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The three-dimensional structure of a Trichoderma
reesei f-mannanase from glycoside hydrolase

family 5

The crystal structure of the catalytic core domain of
B-mannanase from the fungus Trichoderma reesei has been
determined at a resolution of 1.5 A. The structure was solved
using the anomalous scattering from a single non-isomorphous
platinum complex with two heavy-metal sites in space group
P2,. The map computed with the experimental phases was
enhanced by the application of an automated model building
and refinement procedure using the amplitudes and experi-
mental phases as observations. This approach is expected to be
of more general application. The structure of the native
enzyme and complexes with Tris-HC] and mannobiose are
also reported: the mannobiose binds in subsites +1 and +2.
The structure is briefly compared with that of the homologous
B-mannanase from the bacterium Thermomonospora fusca.

1. Abbreviations

SAD, single anomalous diffraction; MIR, multiple isomor-
phous replacement; MAD, multiple-wavelength anomalous
diffraction; SIRAS, single isomorphous replacement with
anomalous scattering; MR, molecular replacement; r.m.s.,
root-mean-square; FOM, figure of merit; TRIS, Tris—HCI;
NAG, N-acetyl glucosamine; kDa, kilodaltons; ADP, atomic
displacement parameter; Pty, heavy-atom complex with
Pt-terpyridine; Nat®", native structure at room temperature;
Nat$g,g, structure of the native enzyme recorded under
cryogenic conditions at 110 K with a TRIS molecule in the
active site; Nat®C, structure of TRIS-free native enzyme under
cryogenic conditions at 110 K; Man2, enzyme complexed with
mannobiose.

2. Introduction
2.1. Mannanases

Fungal plant polysaccharide-hydrolysing enzymes, cellu-
lases and hemicellulases, are industrially important with a
wide spectrum of well established applications. In recent years,
hemicellulases have assumed growing interest owing to their
potential application in the food/feed and pulp/paper indus-
tries (Viikari, Tenkanen et al., 1993). Attention in the pulp and
paper industry had been focused on xylanases because of the
demonstration that loading of chlorine-containing chemicals
during the bleaching of pulp can be reduced by addition of
xylanases to the process (Viikari et al., 1987). However,
B-mannanases from the filamentous fungus 7. reesei have also
been shown to facilitate bleaching (Buchert et al., 1993;
Viikari, Kantelinen et al., 1993).

Endo-1,4-B-p-mannanases (E.C. 3.2.1.78) catalyse random
hydrolysis of B-p-1,4-mannopyranosyl linkages within the
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main chain of mannans and various polysaccharides consisting
mainly of mannose, such as glucomannans, galactomannans
and galactoglucomannans. Usually a degree of polymerization
(DP) of at least four is required, although some endo-
mannanases are also able to hydrolyse mannotriose. The
extent of hydrolysis of galactomannans by mannanases
depends on the degree of substitution and the distribution of
the substituents. Hydrolysis of glucomannans is affected by the
proportion of glucose and mannose units as well as by the
degree of acetylation (McCleary, 1991). B-Mannanases are
produced by plants, bacteria and fungi. The endo-mannanase
from 7. reesei has been purified and characterized and mainly
consists of several acidic pI forms (Stalbrand et al, 1993)
encoded by the manl gene (Stalbrand et al., 1995).

Among the 77 families into which the catalytic domains of
glycosyl hydrolases have been classified to date (http:/
afmb.cnrs-mrs.fr/~pedro/CAZY; Henrissat, 1991), the
B-mannanase studied here belongs to family 5, clan GH-A.
This family contains many enzymes involved in the microbial
degradation of cellulose and hemicellulose, such as endo-
glucanases (E.C. 3.2.1.4), exo-1,3-glycanases (E.C. 3.2.1.58)
and B-mannanases (E.C. 3.2.1.78), whose sequences are only
distantly related to the T. reesei mannanase. The sequence
identity among the members of family 5 is low and an
additional classification into eight subfamilies, A1-AS8, has
been introduced (Béguin, 1990; Lo Leggio et al., 1997; Hilge et
al., 1998). The identity between members of the same
subfamily is usually 25% or more and between subfamilies is
rarely greater than 20%. Subfamily A7 contains eukaryotic
mannanases, while subfamily A8 is composed of bacterial
mannanases.

The T. reesei f-mannanase consists of two functional
domains: a catalytic core joined to a putative substrate-binding
domain by a linker unit (Stalbrand et al, 1995). Such an
organization is well established for a number of bacterial and
fungal cellulases (Gilkes et al., 1991). The T. reesei f-manna-
nase carries its polysaccharide-binding domain at the C-
terminus, in contrast to the fungal cellulases belonging to the
same hydrophobic cluster analysis family, which have
N-terminal cellulase-binding domains (Schiilein et al., 1993).
Attempts to crystallize the intact 7. reesei mannanase proved
unsuccessful, probably owing to the flexibility of the highly
glycosylated linker; the structure of the fungal mannanase
core is presented here. The core has an isoelectric point of 4.6
and a molecular weight of 40 kDa and was purified from a 7.
reesei that expresses a truncated mannanase containing the
first 344 amino acids (Sabini et al., 1999).

In family 5 of the O-glycosyl hydrolases, the structures of
four cellulases had been published when we started this
analysis: Acidothermus cellulolyticus endo-1,4-glucanase
(Sakon et al., 1996), Bacillus agaradhaerans endo-1,4-gluca-
nase (Davies et al., 1998), Clostridium cellulolyticum endo-1,4-
glucanase A (Ducros et al., 1995) and C. thermocellum endo-
1,4-glucanase C (Dominguez et al., 1996; Dominguez & Alzari,
1995). Given the low identity with the 7. reesei f-mannanase,
none of the then available coordinates proved to be a satis-
factory model for molecular replacement (MR).

Subsequent to our elucidation of the 7. reesei enzyme
structure, the crystal structure of an additional family 5
member, that of the bacterial f-mannanase from Thermo-
monospora fusca, was published (Hilge et al., 1998), together
with its complexes with mannose oligomers. This showed that
the structure had a (Ba)s barrel fold as expected from its
homology to other family 5 members. The active site was
shown to be a cleft running across the molecular surface and
the positions of the two catalytic glutamates were identified,
together with the sugar-binding subsites —2, —3 and —4. Here
and in the rest of the paper, the sugar subsites are numbered
according to a standard nomenclature (Davies et al., 1997).

2.2. Experimental phasing

Experimental phases for macromolecular crystal structure
determination have conventionally been generated by
multiple isomorphous replacement (MIR) involving the
binding of heavy atoms at a limited number of sites (Blow &
Crick, 1959). The anomalous scattering components of the
heavy atoms are routinely used to enhance the isomorphous
information (MIRAS) or exploited in the combination of
single isomorphous derivatives with their associated anom-
alous components (SIRAS; North, 1965). More recently, the
determination of experimental phases has been extended to
multiple-wavelength ~ anomalous  diffraction (MAD;
Hendrickson & Ogata, 1997). The MIR technique continues to
suffer from the non-isomorphism introduced into the crystal
by the presence of the heavy atoms and different conditions of
data collection such as precipitant conditions, pH or
temperature. In this situation, the anomalous phasing
component for an individual heavy-atom complex may be
strong, but is not supported by any, or only by a weak,
isomorphous signal. The usual approach has been to continue
the search for derivatives which are more isomorphous with
the native protein.

The present structure determination is of particular interest,
as it depended solely on the anomalous scattering from a
single non-isomorphous platinum complex of the f-manna-
nase core. The anomalous diffraction signal was sufficiently
powerful to provide experimental phase information allowing
the straightforward structure determination of the complex
through automated building and refinement of a dummy-atom
model, which provided phases close to those of the refined
structure. The crystals were in the space group P2, with a
single molecule in the asymmetric unit.

The native structure at 1.5 A resolution was solved by
placing the structure of the platinum derivative in the new cell,
with the same space group and a small difference in unit-cell
dimensions, and performing an initial rigid-body refinement.
In addition, analysis of the structure of a complex with a
mannan-derived oligosaccharide allows the identification of
substrate-binding subsites +1 and +2. The general features of
the structure are compared with those of the recently deter-
mined structure of the S-mannanase from Therm. fusca (Hilge
et al., 1998).
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3. Experimental and computational methods

3.1. Crystallization

Crystals of 7. reesei mannanase were grown at 293 K as
described previously (Sabini et al, 1999). In summary, an
equal volume of 2 M ammonium sulfate buffered with 0.1 M
Tris-HCI pH 8.5 was mixed with enzyme at 22 mg ml~" stored
in 10 mM TRIS pH 7.5. The resulting 4 pl drop was equili-
brated over a well containing the ammonium sulfate/TRIS
precipitant. The crystals belong to the monoclinic space group
P2,, with unit-cell dimensions a = 50.01, b = 54.27, ¢ = 60.24 A,
B = 111.31°. There is one molecule in the asymmetric unit,
giving rise to a packing density of 1.90 A’Da™! corresponding
to an approximate solvent content of 35% (Matthews, 1968).

The structure of the native protein proved to contain a
molecule of TRIS bound in the active site (see below).
Experiments to bind small oligomers of mannose to the TRIS-
containing crystals were unsuccessful, the TRIS apparently
preventing the binding of the substrate analogue. To obtain
TRIS-free crystals, the protein was washed several times in
100 mM glycine pH 11 and stored in 20 mM glycine pH 8.0.
Hanging drops were set up under the same conditions as
described in the crystallization paper (Sabini et al., 1999), but
with glycine buffer instead of TRIS. Under these modified
conditions, only a limited number of useful crystals was
obtained. Successful removal of TRIS was checked by
collection of X-ray data on one of these crystals (see below).
Subsequently, a TRIS-free crystal was soaked in mother liquor

— W
; "
v/

G "
@ ruw.0503

- P12 (0.49,0.5,0.46)

v I ﬁ

L ——— -

Section V=15

(a)

Section V=105

(h)
Figure 1

(a) Anomalous and (b) isomorphous difference Patterson syntheses at 1.65 A resolution for the
Pty complex: the Harker vectors of the two platinum sites are indicated.

Table 1
Data statistics.

Figures in parentheses relate to the outer shell.

Pty Nat®" Nat§ls  Nat®  Man2

Temperature (K) 110 300 110 110 110
Synchrotron SRS EMBL-HH SRS ESRF SRS
Beamline 9.6 X11 9.6 ID14.4 9.6
Wavelength (A) 0.87 0.9095 0.87 0.946 0.87
Space group P2, P2, P2, P2, P2,
Unit-cell dimensions

a (1%;) 51.1 50.0 50.2 50.2 50.7

b (A) 543 543 54.6 54.6 54.9

c(A) 61.1 60.2 60.8 60.8 61.4

B () 110.2 111.3 111.2 111.2 111.7
V,, (A*Da™") 2.0 1.9 1.9 1.9 2.0
Solvent content (%) 37.6 349 36.1 36.1 37.6

Resolution (A) 20.0-1.65 20.0-2.00  20.0-1.50 20.0-1.50 20.0-1.40

Ruerge (%) 39(71) 30(35)  42(104) 63 (27.7) 63 (24.0)
llo; 18.4 (9.8) 42.8 (20.8) 22.4 (8.4) 209 (42) 17.3 (2.6)
Unique reflections 60810 19562 40304 48906 50979
Redundancy 2.0(12) 5.6(2.8) 24 (14) 37(34) 3221
Completeness (%)  91.0 97.8 84.1 99.8 91.2

containing 100 mM mannotriose in order to produce a sugar
complex.

3.2. Data collection

Native data were initially recorded at room temperature to
2.0 A resolution (Nat®") from a crystal mounted in a glass
capillary, using synchrotron radiation on beamline X11 at the

EMBL Hamburg Outstation. The

detector was a MAR Research imaging

L plate and the data were processed with

DENZO and SCALEPACK (Otwi-

nowski & Minor, 1997; Table 1). Subse-

quently, cryo-protectant conditions were

established using a solution containing

the well precipitant and 25%(v/v)

glycerol. All subsequent data were

recorded at 110 K from vitrified crystals
mounted in loops.

As none of the available coordinates
of homologous proteins proved to be a
satisfactory molecular-replacement
(MR) model for the T. reesei S-manna-
y nase, a search for heavy-atom derivatives
v was performed. After preliminary

screening in house, data for two potential
of derivatives were collected using the

ASDC QUANTUM-4 CCD detector on

, beamline 9.6 at the SRS, Daresbury
/ Laboratory. For the crystal soaked in

A platinum (II) (2,2":6',2" terpyridine)
chloride dihydrate, data were recorded
to 1.65 A resolution and for the second
crystal soaked in K,PtCl,, data were
recorded to 1.5 A. The wavelength was
0.87 A, just below the platinum L;
absorption edge. 1.5 A resolution data
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Table 2
Phase differences for the SAD, DM and REFMAC/ARP phase sets from
those computed from the final model.

Phase Average difference (°)
SAD 60.6
DM 49.1
REFMACIARP 21.5

were subsequently collected at the ESRF station ID14.4 with a
ASDC QUANTUM-4 CCD detector on a TRIS-free crystal in
order to confirm that the TRIS had indeed been removed from
the active site. Finally, 1.4 A resolution data were collected
from a TRIS-free crystal soaked overnight in a solution of
100 mM mannotriose at SRS station 9.6. Statistics for the five
data sets are listed in Table 1.

The platinum(II) (2,2":6',2"” terpyridine) chloride dihydrate
complex (Pty) resulted in an excellent anomalous difference
Patterson synthesis (Fig. 1a) showing the location of two
closely spaced platinum ions with peak heights of more than
290 (at 1.65 A resolution). In contrast, while the isomorphous
difference Patterson did contain features roughly corre-
sponding to the two heavy atoms (Fig. 1b), there were several
other spurious features of essentially the same height on the
Harker section. Indeed, the data for the Pty derivative scaled
poorly to both the room-temperature native and that collected
under cryogenic conditions, with mean fractional isomorphous
differences of 41.3 and 48.2%, respectively, confirming
significant non-isomorphism (Fig. 2). It was decided not to use
the differences between native and Pty in the phase calcula-
tion, in order to avoid the systematic errors likely to be
introduced. The anomalous Patterson of the K,PtCl,-soaked
crystal was featureless and these data were used as the first
cryogenic ‘native’ (Nat§gs)-

3.3. Phase determination for the Pty complex

Initial phases were computed for the Pty structure using
only the anomalous scattering information from the two Pt
atoms. The positional and displacement parameters were
refined and phases were computed using MLPHARE
(Collaborative Computational Project, Number 4, 1994;
Table 2). The electron-density map computed with these

0.6
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100.0 3.16 224 1.83
Resolution (A)
Figure 2

Mean fractional isomorphous difference for the Pty data against the
native at room temperature and under cryogenic conditions.

phases showed significant contrast between the protein and
solvent regions. The resulting map was subjected to solvent
flattening using the program DM (Cowtan & Main, 1993). This
gave substantial enhancement of the phase information and a
map with good contrast and continuity within the protein
region. Whilst it would have been possible to build a model
into this map, an automated procedure was used to quickly
build and refine a model of a ‘dummy atom’ pseudo-water
model.

3.4. Building and refinement of the pseudo-water model

The initial model was composed of the two Pt atoms alone.
This was extended to a pseudo-water model in an automated
iterative procedure consisting of two steps.

The first step involved unrestrained phased maximum-
likelihood refinement in reciprocal space against observed
structure-factor amplitudes and the SAD phases as observa-
tions using REFMAC (Murshudov et al., 1997; Pannu et al.,
1998). The SAD phases, represented as a bimodal phase
probability distribution (Hendrickson & Lattman, 1970), were
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Figure 3

Map correlation for (¢) main and (b) side chains, showing the quality of
the calculated phases. The correlation coefficients were calculated for
each residue using the CCP4 program OVERLAPMAP (Collaborative
Computational Project, Number 4, 1994). The SAD phases are of good
quality and, as expected, they improve after DM. The phases after the
REFMACIARP procedure (without the contribution of DM) are
essentially as good as the final phases after the anisotropic refinement.
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they were merged and the electron-
density o-level cutoff. A good map

Table 3
Refinement statistics.
Pty Nat®" Nat$gs
R factor (%) 11.5 12.6 11.1
Riree (%) 16.0 20.0 15.7
Ramachandran plot: non-glycine residues in
most favoured region (%) 93.3 92.0 93.3
allowed region (%) 6.4 7.7 6.7
generously allowed region (%) 0.3 0 0
disallowed region (%) 0 0.3 0
No. of atoms/molecules
Proteint 2673 2676 2708
Pt—terpy 19 x 2 - -
NAG 14 x 4 14 x 4 14 x 4
Sulfate 5x2 - S5x1
Glycerol — — 6x3
TRIS — 8§ x1 8 x1
Mannobiose — — —
Solvent molecules A 606 407 458
1-2 bond deviation (A) 0.013 (0.020) 0.015 0.013
1-3 angle distance (A) 0.035 (0.040) 0.034 0.029
Mean B factor (A?)
Protein 10.9 10.2 12.8
Main chain 10.3 9.4 12.1
Side chains 12.4 11.6 14.3
Pt—terpy 12.8 — —
NAG 29.7 247 27.6
Sulfate ions 18.8 — 24.4
Glycerol - - 22.8
TRIS — 6.3 9.3
Mannobiose — — —
Solvent 31.0 24.6 30.6
PDB code| 1qnq 1gno 1qns
Structure-factor codes| rlgngsf rlgnosf rlqnssf

Nat“® Man2 was obtained using the following
127 12.4 pro,tOCOI' .
17.4 171 (i) Inclusion of the SAD phases
as observations was essential.
2.346 3.30'0 Unphased refinement failed to
0 0 improve the model and resulting
0 0 phases. The experimental phases
2699 707 were represe.n.ted as a b.imo.dal
_ _ phase-probability distribution
14 x 4 14 x4 (Hendrickson & Lattman, 1970).
2 i } 2 i ; (ii) The ‘bulk’ solvent correction
_ _ was applied (Murshudov et al.,
- 22 x 1 1997).
31)81 6 3_90715 (1ii) .Atoms were added to t.he
0.031 0.031 model if there was electron density
in the F,F.WT map at a level higher
ﬂ? ﬁg than 30 and if the separation from
12.4 133 an atom already present in the
— — model was within the range 1.0-
gg:g gg:é 33 A. Atoms were removed from
263 302 the model if their density in the
- - 2F,F.WT map was lower than lo
77 ;g:g§ and whenever the above distance
1qnp 1qnr criteria were not fulfilled. c.Pairs of
rlqnpst rlqnrsf atoms closer than 1.1 A were
merged.

+ This apparent discrepancy reflects the different numbers of alternate conformations. # The higher number of waters in the

Pty complex reflects a more generous selection procedure in the ARP protocol. § The mannobiose was refined with half
occupancy. 9 Both the structure factors (.SF) and the coordinates (.PDB) have been deposited.

combined with those calculated from the current model in
each cycle.

The second step involved updating of the current atomic
model in real space using maps computed with the coefficients
2o | Fo | €XP(i@comp) 1F | €XP(igpeqc) DIF,| exp(igcqc)
QF,F.WT) and meomplFolexp(i@eomp) DI|F |lexp(icarc)
(F,F.WT), where m is the FOM for the combined phases and
D is a function of the coordinate error and resolution
(Murshudov et al., 1997). The maps were used to update the
current model using ARP (Lamzin & Wilson, 1993) to add
new atoms (O atoms) if the difference map (F,F.WT) showed
positive features and to remove atoms when the 2F,F.WT
showed no electron density for those atoms. Real-space
refinement was carried out to optimize atomic positions before
the first step was iterated.

Appropriate protocols for phase refinement and model
generation were investigated by varying a number of para-
meters with ARP and REFMAC. In the unrestrained refine-
ment with REFMAC, the distribution of phase probability
(bimodal versus unimodal), the scale type (simple versus bulk
solvent) and the scale-shift parameters were varied. In ARP,
the variables were the number of atoms added and removed at
each cycle, the distance between both new—old and new-new
atoms, the minimum separation between two atoms before

In the final ARP building of the
model from the two platinum sites,
up to 300 atoms were allowed to be
added in each cycle and up to 300
were allowed to be removed. All
data in the resolution range 20-1.65 A were included. The
procedure essentially converged, with a total of 3684 pseudo-
water atoms after 60 cycles. In the initial cycles, only a small
number of atoms were added, reflecting the building from only
two starting atoms. From about cycle 10, the number added
rapidly increased and, by cycle 35, more than 200 atoms were
being added in each cycle. The final R factor was 14.55% and
the Ry Was 23.43%. The large difference in the two R factors
reflects the over-fitting of the model with pseudo-water
molecules without proper stereochemical restraints for a
protein.

3.5. Building and refining the Pty model

After the automated REFMAC/ARP procedure converged,
the resulting pseudo-water model provided an extremely good
2F,F.WT electron-density map. The main chain showed
essentially complete connectivity and the majority of the side
chains could be identified. For example, the density for tyro-
sine and tryptophan side chains displayed holes in the
aromatic rings and the four disulfide bridges had beautifully
defined density. Building of the protein model was carried out
using QUANTA (Molecular Simulations Inc., San Diego,
USA) and led to an essentially complete protein model in a
single graphics session.

Acta Cryst. (2000). D56, 3—13
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The model for the entire protein chain (344 amino acids)
was subjected to restrained refinement in REFMAC. Addi-
tional electron-density features connected to asparagines 130,
157, 250 and 238 were assigned to four sites of N-glycosylation
(NAG) out of the five potential glycosylation sites. Two
platinum terpyridine molecules were included, one bound to
His35 and the second stacked against the first through van der
Waals interactions. Two sulfate ions, one TRIS and three
glycerol molecules were identified. When the R factor reached
25% (Rgree = 27%), water molecules (654 in total) were added
iteratively using ARP and the R factor dropped to 15.8%
(Riree = 19.4%). The refinement was completed with a few
cycles of refinement with individual anisotropic temperature
factors (Murshudov et al, 1999), giving a final R factor of
11.5% (Rgree = 16.0%; Table 3). This drop in Ry, clearly
justified the introduction of an anisotropic model.

3.6. The native structure: Nat$g;s

A starting native model was created from the
Pty coordinates by deleting the platinum(II)
(2,2:6',2" terpyridine) chloride dihydrate mole-
cules, the sulfate groups and all the water mole-
cules with a B factor higher than 40 A2, This initial
model was transformed into the native unit cell
using the CCP4 program COORDCONYV (Colla-
borative Computational Project, Number 4, 1994).
After rigid-body adjustment, inclusion of ligands
(458 water molecules, four NAG, one sulfate group,
three glycerols and one TRIS) using REFMAC
and ARP and an anisotropic model, the final R
factor was 11.1% (Rgee = 15.7%; Table 3).

3.7. The room-temperature native Nat®", TRIS-
free native Nat““ and the mannobiose complex
Man2 structures

These were refined with similar protocols to
those used for Nat$Ss, starting from the refined
Nat{s,s model, using REFMAC and ARP. The
refinements are summarized in Table 3.

4. Results and discussion

The three-dimensional structure of the catalytic
core domain of B-mannanase from T. reesei has
been solved using the phase information derived
from a single non-isomorphous platinum terpyr-
idine complex (Pty). The automated model-
building and refinement procedure produced
excellent electron-density maps that clearly
showed the presence of all 344 protein residues
and the four disulfide bridges. The refined Pty
structure was used as a starting point for the other
four coordinate sets presented here and the high
quality of the final models can be seen from the
refinement statistics in Table 3.

Figure 4

Density map (a) after SAD, (b) after DM, (c) after the REFMAC/ARP cyclic
procedure and (d) after the final anisotropic refinement for the platinum (II) (2,2":6',2"
terpyridine) compound coordinated, through the platinum, with the NE2 atom of
His35 from an adjacent symmetry-related molecule.

4.1. Quality of the map

The initial map calculated using the phases from single
anomalous diffraction (SAD) was acceptably good and
contained sufficient information to be improved though
density modification (Cowtan & Main, 1996). This improve-
ment gave an electron-density map that was of sufficient
quality such that manual model building could have begun,
although substantial human input would have been required.
However, the solvent-flattened phases were not utilized in
phased refinement, in part to evaluate the power of automated
refinement using the REFMAC/ARP procedure starting from
minimal phase information. In addition, this avoided both the
overestimation of the FOM often found with DM phases and
the ‘edge’ effects at the molecular surface dependent on any
ambiguities in the envelope definition.

The quality of the calculated phases was assessed by plot-
ting the correlation coefficient between a particular map and

(a)

(b)

8 sabinietal. - B-Mannanase

Acta Cryst. (2000). D56, 3—13



research papers

that computed with phases from the final model, as a function
of residue number, using the program OVERLAPMAP
(Collaborative Computational Project, Number 4, 1994;
Figs. 3a and 3b). Both the SAD and the solvent-flattened maps
showed several breaks in the main-chain density, which
roughly correspond to regions where the map correlation is
poor. The REFMAC/ARP procedure produced a map that
showed high connectivity along the entire main chain and was
almost as good as the map calculated with the final model
phases. Figs. 4 and 5 showed the electron density in two
representative regions at various stages of the phasing and
refinement procedure.

Fig. 4 shows the construction of the bound ligand lying in
the active site of the protein. The SAD electron-density map
(Fig. 4a) has major perturbations around the Pt atom: these
were only partially corrected by DM (Fig. 4b), but were
corrected excellently by the REFMAC/ARP procedure
(Fig. 4c¢).

Fig. 5 shows the density for some representative residues
lying on the surface of the protein, including Trp164. The
density is generally poorly defined in the SAD map (Fig. Sa)
and only slightly better in the DM map (Fig. 5b), reflecting the

Figure 4 (continued)

limitation of density modification at the protein—solvent
boundary, but was again excellent in the REFMAC/ARP map
(Fig. 5¢).

4.2. Overall structure description

T. reesei B-mannanase shows the classical (Bo)g-barrel
architecture typical of the family 5 glycosyl hydrolases (Fig. 6).
Among the 77 O-glycosyl hydrolases classified to date, families
1,2,5,10,17, 26, 30, 35, 39, 42, 51 and 53 (relatedness based on
sequence similarities only), which belong to the GH-A clan,
and families 13 and 70 of the GH-H clan display a (B«)s-barrel
motif.

The overall fold of the T. reesei f-mannanase is very similar
to that of the Therm. fusca enzyme and will not be described in
detail here. However, visual comparison of the fungal and the
bacterial structures revealed several interesting differences.
Both structures contain two short B-strands (81 and B2) at the
N-terminus which cover the bottom of the barrel, but the T.
reesei f-mannanase contains two additional B-sheets. A three-
stranded sheet (BA, 8B and BC) is inserted between 85 and o3
and two B-strands (D and BE) lie close to the C-terminus.
Both these f-sheets extend over the putative —3
substrate subsite (see below) and could be
involved in the interaction with the substrate: this
implies the existence of more sites in the fungal
than in the bacterial enzyme.

A single N-acetyl glucosamine residue was built
at each of four glycosylation sites with well defined
density. Typically, the bacterial enzyme does not
show such glycosylation.

The Therm. fusca enzyme contains a single
disulfide bond between Cys74 and Cys81, whereas
the T. reesei mannanase contains four disulfide
bonds: Cys26 and Cys29 lie on «l1, Cys172 and
Cysl75 link across the B10-a7 coil, Cys265 and
Cys272 connect @11 and coil «11-$13, and Cys284
and Cys334 link «12 and o13.

4.3. The active site

The position of the active site was clearly
identified in the structural study of the homo-
logous family 5 subgroup A8 bacterial Therm.
fusca mannanase (Hilge et al, 1998). The two
catalytic glutamate residues lie in a groove across
the enzyme’s surface at one end of the (Ba)s
barrel. Four subsites were identified in the
complexes of Therm. fusca mannanase with
mannose oligomers, with sugars being bound in
the subsites —4, —3 and —2 and the position of site
—1 being deduced from the position of the
glutamates.

The active site of the T. reesei f-mannanase is in
an equivalent position at one end of the (Bo)s-
barrel. Sequence alignment reveals that only eight
residues are strictly conserved in all family 5
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mannanases and cellulases (Hilge et al., 1998). In T.
reesei f-mannanase, they are Arg54, His102,
Asnl68, Glul69, His241, Tyr243, Glu276 and
Trp306. The significance of seven of these residues
is clear, as they all lie in and around the active site.
Glul69 and Glu276 have the roles of catalytic acid/
base and nucleophile, respectively. Argd4 is
hydrogen bonded to Asnl68, which is in turn
hydrogen bonded to Glul69. His241 is also
hydrogen bonded to Glul69. Tyr243 is hydrogen
bonded to Glu276. Trp306 forms the hydrophobic
sugar-binding platform in subsite —1. Only His102
lies on the opposite side of the molecule, with no
obvious functional role in catalysis or substrate
binding.

There is a non-prolyl cis peptide bond between
residues Trp306 and GIn307. It is believed to be
essential for the enzyme function, since it constrains
the position of Trp306, which is involved in the
interactions with the —1 subsite. In the Therm. fusca
mannanase, there is an equivalent cis peptide bond
between Trp254 and Ser255 (Hilge et al., 1998).

In the 7. reesei structures described here, a
symmetry-related protein molecule occupies the
putative —3 and —4 sites, preventing binding of
substrate analogues to these two subsites in this
B crystal form. Indeed, there is possibly some conflict
() o with access to site —2. The subsites —2, —1 and +1
contain a number of different moieties in addition
to water in the present series of structures, reflecting
the presence of cryoprotectant and buffer in the
crystallization medium (see Table 3).

In both the Nat®" and Nat{g,g structure, a well
defined TRIS molecule is bound in the —1 site and
forms hydrogen bonds to the two catalytic residues,
Glul69 and Glu276, the conserved Asnl68 and
three water molecules (Fig. 7). The protein had
been stored in 10 mM TRIS pH 7.5 and the same
buffer was used in the original crystallization
medium at 0.1 M concentration (Sabini et al., 1999).
TRIS is well known as a saccharide analogue in
glycoside hydrolases (James & Lee, 1996; Kimura et
al., 1997). This TRIS molecule prevented the
binding of mannose in a series of soaking experi-
ments (data not shown). In addition, three glycerol
molecules were modelled into the electron density
in the Nat{ys structure. The first is in subsite —2
and the second and third are both around subsites
+1 on platforms formed by Trp114 and Tyr27.

For the Nat®‘ crystal, the TRIS was removed
from the enzyme by exchanging the buffer before
crystallization and the absence of TRIS in the —1

Figure 5
) As Fig. 4. Aromatic residues (here Trp164 is shown) had a
4 ‘hole’ at the centre of the ring in the REFMAC/ARP map (c).
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Figure 6

Secondary structure of the T. reesei f-mannanase. As in the Therm. fusca mannanase, two
short B-strands (sky blue) at the N-terminus form the bottom of the barrel. In addition to
these, the fungal enzyme also contains a three-stranded and a two-stranded B-sheet (both
in blue) that lie close to the C-terminus. The four N-glycosylation sites and the four
disulfide bridges are also shown. This figure was generated using the program
BOBSCRIPT (Kraulis, 1991; Esnouf, 1997)

Figure 7

Active site of the T. reesei f-mannanase showing the TRIS molecule in the —1 site. The
hydrogen bonds with the catalytic acid/base and nucleophile and with Asnl68 are
indicated by black dotted lines. The electron-density map is a maximum-likelihood-
weighted 2F,,, — F, synthesis (royal blue) contoured at a level of 0.5 e A~ (10).

W247

Wi14

Figure 8

The maximum-likelihood-weighted Fops — Fomie Synthesis for the mannobiose in the +1 and
+2 sites contoured at 0.19 ¢ A (2.80). The mannobiose atoms were excluded from the
structure-factor calculation and several cycles of minimization were run. The hydrogen
bonds (black dotted lines) are shown for the sugar (yellow) with the protein (mid grey) and
the water molecules (red). Drawn using BOBSCRIPT (Kraulis, 1991; Esnouf, 1997).

site was confirmed from the electron density in
the resulting structure. Initially, a difference
map was computed using observed amplitudes
from the Nat“ minus those of the Nat$g, with
the phases from the Nat{gs model, which
showed negative features corresponding to the
TRIS molecule. TRIS was therefore removed
from the model. There was only a single
glycerol in this structure in interpretable density
in subsite —2.

The Man2 structure at 1.4 A resolution from
a TRIS-free crystal soaked overnight in the
mannotriose solution revealed the presence of a
mannobiose moiety in subsites +1 and +2. The B
values suggested the sites were only partially
occupied as when refined with full occupancy,
the B values for the ligand were about 34 A?
compared with about 16 A? for the surrounding
protein. Therefore, an occupancy of 50% was
assigned. Fig. 8 shows the electron density for
the disaccharide and the residues involved in
direct contacts with it and the catalytic acid/base
and nucleophile. In this structure, two glycerol
residues are bound in subsites —2 and —1. The
+1 and +2 subsites were not identified in the
Therm. fusca mannanase.

The mannosyl residue in the +1 site is bound
through hydrophobic stacking with Trpl14,
which plays the role of a hydrophobic platform.
The OH(3), OH(4) and OH(6) are at hydrogen-
bonding distances to water molecules and, in
addition, the OH(6) H atom binds the N atom
of Trp247. In fact, the OH(2) bound to the C
atom is not stabilized by any hydrogen bonds.

The p-mannose in the +2 subsite interacts
with both Argl71 and Trp247 and two water
molecules. Argl71 plays a crucial role in the
positioning of the +2 ring and hence of the
whole disaccharide. The Therm. fusca manna-
nase lacks both this residue and Trp247 (see
amino-acid sequence alignment in Fig. 9). NH1
and NH2 of Argl71 make hydrogen bonds with
the axial OH(2) hydroxyl group in the +2
subsite. In addition, the NH2 atom interacts
with both the OE2 of Glu205 and the OH(3) of
the sugar in subsite +2, which simultaneously
hydrogen bonds to the N atom of Trp247. The
OE1l of Glu205 is at a hydrogen-bonding
distance to the NE of Argl71. Glu205 is not
shown in Fig. 8. The —1 and —2 subsites are
occupied by two glycerol molecules in this
complex.

The +1 and +2 sugar residues are both well
defined, with their orientation clearly estab-
lished. Since the crystal was soaked in manno-
triose, this suggests one of three possibilities.
The first is that mannotriose is bound, but that
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the third residue is disordered and its position is not visible in
the density. However, there is really no density extending from
either the reducing or non-reducing end to indicate the
presence of an extra residue and this would suggest this
possibility is unlikely. The second possibility is that there is
some mannobiose in the mannotriose sample used. The third,
and we believe the most likely, possibility is that the manno-
triose has been hydrolysed to mannobiose in the crystal. This
would suggest that 7. reesei B-mannanase is active on
mannotriose and that the complex represents a product
complex and would be in keeping with results of kinetic
measurements which showed low activity of the enzyme on
mannotriose (Harjunpéi et al., 1995, 1999). This would require
mannotriose to initially bind either in sites —2, —1, +1 or —1,
+1, +2. The former is more probable given the likely need to
distort the ring is subsite —1 before catalysis can occur. The
formation of a product complex revealing subsites +1 and +2
may indeed be a fortuitous result based on the blockage of
sites —3 and —4 in this crystal form.

In the platinum terpyridine complex, the active site is
occupied by two molecules of platinum (II) (2,2":6'2” terpyr-
idine) chloride dihydrate: one Pt atom is coordinated through
a bond with the NE2 atom of His35 from a symmetry-related
molecule, while the other molecule lies within van der Waals

2 B3 pa ol o2
— N
T. reesei ASSFVTISGT QFNIDGKVGY FAGTNCYWCS FLTNHADVDS

T. fusca ATGLHVENGR LYEANGQEFI IRGVSHPHNW YPQH-——-TQ
“::;U\ 15_50 ﬁh BB N B.C
T. reesei TFSHISSSGL KVVEVWGFND QPSPGQI WFQKLSATGS
T. fusca AFADIKSHGA NTVRVVLSN- —==—==—==GVR WS---ENGPS
|_‘._C' w3 13 ; ﬁ
T. reesei TINTGADGLQ TLDYVVQSAE QHNLKLIIPF VNNWSDYGGI
T. fusca DVANVISLCK —-QNRLICNLE VH D
o4 a5 6

o o o R
T. reesei NAYVNAFGGN ATTWYTNTAA QTQYRKYVQA VVSRYANSTA
T. fusca ---TIGYGEQ SGA--STLDQ AVDYWIELKS VLQ-GEEDYV
B7 a7

T. reesei IF. LGNEFP RCNGCSTDVI VQWATSVSQY VKSLDS—--N
T. fusca LIN--IGNEP —-YGNDSATV AAWASDTSAA IQRLRAAGFE

B8 o8 9

o A
7. reesei HLVTLGDEGL GLSTGDGAYP YTYGEGTDFA KNVQIKSLDF
T. fusca HTLVVDAPNW GODWT-N--— TMRNNADQVY ASDPTGNTVE
po «l0 all B10
e &

T. reesei GTFHLYPDSW GTNYTWGNGW IQTHAAACLA AGKPCVFEEY
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«l2 p11 pD pE

R e S
T. reesei GAQQNPCTNE APWQTTSLTT RGMGGD& WQ WGD&'FBNGAQ
T. fusca GHDHS-DGNP DEDTIMAEAE RLEKLGYIGWS WSGN-GGGVE

T.
T.

reesei
fusca

ol3 ld
BE

SNSDPYTVWY NS--SNWOCL
YL-DMVYNED GDNLSPWGER

VKNHVDAING G-————————
IFYGPNGIAS TAKEAVIFG

Figure 9

Amino-acid sequence alignment of 7. reesei and Therm. fusca
B-mannanases. The eight residues which mannanases within family 5
share with more than 60 cellulases are indicated in red. The catalytic
residues of the two mannanases are underlined. The secondary structure
for the fungal enzyme is indicated. Helices are in magenta, strands 83 to
P11 are typical for a (Ba)s barrel (in lilac), f1 and B2 lie at the N-terminus
(sky blue) and BA to BE (in blue) are present in T. reesei mannanase, but
not in Therm. fusca.

contact, parallel and upside down with respect to the first one.
This second aromatic molecule interacts with Trp114 within
the active site. Since this derivative was obtained by diffusing
the platinum compound into pregrown crystals, this result
suggests that the compound binds strongly enough to displace
the TRIS from the active site and to perturb the relative
conformation of the protein in the crystal without disrupting
the order of the lattice.

5. Conclusions

The structure was solved from the anomalous scattering
information alone of the two Pt atoms in a rather non-
isomorphous complex. The resulting map was of sufficient
quality for an essentially complete pseudo-atom model to be
constructed with the help of atom selection through ARP and
phased maximum-likelihood refinement with REFMAC. The
protocol is subject to considerable enhancement using recent
developments. Firstly, the use of advanced phasing algorithms
such as SHARP (La Fortelle & Bricogne, 1997) would allow
the incorporation of, for example, the weak isomorphous
phase information without the risk of bias. Secondly, recent
developments in the ARP program or other similar suites
could certainly be used to build a more extensive starting
model into the SAD map, rather than merely using the two Pt
atoms. This should considerably enhance the rate of conver-
gence. Thirdly, the solvent-flattened map could be used to
construct a better starting model and to provide more accurate
phases to be used as observables in REFMAC, even if these
are relaxed to the SAD phases to avoid bias as the model
develops.

This procedure should prove to be applicable to other
proteins, for instance using a well measured Se-Met derivative
at a single wavelength below the selenium edge. The
enhancements suggested above should allow extension of the
use of the method to much poorer starting phases.

T. reesei B-mannanase showed the expected similarity to the
structure of the Therm. fusca enzyme. The T. reesei enzyme
shows four N-glycosylation sites. The overall fold of the
catalytic domain was a (Ba)g barrel, with differences between
the structures primarily in the external loops on the surface of
the molecule. The active site itself is highly conserved, but the
extra secondary structural elements of the fungal enzyme may
provide extra subsites compared with the bacterial one. In the
present structure, sites —4 and —3 (and possibly —2) are
blocked by a symmetry-related protein molecule. However,
after removal of the TRIS from the system, the mannobiose
complex showed binding of a disaccharide in subsites +1 and
+2, which was not identified from the Therm. fusca structures.
The structure suggested that the mannotriose used in the
soaking experiment had been hydrolysed to mannobiose in
the crystals, confirming kinetic evidence that the enzyme is
active against mannotriose.

The studies confirm the well established phenomenon of
inhibition of glycosyl hydrolases by TRIS. The TRIS was
bound sufficiently strongly to resist its displacement when
soaking the crystals in mannotriose [although it was displaced
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by the platinum (IT) (2,2":6,2" terpyridine) chloride in forming
the heavy-atom complex]. We also observed binding of the
glycerol cryoproctectant in sugar subsites —2, —1 and +1.
Although the successful formation of the Man2 complex
suggests it was weakly bound and readily displaced by
mannobiose, this indicates that glycerol can behave as a sugar
analogue and for some systems might require the establish-
ment of alternative cryoprotectant conditions [glycerol was
used as cryoprotectant at a concentration of 25%(v/v)].

Most importantly, the blockage of sites —3 and —4 in the
present crystal form requires an alternative crystal form to be
found for investigation of substrate binding in this site with the
present enzyme, perhaps involving co-crystallization with
oligosaccharide. The coordinates of the Therm. fusca enzyme
were already kindly provided to us by Hilge and colleagues
and a detailed comparison of the structures and their
complexes, together with those of the other enzymes from the
same family, will be published later.
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