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Abstract
Background: Protein N-glycosylation occurs in the three domains of life. Oligosaccharyltransferase (OST) transfers
an oligosaccharide chain to the asparagine residue in the N-glycosylation sequons. The catalytic subunits of the
OST enzyme are STT3 in eukaryotes, AglB in archaea and PglB in eubacteria. The genome of a hyperthermophilic
archaeon, Archaeoglobus fulgidus, encodes three paralogous AglB proteins. We previously solved the crystal
structures of the C-terminal globular domains of two paralogs, AglB-Short 1 and AglB-Short 2.
Results: We determined the crystal structure of the C-terminal globular domain of the third AglB paralog, AglB-Long,
at 1.9 Å resolutions. The crystallization of the fusion protein with maltose binding protein (MBP) afforded high quality
protein crystals. Two MBP-AglB-L molecules formed a swapped dimer in the crystal. Since the fusion protein behaved
as a monomer upon gel filtration, we reconstituted the monomer structure from the swapped dimer by exchanging
the swapped segments. The C-terminal domain of A. fulgidus AglB-L includes a structural unit common to AglB-S1
and AglB-S2. This structural unit contains the evolutionally conserved WWDYG and DK motifs. The present structure
revealed that A. fulgidus AglB-L contained a variant type of the DK motif with a short insertion, and confirmed that
the second signature residue, Lys, of the DK motif participates in the formation of a pocket that binds to the serine
and threonine residues at the +2 position of the N-glycosylation sequon.
Conclusions: The structure of A. fulgidus AglB-L, together with the two previously solved structures of AglB-S1 and
AglB-S2, provides a complete overview of the three AglB paralogs encoded in the A. fulgidus genome. All three AglBs
contain a variant type of the DK motif. This finding supports a previously proposed rule: The STT3/AglB/PglB paralogs in
one organism always contain the same type of Ser/Thr-binding pocket. The present structure will be useful as a search
model for molecular replacement in the structural determination of the full-length A. fulgidus AglB-L.
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Background
Asparagine-linked glycosylation (N-glycosylation) of proteins is the most ubiquitous post-translational modification in eukaryotes, all archaea, and some eubacteria [1,2].
Oligosaccharyltransferase (OST) catalyzes the transfer of
an oligosaccharide chain from a lipid-linked oligosaccharide (LLO) donor to the asparagine residues in the Nglycosylation sequon, Asn-X-Ser/Thr (X ≠ Pro) [3,4]. In
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higher eukaryotes, OST is a multi-subunit and membraneassociated protein complex, whereas the OSTs from lower
eukaryotes, archaea and eubacteria are single-subunit
membrane proteins [5,6]. The catalytic subunit of the OST
enzyme is the only subunit conserved evolutionally across
the three domains of life, and it is referred to as STT3
(Staurosporine and Temperature sensitivity 3) in eukaryotes, AglB (Archaeal Glycosylation B) in archaea, and PglB
(Protein Glycosylation B) in eubacteria. The STT3/AglB/
PglB proteins share a common overall architecture, consisting of an N-terminal multi-spanning transmembrane
region and a C-terminal globular domain [7-9]. Despite the
very low overall sequence identity, multiple sequence alignments revealed a few short conserved motifs: two diacidic
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DXD motifs in the N-terminal transmembrane region, and
a well-conserved 5-residue WWDYG motif in the Cterminal globular domain [10-12]. We previously determined the crystal structures of the C-terminal globular
domains of four AglB proteins and one PglB protein
[13-16]. The structural comparison revealed the common
structural unit and the unique structural units specific to
each protein. In addition, structure-aided sequence alignment led to the discovery of new short motifs, the DK and
MI motifs, based on the fact that the two motifs are located
at spatially equivalent positions close to the WWDYG
motif [14]. The consensus sequences of the DK and MI
motifs are DXXKXXX(M/I) and MXXIXXX(I/V/W), respectively, where X means any amino acid residue. Since
the side chains of the signature residues of the two motifs
have very different chemical properties (i.e., D↔M and
K↔I), the identification of the new motifs would have been
almost impossible without reference to the threedimensional structures.
In 2011, the crystal structure of full-length Campylobacter lari PglB, in a complex with an acceptor peptide, was
reported at 3.4 Å resolutions [17]. This structure revealed
several important features of the STT3/AglB/PglB protein,
including 1) the catalytically important acidic residues and
a divalent metal ion in the transmembrane region, 2) the
putative amide nitrogen activation mechanism of the side
chain of the acceptor asparagine residue, and 3) the binding pocket in the C-terminal globular domain that recognizes the serine and threonine residues at the +2 position
in the N-glycosylation sequon. The locations of the short
amino acid motifs seem to correspond well with these
functionally important structures. The conserved acidic
residues in the two DXD motifs are involved in divalent
ion coordination and amide nitrogen activation. TrpTrp-Asp part of the conserved WWDYG motif and the
second signature residue, Ile, of the MI motif in the PglB
protein constitute the Ser/Thr-binding pocket.
Based on the presence of the DK or MI motif, we classified the STT3/AglB/PglB proteins into two groups. All
PglB and some AglB proteins contain the MI motif,
whereas all STT3 and the remaining AglB proteins contain the DK motif or its variant type [15]. Thus, there
are two types of Ser/Thr-binding pockets: the Lys-type
and the Ile-type, according to the second signature residue in the DK/MI motif. Mutagenesis studies proved the
essential roles of the second signature residue for the enzymatic activity. The substitution of the lysine residue
with alanine in yeast STT3 resulted in a lethal phenotype [13] and the substitutions with seven different
amino acid residues in P. furiosus AglB-L resulted in the
reduction of the in vitro activity [12]. The replacement
of the isoleucine residue by alanine also substantially decreased the in vitro activities of the C. jejuni [14] and C.
lari PglBs [18].
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The genome of the hyperthermophilic archaeon,
Archaeoglobus fulgidus, encodes three AglB paralogous
genes. We have named the AglB paralogs with a letter
plus an optional number, such as L (long) or S1 (short,
number 1). The long AglB (AF_0380) consists of 868 residues and is called AfAglB-L, and the other two short
AglBs (AF_0329 and AF_0040) consist of 591 and 593 residues, and are called AfAglB-S1 and AfAglB-S2, respectively. AfAglB-S1 and AfAglB-S2 are the shortest among
the currently known STT3/AglB/PglB proteins, and they
share 68% sequence identity. In contrast, AfAglB-L only
shares 25% identities with AfAglB-S1 and AfAglB-S2. It
would be interesting to elucidate the distinct and complementary roles of the multiple OST enzymes in one organism. Mammalian cells have two STT3 paralogs, STT3A
and STT3B, which form different OST isoforms with the
other seven subunits. The STT3A-containing OST isoform is the central player in the co-translational Nglycosylation of the nascent polypeptide chains, and the
STT3B-containing OST isoform mediates the co- and
post-translational N-glycosylations of unmodified glycosylation sites missed by the STT3A-OST isoform [19]. The
protozoan parasite Trypanosoma brucei has three STT3
paralogs, STT3A, STT3B, and STT3C, and the three
STT3 proteins constitute the three single-subunit OST
enzymes. These enzymes have different specificities for
the oligosaccharide moieties of the LLO donors and peptide acceptor sites [20]. For example, STT3A has stricter
specificity for a particular type of lipid-linked oligosaccharide donor, and for glycosylation sites flanked by acidic
residues, as compared to the other STT3 paralogs. In contrast, little is known about the different roles of the AglB
paralogs in archaea.
We previously determined the crystal structures of the
C-terminal globular domains of AfAglB-S1 and AfAglBS2, at 1.75 and 1.94 Å resolutions, respectively [15,16].
In the present study, we determined the crystal structure
of the C-terminal globular domain of AfAglB-L, as a fusion with maltose binding protein, at 1.90 Å resolutions.
The three structures provide a complete overview of the
three AglB paralogs encoded in the A. fulgidus genome.
The information about their structural similarities and
differences will be helpful to elucidate the distinct roles
of the AglB paralogs not only in A. fulgidus, but also in
other archaea.

Results and discussion
Crystallization of the C-terminal globular domain
of AfAglB-L fused to maltose binding protein

The primary sequence of the full-length AfAglB-L protein
consists of the N-terminal transmembrane region (499
residues) and the C-terminal globular domain (369 residues). First, we expressed the C-terminal globular domain
of AfAglB-L in E. coli cells, and purified large quantities of
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the soluble protein. Although the protein was crystallized
in a reproducible manner, the crystals only diffracted to
low resolution. Next, we tried a fusion with E. coli K12
maltose binding protein (MBP), since successful examples
of structure determinations using fusion proteins with
MBP have been reported [21,22]. We connected MBP to
the C-terminal globular domain of AfAglB-L, without a
flexible linker sequence between them. This fusion protein
is referred to as MBP-sAglB. We added a His tag at
the N-terminus of MBP, for Ni-affinity chromatography.
Amylose-affinity chromatography was not used for purification, because we wanted to test the apo and maltosebound forms of MBP in the crystallization screening. In
fact, MBP-sAglB crystallized only in the apo form in the
absence of maltose, and the crystals diffracted to high
resolution.
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segment to the rest of the protein. We found that the
Asn568-Pro-Phe-Gln-Ala-Gly573 segment in the AfAglBL portion was the hinge loop region (Figure 1B). The
MBP-sAglB protein eluted as a monomer (ca. 80 kDa) in
gel filtration chromatography (Figure 2). Thus, the formation of the intertwined dimer is a crystallographic artifact
and lacks biological significance. We created a monomeric
image of the C-terminal globular domain of AfAglB-L, by
restoring the swapped segment (Figure 1C and D). The
swapping was performed between A572 and G573, and
the restored molecule consists of 73 residues (residues
500–572, magenta) from one molecule, and 296 residues
(residues 573–868, cyan) from another molecule related
by a 2-fold axis in the crystal.

MBP-sAglB forms a swapped dimer in the crystal

Overall structure of the C-terminal globular domain
of AfAglB-L

MBP-sAglB was crystallized in the monoclinic space
group C2, with one monomer per asymmetric unit. The
structure was solved to 1.90 Å resolution by the molecular replacement method using the structure of the
maltose-free form of MBP [PDB: 1PEB] as the search
model (Figure 1A). The positions of selenium atoms in
the anomalous difference Fourier map calculated from the
Se-SAD (selenium single-wavelength anomalous diffraction) data of the selenomethionine (SeMet)-substituted
MBP-sAglB was helpful to interpret discontinuous electron densities corresponding to the C-terminal domain of
AfAglB-L. The final model of MBP-sAglB was refined to
Rwork and Rfree of 16.4% and 20.2%, respectively. Data collection and refinement statistics are listed in Table 1. In
the final model, residues 171 to 180 in MBP were missing,
as well as residues 524 to 540 in AfAglB-L. Interestingly,
the C-terminal α-helix of MBP and the N-terminal α-helix
of AfAglB-L were fused to form a long, continuous αhelical structure, which fixed the relative orientations of
MBP and AfAglB-L in the crystal. This rigid connection
may have facilitated the crystal growth. Apart from the
direct covalent connection, the interactions between the
C-terminal domain of AfAglB-L and MBP occurred but
appeared minimal. The contact area was as small as
160 Å2, where two residues of MBP (K200 and K202) and
two residues of AfAglB-L (W656 and D657) were involved.
Thus, we concluded that no severe distortion was induced
in the structure of the C-terminal domain of AfAglB-L by
the extra noncovalent interactions within the fusion
protein.
We found that the two molecules of MBP-sAglB exhibited an intertwined structure, related by a 2-fold rotational axis in the crystal (Figure 1A). This is not
surprising, because there are many examples of intertwined structures in crystals [23,24]. The hinge loop
region is defined as the segment that links the swapped

The overall structure of the C-terminal domain of AfAglBL consists of three structural units, called CC (central
core), IS (insertion), and P1 (peripheral 1) (Figure 3A). We
compared the new structure with the previously determined structures (Figure 3B-F): AfAglB-S1, AfAglB-S2,
Campylobacter jejuni PglB (CjPglB), Pyrococcus furiosus
AglB-L (PfAglB-L), and P. horikoshii AglB-L (PhAglB-L).
In addition to the common structural unit CC (blue), the
C-terminal domains of the most AglB/PglB contain additional unique structural units, IS (green), P1 (yellow), and/
or P2 (red). In contrast, AfAglB-S1 and AfAglB-S2 only
consists of the CC unit, indicating the indispensable role
of the CC unit for the catalytic activity of the OST enzyme. In accordance with this notion, the CC units of the
six structures share overall structural similarity. The CC
unit features a mixed α/β fold, and contains the conserved
WWDYG and DK/MI motifs (Figure 1D). The length of
the CC unit of AfAglB-L (243 residues) is longer than
those of the other five AglB/PglB proteins (152–181 residues). The additional sequence forms three α-helices (αA,
αB, and αC), which is unique among the six structures
(Figure 1D). The IS unit is referred to as an insertion,
because it seemed to be inserted into the amino acid
sequence of the CC unit. The IS unit is a 9-stranded
β-barrel-like structure in PfAglB-L, PhAglB-L, and
CjPglB, but in AfAglB-L, it is smaller and differs from the
β-barrel-like structure. The unique cluster of the three αhelices in the CC unit appears to substitute for the small IS
unit in the AfAglB-L structure. The P1 unit of AfAglB-L is
β-sheet rich and occupies a similar spatial position to those
in PfAglB-L and PhAglB-L, but the arrangement of the βstrands is also different. Thus, the other structural units
besides the CC unit may have special roles in each OST
enzyme. For example, they may contribute toward the
increased thermal stability of the AglB proteins in the hyperthermophilic archaea, Archaeoglobus and Pyrococcus.
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Figure 1 Domain-swapped dimer structure in the crystal and reconstituted monomer structure of the MBP-sAglB fusion protein. (A)
Two MBP-sAglB molecules form a symmetric intertwined dimer, in which the molecules are related by a crystallographic 2-fold axis. The two molecules
in the dimer structure are colored pink/magenta and blue/cyan. The hinge loop region is colored green. The dashed lines indicate the missing residues
in the final model. (B) Close-up view of the hinge loop region (box, in A) with an Fo-Fc omit map contoured at +3σ. The simulated omit map was
calculated by deleting residues 566–574, (C) Reconstituted monomeric structure of the C-terminal domain of AfAglB-L. The 73 residues from one
molecule (AfAglB-L-N), and the 296 residues from another molecule (AfAglB-L-C), related by a 2-fold axis in the crystal, are colored magenta and cyan,
respectively. The swapping site between Ala572 and Gly573 is shown as dashed lines between the two green spheres. (D) Stereo view of the
reconstituted model of the C-terminal domain of AfAglB-L. The side chains of the WWDYG motif are labeled and colored yellow. The backbone of the
WWDYG motif and following α-helix and loop are colored pink. The characteristic kinked helix is colored light brown, and the side chains of the first and
second signature residues, E613 and K618, constituting the DK motif on the characteristic kinked helix are labeled and colored green. The amino acid
sequence inserted in the DK motif is colored magenta. The cluster of three α-helices, are labeled as αA, αB, and αC, and colored yellow-green. The two
pink spheres show the swapping site. The figures in (C) and (D) are related by a 90 degrees rotation about the vertical axis.

Kinked helix with a short insertion sequence

The DK/MI motif resides on the characteristic kinked
helix in the CC structural unit (Figure 3). The kinked
helix consists of the N-terminal α-helical half and the Cterminal 310-helical half. In our previous studies, we
found that the AfAglB-S1 and AfAglB-S2 structures both
contained an insertion sequence at the junction site of

the two helical structures (Figure 4A and B). We concluded that the DK/MI motif of the two AfAglB proteins
was a variant type of the DK motif with an insertion.
Since this unexpected insertion separated the first and
second signature residues of the DK motif in the primary structure, the identification of the variant type of
DK motif would have been almost impossible without
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Table 1 Data collection and refinement statistics
Native

Se-SAD

Beamline

SPring8 BL44XU

SPring8 BL44XU

Wavelength (Å)

0.9000

0.9790

Oscillation range (º)

180

1080

Space group

C2

C2

Cell parameters (Å)

a = 180.2,
b = 52.9, c = 78.4

a = 181.6,
b = 53.5, c = 79.0

Resolution range (Å)

50.0 – 1.90
(1.94 – 1.90)

50.0 – 2.30
(2.34 – 2.30)

Observed reflections

215,719

702,336

Unique reflections

58,464

32,931

Completeness (%)

99.5 (99.3)

99.8 (99.2)

670

158

Data collection statisticsa

Rmerge(I)b

0.071 (0.586)

0.175 (> 1)

I / σ(I)

25.0 (2.5)

16.3 (3.6)

Refinement statistics
Resolution range (Å)

50.0 – 1.90

No. of protein atoms

5,644

No. of water molecules

553

Rwork/Rcfree

0.164/0.202 (0.244/
0.304)

Rmsdd from ideality bond
length (Å)

0.007

angles (º)

1.1
e

Ramachandran plot (%)
Favored region

98.3

Allowed region

1.7

Outlier region

0.0

a

Values in parentheses are for the highest resolution shell.
Rmerge(I) = (ΣΣ|Ii - < I > |)/ΣΣIi, where Ii is the intensity of the ith observation
and < I > is the mean intensity.
c
Rwork/Rfree = ∑|FO - FC|/∑|FO|. Rwork was calculated from the working set (95%
of the total reflections). Rfree was calculated from the test set, using 5% of the
total reflections. The test set was not used in refinement.
d
rmsd, root mean square deviation.
e
Calculated using the program RAMPAGE.
b

reference to the three-dimensional structures (Figure 4C).
The consensus sequence of the variant type of DK motif
was defined as E<>KXXX(M/I/P), where <> denotes the
inserted sequence with a variable length [15]. In spite of
the existence of abundant information, we could not
clearly identify the DK/MI motif of AfAglB-L, due to the
presence of redundant acidic residues in this region. By
reference to the present AfAglB-L structure, we concluded
that the kinked helix of AfAglB-L contained a four-residue
insertion between the first and second signature residues,
Glu613 and Lys618, respectively, of the variant type of DK
motif. The spatial arrangement of the signature residues in
AfAglB-L is identical to those in AfAglB-S1 and AfAglB-S2
(green side chains in Figure 4A and B).

43
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Figure 2 Gel filtration chromatography elution profile. The
positions of the molecular weight markers are shown. The MBP-sAglB
protein was eluted at the monomer position (experimental and
theoretical molecular masses are 80 kDa and 85 kDa, respectively).

The Ser/Thr-binding pocket in various AglB and PglB
structures

We focused our attention on the Ser/Thr-binding pocket
in the CC unit. The Ser/Thr-binding pocket was first
identified in C. lari PglB, in a complex with a substrate
peptide (Figure 4A). The canonical structure of the Ser/
Thr pocket was also found in the previously determined
AfAglB-S2 structure and the present AfAglB-L structure
(Figure 4A). Since both of the Archaeoglobus AglB
proteins were crystallized in the absence of peptide
substrates, we concluded that the Ser/Thr pocket was
formed prior to peptide binding. The PglB protein contains the MI motif, whereas the two Archaeoglobus AglB
proteins contain the DK motif. Thus, we also concluded
that the Ser/Thr-binding pocket is a functional structure
present in all of the OST enzymes, independently of the
DK or MI motif.
In contrast, AfAglB-S1 has a deformed structure of the
Ser/Thr-binding pocket [15]. The side chain of the tyrosine residue in the WWDYG motif protrudes in a different
direction, and the α-helix following the WWDYG motif
(pink) is also oriented differently (Figure 4B). Indeed, we
also found considerable conformational variation of the
WWDYG motif in PfAglB-L and PhAglB-L [16]. We inferred that this phenomenon suggested the remarkable
plasticity of the WWDYG motif, and hence the flexibility
of the Ser/Thr pocket. Indeed, the dynamic nature of the
WWDYG motif and the following α-helix was confirmed
in an NMR relaxation study of the C-terminal domain of
AfAglB-S2 in the absence of substrates [16]. We speculate
that the transient collapse of the Ser/Thr pocket must
occur during the catalytic cycle, although the Ser/Thr
pocket in the C-terminal domain has a canonical structure
in the resting state and a peptide-bound state, as represented by AfAglB-L, AfAglB-S2, and CjPglB, in the absence, and by ClPglB, in the presence of a substrate
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Figure 3 Structural comparison of the C-terminal globular domain of Archaeoglobus fulgidus AglB-L with other archaeal and
eubacterial structures. (A) A. fulgidus AglB-L, (B) A. fulgidus AglB-S1, (C) A. fulgidus AglB-S2, (D) Campylobacter jejuni PglB, (E) Pyrococcus furiosus
AglB-L, and (F) Pyrococcus horikoshii AglB-L. The domain organization is shown: TM, transmembrane; CC, central core; IS, insertion; P1, peripheral 1; P2,
peripheral 2. The TM region, which was not included in the structure determination, is outlined in gray. The CC unit is colored blue, IS is green, P1 is
yellow, and P2 is red. The characteristic kinked helix in the CC unit is colored light brown, as a landmark for comparison.
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Figure 4 Structural comparison of the Ser/Thr-binding pockets. (A) Close-up views of the Ser/Thr-binding pockets of A. fulgidus AglB-L and
AglB-S2. The Ser/Thr pocket of C. lari PglB in the complex with the Thr residue in the glycosylation sequon is shown for comparison. The conformations
of the Ser/Thr pockets are similar to each other, and represent the resting state and the peptide substrate-bound state. The same color code is used as in
Figure 1. (B) Close-up view of the Ser/Thr-binding pocket of A. fulgidus AglB-S1. The structure of the Ser/Thr-binding pocket is distorted, due crystal
packing effects or the lack of interactions with the TM region. (C) Multiple sequence alignment of the variant types of DK motifs found in the classes
Halobacteria, Archaeoglobi, and Methanomicrobia. The alignment was performed with the program MAFFT, without manual adjustment. The three
signature residues of the variant types of DK motifs are highlighted in green. The inserted loop sequences are shown in magenta. The region of the
characteristic, kinked helices is enclosed in the light-brown box. The following AglB sequences were used: Af_AglB-L [UniProt/TrEMBL: O29867_ARCFU],
Af_AglB-S1 [029918_ARCFU], Af_AglB-S2 [O30195_ARCFU], Ap_AglB-L [D2RHL5_ARCPA], Ap_AglB-S [D2RDQ2_ARCPA], Fp_AglB [D3S254_FERPA],
Mm_AglB-1 [Q8PZ47_METMA], Mm_AglB-2 [Q8PZ48_METMA], Mm_AglB-3 [Q8PUW8_METMA], Mt_AglB-L [A0B996_METTP], Mt_AglB-S1
[A0B8C2_METTP], Mt_AglB-S2 [A0B9E5_METTP], Hv_AglB [A9JPF0_HALVO], and Hs_AglB [Q9HQP2_HALSA]. The sequences of the three paralogous AglB
proteins from Archaeoglobus fulgidus are marked with blue arrowheads.

acceptor peptide, respectively. The necessity of multiple
conformational states in the enzymatic activity was suggested by a biochemical experiment using PfAglB-L, in
which the flexibility restriction forced by an engineered
disulfide bond abolished the enzymatic activity, but its
cleavage fully restored the activity [16]. Interestingly, in
the crystal structure of MBP-sAglB, the domain swapping
site is located in the segment corresponding to the flexible
region identified in AfAglB-S2 [16].

Conclusions
We have determined the crystal structure of the Cterminal globular domain of one of the three oligosaccharyltransferases in the hyperthermophilic archaeon,
Archaeoglobus fulgidus (Figure 1). The crystallization of
the fusion protein with MBP afforded high quality

protein crystals. The C-terminal domain of AfAglB-L
consists of three structural units, CC, IS, and P1 (Figure 3).
Multiple sequence alignments in the region corresponding
to the kinked helix in the CC unit were particularly difficult in the archaeal classes Archaeoglobi, Halobacteria and
Methanomicrobia, due to the vast sequence diversity and
abundance of acidic residues. The present AfAglB-L structure, together with the previously deter-mined AfAglB-S1
and AfAglB-S2 structures, provided the structure-guided
sequence alignment, which indicated that all of the AglB
paralogous proteins in these archaeal classes have the
kinked helix, with inserted sequences of variable lengths
(Figure 4C). The insertion sequences allow the spatial arrangement of the three signature residues of the variant
type of DK motif to superimpose onto those of the canonical type of DK motif, found in STT3 and most AglBs
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(Figures 4A and B). The finding also supported a previously proposed rule: The catalytic subunits of the OST enzymes in one organism always contain the same type of
DK/MI motif, and thus the same type (either the Ile-type
or Lys-type) of Ser/Thr-binding pocket [15]. This information will be useful to understand the distinct and complementary roles of the two to four STT3/AglB paralogs
coexisting in one organism.
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10 mM Tris–HCl, pH 8.0) and the reservoir solution
(0.1 M CAPSO buffer, pH 9.4, 33% polyethylene glycol
3350) at 293 K. Crystals were picked up with a nylon
loop (Hampton Research), and then were directly cryocooled in liquid nitrogen. It was unnecessary to add any
cryoprotectants, due to the high concentration of polyethylene glycol.
Data collection, structure determination, and refinement

Methods
Protein expression and purification

The DNA sequence of the C-terminal globular domain
(residues 500–868) of AfAglB-L [UniProt/TrEMBL: O29
867_ARCFU, AF_0380] was amplified by PCR from the
genomic DNA, and that of maltose binding protein
(MBP, residues 1–366) was amplified from the plasmid
pMAL-c5x (New England Biolabs). The two DNA fragments were combined by the SOEing PCR method [25].
The final PCR product was cloned into SmaI-XhoI
digested pET-47b (Novagen), using an In-Fusion Advantage PCR Cloning Kit (Clontech). The resultant fusion
protein contained an N-terminal His6 tag. The expression plasmid was transformed into E. coli BL21 Gold
(DE3) cells (Stratagene). The E. coli cells were grown at
310 K in LB media and selenomethionine core medium
(Wako) for the production of native and SeMet derivative proteins, respectively, supplemented with 50 mg
L-1 L-selenomethionine (Nacalai Tesque) and 30 mg L-1
kanamycin. When the A600 reached 0.6, isopropyl1-thio-β-D-thiogalactopyranoside was added to a final
concentration of 0.5 mM. After overnight induction at
289 K, the cells were harvested by centrifugation. The
cell pellets were suspended in TS buffer (50 mM Tris
buffer, pH 8.0, 100 mM NaCl) and disrupted by sonication. The recombinant protein was purified by affinity
chromatography on nickel Sepharose High Performance
resin (GE Healthcare), and the N-terminal His tag was
removed by 3C protease, leaving a Gly-Pro-Gly extension at the N-terminus. The cleaved protein was further
purified by gel filtration chromatography, using a Superdex200 10/300GL column (GE Healthcare) in TS buffer.
The eluted protein was desalted and concentrated with
an Amicon Ultra-15 centrifugal filter unit (Millipore,
100 kDa NMWL) to 40 mg mL-1 in 10 mM Tris–HCl
buffer, pH 8.0, for crystallization.
Crystallization

Initial crystallization screening was performed by the
sitting drop vapor diffusion method, using the Index
crystallization screen (Hampton Research), JCSG+Suite
(Qiagen), PACT (Qiagen), and Classics (Qiagen) kits.
After optimization, the native and SeMet crystals grew
from a hanging drop with a 1:1 volume ratio (total
volume, 2 μl) of the protein stock solution (40 mg mL-1,

X-ray diffraction data were collected at beam line
BL44XU of SPring-8 (Harima, Japan), and processed
using the program HKL2000 [26] to the resolutions of
1.90 Å and 2.30 Å for native and SeMet crystals, respectively. Molecular replacement and the phase improvement with solvent flattening were performed using the
program MR-Rosetta [27]. The initial electron density
map of the native data set obtained by the molecular
replacement using the structure of the maltose-free form
of MBP [PDB: 1PEB] as the search model showed
discontinuous electron densities in the region corresponding to the C-terminal domain of AfAglB-L. Then,
we calculated the electron density map using phases
obtained by molecular replacement combined with SAD
phasing, but the quality of the electron density map did
not improve significantly. Further manual model rebuilding was performed with the program COOT [28], and
subsequent crystallographic refinement was performed
with the program PHENIX [29]. Fortunately, the positions
of nine selenium atoms in selenomethiones in the Cterminal domain of AfAglB-L were clearly visible in the
anomalous difference Fourier map calculated from the
Se-SAD data set. The superposition of the coordinates of
AfAglB-S1 [PDB: 3VGP] and AfAglB-S2 [PDB: 3VU0]
onto the partially built model of the N-terminal α-helix of
the C-terminal globular domain of AfAglB-L correctly
placed the AfAglB-S1 and -S2 structures in the electron
density maps. Because the CC unit is common in all AglB
and PglB proteins, the superposed structures guided the
manual model building and refinements to obtain the final
model of the C-terminal domain of AfAglB-L to a resolution of 1.90 Å (Figure 1). The asymmetric unit contained
one protein molecule. The calculated solvent content was
44.1% (VM = 2.20 Å3 Da-1). Data collection and refinement
statistics are summarized in Table 1. The atomic coordinates of MBP-sAglB have been deposited in the Protein
Data Bank, with the accession code 3WAI.
The figures were generated with the PyMOL Molecular
Graphics System, Version 1.3, (Schrödinger, LLC). The
multiple sequence alignment was performed with the program MAFFT [30].
Abbreviations
Agl: Archaeal glycosylation; CC: Central core; IS: Insertion; LLO: Lipid-linked
oligosaccharide; MBP: Maltose binding protein; MBP-sAglB: Fusion protein of
MBP and the C-terminal globular, soluble domain of Archaeoglobus fulgidus

Matsumoto et al. BMC Structural Biology 2013, 13:11
http://www.biomedcentral.com/1472-6807/13/11

AglB-L; OST: Oligosaccharyltransferase; P1: Peripheral 1; P2: Peripheral 2;
Pgl: Protein glycosylation; SAD: Single-wavelength anomalous diffraction;
SeMet: Selenomethionine; STT: Staurosporine and temperature sensitivity;
TM: Transmembrane.
Competing interests
The authors declare no competing financial interest.
Authors’ contributions
SM purified and crystallized the protein. SM and AS collected diffraction data,
processed data, and solved and refined the structure. SM and DK designed
experiments, evaluated results and wrote the manuscript. All authors read
and approved the final manuscript.
Acknowledgments
We thank Ms. Yuki Matsuzaki (Laboratory for Technical Support, Medical
Institute of Bio regulation, Kyushu University) for DNA sequencing. We also
thank the staff at beam line BL-44XU of SPring-8 (Harima, Japan). The
experiments at SPring-8 were performed under the Cooperative Research
Program of Institute for Protein Research, Osaka University, as proposals
2011A6619, 2011B6619, 2012A6719, and 2012B6719. This work was
supported by JSPS KAKENHI Grants, Numbers 21121003 and 24370047,
to DK.
Author details
1
Division of Structural Biology, Medical Institute of Bioregulation, Kyushu
University, Maidashi 3-1-1, Higashi-ku, Fukuoka, Japan. 2RIKEN Systems and
Structural Biology Center, Suehiro-cho 1-7-22, Tsurumi, Yokohama, Japan.
3
Research Center for Advanced Immunology, Medical Institute of
Bioregulation, Kyushu University, Maidashi 3-1-1, Higashi-ku, Fukuoka, Japan.
Received: 6 March 2013 Accepted: 28 June 2013
Published: 1 July 2013
References
1. Calo D, Kaminski L, Eichler J: Protein glycosylation in Archaea: sweet and
extreme. Glycobiology 2010, 20:1065–1076.
2. Yan A, Lennarz WJ: Unraveling the mechanism of protein N-glycosylation.
J Biol Chem 2005, 280:3121–3124.
3. Apweiler R, Hermjakob H, Sharon N: On the frequency of protein
glycosylation, as deduced from analysis of the SWISS-PROT database.
Biochim Biophys Acta 1999, 1473:4–8.
4. Petrescu AJ, Milac AL, Petrescu SM, Dwek RA, Wormald MR: Statistical
analysis of the protein environment of N-glycosylation sites: implications
for occupancy, structure, and folding. Glycobiology 2004, 14:103–114.
5. Knauer R, Lehle L: The oligosaccharyltransferase complex from yeast.
Biochim Biophys Acta 1999, 1426:259–273.
6. Mohorko E, Glockshuber R, Aebi M: Oligosaccharyltransferase: the central
enzyme of N-linked protein glycosylation. J Inherit Metab Dis 2011,
34:869–878.
7. Jaffee MB, Imperiali B: Exploiting topological constraints to reveal buried
sequence motifs in the membrane-bound N-linked oligosaccharyl
transferases. Biochemistry 2011, 50:7557–7567.
8. Kim H, von Heijne G, Nilsson I: Membrane topology of the STT3 subunit of
the oligosaccharyl transferase complex. J Biol Chem 2005,
280:20261–20267.
9. Li L, Woodward R, Ding Y, Liu XW, Yi W, Bhatt VS, Chen M, Zhang LW, Wang
PG: Overexpression and topology of bacterial oligosaccharyltransferase
PglB. Biochem Biophys Res Commun 2010, 394:1069–1074.
10. Liu J, Mushegian A: Three monophyletic superfamilies account for the
majority of the known glycosyltransferases. Protein Sci 2003,
12:1418–1431.
11. Yan Q, Lennarz WJ: Studies on the function of oligosaccharyl transferase
subunits. Stt3p is directly involved in the glycosylation process.
J Biol Chem 2002, 277:47692–47700.
12. Igura M, Kohda D: Selective control of oligosaccharide transfer efficiency
for the N-glycosylation sequon by a point mutation in
oligosaccharyltransferase. J Biol Chem 2011, 286:13255–13260.
13. Igura M, Maita N, Kamishikiryo J, Yamada M, Obita T, Maenaka K, Kohda D:
Structure-guided identification of a new catalytic motif of
oligosaccharyltransferase. EMBO J 2008, 27:234–243.

Page 9 of 9

14. Maita N, Nyirenda J, Igura M, Kamishikiryo J, Kohda D: Comparative
structural biology of eubacterial and archaeal oligosaccharyltransferases.
J Biol Chem 2010, 285:4941–4950.
15. Matsumoto S, Igura M, Nyirenda J, Matsumoto M, Yuzawa S, Noda N,
Inagaki F, Kohda D: Crystal structure of the C-terminal globular domain of
oligosaccharyltransferase from Archaeoglobus fulgidus at 1.75 Å
resolution. Biochemistry 2012, 51:4157–4166.
16. Nyirenda J, Matsumoto S, Saitoh T, Maita N, Noda NN, Inagaki F, Kohda D:
Crystallographic and NMR evidence for flexibility in
oligosaccharyltransferases and its catalytic significance. Structure 2013,
21:32–41.
17. Lizak C, Gerber S, Numao S, Aebi M, Locher KP: X-ray structure of a
bacterial oligosaccharyltransferase. Nature 2011, 474:350–355.
18. Gerber S, Lizak C, Michaud G, Bucher M, Darbre T, Aebi M, Reymond JL,
Locher KP: Mechanism of bacterial oligosaccharyltransferase: in vitro
quantification of sequon binding and catalysis. J Biol Chem 2013,
288:8849–8861.
19. Ruiz-Canada C, Kelleher DJ, Gilmore R: Cotranslational and
posttranslational N-glycosylation of polypeptides by distinct mammalian
OST isoforms. Cell 2009, 136:272–283.
20. Izquierdo L, Schulz BL, Rodrigues JA, Guther ML, Procter JB, Barton GJ,
Aebi M, Ferguson MA: Distinct donor and acceptor specificities of
Trypanosoma brucei oligosaccharyltransferases. EMBO J 2009,
28:2650–2661.
21. Smyth DR, Mrozkiewicz MK, McGrath WJ, Listwan P, Kobe B: Crystal
structures of fusion proteins with large-affinity tags. Protein Sci 2003,
12:1313–1322.
22. Moon AF, Mueller GA, Zhong X, Pedersen LC: A synergistic approach to
protein crystallization: combination of a fixed-arm carrier with surface
entropy reduction. Protein Sci 2010, 19:901–913.
23. Bennett MJ, Schlunegger MP, Eisenberg D: 3D domain swapping: a
mechanism for oligomer assembly. Protein Sci 1995, 4:2455–2468.
24. Gronenborn AM: Protein acrobatics in pairs–dimerization via domain
swapping. Curr Opin Struct Biol 2009, 19:39–49.
25. Horton RM, Cai ZL, Ho SN, Pease LR: Gene splicing by overlap extension:
tailor-made genes using the polymerase chain reaction. Biotechniques
1990, 8:528–535.
26. Otwinowski Z, Minor W: Processing of X-ray diffraction data collected in
oscillation mode. Methods Enzymol 1997, 276:307–326.
27. DiMaio F, Terwilliger TC, Read RJ, Wlodawer A, Oberdorfer G, Wagner U,
Valkov E, Alon A, Fass D, Axelrod HL, et al: Improved molecular
replacement by density- and energy-guided protein structure
optimization. Nature 2011, 473:540–543.
28. Emsley P, Cowtan K: Coot: model-building tools for molecular graphics.
Acta Crystallogr D: Biol Crystallogr 2004, 60:2126–2132.
29. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, Headd JJ,
Hung LW, Kapral GJ, Grosse-Kunstleve RW, et al: PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta
Crystallogr D: Biol Crystallogr 2010, 66:213–221.
30. Katoh K, Toh H: Recent developments in the MAFFT multiple sequence
alignment program. Brief Bioinform 2008, 9:286–298.
doi:10.1186/1472-6807-13-11
Cite this article as: Matsumoto et al.: Crystal structure of the C-terminal
globular domain of the third paralog of the Archaeoglobus fulgidus
oligosaccharyltransferases. BMC Structural Biology 2013 13:11.

