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4-glucanohydrolase from B. licheniformis as determined by size-directed
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Site-dirceted mutagenesis experiments designed to identily the active site of Bacillus licheniformis endo-g-1,3:1,4-n-glucan 4d-glucanchydrolase
(B-glucanuse) have bean performed. Putative catalytic residues were chosen on the basis of sequence similurity analysis to viral and cukaryotic
lysozymes. Four mutant enzymes were expressed and purified from recombinant £. cofi and their kinctics analysed with barley f-glucan.
Replacement of Glu'™ by Gin produced a mutant (E134Q) that retains less than 0.3% of the wild-type activity, The other mutaats, D133N, E160Q
and DI79N, are active but show dilTerent kinetic parameters relative to wild-type indicative of their participation in substrate binding and
transition-state complex stabilization. Glu'™ is essential for activity; it is comprised in o region of high sequence similarity to the active site of T4
lysozyme and maiches the position of the generil acid catalyst. These results strongly sunport a lysozyme-like mechanism for this family of Bucillus
B-glucan hydroluses with Glu'™ being the exsential acid catalyst.

Site-directed mutagenesis; Active site; g-1,3-1.4.Glucanase: 8. lichenifarmis

1. INTRODUCTION

Endo-g-1,3-1,4-p-glucan  4-glucanohydrolase (8-
glucanase, EC 3.2.1.73) is an enzyme that hydrolyses
polymeric natural 8-glucans as lichenan and barley 8-
glucan. The latter is depolymerized by the enzyme up
to 3-f-0-cellobiosyl-p-glucopyranoside and 3-8-0-cel-
lotriosyl-o-glucopyranoside, defining the cleavage spec-
ificity at 8-1.4 glycosyl bonds adjacent to 8-1,3 linkages
[1]. B-Glucanase genes from different Baclifus species
have been cloned and sequenced [2-7]. Nevertheless,
studies towards the structural and functional character-
ization of the enzyme action are still scarce [8]. Al-
though a hybrid g-glucanase has been crystallised, the
three-dimensional structure has not been solved yer [9]
precluding a straightfoiward insight into the structural
features. A practical approach that allows the direct
identification of amino acid residues present at the ac-
tive site involves the use of mechanism-based inhibitors.

Abbreviations: glul, gene coding for f-glucanase from B. licheni-
Jornis; D, aspartic acid; DNS, dinitrosalicilic acid; E, glutamie acid;
LB and 2YT, bacterial media as described in Sambrook et al, [28]; N,
asparagine; PAGE, polyacrylamide gel electrophoresis; Q, glutamine;
SDS. sodium dodecyl sulfate; wi. wildstyps,
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Stone et al. [10.11] have reported the use of oligosas-
charide epoxides to define the substrate specificity of
several glucan hydrolases, EC 3.2.1.73, EC 3.2.1.4 and
EC 3.2.1.6. They showed that the epoxides irreversibly
inhibit enzyme activity in the same way they inactivate
other carbohydrases (i.e. lysozyme [12] or f-galactosi-
dase [13]). However, no further isolation and sequenc-
ing of the labeled peptides after protease digestion to
locate and identify the active site residues have been
reported.

In the absence of structural information, attempts to
predict functional catalytic residues are often based on
sequence similarities to other carbohydrases for which
more detailed information is known. After cloning and
sequencing the Bacillus licheniformis endo-3-1,3-1,4-p-
glucan 4-glucanohydrolase (7], sequence similarity anal-
ysis with viral and eukaryotic lysozymes led us to pre-
dict two putative active sites. The first is a 25 amino acid
segment (residues 132-157) that shows 40% identity and
70% similarity [14] to the T4 lysozyme (T4L) active site,
and contains an Asp and Glu residues in the same posi-
tions as those assigned to be the general acid (Ei1) and
the oxocarbocation-stabilizing residue or nucleophile
(D20) in T4L (Fig. 1). The second putative active site
resembles that of hen egg white lysozyme (HEWL) and
comprises a fragment of 21 amino acids with 20% sim-
ilarity to the sequence around the catalytic residues E35
and D52 in HEWL (Fig. 1). While the latter is not
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Fig. 1. Alignment of the S-glucanase sequence of B. lichenifurmix wilh the active site sequences of T4 and hen egg white (HEW) lysozymes. The
usterisks indicate the eutalytic residues in both lysozymeyx {23,24].

conserved among the Bacillus isozymes, the T4 ly-
sozyme-like active site is completely conserved in the
amino acid sequences of other highly homologous Ba-
citlus f-glucanases (B. subtilis (2. B. amyloliquefacions
[3). B. macerans (4] and B. polymyxa [6]) and almost
conserved in the recently reported isozyme from C.
thermacellum [15). Therefore, D133, E134 and D143 are
candidates to be the catalytic residues in B, licheniformis
B-glucanase. A similar prediction has been outlined by
Borris et al. [16]) for the B. macerans isozyme and re-
cently discussed by Schimming et al. [15] for the C.
thermocelfim B-plucanase.

We communicate in this report the replacement of
single carboxvlic amino acid residues from both puta-
tive active sites by the isosteric, uncharged Asn and Gln
residues by site-directed mutagenesis, as well as the pre-
liminary kinetic characterization of the mutant pro-
teins. This study shows that Glu'™ is essential for activ-
ity.

2. MATERIALS AND METHODS

2.1, Bacterial straing and ctlitere media

E. coli TG\ (upE hsdd3 thi tluc-praAB) F[1raD36 pruAB® luck
lacZ4M15)) was used for plusinid propagition and isolution of
$sDNA template for mutagenesis by infection with M13K0? helper
phage. and transformed with the rautagenic reuction. £, coli HB10I
(supE44 hsedSA0(ry-1315=JrocAl3 arus 1 proA2 lac Y1 galK2 rpsL20 xyl+
5 mul-1) was the host strain for pre.icin expression, For plasmid isola-
tion, bacteria were grown in 2Y T medium. while LB medium was used
for protein expression. Ampicillin a1 100 2g/m! was added when ap-
prapriate.

. Chemticals and enzymes
Rcsmcuon endonuglcases and T4 DNA ligase were from Boehrin-
ger Mannheim. [*S]a-ATP and the oligonucleotide site-directed mut-
agenesis kit were purchased from Amershiain, DNA sequencing was
perfarmed by the T7 Sequencing kit from Pharmacis. Oligonucico-
tides were synthesized by Clontech. Barley S-glucan was from Sigmu.

2.3, Mutagenssis

The gene coding for Bucillus licheniformis f-glucunase previously
cloned (rom the genomic LNA [7] was subcloned in pUC1i9 asa 1.2
kb Sacl/Sphl fragment. E. coli TG was transformed with the ligation
product and infected with M13KO07 helper phage for ssDMNA isolation
which was used as templute for mutagenesis. The oligonucleotides
were 21-mer and contained single mismatches directing the
desired mulations: D133N, 8-GTCGATTTCATICCAAGGCGT-Y:
E134Q. S-ATGTCGATTTGATCCCAAGGC-3; EL0Q. §-
GACGATTI'T‘I‘TGATGATTTCC 3, DIDIN, §-AGGCTGCCAG
TIGAACGCATA-S'. Oligonucleotide site-directed mutagenessis was
performed according to the Ecksteir method [17), Transformunts were
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screened by DNA sequencing using appropriate primers losated about
100 bases {rom the mutztion point, Positive clones were confirmed by
complate sequencing of the entire gene. £ coli FB10T was trans.
formed with the mutant plasmids for protein eapression.

2.4, Pratcin expression and purification of wt aid mutant enzymes

Proteins were expressed from HBLOI cells harboring the wt and
matant plasmids grown in | liter of LB medium containing 150 u#g/m!
of ampigillin, 8-Glusunusss were purified cssentivlly as described [18);
summarizing. the extracellular medium was concentrated by tangen-
tlul ulirafiltration and the enzyme cluted from a CM-Sapharose CL-6B
(Pharmucia) ion exchange column at pH 5.6 with ¢ NaCl gradient.
Astive fractions were dialysed and lyophilised for storage. Protein
concentration was measured by the Bradford procedure (Picree kit)
using BSA as standurd. Elestrophoretic analyses (SDS-PAGE) were
uccording to Laemmli [19)] stained with Coomassic brilliant blue R or
by the silver-staining procedure of Blum et al. {20]. The zymogram
tachnique for detection of renatured f-glucanase astivity on SDS-
PAGE gels (15% ucrylamide) was performed according to the protocol
of Schwarz et al. {21). Gel permeation chromaiography under native
condlitions was carried out by FPLC (Pharmacia) on a Spherogel TSK
G3000 SW column cluted with 10 mM Bis-Tris propane buffer, pH
6.5.

2.8. Prorein fluorescence

Fluorescence spectra of wi and E134Q mutant proteins were re-
corded on a Hitachi-Perkin Elmer MPF-3 spectrofluorimeter at 20°C
in 1 x | em cells. Excitation was ut 282 nm (2 nm slit) and the emission
spectra were recorded from 270 to 440 nm (8 am slit), Sumples were
dissolved in 0.1 M HEPES, pH 7.0, ut a final concentration of 38 ug/ml
(A200mm = 0.5513) for wt und 44 pp/ml (A0 B 0.6350) for E134Q,
Solutions in 8 M urea, 0.1 M HEPES, pH 7.0, at the sume final cnzyme
concentration were prepured and the spectra recorded at different time
intervals (20 min, 2 and 4 h),

2.6, Euzyme Kinetics

Enzyme activity of purified wild-type and mutant proteins was
ussayed by the net release of reducing sugars from barley S-glucun [18),
The assay mixture containing barley 8-glusan (0.2-9 mg/ml) in phos-
phate-citrate buffer, pM 7.02, was pre-incubated at §5°C for § min.
The reuction was initiated by adding diluted enzyme to a final concen.
tration of 15-80 ng/ml. Sumples were quenched at different time inter-
vals with the DNS reagent (32] and kept 10 min at 100°C. Release of
reducing sugars wis quantified from absorbance readings at 540 am
using glucose as standard, Kinetic purameters were derived by fitting
the data to a rectungular hyperbola by non-lineur regression,

3. RESULTS

A phagemid containing the gl gene suitable for
mutagenesis and expression was constructed by sub-
cloning the 1.2 kb Sacl/Sphl fragment of pBL339G3 [7]
into pUC119. The insert contained the promoter and
signal peptide from Bacillus licheniformis plus some ad-
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Fig. 2. Electrophoretis analysis of wi and mutant S-glucanascs. (A SDS-PAGE (15% acrylumide, silver stained) of the extracellular medium of

E. cali UB101 cells expressing S-glucanuse (133N mutiant is 3x concentruted). (B) zimogram (SDS-PAGE. 15% acrylamide, 0.5% barley S-glucan,

Congo red activity staining after renaturation) of 3x concentrited extracellulur extructs, (C) SDS-PAGE (10% ucrylumide, Coomasie brilliant blue

R stained) of purifled enzymes. Molecular weight markers (Boehringes Mannheim): 97.4 kDu, phosphoryluse 5: 55.4 kDa, glutamate dehydrogenase;
36.5 kDai. lactute dehydrogennse: 20.1 kDa, trypsin inhibitor.

ditional bases upstream of the promoter. Expression off
B-glucanase in £. coli is constitutive and 60-70% of the
total enzyme is secreted into the extracellular medium,
thus showing that the signal peptide is operative in £,
eoli. Four mutant enzymes designed to identify the ac-
tive site and test the predictive analysis outlined above
were prepured by oligonucleotide site-directed mut-
agenesis and expressed in £. coli HB101. SDS-PAGE
analysis of the extraceliular extracts (Fig. 2A) showed
that all the mutant proteins are secreted and that the
expression levels are similar to that of wt ¢nzyme. A
preliminary activity assay on the extracellular medium
by the zymogram technique stained with Congo red
(Fig. 2B) indicates that E134Q is nearly inactive while

Tuble I
Expression und kinetic parameters of §-glucaniuse mutants

D179N. D133N and E160Q have reduied activity com-
pared to wt. Likewise, enzyme activity from superna-
tants of overnight cultures grown to stationary phase
were assayed by the DNS method [22] upon incubation
with 0.5% barley S-glucan as substrate. Percentages of
activity relative to wt are shown in Table I. These fig-
ures are a composite of specific activity and expression
level for each mutant and are consistent with the results
from the zymogram analysis which, in addition, in-
volves protein renaturation.

The mutant enzymes were purified up to >95% purity
as judged by SDS-PAGE (Fig. 2C) following the proto-
col developed for the wt enzyme [18]. To assess that the
inactive mutant E124Q is properly folded, its chromato-
graphic behaviour and fluorescence properties were
analysed: (i) both E134Q and wt cluted at identical
retention time under native conditions on gel permea-
tion chiromatography (TSK G3000 SW column) at pH

Mutant  Extracellular medium Purified enzymes 6.5; (i) E134Q and the active enzymes came out from

Activi E . % v K Iy an ionic exchange column (CM-Sepharose CL-6B or

ctivity”  Expression K (mg/mi) TSK CM-3SW on FPLC at pH 5.6) at approximately

Wi 100% | 100 130 * 0.15 the same ionic strength: and (iii) the ﬂuorcsccncc.sp.cc-

DI133N 25% 0.8-0.95 0x5 1152028 tra of wt and E134Q at pH 7.0 showed an emission

E}iﬁg <2b-";5 08“_‘0195 3;0-37 105 12 maximum at 340 nm with similar intensities for both
ut R A _+_ K t o . . I3 . e .

DI79N 0% 0.8-0.85 10010  42%10 proteins (Fig. 3). Under unfolding conditions in 8 M

* Relative activity at 5 mg/ml burley f-glucan, §5°C, pH 1.0
*Relative expression level to wi enzyme calculated from the extracel-
lular activity using the Kinetic parameters of the purified enzymes,
“Errors in K,, determinations are large mainly due to the linsited
solubility of barley S-glucan. Subsirate concentration runged from
0.2t0 9 mg/ml, and consistently, no saturation was achieved for those

mutants with high K,

urea, the fluorescence is partially quenched and the
emission maximum shifts 1o higher wavelength. The
unfolding is rather slow as secen by the decrease in the
fluorescence up to 4 h. Taken together with the fact that
E134Q is also secreted into the extracellular medium
and not degraded intracellularly, these results strongly
support a folded structure for the inactive E134Q mu-
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Fig. 3. Fluorescense spectra of wt and E134Q mutant f-glucanuses,

Curves in both plots are: (1) native ¢enzyme in 0.1 M HEPES pH 7.0,

(2)in 8 M urea, 0.1 M HEPES. pH 7.0, alter 20 min. (3) sume a3 (2)

after 2 h, and (4) same rs (2) after 4 h. Enzyme concantration was 38
up/ml for we and 43 up/ml for EL34Q.

tant. Therefore, the large decrease in catalytic activity
can be assigned to the replacement of an essential func-
tional residue.

Kinetic constants for the snzyme-catalysed hydroly-
sis of barley f-glucan at the wt optimum temperature
(55°C) and pH (7.0) were determined. Results are sum-
marized in Table I. The question of a possible thermal
inactivation of the E134Q mutant under the assay con-
ditions us a reason of its low activity was addressed by
performing the assay at lower temperatures as shown in
Fig. 4. A curve that parallels the profile of wt was
observed down to 25°C, Thus, the residual activity of
<0.3% is ascribable to the functional effect of the muta-
tion.

Asn and Gln residues are susceptible to hydrolysis to
the corresponding Asp and Glu residus if they are sol-
vent exposed at acidic or neutral pH. Therefore, muta-
tions as those described here have to be handled with
care. At least for the D179N mutant it has been ob-
served a slow hydrolysis reverting to vt enzyme. Aflter
a month of storage at 4°C in aqueous solution, kinetic
parameters became identical to those of wt. This result
indicates that the side chain of residue 179 is solvent
exposed as it would correspond to an active site residue
interacting with the substrate. The mutant proved to be
stable as a tyophilizate for several months,

4, DISCUSSION

Provided that a right-folded structure for the E134Q
mutant occurs as argued above, Glu'* is essential for
activity and participates in glucosidic bond hydrolysis.
This result is similar to those obtained upon mutation
of the general acid catalyst of other carbohydrases [23-
26). Moreover, E134 matches the position of the general
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Fig. 4. Specific activity of wild-type and E134Q mutunt S-glucanases

at different temperatures, (Inset) Magnification of the E134Q activily-

tempsrature profile. Conditions ¢itrate-phosphate buffer. pH 7.0: 6

mp/mi burley J-glucan; enzyme concentration, 23 ng/ml for wit, 4.8
sgiml for E134Q.

acid catalyst in T4 lysozyme (El1, Fig. 1) within a re-
gion of high sequence identity.

The mutants at position 133, 160 and 179 show di-
verse effects on the kinetic parameters suggesting differ-
ent roles of each residue in the enzyme mechanism along
the reaction coordinate. It can be pointed out as a pre-
liminary conclusion that D179 is likely involved in sub-
strate binding since the asparagine mutant possesses a
3-fold higher K, value (that only implies a decrease of
0.75 keal - mol™ in the energy of interaction) while no
effect on k., is observed. On the other hand, D133 may
assist in catalysis as a neighbour group to the essential
E134 (5.fold decrease in &, for D133N), but it does not
significantly contribute to substrate binding as seen by
no change in K, upon mutation. The fourth mutant
analysed, E160Q, has an effect on both k&, and K,
indicative of a significant contribution of E160 to tran-
sition state complex stabilization.

The amino acid sequence alignment of B. licheni-
Sormis f-glucanase to T4 and hen egg white lysozymes
suggested E134 and E160 as candidates to be the gen-
eral acid catalyst in a lysozyme-type mechanism. It is
ciear from the results reported here that the active site
sequence of f-glucanase resembles that of T4 lysozyme,
and E134 is proposed as the general acid. The role of
E160 is not so clear. However, since both E160Q and
D179N mutations show an effect on kinetic paramerers,
they are somehow involved in substrate binding and/or
substrate transition-state complex stabilization. For an
extended active site cleft with multiple subsites as dis-
cussed by Stone et al. [10] and commonly accepted for
endo-glycosyl hydrolases [27], a number of residues will
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interact with the sulstrate. The region from residues
133 to 195, proposed as the functional core, is rich in
acidic amino acids centzining 5 Asp and Glu (all of
them conserved in the other highly homologous Bacilluy
enzymes) out of 17 i the whole amino acid sequence.

Further analysis of the reported mutants with syn-
thetic oligosaccharide substrates and pH activity pro-
files will allow a deeper understanding of the enzyme
action.

Acknowledgemenis: This work was supported by CICYT Grams
PBT87-31 and B1091.0477 from Ministerio de Educacion y Cienciu
(MEC), Spain. M.J. was supported by u predecioral fellowship from
MEC, und A.P. was partially financed as a post-dostoral fellow (rom
MEC,

REFERENCES
{1] Parrish. F.W., Perlin, A.S. und Reese, E.T, (1960) Cun. J, Chemn.

38, 2092108,

(2] Cantwell, B.A, urnd McConnell, D.J. (1983) Gene 33, 211-219,

{3] Hofemeister, 1., Kurtz, A., Borris, R, und Knowles, 3, (19306)
Gene 49, 177-187.

{4] Borris. R., Manteuffel, R. and Mofemeisier, J. (1988) 1. Busic
Microbiol. 28, 1-10.

(5] Bueno, A., Vazquez de Alduna, C.R., Corred, 3., Villy, T.G. und
del Rey, F. (1990) J. Bacteriol, 172, 2160-2167,

(6) Gosalbes, M.)., Peérez-Gonaillez, J.A.. Gonazllez, R. und
Navarro, A, (1991) 1. Bacteriol, 173, 7705-7710,

(7} Lloberas. J.. Pérez-Vons, J.A. und Queral, E, (1991) Eur. J, Bio-
chem. 197, 337-343

[8) Querol, E.. Pudrés, €., Juncosa, M., Planus, A. and Lloberas, J,
(1992) Biochem. Biophys. Res, Commun, 184, 613-617.

(8] Keitel. T.. Grazin, J.. Simon, O., Earris, R.. Thomsen, K.K..
Wessner, H.. Hohace, W. and Heinemann, U, (1991) 3. Mol. Biol,
218, 703-704.

FEBS LETTERS

August 1992

{10) Hoj. P.B.. Rodrigucz, E.B., Stick, R.V. and Stone, RLA. (1989)
J. Biol. Chem. 264, 4939-4947.

(11] Mo}, P.B., Rodriguez, E.B., Iser, J.R., Stick, R.V. and $tene, B.A,
(1991) J. Biol. Chem. 266, 1i628~11631,

{12} Eshdat, Y., McRelvy. J.F. and Sharon, N, (1973) J, Biol. Chem,
248, 5892-5898,

(13]) Herrehen, M. und Legler, G. (1934) Eur. J. Biochem. 138, $27-
531,

(14] GCG Sequence Analysis Seftware Package, Universily of Wis-
consin,

{15] Schimming, S., Schwarz, W, H. and Staudenbauer, LW, (1992)
Eur. 3. Bioghem. 204, 13-19,

(18]} Borris, R., Bustiner, K, and Maentsaclue, P, (1990) Mol. Gen,
Genel, 222, 278-283,

{17} Taylor, J.W., Ou. J. and Eckstein, F. (1985) Nucleic Acids Res.
13, 87648785,

(18] Planas. A., Juncosa, M., Cayetano, A. and Querol. E. (1992)
Appl. Microbiol, Bioteshnal. (in press).

{19} Laemmli. U.K. {1970} Nuture 227, 680-088,

(20} Blum, H., Beier, H. und Gross, H.J. (1987) Elestrophoresis 8,
93-99,

[21] Schwarz, W.H., Bronnenmeier, K., Grabnitz, F. and Stauden-
bauer, A.L. (1987) Anal. Biochem. 164, 72-77.

{22] HinchlifTe, E. (1924) J. Gen. Microbiol. 130, 1285-1291,

(23] Anand, N.N., Stephen, E.R. and Narang, S.A. (1988) Biocchem.
Biophys. Res. Commun. 153, 862868,

{24] Malcolm, B.A.. Rosenerg. S., Corey, M.J., Alien, 1.8., de Baet.
sclier, A, und Kirsch. ).F, (1989) Proc. Natl. Acud. Sci. USA 86,
133-137,

(25) Bader, D.E.. Ring. M, and Muber, R.E, (1388) Biothem. Bio-
phys, Res. Commun. 153, 301-306.

[26) Sierks. M.R.. Ford, C., Reilly, P.J, and Svensson, B. (1930} Prot.
Engincering 3, 193-194.

(27 Biclecki. S, und Galas, E. (1991) Crit. Rev. Biochem. 10, 275--304.

{28] Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory
Press, Cald Spring Harbor, NY,

145



