protein
thermostability from site-directed mutations that decrease the entropy of
unfolding. Proc. Natl. Acad. Sci. USA 84:6663–6667.

15. Meade, H. M., S. R. Long, G. B. Ruvkun, S. E. Brown, and F. M. Ausubel.
1982. Physical and genetic characterization of symbiotic and auxotrophic
mutants of Rhizobium meliloti induced by transposon Tn5 mutagenesis. J.
Bacteriol. 149:114–122.

16. Paoni, N. F., and R. L. Arroyo. 1984. Improved method for detection of
glycosidases in bacterial colonies. Appl. Environ. Microbiol. 47:208–209.

17. Pierak, G. J., D. S. Auld, J. R. Beasley, S. F. Betz, D. S. Cohen, D. F. Doyle,
S. A. Finger, Z. L. Fredericks, S. Hilgen-Willis, A. J. Saunders, and S. K.
Trojak. 1995. Protein thermal denaturation, side-chain model, and evolu-
tion: amino acid substitution at a conserved helix-helix interface. Biochem-
istry 34:3268–3276.

18. Richardson, J. S., and D. C. Richardson. 1988. Amino acid preferences for
specific locations at the ends of a-helices. Science 240:1648–1652.

19. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

20. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463–5467.

21. Schimmel, P., and P. J. Flory. 1968. Conformational energies and configu-
rational statistics of copolypeptides containing L-proline. J. Mol. Biol. 34:
105–120.

22. Suzuki, Y. 1989. A general principle of increasing protein thermostability.
Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 65:146–148.

23. Suzuki, Y., H. Fujii, H. Uemura, and M. Suzuki. 1987. Purification and
characterization of extremely thermostable exo-oligo-1,6-glucosidase from a
caldoactive Bacillus sp. KP1228. Starch Staerke 39:17–23.

24. Suzuki, Y., K. Oishi, H. Nakano, and T. Nagayama. 1987. A strong corre-
lation between the increase in number of proline residues and the rise in
thermostability of five Bacillus oligo-1,6-glucosidases. Appl. Microbiol. Bio-
technol. 26:546–551.

25. Suzuki, Y., and Y. Tomura. 1986. Purification and characterization of Bacil-
lus coagulans oligo-1,6-glucosidase. Eur. J. Biochem. 158:77–83.

26. Suzuki, Y., T. Yuki, T. Kishigami, and S. Abe. 1976. Purification and prop-

2072 WATANABE ET AL. APPL. ENVIRON. MICROBIOL.



erties of extracellular a-glucosidase of a thermophile, Bacillus thermoglu-
cosidius KP1006. Biochim. Biophys. Acta 445:386–397.

27. Ueda, T., T. Tamura, Y. Maeda, Y. Hashimoto, T. Miki, H. Yamada, and T.
Imoto. 1993. Stabilization of lysozyme by the introduction of Gly-Pro se-
quence. Protein Eng. 6:183–187.

28. Vieira, J., and J. Messing. 1987. Production of single-stranded plasmid
DNA. Methods Enzymol. 153:3–11.

29. Watanabe, K., K. Chishiro, K. Kitamura, and Y. Suzuki. 1991. Proline
residues responsible for thermostability occur with high frequency in the
loop region of an extremely thermostable oligo-1,6-glucosidase from Bacillus
thermoglucosidasius KP1006. J. Biol. Chem. 266:24287–24294.

30. Watanabe, K., H. Iha, A. Ohashi, and Y. Suzuki. 1989. Cloning and expres-
sion in Escherichia coli of an extremely thermostable oligo-1,6-glucosidase
gene from Bacillus thermoglucosidasius. J. Bacteriol. 171:1219–1222.

31. Watanabe, K., K. Kitamura, Y. Hata, Y. Katsube, and Y. Suzuki. 1991.
Overproduction, purification and crystallization of Bacillus cereus oligo-1,6-
glucosidase. FEBS Lett. 290:221–223.

32. Watanabe, K., K. Kitamura, H. Iha, and Y. Suzuki. 1990. Primary structure
of the oligo-1,6-glucosidase of Bacillus cereus ATCC7064 deduced from the
nucleotide sequence of the cloned gene. Eur. J. Biochem. 192:609–620.

33. Watanabe, K., T. Masuda, H. Ohashi, H. Mihara, and Y. Suzuki. 1994.
Multiple proline substitutions cumulatively thermostabilize Bacillus cereus
ATCC7064 oligo-1,6-glucosidase. Irrefragable proof supporting the proline
rule. Eur. J. Biochem. 226:277–283.

34. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the M13mp18 and
pUC19 vectors. Gene 33:103–119.

VOL. 62, 1996 OLIGO-1,6-GLUCOSIDASE OF BACILLUS COAGULANS ATCC 7050 2073


