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ABSTRACT: A molecular envelope of theâ-mannosidase fromTrichoderma reeseihas been obtained by
combined use of solution small-angle X-ray scattering (SAXS) and protein crystallography. Crystallographic
data at 4 Å resolution have been used to enhance informational content of the SAXS data and to obtain
an independent, more detailed protein shape. The phased molecular replacement technique using a low
resolution SAXS model, building, and refinement of a free atom model has been employed successfully.
The SAXS and crystallographic free atom models exhibit a similar globular form and were used to assess
available crystallographic models of glycosyl hydrolases. The structure of theâ-galactosidase, a member
of a family 2, clan GHA glycosyl hydrolases, shows an excellent fit to the experimental molecular envelope
and distance distribution function of theâ-mannosidase, indicating gross similarities in their three-
dimensional structures. The secondary structure ofâ-mannosidase quantified by circular dichroism
measurements is in a good agreement with that ofâ-galactosidase. We show that a comparison of distance
distribution functions in combination with 1D and 2D sequence alignment techniques was able to restrict
the number of possible structurally homologous proteins. The method could be applied as a general method
in structural genomics and related fields once protein solution scattering data are available.

â-mannosidase (â-D-mannoside mannohydrolase, EC
3.2.1.25) is an exoglycosidase that catalyzes hydrolysis of
nonreducing residues ofâ-D-mannose inâ-D-mannosides.
The enzyme participates in several biological processes, of
which lysosomal degradation of N-glycoproteins is probably
the most important one. Glycoprotein degradation occurs
predominantly within cell lysosomes by the sequential action
of endo- and exoglycosidases.â-Mannosidase cleaves man-
nosidic bonds in the core part of N-linked glycans attached
to glycoproteins (1). In humans and ruminants, a deficiency
of â-mannosidase leads to an autosomal recessive inherited
lysosomal storage disease (2) calledâ-mannosidosis. In the

case of man, clinical manifestations are heterogeneous and
include mental retardation, peripheral neuropathy, and skel-
etal abnormalities (3). Fungi and bacteria that are able to
degrade hemi cellulose also secreteâ-mannosidase. Fungal
and bacterialâ-mannosidases hydrolyzeâ(1-4)-D-mannosyl
groups from manno-oligosaccharides and mannose-contain-
ing glycopeptides that are produced from the hemi cellulose
pulp by endoenzymes (4). In seeds that have galactomannans
as storage carbohydrates, the enzyme converts manno-
oligosaccharides to monosaccharides (5).

â-mannosidase fromTrichoderma reeseiis an extracel-
lularly secreted 105 kDa glycoprotein (6). Kinetic studies
proved the existence inT. reesei â-mannosidase of a
noncatalytic galactomannan-binding site (6). Although the
precise role of this site is not clear, this result might suggest
that theâ-mannosidase fold is comprised of more than one
domain. To provide experimental structural information about
T. reeseiâ-mannosidase, X-ray crystallographic (7), circular
dichroism (CD), and small-angle X-ray scattering (SAXS)
studies were initiated. In work presented here, a low-
resolution envelope of the protein was retrieved by an ab
initio procedure from the synchrotron SAXS1 data. The
envelope was further improved with the aid of higher
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resolution data derived from the crystallographic experiments.
Information obtained from solution X-ray scattering experi-
ments is limited by the inherent low resolution of this
technique as compared to X-ray crystallographic data. The
number of Shannon channels (8, 9) Ns ) DmaxSmax/π in the
available SAXS experimental data is equal to 13. To enhance
the informational content and thus improve the accuracy of
the molecular envelope, we employed X-ray crystallographic
data up to 4.0 Å resolution for which the equivalent number
of Shannon channels would be equal to 60. Theoretical
distance distribution functions were computed from the
available crystallographic models of glycosyl hydrolases and
compared with the experimentally derived data. Indepen-
dently, the glycosyl hydrolase crystallographic models were
fitted into the experimental molecular envelope. On the basis
of these results and the evidence from 2D sequence alignment
(10) and CD spectra, we propose thatâ-mannosidase has a
molecular fold similar to the one ofâ-galactosidase, a
member of family 2, clan GHA.

MATERIAL AND METHODS

Materials and Protein Purification. â-Mannosidase was
purified to homogeneity from culture filtrate ofT. reeseias
described in ref6. Crystallization solutions and buffers were
prepared using chemicals of an analytical grade purchased
from Sigma Chemicals.

Circular Dichroism Spectroscopy.Circular dichroism
spectra were acquired in-house on a J715 spectropolarimeter
(Jasco Corp., Japan). The protein at a concentration of 0.3
mg/mL was placed in a 10-mm path-length cuvette. The
sample chamber was purged with dry nitrogen to remove
oxygen from the optical path. Spectra were obtained in
sodium acetate 50 mM buffered at pH 4.7, and spectra for
the buffer were subtracted from those for theâ-mannosidase
samples.

Secondary structure content was analyzed using the neural
net program K2D (11). Data were submitted online to the
DichroWeb website (http://www.cryst.bbk.ac.uk/cdweb/html/
home.html) via the online submission procedure (12). Data
over the range 200-241 nm was used. The determined
NRMSD goodness of Fit parameter (13) was found to be
0.143.

Small-Angle X-ray Scattering Experiments and Data
Analysis.â-Mannosidase samples with the concentration 4
mg/mL were prepared in 50 mM sodium acetate buffer (pH
4.7). X-ray solution scattering data were collected at 4°C
with the low-angle scattering camera at the station 2.1 (14)
at the Daresbury Synchrotron Radiation Source using a 200
× 200 mm position-sensitive multiwire proportional counter
operated at 512× 512 pixel mode (15). At a sample-to-
detector distance of 2 m and an X-ray wavelengthλ of 1.54
Å, a momentum transferq interval of 0.03-0.35 Å-1 was
covered (q ) 4π sinθ/λ, θ being half of the scattering angle).
The q range was calibrated using an oriented specimen of
wet rat tail collagen (based on a diffraction spacing of 670
Å). The sample was held in a temperature-controlled brass
cell containing a Teflon ring sandwiched by two mica
windows. The cell has a sample volume of 120µL and a
thickness of 1.5 mm. Buffer and sample SAXS data were
collected alternatively, each in frames of 60 s. The systematic
data reduction included radial integration of the two-

dimensional images, normalization of the subsequent one-
dimensional data to the intensity of the transmitted beam,
correction for detector artifacts, and subtraction of back-
ground scattering from the buffer (subtraction of the scat-
tering from the camera and a cell filled with buffer). Data
reduction was performed with the OTOKO software package
(16), modified, and adapted for the Daresbury NCD software
suite. Scattering data analysis was followed by standard
procedures (17). Using the indirect Fourier transform method
as implemented in the program GNOM (18, 19), the
intraparticle distance distribution functionp(r), the radius of
gyration of the protein,Rg, using Guinier law (20), and
integral properties ofp(r) and the extrapolated forward
scattering intensity,I(q ) 0) (in a relative scale), were
determined from the experimental scattering data.

Ab Initio Molecular Shape Determination from SAXS
Experiments.The scattering intensity function was deter-
mined in 90 frames, 60 s each. Since the scattering intensity
from 0.10 up to 0.35 Å-1 did not vary with time, all frames
were used to construct it in this q range. Because of radiation-
induced aggregation effects on the scattering intensity, only
the first frame was used to compose the scattering curve in
the low-q range.

The resolution of the resulting solution X-ray scattering
curve extended to 18 Å. The low resolution particle shape
was restored using the ab initio procedure described by
Svergun (21) as implemented in the program GASBOR. In
this method, a dummy residue (DR) model is generated by
a random-walk CR chain and is folded in such a way to
minimize a discrepancy between the calculated scattering
curve from the model and the experimental data. The
program simulates the protein internal structure, which makes
it unnecessary to subtract a constant background from the
experimental data to ensure the asymptotic Porod’s behavior
(22). Several runs of ab initio shape determination with
different starting conditions lead to consistent results as
judged by the structural similarity of the output models,
yielding nearly identical scattering patterns and fitting
statistics in a stable and self-consistent process. The final
shape restoration was performed using 950 dummy residues
and 611 waters assuming no molecular symmetry. The
resulting 18 Å resolution structure was used to calculate a
low resolution envelope of the protein.

Enhancement of SAXS EnVelope by using Crystallographic
Data. T. reeseiâ-mannosidase was crystallized in the
presence of CdCl2 as described (7). Crystals diffracting to
medium resolution (∼2.5 Å) grow in space groupsP41212
and P212121 under very similar crystallization conditions.
Both crystal forms have nearly identical cell dimensions (a
) b = 165 Å andc = 121 Å) and a similar solvent content
(∼70%). The asymmetric unit (ASU) ofP41212 crystal form
contains 1 molecule and crystals belonging to theP212121

contain 2 molecules/ASU. Due to very low homology with
proteins whose structures are known, ab initio crystal-
lographic methods have been considered for structure solu-
tion. A severe nonisomorphism problem prevented the use
of the multiple isomorphous replacement (MIR) method.
Anomalous signals from cadmium ions that were present in
the crystallization solution allowed the use of the single-
wavelength anomalous dispersion (SAD) approach. Initial
SAD electron density maps were obtained in the space group
P41212 and were improved by density modification tech-
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niques. Diffraction patterns ofâ-mannosidase are highly
anisotropic in both crystal forms. Although the quality of
final electron density maps was not good enough to build a
crystallographic model, it was sufficient to determine the
overall protein shape by the procedure described bellow.

The calculated electron density maps exhibit a clear
protein/solvent boundary, but to distinguish the limits
between two protein molecules by visual inspection proved
to be difficult. Nevertheless, we were able to determine the
correct position of a single molecule in the unit cell of a
native crystal belonging to space groupP41212 using the
GASBOR model obtained from SAXS experiments and
initial SAD phases. The phased molecular replacement
technique (23), as implemented in program AmoRe (24), was
used for this purpose. The use of FSEARCH (25) was
computationally prohibitively expensive due to the absence
of molecular and noncrystallographic symmetry in space
group P41212. The molecular replacement solution was
modified by a cyclic use of Arp warp (26, 27) and Refmac
(28), in a procedure similar to that described in Sabini (29).
Data extending up to 2.5 Å were included. The process was
interrupted when the Free R-factor stopped decreasing; the
initial and final values were about 56 and 45%, respectively.
The final model contains 4800 free atoms and, because of
the poor quality of the available phase information, reflects
only the overall shape of the protein as observed in the
electron density map.

Further evidence of the accuracy of the final model
obtained using electron density maps in space groupP41212
was found. First, this model was used successfully for
molecular replacement in crystals from space groupP212121,
for which no previous phase information was available.
Despite the fact thatâ-mannosidase is a monomer in solution,
this space group contains two molecules in the asymmetric
unit related by a rotation of 90° (as obtained by calculating
the self-rotation function map). Molecular replacement
solution was unequivocal, with a correlation coefficient of
65.5% after rigid body refinement. Second, a later compari-
son of crystal packing in both space groups showed that
almost exactly the same dimer is generated by applying
crystallographic symmetry operations to the free atom model
obtained in space groupP41212. Moreover, the symmetry
relating the two molecules in ASU of space groupP212121

is pseudo-crystallographic and is equivalent to the 4-fold
screw axis from space groupP41212.

Third, phases calculated from the resulting dimer in the
space groupP212121 were used to compute anomalous
difference maps (as mentioned above, crystals grow in the
presence of cadmium ions in both space groups), leading to
reliable identification of the heavy atom sites. Nevertheless,
this crystal form presents the same problems observed for
P41212 crystals, and the resulting electron density maps were
not interpretable even with a help of putative homologous
structures (see Discussion) and were not used for further
model building.

Fourth, a number of sites found in space groupP212121

by using the anomalous maps were recognized to be
previously found by Patterson methods in early attempts to
solve the phase problem. Moreover, a number of heavy atoms
were found to bind to the same sites of the protein in both
space groups, while some other sites are present exclusively
in only one space group, which is probably related to packing

changes from one space group to the other. And last but not
least, electron density maps obtained in space groupP212121

from refinement of heavy atom parameters are in complete
agreement with the cell volume occupied by the protein
model resulting from molecular replacement procedure.

In short, the procedure for enhancement of the protein
envelope included the use of the SAXS envelope and
additional crystallographic information. SAXS results com-
bined with available crystallographic data allowed for the
location of the molecule inside the unit cell and for the
determination of another envelope with a better resolution
than that exclusively inferred from SAXS results.

Alignment Procedures and EnVelopes Composition.The
superposition of crystallographic structures and free atom
models was done using the program SUPCOMB (30). To
keep the original low-resolution limit of the SAXS data,
envelopes (masks) were computed from coordinate files
output by GASBOR using NCSMASK (26, 27). For SAXS
models, the NCSMASK parameter “radius”, which sets the
sphere radius for building the mask out of the model atoms,
was adjusted to 5.7 Å to remove all internal characteristics
and the parameter “smooth” was set to 18.0 Å to eliminate
features smaller than 18.0 Å from the surface of the mask.
To obtain masks for the crystallographic model, NSCMASK
was used with both parameters set to 4.0 Å to take into
account only the shape of the protein. As this model contains
about 4800 atoms and was obtained using X-ray data to 4.0
Å resolution, the use of a smaller sphere radius was sufficient
to eliminate internal characteristics. Atomic models derived
p(r) functions were calculated using CRYSOL (31). Fol-
lowing a standard procedure, all waters from crystallographic
models were removed, and a 3 Åhydration layer was added
prior to p(r) function computation.

RESULTS

OVerall Dimensions and Shape ofâ-Mannosidase.The
scattering curve obtained as described in Materials and
Methods and the Guinier plot are presented in Figure 1. The
Guinier plot exhibits a linear behavior within the interval of
0.03 Å-1< q < 0.08 Å-1, from which a radius of gyration
of 35.6 ( 0.2 Å was calculated (20). The pair distribution
functionsp(r) computed for the SAXS and crystallographic
molecular models are shown in Figure 2. The function
obtained from SAXS low-resolution model indicates a
maximum dimension of the moleculedmax ) 120 ( 10 Å.
The peak is centered at 42 Å indicating that the particle has
a prolate shape. As can be seen in Figure 2, the same
maximum molecular dimension is inferred from thep(r)
function corresponding to the model derived using crystal-
lographic data. This function fits well with thep(r) function
obtained from SAXS results up to about 40 Å and is lower
between 40 and 120 Å. This last result indicates that the
crystallographic model leads to an envelope in which large
dimensions in some regions are smaller than those of the
SAXS model. This is confirmed by the pictures shown in
Figure 3. The overall shapes of the models are in good
agreement. They are composed of a globular structural core
extending continuously toward a smaller and narrower
portion, probably as an indication of a multidomain structure.
The main differences occur in particular surface areas where
the SAXS model extends into the solvent more than the
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crystallographic model, probably as an effect of the intrinsic
low resolution of SAXS data or as a consequence of the
protein glycosilation. As expected, more structural details
can be seen in the envelope enhanced by crystallographic
data.

DISCUSSION

The PutatiVe â-Mannosidase Fold.A number of glycosyl
hydrolases with molecular masses around 100 kDa were
considered as possible templates forâ-mannosidase fromT.
reesei. A good fit to thep(r) function calculated from the

free atom model was obtained with the family 2 glycosyl
hydrolaseâ-galactosidase fromEscherichia coli(32), which
will be referred to as 1BGLa (PDB entry 1BGL, chain A).
Thep(r) function calculated for 1BGLa, shown in Figure 2,
coincides withp(r) functions calculated for the SAXS and
crystallographic free atom models up to 60 and 40 Å,
respectively, and has the same maximum dimension of 120
Å. This is a surprisingly good fit in view of expected
structural divergence betweenâ-galactosidase andâ-man-
nosidase, differences in the glycosylation state, and the higher
molecular weight of the former.

â-Galactosidase fromE. coli has a TIM-barrel-like core
surrounded by four other largelyâ domains. A ribbon
representation of 1BGLa superposed onto the surface rep-
resentation of the crystallographically enhanced molecular
shape derived forâ-mannosidase is shown in the Figure 4.
This superposition suggests that the globular core of the
protein possibly contains an (R/â)8 barrel and two other

FIGURE 1: Experimental and calculated small-angle X-ray solution
scattering ofâ-mannosidase. Experimental solution scattering curve
(squares with error bars) was obtained as described in the text. The
Guinier plot with linear fit is shown in the inset yielding to a radius
of gyration of 35.6( 0.2 Å. The smooth curve is the corresponding
scattering curve obtained from the dummy residue model derived
by GASBOR,ø of fitting is 1.55.

FIGURE 2: Distance distribution functionsp(r). The curve obtained
from experimental scattering curve (1; open squares) was calculated
using program GNOM. Corresponding curves evaluated forâ-ga-
lactosidases fromE. coli (2; dotted line) andPenicillium sp. (3;
solid line) and for the envelope enhanced by using X-ray crystal-
lographic data (4; dashed line) are shown.p(r) functions are
normalized to the maximum of each curve individually. For further
details, see the text.

FIGURE 3: Stereoviews ofâ-mannosidase envelopes. The semi-
transparent envelope in gray represents the dummy residue model
derived by GASBOR using only SAXS data. The envelope in black
represents the more detailed model, enhanced by using X-ray
crystallographic data. The middle and bottom rows are rotated
clockwise by 90° around the y-axes and counterclockwise by 90°
around x-axes, respectively. See text for further details. Drawings
were made using PyMOL (DeLano Scientific, San Carlos, CA,
http://www.pymol.org) under Linux.
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possible domains, while the narrower portion extending from
the core can accommodate two more substructures. The
structural similarity provides support to the hypothesis that
the additional domains are composed mainly byâ strands.
Some of theâ strands, mainly located in the 1BGLa domains
4 and 5, protrude out of theâ-mannosidase envelope. They
could be simply inexistent or this might be an effect of a
different orientation of the domains 4 and 5, what is indicated
by the empty portions seen close to those domains. This view

is supported by a comparison between 1BGLa and the
structure ofâ-galactosidase fromPenicillium sp., recently
solved by our group (unpublished results), which has a very
similar structure, where the (R/â)8 and the other four largely
â domains have slightly different sizes and orientations in
comparison with those corresponding in 1BGLa. Thep(r)
function calculated fromPenicillium sp. â-galactosidase,
shown in Figure 2, is closer to the crystallographicp(r) than
1BGLa. The superposition of this model to theâ-mannosi-
dase envelopes is remarkable and a striking indication that
the latter has a great structural similarity withâ-galactosidase
from Penicillium sp.

Further support to our hypothesis comes from the theoreti-
cal prediction of the catalytic domain structure of bovine
â-mannosidase done by Durand and collaborators (10). In
that work, based on known three-dimensional structures from
some families of clan GH-A, a group comprising more than
200 proteins sharing low sequence identity, structural and
functional features shared by those proteins were deduced.
Using the 2D hydrophobic cluster analysis (HCA) method
(33), which can be applied to analyze proteins sharing very
low identity (typically 15-25%, ref34), the authors found
the probable fold as well as likely functional amino acids of
the catalytic domains of five lysosomal glycosyl hydrolases
from families 1, 2, 5, 10, and 17 and, in particular, bovine
â-mannosidase. It was suggested that bovineâ-mannosidase,
which has about 65% amino acid sequence identity with
â-mannosidase fromT. reesei, could have a (R/â)8 barrel
catalytic domain. Our results are in excellent agreement with
this theoretical prediction. Moreover, theâ-mannosidase
secondary structure assessed by CD technique is in a close
agreement with the secondary structure composition of
â-galactosidases from bothE. coli andPenicilliumsp. (Table
1). This further supports our hypothesis of the close structural
similarity of these proteins.

We have shown that the distance distribution functions
obtained from SAXS results and crystallographic data
provided insights into the arrangements ofâ-mannosidase
domains by comparison with other known structures. We
believe that this approach combined with molecular modeling
and bioinformatics techniques may be applied as a general
tool in protein shape recognition. Although it cannot provide
a unique solution in search for protein fold, this method is
able to restrict the possible folding space of an unknown
protein once solution scattering data and its secondary
structure composition obtained for example by CD or infrared
spectroscopy are available. This method provides an infor-
mation independent of the protein amino acid sequence based
on the 1D and 2D alignment algorithms. The proposed
procedure seems particularly useful within a scope of

FIGURE 4: Stereoviews showing the superposition of a cartoon
representation ofâ-galactosidase fromE. coli (PDB entry 1BGL,
chain A) on the crystallographically enhancedâ-mannosidase
envelope. The same perspectives of Figure 3 are shown, with middle
and bottom rows rotated clockwise by 90° around the y-axes and
counterclockwise by 90° around x-axes, respectively. The clipping
plane allows for an inside view of envelope contents. Domains 1,
2, 3, 4, and 5 of theâ-galactosidase monomer are colored in red,
green, yellow, lime, and blue, respectively. The domain 3 (TIM
barrel) forms the core of the monomer. The other domains
surrounding the core are composed mainly ofâ-structures. This
figure was prepared using PyMOL (DeLano Scientific, San Carlos,
CA, http://www.pymol.org) under Linux.

Table 1: Comparison of Secondary Structure Composition of
â-Galactosidases fromE. coli (PDB entry 1BGL, chain A) and
Penicillium sp. andâ-Mannosidase fromT. reeseia

secondary
structure

composition
E. coli

â-galactosidase
Penicilliumsp.
â-galactosidase

T. reesei
â-mannosidase

R (%) 14 16 28
â (%) 41 39 30
others (random,
turns) (%)

45 45 42

aAs obtained by circular dichroism spectroscopy.
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structural genomics programs, particularly for application to
poorly crystallizable proteins. Use of SAXS models for
molecular replacement when initial phase information is
available could also be extended to difficult cases in protein
crystallography, when model building proves to be a
problem. In addition, we have shown that low-resolution
models derived from X-ray solution scattering experiments
can actually be improved by addition of low-resolution
crystallographic data.
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