research papers

Acta Crystallographica Section D
Biological
Crystallography

ISSN 0907-4449

Shahram Khademi,® Linda A.
Guarino,® Hirofumi Watanabe,’
Gaku Tokuda® and Edgar F.
Meyer®*

*Biographics Laboratory, Texas A&M University,

Department of Biochemistry and Biophysics,
College Station, TX 77843-2128, USA, and
blnstitute of Insect and Animal Sciences,
National Institute of Agrobiological Sciences,
Tsukuba, Ibaraki 305-8634, Japan

Correspondence e-mail: e-meyer@tamu.edu

© 2002 International Union of Crystallography
Printed in Denmark — all rights reserved

Structure of an endoglucanase from termite,

Nasutitermes takasagoensis

Contrary to conventional wisdom, it has been shown recently
that termites do not necessarily depend on symbiotic bacteria
to process cellulose. They secrete their own cellulases, mainly
endo-B-1,4-glucanase and B-1,4-glucosidase. Here, the first
structure of an endogenous endoglucanase from the higher
termite Nasutitermes takasagoensis (NtEgl) is reported at
1.40 A resolution. NtEgl has the general folding of an (/o)
barrel, which is a common folding pattern for glycosyl
hydrolase family 9. Three-dimensional structural analysis
shows that the conserved Glu412 is the catalytic acid/base
residue and the conserved Asp54 or Asp57 is the base. The
enzyme has a Ca**-binding site near its substrate-binding cleft.
Comparison between the structure of the Ca**-free enzyme
produced by reducing the pH of the soaked crystal from 5.6
(the pH of optimum enzyme activity) to 2.5 with that of the
Ca®*-bound enzyme did not show significant differences in the
locations of the C* atoms. The main differences are in the
conformation of the residue side chains ligating the Ca** ion.
The overall structure of NtEgl at pH 6.5 is similar to that at pH
5.6. The major change observed was in the conformation of
the side chain of the catalytic acid/base Glu412, which rotates
from a hydrophobic cavity to a relatively hydrophilic
environment. This side-chain displacement may decrease the
enzyme activity at higher pH.

1. Introduction

One of the main components of endogenous cellulase from
termites and cockroaches is a group of enzymes called the
endo-B-1,4-glucanases, which are mainly active against
carboxymethyl cellulose (CMC). In 1997, Tokuda and
coworkers purified, characterized and cloned the endo-$-1,4-
glucanase from the wood-eating higher termite Nasutitermes
takasagoensis (NtEG; Tokuda et al., 1997, Watanabe et al.,
1997, 1998).

On the basis of sequence comparisons, the endoglucanase
NtEgl from the termite N. fakasagoensis belongs to glycosyl
hydrolase family 9. This is the most taxonomically diverse
family, containing cellulases from plants, bacteria, slime molds
and termites, but not from fungi (Fig. 1). The majority of
cellulases so far classified, including those from nematodes,
have a common structure composed of a catalytic domain
linked to a cellulose-binding domain (CBD). All known plant
and termite cellulases do not have linkers and CBDs and with
one exception (Brummell ef al., 1997) consist only of a single
catalytic domain. The sequence of NtEgl shows a relatively
high similarity to the catalytic domain sequence of bacterial,
protozoan and plant members of family 9 (Fig. 1).

Here, we report the overexpression, purification and
structure determination of NtEg], presenting the first structure
of an insect cellulase.
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Among cellulose-digesting invertebrates, termites are the
most significant because of their economic damage and the
spectacular mounds many of them construct. In the USA
alone, some species of termites cause an estimated $1 billion a
year in damage (Brown, 2000). Some colonies devour an
average of 450 kg of wood a year. Knowing the structure of
cellulase from termites is important for designing potent and
environmentally safe inhibitors to control the damage they
cause.

2. Materials and methods
2.1. Expression and purification of termite endoglucanase

A cDNA clone obtained from Noda (Tokuda et al., 1999)
was inserted into a pET3a vector. This clone was named
pET-Nts. BL21(DE3) cells containing pXKEJ, which
expresses chaperone proteins (dnakK, dnaJ and GroEL) under
arabinose control, were transformed with pET-Nts. The
expression of the chaperone proteins was induced by the
addition of arabinose. Expression of NtEgl was then induced

by the addition of 0.1 mM IPTG. Cells were harvested using
centrifugation and lysed by sonicaton. The resulting super-
natant was precipitated with 50% saturated ammonium
sulfate. The precipitated protein was collected by centrifuga-
tion and resuspended in 50 mM Tris pH 8.0, 1 M ammonium
sulfate. The protein solution was loaded onto a 10 ml phenyl
Sepharose column previously equilibrated in the same buffer.
The column was eluted with a linear ammonium sulfate
gradient from 1.0 to 0.0 M. Peak fractions containing NtEgl
were dialyzed against Tris pH 8.0 plus 50 mM NaCl and loaded
onto a MonoQ column equilibrated in the same buffer. The
column was eluted with a linear NaCl gradient from 50 to
550 mM. Peak fractions of NtEgl were pooled and concen-
trated for crystallization.

2.2. Crystallization and data collection

Crystallization trials were carried out using the hanging-
drop vapor-diffusion technique. Initial screening of crystal-
lization conditions using sparse-matrix sampling (Jancarik &
Kim, 1991) yielded plate-shaped initial crystals, which were

very thin. After optimization of crys-

T. fusca EPAFNYAEALQKSMFFYEAQRSGKLPENNRVSWRGDSGLNDGA - - - - - DVGLD- -LTGGWYDAG 57 tallization conditions, single crystals of
N. takasagoensis -MAYDYKQVLRDSLLFYEAQRSGRLPADQKVTWRKDSALNDQG----- DOGOD- -LTGGYFDAG 56 NtE 1 d . d t e
D. discoideum - - - TDYCSLLENALMEYKMNRAGRLE - DNDI PWRGNSALNDAS PNSAKDANGDGNLSGGYFDAG 60 gl appeared 1 a drop contaning
P. persica - - -QDYSDALEKS ILFFEGQRSGKLPANQRATWRANSGLSDGS - - - - - SYHVD--LVGGYYDAG 54 8 mg ml ™! NtEgl, 0.1 M sodium citrate
* * - * L S LR * Wk - * ok LR
pH 4.5 and 0.8 M ammonium sulfate.
T. fusca DHVKFGFPMAFTATMLAWGAIESPEGY IRSGOMPYLKDNLRWVNDYFIKAHPS -PNVLYVQVGD 120 :
N. takasagoensis DFVKFGFPMAYTATVLAWGLIDFEAGYSSAGALDDGRKAVKWATDYFIKAHTS-QNEFYGQVGQ 119 After a feW Weeks’ the cryStal s1ze WE}S
D. discoideum DGVKFGLEMAYSMIMLGWSFLEYESNIAQCGLTSLYLDTIKYGTDWLIAAHTA -DNEFAGQUGD 123 0.2 x 0.2 x 0.5 mm (Table 1). At this
P. persica DNVKFGLPMAFTTTLLAWSVIEFGDSMHN - -QLENAKDAIRWSTDYLLEAATSTPGALYVOVAD 116 . .
£ Rkkk Akk Kok ok ok 5 & e point, the crystal was transferred into a
harvesting solution (1.5 M ammonium
T. fusca GDADHKWWGPAEVMPMERPSFEVDPSCPGSDVAAETAAAMAASSTIVFADDDPAYARTLVOHAKD 184 N
N. takasagoensis GDADHAFWGRPEDMTMARPAYKIDTSRPGSDLAGETAAALAAASIVFRNVDGTYSNNLLTHARD 183 sulfate and 0.1 M citrate buffer). By
D. discoideum GNVDHSWWGPPEDMTMARPTYMLTTEAPGTEIAMEAASALAAASTAFKSSNPTYAATCLAHAKT 187 : :
P. persica PNADHQCWERPEDMDTPRNVYKVS TONPGSDVAAETAAALAAAS TVFKDSDPSYSGKLLHTAMK 180 V.arylng the pH of the harvesting solu
A B REL EE & RE R R * ¥ tion (pH 2.5, 5.6 or 6.5), we could
T. fusca LYTFADTYRGVYSDCV- P - AGAFYNSWSGYQDELVWGAYWLYKATGDDSYLAKAEYEYDFLSTE 246 determine the structure of the protein at
N. t.?kasagoensis LFDFANNYRGKYSDSI-T-DARNFYASADYRDELVWAAAWLYRATNDNTYLNTAESLYDEFG-- 243 Various pH Values. In Order to COlleCt
D. discoideum LHNFGYTYRGVYSDSI -TNAQAFYNSWESGYKDDLVWGES IWLYKATQDESDYLTKAVADYASGG-- 248 . .
P. persica VFDFADRYRGSYSDS IGSVVCPFYCSYSGYHDELLWGASWIHRASQNSSYLAY TKSNGHILG- - 242 diffraction data at low temperature, the
crystals were transferred into a cryo-
T. fusca QQTDLRSYRWT IAWDDKSYGTYVLLAKETGKQ- - - - - - KYIDDANRWLDYWTVGVNGQRVPYSP 304 protectant solution (1.5 M ammonium
N. takasagoensis ----LONWGGGLNWDSKVSGVQVLLAKLTNKQ------ AYEDTVOSYVNYL---1INNQQK--TP 252 o .
D. discoideum - -VGGMAQGNSHDWDNKAPGCCLLLSKLVETTS - - - - - TYKTDFEGWLNYW- - -LPGGGVTYTEP 302 sulfate, 10-25% glycerol plus citrate
P. persica - ADDDGFSFSWDDKRPGTKVLLSKNFLEKNNEEFQLYKAHSDNY ICSLLPGTSNFQAQYTP 302 buffer)
Data collection was performed at
T. fugca GGMAVLDTWGALRYAANTAFVALVYAKVIDDP - -~~-=====~ VEEQRYHDFAVEQINYALGDNF 358 120K O f d C t .
N. takasagoensis KGLLYIDMWGTLRHAANAAFIMLEAAELG=----======== LSASSYRQFAQTQIDYALGDGG 343 (Oxfor ryosystems) using a
D. discoideum GGLAWIRQWGEARYAATARFLGSLAG- -~~~ ----~----=---~ TEKGTDETQKQVDYLIGNNE 348 Nonius/MacScience DIP2030-k image-
F. persir:a GOLLYKASESNLOYVTSTTLLLLTYAKYLRTNGGVATCGSSKVTAETLISEAKKQVDYILGNNF 366 . .
* x x e plate detector and a Rigaku rotating-
T. fusca RNSSYVVGFGNNFPRNPHHRT--~---~-~ AHGEWTDS--=---~ IASPAENRHVLYGALVGGPGSP 409 a.nOde X-ray source Wlth Cu Ka ra}dla-
N. takasagoensis R--SFVCGFGSNPPTRPHHRSSSCPPAPATCDWN-T------ FNSPDPNYHVLSGALVGGP-DQ 397 tion focused by an MSC/Osmic mirror
D. discoideum NQQSFVVGMGPNYPINPHHRA - - - - - - - AHHSTTIND---- - INNPVNNLYLLKGALVGGP-GS 398 The d I d with
P. persica AKISYMVGFGKKYPLHTHHRGSSLPSVHEHPERISCNNGFQYLNSGSPNENVLVGAIVGGE-DS 429 system. e data were evaluated wit
R YoooE o e the program DENZO and scaled using
T. fusca NDAYTDDRODYVANEVATDYNAGFSSALAMLVEE- - - - -~ 443 SCALEPACK (OtWinOWSki & Minor,
N. takasagoensis NDNYVDDRSDYVHNEVATDYNAGFQSALAALVALGY---- 433
D. discoideum NDEYTDDRTDY ISNEVATDYNAGFVGALASLVNPSSTSVE 438 1997) (Table 1).
P. persica KDSFSDDRNNYQOSEPATYINAPIVGALAFFSANTNEN - - 467
- * * * W * -
2.3. Structure determination and
. refinement
Figure 1

Multiple sequence alignment among catalytic domains of four members of family 9. The conserved
residues are marked by a star. The putative catalytic residues are in bold. The sequences are as
follows: T. fusca, Thermomonospora fusca (P26221); N. takasagoensis, Nasutitermes takasagoensis
(M64644); D. discoideum, Dictyostelium discoideum (P22699); P. persica, Prunus persica (peach
tree) (P94114).

Molecular-replacement calculations
for the native NtEgl structure were
performed with the program CNS
(Briinger et al., 1998) using the structure
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Table 1
Structure-determination summary of NtEgl at three pH values: 2.5, 5.6
and 6.5.

Values in parentheses are for the highest resolution shell.

pH 25 pH 5.6 pH 6.5

Space group C2 C2 Cc2
Unit-cell parameters

a (A) 89.71 89.11 89.25

b (A) 83.83 83.94 83.92

c(A) 60.68 60.84 60.88

a (%) 90.00 90.00 90.00

B () 95.29 95.60 95.47

y (°) ) 90.00 90.00 90.00
Resolution (A) 30.00-1.40 30.00-1.55 30.00-1.60

(1.45-1.40) (1.61-1.55) (1.66-1.60)

Completeness (%) 96.9 (89.4) 93.3 (83.8) 97.0 (92.4)
Total No. of reflections 775989 1124141 654717
Unique reflections 85117 60004 57195
llo(I) 22.0 (2.7) 24.7 (3.6) 19.6 (3.6)
Ruerget (%) 6.2 (54.3) 7.9 (56.2) 8.9 (50.9)
Protein atoms 3382 3382 3382
Calcium ions 0 1 1
Water molecules 729 567 705
R valuef (%) 17.0 17.8 17.8
Riree (%) R 18.5 204 20.1
R.m.s.d. bonds (A) 0.004 0.005 0.005
R.m.s.d. bond angles (°) 1.24 1.21 1.21
R.m.s.d. B factors (A?)

Main chain 0.87 0.95 0.92

Side chain 1.81 1.72 1.78

T Rierge (%) = 1003, > [I(h), — (I(h)|/>_, >_;(I(H);), where I is the observed
intensity and (/) is the average intensity of multiple observations of symmetry-related
reflections. % R value = Y ||F,| — |F.||/3|F,|.

of the catalytic domain of the endoglucanase from Thermo-
monospora fusca (E4; Sakon et al., 1997), a member of family
9, as the search model. Native NtEgl diffraction data in the
resolution range 15-40 A were used in a direct rotation-
search method (DelLano & Briinger, 1995; Briinger, 1997).
The direct rotation function used reflections with Fg,s > 20.
After rotation and fast translation-search steps (each step
accompanied by Patterson correlation refinement), the ten
highest translation-search peaks were determined.

The refinement of atomic positions was performed with the
maximum-likelihood method based on amplitudes (Pannu &
Read, 1996). Only 90% of the data in the resolution range
30-1.55 A was used for the refinement; the remaining 10% was
reserved as the test set for structure validation. During all the
refinements the same test set was used for the calculation of
Rirce- The best solution after rigid-body refinement had an R
value of 47.4% (Rye. = 47.0%). Simulated annealing using
torsion-angle molecular dynamics employed a protocol used
by Adams et al. (1997), with initial minimization followed by
torsion-angle molecular dynamics. This first round of
simulated-annealing refinement reduced the R value to 36.9%
(and Ry t0 40.6%). At this point, we started to replace amino
acids of the model (E4) with corresponding residues from
NtEgl based on the result of multiple sequence alignment
(Fig. 1) and to rebuild the model manually. The refinement
proceeded with simulated annealing (Briinger et al., 1987),
correcting errors introduced by the manual rebuilding and
optimizing the fit of the retraced region. After many steps of

simulated-annealing refinement using CNS and manual
rebuilding using PRONTO (Laczkowski et al., 1996) followed
by refinement for individual B factors, the R value was
reduced t0 23.7% (Rjree t0 26.1%). The addition of calcium ion
and water molecules to the model and final refinement
reduced the R factor to 18.7% (Ryree to 21.3%) (Table 1).
The structures of NtEgl at pH 2.5 and 6.5 were determined
using the data collected from NtEgl soaked at pH 2.5 and 6.5,
respectively. The final model of the native NtEgl (pH 5.6) was
used as an initial model for the refinement. After some
corrections in the side-chain and water positions, the final
models were likewise obtained for pH 2.5 and 6.5 (Table 1).

3. Results and discussion
3.1. Crystallography

A crystal soaked in 0.1 M citrate buffer pH 5.6 was used for
data collection. The crystal structure of NtEgl was determined
at 1.55 A resolution by the molecular-replacement method
using the three-dimensional structure of the endoglucanase
from 7. fusca (E4) as a search model. The crystal structure
consists of one molecule per asymmetric unit and four asym-
metric units per cell in the space group C2, with unit-cell
parameters a = 89.1, b= 83.9, c=60.8 A, a=y=90.0,8=95.6°
(Table 1). The refined molecular structure contains 433 resi-
dues, 567 water molecules and one calcium ion. The final
structure has a crystallographic R factor of 17.8% and an Ry
of 20.4% against all reflections in the resolution range
30-1.55 A (93.3% completeness; 83.8% completeness in the
resolution range 1.61-1.55 A)

In the Ramachandran plot (Ramakrishnan & Ramachan-
dran, 1965) generated using the program PROCHECK
(Laskowski et al., 1993), 89.4% of the residues were found to
be in the most favorable regions and 10% in favorable regions;
only two residues, Ala55 and Ser323, were found in generously
allowed regions. These two residues, located within good
electron density and having overall B factors of 10.4 and
24.4 A2, respectively, are part of the active site and therefore
their main-chain angles may quite possibly change upon ligand
binding.

The second structure of NtEgl was determined using the
data set from a crystal soaked at pH 6.5 (Table 1). The final
model contains all protein residues (433 amino acids), 705
water molecules and one calcium ion. The R factor is 17.8%
(Rree = 20.1%) for all reflections in the resolution range
30.0-1.60 A (97.0% completeness; 92.4% completeness in the
resolution range 1.66-1.60 A) The root-mean-square (r.m.s.)
difference between C* positions of the structures of NtEgl at
pH 5.6 and 6.5 is 0.11 A.

A data set from a crystal soaked at pH 2.5 was used to
determine a third structure of NtEgl (Table 1). The final model
consists of 433 residues, 729 water molecules and no calcium
ion. The structure was refined to a final R factor of 17.0%
(Riree = 18.5%), including all reflections in the resolution
range 30.0-1.4 A (96.9% completeness; 89.4% completeness
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in the resolution range 1.45-1.40 A). The
r.m.s. fit between the C* atoms of NtEgl at
pH 5.6 and 2.5 is 0.17 A.

3.2. Overall structural description

Termite cellulase NtEgl is a monomeric
protein with approximate dimensions of
65 x 60 x 45 A. NtEgl has the general
folding motif of a left-handed («/c)s barrel,
which is a common folding pattern of
glycosyl hydrolase enzymes in families 8, 9
and 15 (Juy et al, 1992; Sakon et al., 1997,
Parseigla et al., 1998; Alzari et al., 1996). The
12 helices of the (w/a)s barrel (A1-A12)
have various lengths from 12 to 20 amino
acids and show an alternating connecting
pattern between outer and inner helices
(Fig. 2). The inner helices A2, A4, A6, A8,
A10 and A12 run parallel, forming a central
barrel, with its central volume largely
occupied by aliphatic (Val7l, Alal57,
Alal61, Val260, Val262, Leu263, 11e313 and
Ala426) and aromatic (Tyr67, Trp74, Phe63,
Trp217, Trp221 and Phe312) side chains. No
water molecules are found in the central
volume of the inner helices.

On the C-terminal side of the inner
helices, the barrel helices are connected by
relatively short loops of 3-11 residues in
length. Six connections on the N-terminal
side of the inner helices vary from 14 to 72
residues in length and form the cleft of the
substrate-binding site. The loops, comprising
about half of the total amino acids of the
protein, have relatively higher temperature
factors, showing that they are flexible; on
ligand binding, some of them may change
their location. In addition to the structural
elements of the (a/ar)s barrel, there are eight
short a-helices and three short S-strands.

The enzyme contains three cysteine resi-
dues, Cys362, Cys365 and Cys372, which are
not conserved in family 9. The two cysteines
(Cys365 and Cys372) are involved in a
disulfide bridge to stabilize the folding of the
long loop 341-414. The only cis-proline of
the enzyme (Pro369) is in this loop. Most
ionic interactions between charged groups
are partially or totally hydrated at the
molecular surface, with the single exception
of a salt bridge between the internal resi-
dues Glul54 and Lys256. This salt bridge
occurs within the central hydrophobic core,
adjacent to the catalytic center, and may be
important for stability of the active-site
architecture.

(b)

Figure 2

The structure of NtEgl. (a) Ribbon representation of NtEgl showing top view of 12 helices.
Outer helices are in green, inner helices are red, S-strands are blue and the Ca®* ion is brown.
(b) Surface potential of NtEgl showing the binding cleft. The ribbon representation of NtEgl is
visible through the transparent molecular surface, with positive charges in blue and negative
charges in red; the Ca®* ion is green.

Figure 3

The superposition of the three-dimensional structure of NtEgl (in blue) on the three-
dimensional structure of CelD (in green) and E4 (in red). CelD and E4 have a cellulose-
binding domain at their N-terminal and C-terminal, respectively.
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NtEgl has a calcium ion near the non-reducing end of the
binding cleft. Based on the sequence and structural analysis
(Fig. 2), this calcium site is likely to be present in the catalytic
domain of all enzymes in family 9. The calcium ion is
ligated by Asp210 O, Asp213 0%, Asp213 O%, Glu214 O*',
Glu214 O°%, Asp254 O and two water molecules.

3.3. The ligand-binding site cleft

Despite numerous attempts to form a stable enzyme-
inhibitor complex, preceded by inhibition assays, neither we
nor our collaborator Professor A. Vasella (personal commu-
nication) have been able to identify any effective inhibitors.
This negative result actually emphasizes the difficulty of such
research and the need to press ahead in our search for inhi-
bitors, whether existing or novel. However, based on sequence
analysis and comparison of the three-dimensional structure of
NtEgl with bacterial endoglucanases from 7. fusca (Sakon et
al., 1997) and Clostridium thermocellum (Juy et al., 1992), we
can speculate with confidence about the residues at the
binding site. In order to compare the structure of NtEgl with
the structure of bacterial cellulase from 7. fusca (E4) and
cellulase from C. thermocellum (CelD), the three-dimensional
structure of NtEgl was superimposed on the three-
dimensional structures of CelD and E4 by matching the C*
positions of the core region of the (a/«t)s barrel (Fig. 3). The
r.m.s. fit between the C* atoms of the core region of NtEgl and
CelD (214 atoms) is 2.3 A and between that of NtEgl and E4
(215 atoms) is 1.6 A. The core region of the («/a)g barrel is
similar, whereas significant differences are observed in the
loop regions.

The binding cleft of NtEgl was identified based on sequence
homology and three-dimensional structural comparison with
CelD and E4. On the N-terminal side of the inner barrel, a
cleft runs roughly from a-helix 1 to a-helix 8 and forms the site
for substrate binding. One of the rims of the active-site cleft
consists of two loops 342-414 and 287-302.
The long loop 342414 contains two short
a-helices (Fig. 2). The loops 107-148 and
191-211 form a part of the other rim of the
active-site cleft. The dimension of the cleft
was estimated by calculating the solvent-
accessible surface, giving a length of ~30 A
and a depth of ~9.0 A.The average width of
the cleft is ~4 A. A 30 A long cleft is likely
to bind around five glucopyranose units,
which can be numbered from the subsite at
the non-reducing end of the cellulose chain
(subsite —3) to the subsite at the reducing
end of the cellulose (subsite +2); cleavage
takes place between subsites —1 and +1
(Fig. 4).

At the non-reducing end of the cleft, the
conserved Trp253 side chain interacts with
the glucopyranose ring in subsite —3.
Invariant residue Asp254 may interact with
a hydroxyl group in the glucopyranose rings

Figure 5
The superposition of residues Asp54, Asp57 and Glu412 from NtEgl (in blue) on 55, 58 and 424
from CelD (in green) and 198, 201 and 555 from E4 (in red), respectively.

at either the —3 or —2 subsite. The mostly conserved Trp301
would flank subsite —2. In subsite —1, the conserved residues
Phe205 and Tyr417 may stabilize the hydrophobic glucopyr-
anose ring. The stabilization of the substrate at subsite —1
occurs through hydrogen bonding to conserved Asp54. The
conserved Tyr408 side chain is probably involved in a stacking
interaction with a glycosyl moiety in the subsite +1. The
invariant residues Asp57, His124, His359, Arg361 and acid/
base Glu412 may help in stabilization of the substrate through
hydrogen bonding in the subsite +1. The conserved Trpl127
probably interacts with the glucopyranose ring at subsite +2.

Glycosyl hydrolases of family 9 cleave the sugar chain with
inversion of configuration at the anomeric C atom. The
mechanism requires an acid to protonate the glycosidic O

Figure 4
The binding cleft of NtEgl. The arrow shows the reducing end (RE) and
non-reducing end (NRE) of the cleft.

Acta Cryst. (2002). D58, 653—659
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atom and a base to extract a proton from a
nucleophilic water molecule that subse-
quently attacks the anomeric C atom
(Koshland, 1953). Sequence analysis and
comparison of the three-dimensional struc-
ture of NtEgl with the structure of E4 and
CelD (Fig. 5) show that the carboxyl group
of the conserved Glu412 (corresponding to
555 and 424 in E4 and CelD) is the acid that
protonates the leaving group and that Asp54
or Asp57 (corresponding to 198 and 201 in
E4, and to 55 and 58 in CelD) may be the
base that extracts a proton from a nucleo-
philic water. The distances between the O
atom of nucleophilic water and Asp54 O*
and Asp57 O% are 2.68 and 2.73 A, respec-
tively. This proposed mechanism agrees well
with the mutagenesis studies of CelD
(Chauvaux et al., 1992). Mutation of either
the Asp54, Asp57 or Glu412 equivalents in
CelD reduces the activity to less than 1%.

3.4. The effect of pH changes on
conformation of NtEgl

NtEgl was crystallized at pH 4.5. In order
to obtain the structure of a ligand—enzyme
complex, crystals were soaked in a solution
containing cellopentose at pH 2.5. At this
pH, the activity is significantly lower and
therefore the substrate was expected to be
stable at the active site. Unfortunately, no
clear electron density was found for the
ligand. Later, the effect of pH on the struc-
ture of the enzyme was studied by collecting
three diffraction data sets at pH 2.5, 5.6 (the
pH optimum) and 6.5. Structures corre-
sponding to these three data sets were
appropriately refined and compared.

The conformations of the backbone at
three different pH values are quite similar.
However, at pH 2.5 the enzyme had lost its
calcium ion. The largest change was
observed for the side chains of the residues
involved in Ca”** binding. At pH 5.6,
the calcium ion is ligated by Asp210 O,
Asp213 0°',  Asp213 0%,  Glu214 O,
Glu214 O, Asp254 0 and two water
molecules (Fig. 6a). The coordination of the
Ca®" ion seems to be a distorted octahedral
arrangement with two bidentate ligands,
Asp213 and Glu214 (Fig. 6a). This coordi-
nation is similar to the Ca®*-binding site in
E4 (Sakon et al., 1997) and the Ca**-binding
site B in CelD (Chauvaux et al., 1995). The
main-chain carbonyl groups of Asp210 and
Asp254 form the two vertices of the octa-

. (b)
Figure 6
The Ca**-binding site of NtEgl at (a) pH 5.6 and (b) pH 2.5.

Figure 7

Stereo representation of environment of the catalytic acid/base residue Glu412 at pH 5.6 and
6.5. The carboxylate group of Glu412 at pH 5.6 is in purple and at pH 6.5 is in green. The
simulated-annealing omit map density for Glu412 (at pH 5.6 is in purple and at pH 6.5 is in
green) is contoured at 0.750.
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hedron. At pH 2.5, the torsion angle between atoms C* and c’
of the conserved Asp54 changed by ~135° (from —164° at pH
5.6 to 61° at pH 2.5). This 1.7 A displacement of Asp254 C”
pushes the side chain of Asn252, causing a 141° rotation in the
torsion angle between atoms C” and C” of Asp252 (Fig. 6b).
These changes in torsion angles place the side chains of
Asp254 and Asn252 in new positions and result in a hydrogen
bond between Asp254 O** and Asn252 O°'. The torsion angle
between atoms C* and C” of Glu214 also changed by ~132°
(from 74° at pH 5.6 to —58° at pH 2.5).

In CelD (an endoglucanase from C. thermocellum), there
are three Ca**-binding sites (sites A, B and C) and one Zn**-
binding site. The Ca**-binding site B in CelD corresponds to
the Ca”**-binding site in NtEgl. Chauvaux and coworkers
performed extensive kinetic studies on the effect of each
Ca®*-binding site on the stability and kinetic properties of the
enzyme (Chauvaux et al, 1995). They showed that Ca®*-
binding site C is important for stability of the enzyme and that
Ca”*-binding sites A and B do not have any effect on either the
structural stability or kinetic properties of CelD. Here, the
results of structural studies on NtEgl show that Ca®* binding
does not have any significant effect on the backbone three-
dimensional structure of NtEgl. The role of this calcium-
binding site on the kinetics or structures of cellulases from
family 9 is not yet clear.

At pH 6.5, the main conformational change was observed
for the conserved acid/base Glu412, where the torsion angle
between atoms C” and C” changed by ~118° (from 67 to
—175°) (Fig. 7). This rotation places the carboxyl part of the
Glu412 in a different position. The displacement is 2.4 A,
calculated from the position of the C° atom. The temperature
factor for the carboxylate group of Glu412 is relatively high
(32.9 A2 for pH 5.6 and 31.9 A2 for pH 6.5 relative to the
average temperature factor of ~18.5 A? for all residues in
NtEgl); therefore, the carboxylate group is relatively flexible.

At pH 5.6, the carboxyl group of Glu4l2 makes no
hydrogen bonds with other residues; Glu412 O°* is located
3.8 A from His359 C* and Glu412 O%'is 3.3 A from Ala55 C”.
This somewhat hydrophobic environment could raise the pK,
value of Glu412. At pH 6.5, owing to the displacement of the
carboxyl group of Glu412, the Glu412 O®* atom is located
28 A from Tyr417OH and Glu4120° is 3.1 A from
Tyr408 O. It seems that raising the pH from 5.6 to 6.5 depro-
tonates the carboxyl group of Asp412. Therefore, the resulting
negatively charged carboxyl group cannot stay in an hydro-
phobic environment and the carboxyl group rotates toward a
relatively hydrophilic environment. This deprotonation and

side-chain shift may result in a reduction in enzyme activity at
higher pH.
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