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Purification, crystallization and preliminary X-ray
crystallographic analysis of recombinant murine
Golgi mannosidase 1A, a class 1 a-mannosidase
involved in Asn-linked oligosaccharide maturation

Golgi mannosidase IA is a class I @-mannosidase which catalyzes the
conversion of ManyGIlcNAc, or MangGIcNAc, oligosaccharide
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substrates to MansGIcNAc, during the maturation of Asn-linked
oligosaccharides. The enzyme is a type II membrane protein, and a
recombinant form of mannosidase IA from mouse, lacking the
transmembrane domain, has been expressed in Pichia pastoris,
purified to homogeneity and crystallized by the hanging-drop vapor-
diffusion method. The crystals grow as thin rods, with unit-cell
dimensions a = 54.9, b = 135.01, ¢ = 69.9 A. The crystals exhibit the
symmetry of space group P222; and diffract to 2.8 A resolution. The
asymmetric unit contains one monomer (~53 kDa) and has a solvent

content of 59%.

1. Introduction

«l,2-Mannosidases are essential for the
maturation of asparagine-linked oligosacchar-
ides in mammalian cells. A precursor oligo-
saccharide (GlcsManyGleNAc,) is assembled
in the endoplasmic reticulum (ER) on the lipid
carrier dolichol pyrophosphate and subse-
quently transferred to an asparagine residue
within the tripeptide Asn—X-Ser/Thr sequence
of the nascent polypeptide chain (reviewed in
Kornfeld & Kornfeld, 1985). The precursor is
processed during the passage through the ER
and Golgi by the concerted action of «-glyco-
sidases I and II, which remove the glucose
residues, and a collection of processing
a-mannosidases, which trim the «l,2-linked
mannose residues. The resulting oligo-
saccharide is the substrate for GIcNAc trans-
ferase I and subsequently o-mannosidase II,
which cleaves two more mannose residues. In
the last step of oligosaccharide maturation, the
resulting GlcNAcMan;GIcNAc, is modified by
glycosyltransferases to yield a variety of
complex oligosaccharide chains (Herscovics &
Orlean, 1993; Kornfeld & Kornfeld, 1985;
Moremen et al., 1994).

Mammalian  systems express several
processing «-mannosidases which differ in
their properties, subcellular locations and
substrate and inhibitor specificities (for
reviews, see Herscovics, 1998; Moremen et al.,
1994). On the basis of protein-sequence
homologies, these enzymes and those from
yeast and other species have been classified
into two distinct classes: class I and class II
mannosidases. The first class encompasses the
ol,2-mannosidases from mammals, yeast,
Aspergillus and Penicillium which encode
polypeptides of 63-73 kDa. These proteins are

typically Ca?*-dependent, are inhibited by
1-deoxymannojirimycin but not by swainso-
nine and act in the ER and Golgi (Moremen et
al., 1994). The second class is more hetero-
genous and contains enzymes that can cleave
ol,2-, al,3- or al,6-linked mannose residues
from the oligosaccharide. This class includes
Golgi a-mannosidase II, a lysosomal acidic
a-mannosidase and the mammalian cytosolic/
ER «-mannosidase (Moremen et al., 1994).
These enzymes are 107-136 kDa in length, are
inhibited by swainsonine and can use aryl
glycosides as substrates. There is no sequence
similarity between the two classes of proteins,
and it has been shown that the two classes use
different mechanisms for sugar cleavage
(Howard et al., 1997, Lal et al., 1999; Lipari et
al., 1995), indicating that the two classes of
enzymes have different three-dimensional
structures.

Class I «@1,2 mannosidases are all type II
membrane proteins with a short cytoplasmic
tail, single transmembrane domain and a large
COOH-terminal luminal catalytic domain.
Several mammalian class I «1,2 mannosidases
have been cloned, including those from rabbit,
human and mouse (Herscovics, 1998;
Moremen et al., 1994). In mouse tissues, two
distinct class I o-mannosidase cDNA products
were identified using a degenerate PCR
approach and were shown to be encoded by
different genes, indicating the existence of a
mannosidase gene family. Comparison of these
two highly homologous «1,2-mannosidases,
mannosidase IA (Lal et al., 1994) and manno-
sidase IB (Herscovics et al., 1994), has shown
that they exhibit 67% sequence identity and
that they have distinct preferential pathways
for the cleavage of ManyGlcNAc, to
MansGlcNAc, (Lal et al., 1999). Both murine
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enzymes preferentially cleave three of the
four «l,2-linked mannose residues from
ManyGIcNAc,, but one of the «1,2-mannose
residues is relatively resistant to digestion.
These studies concluded that the in vivo
substrates for these enzymes are likely to be
a distinct MangGIcNAc, isomer (isomer
Man8B) rather than MangGlcNAc, (Lal et
al., 1999; see Fig. 1).

An enzyme activity that was comple-
mentary to the murine Golgi mannosidases
IA and IB was detected in an endoplasmic
reticulum-enriched membrane fraction from
rat liver, which was shown to cleave a single
mannose residue from ManyGIcNAc, to
yield the Man8B isomer structure that is a
substrate for mannosidases IA and IB (Lal et
al., 1999). Although a yeast enzyme with a
similar specificity for the cleavage of
ManyGIcNAc, to the same MangGlcNAc,
isomer has been cloned (Camirand et al,
1991), characterized (Lal et al., 1999; Lipari
et al., 1995; Lipari & Herscovics, 1996) and
crystallized (Dole et al., 1997), the mamma-
lian equivalent of this enzyme has been
neither purified nor cloned.

Since trimming reactions play a crucial
role in the elaboration of biologically active
glycoproteins, and the inhibition of this part
of the processing pathway affects important
cellular recognition processes such as
angiogenesis, neutrophil adhesion to endo-
thelial cells and natural-killer cell targeting
(Ahrens, 1993; Nguyen et al, 1993; Srir-
amarao et al, 1993), it is evident that the
elucidation of the three-dimensional struc-
ture of a member of this class of enzymes is
extremely important. We report here the
successful crystallization and the prelim-
inary X-ray characterization of the catalytic
domain of recombinant murine mannosidase
IA. This is the first step towards a structural
comparison of the murine and yeast «l,2
mannosidases. The crystallization of the
yeast «1,2 mannosidase has previously been
reported (Dole et al, 1997). Structural
comparison of the two enzymes will reveal
the similarities in the mechanisms of action
for the two proteins and the factors which
control the differences in specificity (i.e. the
number and position of the saccharides
cleaved by each enzyme).

2. Expression and purification

In order to obtain sufficient quantities of the
protein for X-ray crystallographic studies,
we have developed a large-scale expression
and purification procedure. The murine
Golgi processing mannosidase IA coding
region (Lal et al., 1994) was subcloned into
the fungal expression vector pHIL S1 and
transformed into the his4 Pichia pastoris
host strain GS115 as previously described
(Lal et al, 1999). The transformant which
expressed the highest level of secreted
mannosidase activity in 11 shake-flask
cultures was selected for larger scale
fermentor culture. A saturated 11 shake-
flask culture of the mannosidase IA P.
pastoris transformant in BMGY medium
was used to inoculate a 201 fermentor
culture (201 W. B. Moore fermenter at the
Fermentation Research Facility, University
of Georgia) in BMGY medium and the
culture was incubated at 302 K with an
agitation of 250 rev min~" and an air flow of
121min~" until the ODgy reached 24.
Mannosidase IA expression was then
induced by adding 50% (v/v) methanol to a
final concentration of 0.5% to the culture
medium once every 24 h. The media was
harvested 168 h post-induction by methanol
and the medium was clarified by centrifu-
gation at 10000g for 60 min. The medium
was filtered using a 0.45 mm filter and the
supernatant was concentrated using a
Pellicon ultrafiltration system, using a PLTK
30 kDa cutoff regenerated cellulose Pellicon
2 cassette filter (Millipore) to bring the
volume down to 11. 41 of 20 mM HEPES/
NaOH pH 6.0 was added to the concen-
trated medium and it was concentrated
further to 600 ml. Following the concentra-
tion step, the tangential-flow membrane
cassette was washed with an additional
500 ml of 20 mM HEPES/NaOH buffer and
this wash was pooled with the concentrated
media sample for further purification. The
concentrated media (1.1 1) was processed for
purification by chromatography in five equal
aliquots. The procedure used was essentially
the same as described previously (Lal et al.,
1999) with the following modifications. The
sizes of the Q-Sepharose Fast Flow column
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Figure 1

Catalytic activity of mouse mannosidase IA. M, mannose; Gn, N-acetyl glucosamine; R, protein.

Table 1

Diffraction data statistics.

Values given in parentheses refer to reflections in the
outer resolution shell 2.9-2.8 A.

Number of measured reflections 38583
Number of independent reflections 12836
Number of crystals 1
Resolutionf (A) 2.8

Ryt 11.0 (30.9)
Completeness 95.1 (92.1)
Crystal mosaicity 0.12
Average Ilo(I) 6.7

1 Resolution limit is defined as the limit beyond which fewer
than 45% of the reflections have I > 30(/). % Defined as
Roym = > |I(k) — (I)]/ X" I(k), where I(k) and (I) represent
the diffraction intensity values of the individual measure-
ments and the corresponding mean values. The summation is
over all measurements.

(25 x 440 mm), the phenyl-Sepharose
column (25 x 150 mm) and the Cibacron
Blue A dye column (15 x 230 mm) were
larger, but the buffers and the flow rates
used were identical to those described for
the small-scale purification. However, the
washes were longer and the gradients were
extended over a longer period. In addition,
the mannosidase IA fractions pooled after
the Cibacron Blue A dye column were
processed through an additional gel-
permeation chromatography step. The
pooled fractions from the Cibacron Blue A
dye column were concentrated by ultra-
filtration through a YM-30 membrane. The
concentrated mannosidase IA was diluted
fivefold in 20 mM MES pH 6.5, 150 mM
NaCl, 5 mM CaCl, and reconcentrated. This
dilution and concentration procedure was
repeated three times. The final volume was
reduced to 6 ml and loaded at a flow rate of
1 ml min~" onto a Superdex 200 column (16
X 600 mm, Pharmacia) pre-equilibrated in
20 mM MES pH 6.5, 150 mM NaCl, 5 mM
CaCl,, and the column was eluted in the
same buffer. Fractions containing
a-mannosidase activity were pooled and
aliquots were subjected to SDS-PAGE.
Fractions containing mannosidase 1A were
pooled, concentrated to 7.2 mg ml~" using a
Centricon 30 ultrafiltration membrane
(Amicon) and were subsequently stored at
277 K prior to use in the crystallization trials.

3. Crystallization

Initial screening for crystallization condi-
tions was performed using a sparse-matrix
screen (Jancarik & Kim, 1991) at room
temperature (293 K). All crystals were
grown using the hanging-drop vapor-diffu-
sion technique by mixing 2.5 ul of the
protein solution with 2.5 pl of the precipitant
on a siliconized glass cover slip and equili-
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brating the drop against 0.5 ml of the same
precipitant solution. Small microcrystals
grew within 2 d from a precipitant solution
containing 30% PEG 4000, 200 mM lithium
sulfate, 100 mM Tris—-HCl buffer pH 8.5.
Variation in the concentration of PEG (20~
25%) and lithium sulfate (250 mM) resulted
in larger crystals, which reached a maximal

Figure 2

Crystals of mouse mannosidase IA. The crystals are approximately

0.4 x 0.1 x 0.05 mm.

size of 0.1 x 0.2 x 0.4 mm within 5d (see
Fig. 2).

4. X-ray analysis

The crystals were mounted in a quartz
capillary and data were collected at room
temperature on the Brandeis CCD detector
at Station X12-C at the National
Synchrotron  Light  Source,
Brookhaven National Labora-
tory, NY, USA. The X-ray beam
was monochromated to 1.00 A
by a Si(111) monochromator
system. A total of 57 ¢-scanning
oscillation exposures in steps of
2° were recorded. Preliminary
autoindexing to obtain cell
parameters and the refinement
of the cell and setting parameters
were performed using the
program DENZO (Otwinowski
& Minor, 1997). The unit-cell
dimensions were found to be a =
54.9,b=1351,c=69.9 A, 0= B =
y = 90°. Reflections of the type
00/ were found to be system-
atically absent for / = 2n + 1
reflections (see Fig. 3), uniquely
determining the space group to
be P222,. On the basis of density
calculations (V,, = 2.44 A’Da
Matthews, 1968) we estimate
that one molecule (~53 kDa) is
present in the asymmetric unit.
Since the protein requires Ca’*

Figure 3
Pseudo-precession image of the 40/ zone of the reciprocal lattice
displayed using the program HKLVIEW (Collaborative Computa-
tional Project, Number 4, 1994). The directions of the /4 and / axes
are indicated on the diagram. Each reflection is represented by a
square whose size depends on the amplitude of the reflection. The
outer resolution limit corresponds to 2.8 A resolution.

for activity, the ability to replace
the Ca®" with holmium or ytter-
bium (A. Lal and K. W.
Moremen, unpublished results)
is being exploited in order to
determine the structure of the
protein using the multiple-
wavelength anomalous diffrac-
tion method (Hendrickson,
1991).
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