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The 1,3-1,4-b-D-glucanase from Fibrobacter succinogenes (Fsb-glucanase) is
classified as one of the family 16 glycosyl hydrolases. It hydrolyzes the
glycosidic bond in the mixed-linked glucans containing b-1,3- and b-1,4-
glycosidic linkages. We constructed a truncated form of recombinant
Fsb-glucanase containing the catalytic domain from amino acid residues
1–258, which exhibited a higher thermal stability and enzymatic activity
than the full-length enzyme. The crystal structure of the truncated Fsb-
glucanase was solved at a resolution of 1.7 Å by the multiple wavelength
anomalous dispersion (MAD) method using the anomalous signals from
the seleno-methionine-labeled protein. The overall topology of the trun-
cated Fsb-glucanase consists mainly of two eight-stranded anti-parallel
b-sheets arranged in a jellyroll b-sandwich, similar to the fold of many
glycosyl hydrolases and carbohydrate-binding modules. Sequence com-
parison with other bacterial glucanases showed that Fsb-glucanase is the
only naturally occurring circularly permuted b-glucanase with reversed
sequences. Structural comparison shows that the engineered circular-
permuted Bacillus enzymes are more similar to their parent enzymes
with which they share ,70% sequence identity, than to the naturally
occurring Fsb-glucanase of similar topology with 30% identity. This result
suggests that protein structure relies more on sequence identity than top-
ology. The high-resolution structure of Fsb-glucanase provides a
structural rationale for the different activities obtained from a series of
mutant glucanases and a basis for the development of engineered
enzymes with increased activity and structural stability.
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Introduction

Circular permutations in protein structures
occur while the original N and C-terminal regions
of one protein are linked to form a continuous
part of polypeptide chain and new termini are
formed elsewhere. Based on sequence alignment,
circular permutation can be identified in a protein

showing that its N-terminal sequence is similar to
the C-terminal sequence of the other protein and
vice versa.1 The first observation of a naturally
occurring circular permutation was described
about two decades ago in amino acid sequences of
favin versus concanavalin A.2 Since then naturally
occurring circular permutations have been found
in several protein families,3 including bacterial
b-glucanases,4 FMN-binding proteins,5 DNA ade-
nine-N6 methyltransferases,6 b-glucosidases,7 cyto-
sine-C5 methyltransferases,8 swaposin,9 a-1,3 and
a,-1,6 glucan-synthesizing glucosyltransferases,10

transaldoase,11 double-c b-barrels,12 glutathione,13

ferredoxins14 and serine proteinase inhibitors.15

Recently, many more pairs of circularly permuted
proteins with identical, related or different
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functions have been identified in protein data-
bases, based on protein sequence or structure
comparisons.1,16 In contrast to abundant sequence
analyses, fewer studies have been conducted at
the three-dimensional structural level for naturally
occurring circularly permuted proteins. The only
known three-dimensional structures of a pair of
naturally occurring circularly permuted proteins,
with homologous sequences, are the crystal struc-
tures of pea lectin17 and jack bean concanavalin
A.18,19 This is a special case, however, in that the
circular permutation occurs as a post-translational
modification at protein but not at gene level.20,21 In
the past, the most detailed analyses of circular per-
mutation at the three-dimensional structural level
have been carried out using series of engineered
Bacillus b-glucanase mutants.22

b-Glucanases (1,3-1,4-b-D-glucan 4-glucano-
hydrolases, EC 3.2.1.73) hydrolyze mixed-linked
glucans containing b-1,3- and b-1,4-glycosidic
linkages, such as b-glucans from grain endosperm
cell walls or lichenan from Islandic moss.23 1,3-1,4-
b-D-Glucanases have been identified from bacteria
and plants, including different Bacillus species,24 – 31

Fibrobacter succinogenes,32 Ruminococcus
flavefaciens,33 Clostridium thermocellum34 and
barley.35,36 Bacterial b-glucanases are classified as
members of the family 16 glycosyl hydrolases of
clan GH-B, which hydrolyze the glycosidic bond
based on a general acid/base catalysis with a net
retention of the anomeric configuration.37 –39

Crystal structures of several bacterial 1,3-1,4-b-D-
glucanases have been reported, including two
native enzymes from Bacillus macerans40 and
Bacillus licheniformis41 and several genetically
engineered enzymes, including the Bacillus hybrid
enzyme H(A16-M), in which the first 16 N-terminal
residues are from Bacillus amyloliquefaciens and the
rest are from B. macerans,42,43 and the circularly per-
muted proteins derived from H(A16-M).4,44 These
engineered circularly permuted glucanase
enzymes of H(A16-M) show almost identical jelly-
roll b-sandwich structures to their parent enzyme
with rms differences below 0.4 Å.44 In addition to
Bacillus b-D-glucanase, the crystal structure of the
engineered a-spectrin SH3 domain is the only
example to demonstrate the structural conse-
quences resulting from circular permutation.45 The
structure of the engineered circularly permuted
SH3 domain is almost identical to that of the wild-
type protein with rms deviations of less than 1 Å.
Crystal structure analyses of engineered Bacillus
b-glucanases and SH3 domains reveal that these
circularly permuted proteins have native-like
structures and lead to the conclusion that the pro-
tein structure depends more on sequence identity
than topology. However, apart from permutation,
natural forms of circularly permuted proteins
have more variations in sequences than those of
the engineered proteins, therefore, it is necessary
to solve the structures of natural circularly per-
muted proteins in order to confirm the conclusion
derived from engineered proteins.

A comparison amongst all bacterial b-glucanases
has shown that 1,3-1,4-b-D-glucanase from
F. succinogenes (Fsb-glucanase) is the only natural
circularly permuted enzyme in which two highly
conserved catalytic domains of the enzyme are in
a reverse orientation as compared to that of other
1,3-1,4-b-D-glucanases.22,32,34 A segment of P–X–
S–S–S–S was repeated five times and only
observed in the C-terminal of the Fibrobacter
enzyme. Wild-type Fsb-glucanase consists of 339
amino acid residues, in which residues 1–230 can
be aligned with Bacillus b-glucanases with ,30%
sequence identity when the N-terminal portion
(residues 1–171) and the C-terminal portion
(residues 175–230) of the Fsb-glucanase are
aligned, respectively, to the C-terminal portion
(residues 59–214) and N-terminal portion
(residues 1–58) of other bacterial b-glucanases
(Figure 1). A truncated form of Fsb-glucanase
(TFsb-glucanase) with approximately 10 kDa
deleted at the C terminus, including the five
P–X–S–S–S–S repeated segment, was con-
structed, which exhibited a higher thermal stability
than that of the wild-type full-length enzyme.46

Kinetic analyses showed that TFsb-glucanase has
a 3.9-fold increase in specific activity and a minor
(1.5-fold) decrease in substrate binding affinity
resulting in a 2.6-fold increase in overall catalytic
efficiency for lichenan relative to the wild-type
enzyme. Recently we have identified several
amino acid residues in Fsb-glucanase involved in
catalysis and enzyme stability using a site-directed
mutagenesis approach.47,48 Here we report the
crystal structure of the truncated form of Fsb-
glucanase, which is the first structural determi-
nation of a naturally encoded and circularly per-
muted protein, as compared to other bacterial
glucanases. The structure of Fsb-glucanase is com-
pared with those of wild-type or genetically
engineered Bacillus b-glucanases without or with
sequence permutation. Our results demonstrate
that Fsb-glucanase, with a permuted sequence,
folds into a jellyroll b-sandwich structure similar
to that of Bacillus enzymes. The three-dimensional
structure also provides a structural basis for
enzymatic catalysis and an explanation for the
different phenotypes exhibited by a series of
mutants.

Results and Discussion

Structure determination and overall topology

Full-length and truncated Fsb-glucanases
(residues 1–258) containing the catalytic domain,
were both screened for crystallization, however,
only the truncated Fsb-glucanase was crystallized
from a PEG4000 solution in the presence of Ca2þ

in three different crystal forms.46 Subsequently
seleno-methionine incorporated TFsb-glucanase
was expressed and crystallized in orthorhombic
space group P212121 with one molecule per
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Figure 1. Structure-assisted sequence alignment of 1,3-1,4-b-D-glucanases from F. succinogenes (residues 1–243) and
B. licheniformis using ALSCRIPT.67 The secondary structural elements identified in the crystal structures, marked in
blue or pink according to their location in the N or C-terminal regions, are shown above and below the sequences.
The N-terminal peptide of B. licheniformis from residues 1 to 58 (framed in the box) has been moved to the C-terminal
end to align with the circularly permuted sequence of F. succinogenes. The active site residues located on b4 of TFsb-
glucanase are colored red and the tryptophan residues likely involved in substrate binding are colored blue. The
gray-shaded residues are identical in the two proteins. (B) The ribbon model of TFsb-glucanase (the truncated b-gluca-
nase from F. succinogenes) in which the C-terminal region (residues 244–339) was deleted; and the wild-type b-gluca-
nase from B. licheniformis (PDB ID:1gbg). The N-terminal regions of the two molecules are colored in blue and the
C-terminal regions are colored in pink. The N-terminal region of Fsb-glucanase (residues 1–171) is aligned with the
C-terminal region of b-glucanase from B. licheniformis (residues 59–214). The C-terminal region of Fsb-glucanase
(residues 175–243) is aligned with the N-terminal region of b-glucanase from B. licheniformis (residues 1–58). So these
two enzymes represent examples of a pair of naturally occurring and circularly permuted sequences. The calcium ion
is displayed as a brown ball located on the convex side of the protein. The loop between b11 and b12 in TFs-glucanase
is disconnected in Bacilli glucanases to generate N and C termini. The electron density for the loop between b11 and
b12 in the F. succinogenes is not well defined therefore the loop structure is shown in a dotted line.
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asymmetric unit. The seleno-methionine enzyme
exhibits similar catalytic abilities as compared to
the TFsb-glucanase expressed in conventional LB
medium (data not shown). The crystal structure

was solved by the multiple wavelength anomalous
dispersion (MAD) method using the anomalous
signals from four selenium atoms at a resolution
of 1.7 Å. The Fourier map, calculated using

Table 1. Data collection, phasing and refinement statistics of the truncated Fsb-glucanase

Diffraction data statistics
Wavelength (Å) l1 ¼ 0.9795 l2 ¼ 0.9793 l3 ¼ 0.9600

(Se inflection) (Se peak) (Se remote)

Resolution range (Å) 40–1.7 40–1.7 40–1.7
Observed reflections 107,746 108,457 108,344
Unique reflections 24,394 24,594 24,553
Completenessa (%) 97.1 (83.3) 98.0 (92.6) 98.0 (92.8)
kIl/ksIla 31.6 (5.1) 22.5 (2.9) 22.8 (3.0)
Rmerge (%)a,b 5.5 (19.2) 6.7 (31.1) 6.7 (30.8)
Phasing statistics
Number of Se sites 4 4 4
Phasing power (centric/acentric) 3.34/3.13 3.04/2.69 1.87/1.66
Figure of merit (centric/acentric) 0.86/0.75
Refinement statistics
Resolution range (Å) 40–1.7
Reflections (working/test) 21,494/2343
Rwork/Rfree (%) 19.2/23.8
Number of atoms (protein/water/Ca2þ) 1916/280/1
Average B-factor (Å2) (protein/water) 16.5/29.3
RMS deviations (bond (Å)/angle (degree)) 0.011/1.63

a The numbers in parentheses are for the last shell in the resolution range of 1.76–1.70 Å.
b Rmerge ¼

P
h

P
i lIh; i 2 kIhll=

P
h

P
i Ih; i; where kIhl is the mean intensity of i observations for a given reflection h.

Figure 2. Electron density maps and models demonstrating the quality and resolution of the initial phases. Maps
were calculated using solvent-flattened MAD phases at 2.5 Å resolution, contoured at 1s. A stereo view shows the
active site residues of Trp54, Glu56, Asp58 and Glu60 located on the central b4 strand. Dotted lines indicate the
hydrogen bonds between residues Trp54/Glu56 and Glu56/Asp58.
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solvent-flattened MAD phases, was of excellent
quality (see Figure 2), sufficient for successful
structural tracing. The C-terminal residues, 244–
258, had no well-defined electron density, therefore
the final model consisted of only residues 1–243.
The final structure gives an R-factor of 21.0% (no
s cutoff) and an R-free value of 24.6% (for 9.1% of
data) for the data between 40 Å and 1.7 Å (see
Table 1). This model shows good stereochemistry
with 88.9% residues located in the most favorable
region, 10.6% in the generously allowed region
and one residue (Tyr20) in the disallowed region
(discussed in next section) of the Ramachandran
plot calculated by PROCHECK.49

The structure of TFsb-glucanase has a dimension
of approximately 50 Å £ 45 Å £ 30 Å. It comprises
16 b-strands and two a-helices, secondary struc-
tural elements shown in Figure 1. The overall fold
(Figures 1 and 3) resembles that of a classical sand-
wich-like b-jellyroll topology mainly consisting of
two b-pleated sheets packed back to back with
eight b-strands in each sheet. The b-strands are
crossed over several times between the two
b-sheets, which are surrounded by interconnecting
loops and two short a-helices at N-terminal and
C-terminal ends of the b-strands. Both b-sheets
are twisted and bent, resulting in a convex and a
concave side of the molecule. This typical b-jelly-
roll fold has been observed in a number of
glycoside hydrolases, including family 7 endo-
glucanase I,50 family 11 xylanases,51,52 family 12
endoglucanases50,53,54 and family 16
k-carrageenase.55 Several carbohydrate-binding
module (CBM) families also bear a similar b-jelly-
roll fold, including xylan-binding CBM of family
15 (CBM15),56 CBM457 and CBM6.58 Similar to
other glycoside hydrolases with a b-jellyroll struc-
ture, the glucan-binding site in Fsb-glucanase is
predicted to be located in a channel of about 28 Å
long at the concave side of the molecule.

Structural comparison to Bacillus glucanases

A number of crystal structures of Bacilli gluca-
nases have been resolved.44 Here we chose the
crystal structure of the wild-type B. licheniformis
glucanase41 (PDB entry:1gbg, 1.8 Å resolution) and
the engineered circularly permuted form of
cpA16M-594 (PDB ID:1cpm, 2.0 Å resolution) for
the comparison with our naturally occurring
circularly permuted TFsb-glucanase. The overall
b-jellyroll folds of the two wild-type glucanases
are displayed in Figure 1(B) with the N-terminal
regions colored in blue and the C-terminal
regions colored in pink. Comparison between
ribbon models of TFsb-glucanase and that of
B. licheniformis clearly shows that the two proteins
start and end at different places but still fold into
similar structures. The loop between b11 and b12
(173PGQGEGGS180) in TFsb-glucanase showing
weak electron density with high temperature
factor, is disconnected in Bacillus glucanases to
generate the N and C termini. Similarly, the loop
between b5 and b6 in Bacillus glucanase, which
aligns with b1 and b16 in TFsb-glucanase, is dis-
connected in TFsb-glucanase to generate the N
and C termini. The engineered CpHA16M-59 with
sequence permutation has a similar connectivity
to that of TFsb-glucanase but its structure is more
similar to its parent Bacillus enzyme. Based on the
sequence alignment showing in Figure 1(A), the
least-square fitting was carried out between
the engineered Bacillus mutant CpHA16M-59 and
wild-type bacterial glucanases. Out of 214 residues,
the average rms difference for the Ca atoms
between CpHA16M-59 and B. licheniformis gluca-
nase is 0.3 Å; and between CpHA16M-59 and
TFsb-glucanase is 3.6 Å. So the high sequence
identity between the two Bacilli enzymes (76%
after sequence permutation) but not the starting
and ending positions of proteins, decides and

Figure 3. Superimposition of the a-carbon backbones of TFsb-glucanase (red) and b-glucanases from B. licheniformis
(PDB ID:1gbg) (green). The average rms difference for the Ca backbones of 214 residues between the two structures
after least-squares fit is 3.6 Å.
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Figure 4. (A) Electron density around the Ca2þ binding site of TFsb-glucanase. Stereo views of the (2Fo 2 Fc) Fourier
map calculated using final model phases contoured at 1.5s above the mean density at 1.7 Å resolution. (B) A titration
curve of the transition of the CD at 214 nm versus the apparent fraction of native TFsb-glucanase at various tempera-
tures, in the presence (O) or absence (K) of 1 mM Ca2þ in 50 mM sodium phosphate buffer (pH 7.0). CD214 signals of
TFsb-glucanase at the indicated temperatures were monitored. CD214 (Fapp), representing the apparent fraction of
native protein, was calculated as follows: Fapp ¼ (Yobsd 2 YU)/(YN 2 YU).62 Yobsd represents the observed value of CD
at 214 nm of TFsb-glucanase at various temperatures. YN and YU represent the CD values at 214 nm of the TFsb-gluca-
nase at 25 8C and 70 8C, respectively. (C) The effect of Ca2þ on heat inactivation of TFsb-glucanase. TFsb-glucanase
enzyme was pre-incubated in the absence (A) of Ca2þ, or in the presence of 1 mM (B) or 50 mM (X) Ca2þ in 50 mM
sodium citrate buffer (pH 7.0). The residual enzymatic activity after the heat treatment was then immediately
measured.
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fine-tunes the structural fold. Figure 3 shows the
superimposition of two b-glucanase structures
from F. succinogenes and B. licheniformis. The
average rms difference for the Ca atoms of 214
residues between the two structures, after least-
squares fit, is 3.6 Å. The largest variations are
located in the interconnecting loops and N and
C-terminal regions. With these loops theoretically
removed, the average rms difference between the
two proteins for the 124 core residues located in
b-sheet regions is only 1.3 Å.

Calcium ion binding site

A calcium ion is located on the edge of the con-
vex side of the protein molecule, bound with
nearly perfect pentagonal-bipyrimidal geometry to
three backbone carbonyl oxygen atoms (Asn164,
Asn189 and Gly222), an amide side-chain oxygen
(Od1) atom (Asn164) and three water molecules
(Figure 4(A)). The carbonyl oxygen atom of
Gly222 and a water molecule are bound at the

apex positions, while the other ones are arranged
in the pentagonal plane. The calcium ion is located
on the opposite surface of the active site, distant
from the catalytic residue Glu56 (,25 Å). A
calcium or cadmium ion was also identified at
similar locations in several glycoside hydrolases of
clan GH-B family 16, including Bacillus b-gluca-
nases and k-carrageenase.55

In Bacillus structures, the Ca2þ is located in a
similar region but contains two different observed
coordinations: (1) a pentahedral-bipyramidal
geometry41 coordinated to three backbone carbonyl
oxygen atoms (Pro9, Gly45, and Asn207), an amide
side-chain oxygen (Od1) atom (Asn207) and three
water molecules; and (2) an octahedral geometry
with the same residues but only two water
molecules. The side-chain from the asparagine resi-
dues aligned at the same position, Asn164 in TFsb-
glucanase and Asn207 in B. licheniformis, is used in
both structures to bind calcium ions. Also, the
carbonyl backbone atoms from the residues
aligned at the same positions, Asn164/Asn207,

Table 2. Interpretation of kinetic parameters for the mutant forms of F. succinogenes 1,3-1,4-b-D-glucanase

Fsb-Glucanase mutantsa
Km (mg/ml)

lichenan kcat (S2 1) kcat/Km (%) Results and interpretation

Wild-type 1.9 871 100b

Truncated 2.8 3911 269 Removal of the C-terminal domain and the enzyme is
more stable and active

E56A47 ND 0 0 The carboxyl side-chain of E56 functions as the catalytic
nucleophile. A56 and Q56 have no carboxyl group and no

activity
E56D47 5.7 3.6 ,1
E56Q47 ND 0 0
D58A47 ND 0 0 The carboxyl side-chain of D58 makes a H-bond to E56 to

fix its orientation
D58E47 1.6 1.0 ,1 The side-chain of E58 and N58 may partially retain the

local structure but that of A58 cannot
D58N47 2.4 1.5 ,1
E60A47 ND 0 0 Functions as the general acid/base. The carboxyl side-

chain of D60 retains residual activity but A60 and Q60
cannot

E60D47 2.6 1.6 ,1
E60Q47 ND 0 0
M39F47 10 342 7 Located in the central hydrophobic core, involved in

structural folding
W54F48 1.8 18 2 Make a H-bond to E56 to fix its orientation
W54Y48 1.3 23 3
G63A47 3.1 315 22 Important for folding
W105F48 1.9 1018 103 Located between b-sheets. Not involved in substrate

binding
W105H48 3.1 953 59
W112F48 2.3 586 48 Not involved in substrate binding
W141F48 11.5 263 4 H-bond to E60 via a water molecule (W1 in Figure 6(B))
W141H48 12.8 43 ,1
W148F48 3.6 302 16 H-bond to Q70 and Q70 is further bridging to E60 via a

water molecule (W2 in Figure 6(B))
W165F48 2.43 1125 89 Located in the convex site of the molecule
W165H48 1.8 987 105 Not involved in substrate binding or folding
W186F48 2.7 1846 130 Not involved in substrate binding
W198F48 3.6 1127 60 Not involved in substrate binding
W203F48 4.4 5476 242 Located in the substrate-binding pocket, likely involved

in substrate binding
W203R48 17 44 ,1

a The mutant construction and activity measurement were described elsewhere.47,48

b The kcat/Km values for the mutants are expressed relative to the wild-type 1,3-1,4-b-D-glucanase (set at 100%) which has an absol-
ute value of 518 ml21 mg21. Reactions were performed with lichenan (8 mg/ml) as the substrate in 50 mM sodium citrate buffer (pH
6.0) or 50 mM phosphate buffer (pH 7.0) at optimum temperatures of the individual enzymes.
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Asn189/Pro9 and Gly222/Gly45, participate in
calcium binding. Therefore, we expect that the
calcium ion in TFsb-glucanase may function in a
similar manner to that in Bacillus enzymes.

The calcium binding to the engineered Bacillus
glucanase (H(A16-M)) has been shown previously
to stabilize the three-dimensional structure of the
protein by guanidinium chloride unfolding and
thermal inactivation experiments.59 The melting
point of TFsb-glucanase in the presence and
absence of calcium ions was measured using circu-
lar dichroism (CD) spectroscopy and it was found
that the addition of 1 mM Ca2þ increased the melt-
ing point from 47.5–49.5oC (Figure 4(B)). The effect
of calcium ions on thermal stability was further
investigated by pre-incubating TFsb-glucanase at
various temperatures in the absence or presence of
calcium ions. After heat treatment the residual
enzymatic activities were higher for those of gluca-
nases heated in the presence of calcium ions
(Figure 4(C)). TFsb-glucanase still retained 77%
activity after the enzyme had been co-incubated
with 50 mM CaCl2 at 50 8C for ten minutes,
whereas only 50% activity was observed for the
enzyme pre-incubated in buffer solutions contain-
ing no Ca2þ. Therefore, these results suggest that
calcium ions indeed slightly increase the thermal
stability of the enzyme.

Substrate binding site and catalytic active site

The active site in TFsb-glucanase is located in a
cleft on the concave site of the b-jellyroll structure
(Figure 1). The substrate-binding cleft has a length
of ,28 Å and a width of ,8 Å, capable of accom-
modating approximately five glucopyranose units.
Figure 5 shows the electrostatic potential map
superimposed onto the molecular surface of TFsb-
glucanase. The bottom floor of the cleft is more
acidic, containing several acidic residues, including
Glu56, Asp58 and Glu60, which play catalytic roles
in hydrolysis.47 However, the wall of the cleft is
more hydrophobic, lined with a number of
aromatic residues, which may bind the hydro-
phobic faces of pyranoside rings as has been
observed in many carbohydrate binding proteins.60

A penta-saccharide molecule was modeled into the
substrate-binding cleft of TFsb-glucanase as shown
in Figure 5. It is likely that residues Glu11, Tyr42,
Asn44, Glu47, Trp54, Glu56, Asp58, Glu60, Gln70,
Gln72, Glu85, Arg137, Asn139, Trp141, Trp148 and
Trp203 are involved in substrate binding.

In the crystal structure of Bacillus glucanase,42 an
irreversible inhibitor 3,4-epoxybutyl b-D-cello-
bioside is covalently bound to the side-chain of
Glu105, which is aligned with Glu56 in TFsb-
glucanase. This glutamate residue is conserved
amongst all the 1,3-1,4-b-D-glucanases and likely
functions as a catalytic nucleophile.47 Glu56 in
TFsb-glucanase is located at the b4, forming
hydrogen bonds with the side-chain of Trp54 and
Asp58 (see Figure 2). The side-chain of Glu60
probably functions as the general acid/base47 in

the hydrolysis reaction and makes a hydrogen
bond to the side-chain of Gln70 via a water
molecule (see Figure 6). Therefore these catalytic
residues are well positioned and their side-chain
conformations are fixed by a hydrogen bond net-
work. The distance between the carboxyl groups
of Glu56 and Glu60 is 5.7 Å, which supports a
mechanism of two SN2 reactions during hydrolysis
resulting in the retention of protein configuration.37

The residues namely Val55, Val57 and Ile59,
located in between the catalytic residues are all
hydrophobic and oriented away from the concave
side, pointing toward the interior of the protein
core between b-sheets. Although the overall pro-
tein backbone of TFsb-glucanase has an rmsd of
3.6 Å from that of the B. licheniformis glucanase,
the key residues involved in catalysis and substrate
binding superimpose excellently (see Figure 6(A)),
especially the three residues Glu56, Asp58 and
Glu60, whose terminal oxygen atoms fit with the
corresponding atoms with an average rms
difference of only 0.45 Å. This result, in a good
agreement with previous reports,34 demonstrates
that enzymes bearing similar catalysis mechanisms
from different species usually have more con-
servative structural architecture in their active
sites, but the overall protein structures are more
deviated.

Figure 5. The electrostatic surface potential of TFsb-
glucanase was mapped onto the molecular surface and
contoured at ^15 kT/e using GRASP.68 Blue patches
represent positive potential, red represents negative
potential and white surface is neutral. A penta-
saccharide molecule, colored in green, was modeled as
the substrate bound at the active-site channel of TFsb-
glucanase. The substrate was constructed based on the
structure of the inhibitor, 3,4-epoxybutyl b-D-
cellobioside,42 bound in a Bacillus glucanase and the
model was briefly energy-minimized using CNS.
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Functional implications

The truncated form of Fsb-glucanase shows a
2.6-fold increase in overall catalytic activity for
lichenan compared to the wild-type enzyme (see
Table 2). The C-terminal domain of Fsb-glucanase
(residues 231–339), containing a peptide sequence
of P–X–S–S–S–S repeated five times, is not
homologous to any other bacterial glucanase. The
function of this C-terminal domain is intriguing
and not known. From the crystal structure of the

truncated Fsb-glucanase, which shows a globular
and compact fold, the C-terminal region is likely
folded into a separate domain located at the
convex side of the enzyme. Thus the C-terminal
domain of Fsb-glucanase is not directly involved
in substrate binding and catalysis but it may
regulate the activity of the enzyme through
indirect effects, such as changing enzyme stability
or rigidity.

A series of Fsb-glucanase mutants have been
constructed previously using site-directed

Figure 6. (A) The superimposition of the active site residues in TFsb-glucanase (red) and b-glucanases from
B. licheniformis (PDB ID:1gbg) (green). (B) The overall structure of TFsb-glucanase with the residues listed in Table 2
for mutational study displayed in ball-and stick models. Water molecules involved in hydrogen bond networks are
displayed as orange spheres. The water molecule W1 bridges Glu60 and Trp141 and W2 bridges Glu60 and Gln70.
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mutagenesis.47,48 The functional implications for
the phenotypes of the mutants based on this
structural work are summarized in Table 2. In the
crystal structure of Fsb-glucanase, the three acidic
residues located in the substrate-binding cleft,
Glu56, Asp58 and Glu60, are involved in a
hydrogen-bond network (see Figure 6). The
carboxyl side-chain of Glu56 forms hydrogen
bonds with Asp58 (Od1) and Trp54 (Ne1). The
carboxyl side-chain of Glu60 is bridged to Trp148
(Ne1) and to Gln70 (Oe1) via water molecules. In
Bacillus b-glucanases, the residue equivalent to
Glu56 has been proposed to function as a catalytic
nucleophile and that equivalent to Glu60 to func-
tion as a general acid/base.40 The mutation of
Glu56 to aspartate retains the carboxyl side-chain
for nucleophilic attack, therefore, the mutant E56D
still retains residual activity, but the mutations of
Glu56 to alanine (E56A) or glutamine (E56Q) com-
pletely abolish enzymatic activity. Similarly the iso-
functional mutation of Glu60 to aspartate shows
residual activity, but the mutants of E60A and
E60Q without the carboxyl side-chain have no
detectable enzyme activity. However, the carboxyl
side-chain of Asp58 is not of crucial importance,
in that of the mutations to it, only D58A has no
detectable activity, whereas D58E and D58N con-
tain residual activity probably because D58E and
D58N are both capable of retaining the hydrogen
bond with Glu56 using the carboxyl and amide
side-chains, respectively. Therefore both the crystal
structure and mutational results of Fsb-glucanase
support the earlier proposed mechanism that
Glu56 and Glu60 are the two most critical catalytic
residues involved in nucleophilic attack and
proton transfer, and that Glu58 plays a structural
role in stabilizing the catalytic residue and an
electrostatic role in affecting the pKa of the nucleo-
phile residue Glu56.40,43,61

Several tryptophan and hydrophobic residues of
Fsb-glucanase have been mutated, and their
enzymatic activities are listed in Table 2. Of these
mutants, Trp165, Trp186 and Trp198 are located on
the convex side of the enzyme and not involved in
structural folding or substrate binding. Therefore
these mutants, W165F, W165H, W186F and W198F
only show minor changes in activity as compared
to the wild-type enzyme. Mutations to several
residues buried in the hydrophobic core of the
enzyme, including Met39, Trp105 and Trp112 result
in varied phenotypes. M39F has the lowest activity
as compared to those of W105F, W105H and
W112F, consistent with structural analysis that
reveals that Met39 is located between the two
b-sheets directly involved in structural folding.
The tryptophan mutants with lower activity are all
located on the concave side of the enzyme, includ-
ing Trp54, Trp141, Trp148 and Trp203. These
results are consistent with our crystal structure
that suggests these tryptophan residues are prob-
ably involved in substrate binding, since they are
located at the substrate binding cleft and most of
them are also involved in stabilizing active site

residues. Trp54 makes a weak hydrogen bond to
the nucleophilic residue Glu56, Trp141 makes a
hydrogen bond to the general acid residue Glu60
via a water molecule, Trp148 makes a hydrogen
bond to Gln70 and Gln70 is further bridged to
Glu60 via a water molecule. Moreover, the replace-
ment of Trp203, with a phenylalanine or arginine,
produces the opposite effect in enzyme activity,
indicating that this residue may participate in
hydrolysis and that a hydrophobic side-chain is
preferred at this position. Replacement of Trp203
with a less bulky side-chain residue, phenyl-
alanine, effectively facilitated the catalytic
efficiency of the enzyme, whereas, introducing a
positive charge group in residue 203 apparently
interrupts the catalytic function of the enzyme. In
the crystal structure, Trp203 is located at the one
end of the cleft, very likely involved in substrate
binding.

Conclusions

The crystal structure of the truncated Fsb-gluca-
nase from F. succinogenes represents the first
structure of a natural circularly permuted enzyme
from glycoside hydrolase family 16. The crystal
structure of TFsb-glucanase has a b-jellyroll top-
ology similar to those of Bacilli enzymes. However,
the structures of the de novo engineered circularly
permuted Bacilli glucanases are more similar to
their highly homologous parent enzymes than to
TFsb-glucanase, with analogous starting and end-
ing amino acid termini. This result suggests that
the protein structure relies more on sequence
identity than topology. Taken together with the
mutational results, the crystal structure of TFsb-
glucanase provides important information that
allows for a better understanding of the structure
and functional relationship of this enzyme and
may be useful, in the future, for designing enzymes
with improved catalytic efficiency or stability for
industrial application.

Materials and Methods

Expression and purification of TFsb-glucanase

The DNA coding sequence of the truncated form of
Fsb-glucanase was obtained by using a PCR-based
method with a pair of specific primers and the full-
length cDNA of Fsb-glucanase as template.47 The ampli-
fied DNA fragment, which encoded the N-terminal
domain from residues 1 to 258 of full length Fsb-gluca-
nase, was ligated with a pET26b(þ ) vector (Novagen,
USA) and then transformed into B834(DE3) host cells.
The cells were cultured in minimal M10 medium sup-
plemented with glucose, (8 g/l), 19 L-amino acids
mixture (80 mg/l), seleno-L-methionine (80 mg/l) and
kanamycin (30 mg/l). The truncated form of Fsb-gluca-
nase was effectively expressed and secreted into M10
culture medium as a soluble protein at 33 8C after 1 mM
IPTG induction for 16 hours. The standard defined
medium M10, contained the chemicals in g/l as follows:
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NH4Cl, 2; KH2PO4, 6; Na2HPO4, 12; MgSO4.7H2O, 0.5;
FeSO4.7H2O, 0.025; and 1 ug/ml of riboflavin, niacin
amide, pyridoxine monohydrochloride and thiamine.
The culture supernatant containing approximately 85%
of the expressed truncated form of Fsb-glucanase was
collected by centrifugation at 8000g for 15 minutes at
4 8C and concentrated to 0.1 volume using a Pellicon
Cassette concentrator (Millipore, Bedford, MA) with a
10,000 Mr cut-off membrane. The concentrated super-
natant was then dialyzed against buffer A (50 mM Tris–
HCl buffer pH 7.5) and loaded onto a Q-Sepharose FF
(Amersham Pharmacia Biotech) column pre-equilibrated
with the same buffer. The truncated form of Fsb-gluca-
nase was collected from eluants of the column using a
0–1 M NaCl salt gradient in buffer A. Second and third
Ni-NTA affinity columns, equilibrated with buffer B
(50 mM sodium phosphate (pH 8.0), 0.3 M NaCl, 10 mM
imidazole) were then employed for further purification
of the truncated enzymes. From a 10–300 mM imidazole
gradient eluant, a homogeneous enzyme preparation
was obtained, as verified by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) (data not shown). TFsb-glu-
canase has a molecular mass of 28,754 Da, as determined
by mass spectrometry, corresponding to 258 amino acid
residues (calculated molecular mass: 28,750 Da).

Measurement of melting point

The thermal denaturations of TFsb-glucanase were
monitored by CD on a Jasco J715 CD spectrometer at
temperatures ranging from 25 8C to 80 8C. Spectra were
collected from 200 nm to 260 nm in 1.3 nm increments
and the melting point was derived from the CD signals
recorded at 214 nm. The protein concentration was
adjusted to 0.5 mg/ml in buffer solutions of 50 mM
sodium phosphate at pH 7.0 in the absence or presence
of 50 mM CaCl2. The fraction of folded protein (Fapp) as
monitored by CD214 nm was calculated by Fapp ¼ (Yobsd 2
YU)/(YN 2 YU).62 Yobsd represents the observed value of
CD at 214 nm of TFsb-glucanase at various tempera-
tures. YN and YU represent the CD values at 214 nm of
the TFsb-glucanase at 25 8C and 70 8C, respectively. The
melting point was the temperature where 50% of the
protein was unfolded (Fapp ¼ 0.5).

Effect of metal ions on the activity
and thermostability

The effect of calcium ions on the thermostability of
TFsb-glucanase was studied by treating the enzyme at
40, 45, 50, 55, 60, 70 and 80 8C, respectively, for ten
minutes, in the presence (1 mM or 50 mM CaCl2) or
absence of the metal ions. The residual enzyme activities
after the treatment were then measured by determining
the rate of reducing sugar production from the hydroly-
sis of the substrate (lichenan) on the basis of the method
described elsewhere.47

Crystallization and data collection

Crystallization of the seleno-methionine-labeled TFsb-
glucanase was carried out using the hanging-drop
vapor-diffusion method at room temperature. Prior to
crystallization, the purified protein was concentrated to
10 mg/ml in 10 mM Tris–HCl buffer (pH 7.5). Drops of
1 ml of the protein solution were mixed with 1 ml of
reservoir solution containing 2 mM CaCl2, 0.1 M CH3-
COONa, 0.05 M Tris–HCl (pH 9.0) and 30% (w/v)

PEG4000. Crystals appeared after three days and reached
a final size of about 0.1 mm £ 0.2 mm £ 0.5 mm within a
week.

Crystals were soaked in cryo-protectant, consisting of
10% (v/v) glycerol in reservoir solution, for one minute
before data collection. MAD data sets were collected at
a low temperature (, 2 150 8C) using the synchrotron
X-ray radiation source at beam line BL18B equipped
with a Quantum-4 CCD detector in Photon Factory
(Tuskuba, Japan). Diffraction data were recorded
from the crystal at: (a) point of inflection
(l1 ¼ 0.9795 Å); (b) peak of absorption (l2 ¼ 0.9793 Å);
and (c) remote (l3 ¼ 0.9600 Å). High quality X-ray
diffracted data sets were obtained from a single crystal
up to a resolution of 1.7 Å (Table 1). Indexing and
integration of diffraction data were performed using
DENZO and SCALEPACK.63 The space group was deter-
mined to be orthorhombic P212121 with cell dimensions
of a ¼ 40.87 Å, b ¼ 73.27 Å and c ¼ 73.75 Å, containing
one molecule per asymmetric unit.

Structure determination, model building
and refinement

The crystal structure of TFsb-glucanase was solved by
the MAD method using the anomalous signals from a
seleno-methionine-labeled protein. The five expected
selenium sites in residues 1, 27, 29, 39 and 223 were
identified using programs CNS64 and SOLVE.65 Four
selenium sites (residues 27, 29, 39 and 223) were located
using an automated Patterson heavy-atom search in
CNS, whereas four selenium sites (residues 1, 27, 39 and
223) were located by SOLVE. Positions and occupancies
of the four selenium atoms identified in CNS were
further refined. These four sites had good occupancy
(1.0–1.3) and reasonable temperature factors (,10 Å2)
and gave good phasing statistics, as listed in Table 1. At
this point, the initial phases were improved by density
modification techniques in CNS and the first Fourier
map was calculated (see Figure 2), clear enough for
tracing most of the polypeptide chain, except residues
41–45 and 171–181. Subsequent structure refinement
with CNS involved careful model building (using
TURBO-FRODO66), simulated annealing, positional and
B-factor refinement and the addition of water molecules
that were carried out using the remote data set. The
final structural model contained residues 1–243, 280
water molecules and a calcium ion with a final R-factor
of 19.2% and R-free of 23.8% for all the reflections
(F . 0) in the resolution range of 40–1.7 Å (Table 1).

Protein Data Bank accession codes

The coordinates and structural factors have been
deposited in the RCSB Protein Data Bank under
accession code 1mve.
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