Three-dimensional structure of a type III glutamine
synthetase by single particle reconstruction
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Introduction

Results

Glutamine synthetase (GS) plays a central role in nitrogen
metabolism, catalysing the condensation of ammonium and
glutamate to form glutamine, a precursor used for the
synthesis of many critical biomolecules.

Bioinformatics

The GS (GlnA) possessed by the anaerobic opportunistic
human pathogen, Bacteroides fragilis, belongs to the type III
GS family (Southern, Parker, et al. 1987). This family is
poorly studied compared to the GSIs and IIs. Very little is
known about the functioning and regulation of this enzyme.
Nothing is known about its structure. Atomic resolution
structures only exist for members of the GSI family. GlnA
subunits are much larger (82.8 KDa) than GSIs (~ 52 KDa)
and share only 9% sequence identify.

The asymmetry resulted from partial staining of the particles
which adopted a preferred orientation.
e-

Manual profile-based alignment strategies, incorporating
structural information, succeeded where state of the art
alignment algorithms failed to correctly align the GSIII
sequences with those of the GSIs and GSIIs.
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To investigate the structure of the GlnA with a view with a
view to better understanding its structure/functioning in
relation to the extensively characterised GSIs.

Methods
EM and image processing
Images (160) of negatively stained rGlnA, expressed in E.coli YMC11 (glnA-),
were recorded at 50K magnification using a Leo 912 operating at 120kV with
energy filtering coupled to a 4 megapixel CCD camera.
An angular refinement based reconstruction strategy was adopted using SPIDER
(Frank, Radermacher, et al. 1996).
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Figure 6. Preferential orientation of single particles. A – Spherical plot of projection angular
distribution. B -Euler angle histogram reveals the most abundant orientations. C – This
corresponds to the particles lying with their largest flat surface in contact with the support
film.

Because of it unique ability to synthesise glutamine, GlnA is
a potential target for the control of this important organism.
Furthermore, a detailed understanding of the structure of
GSIII would allow comparative studies, important for
understanding of the GS families and their evolutionary
relationships.

Aim
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Docking of the homology models into the 3D structure
identified indentations between subunits as putative active
sites.

Figure2. Overview of GS family alignments and conserved structural features. These
alignments highlighted the relationships between all GS families and through the first full
length alignments of sequences from all four families demonstrated the conservation of all
active site residues (red), core active site αβ barrel fold motifs (coloured regions), and
additional previously unreported regions (corresponding regions in GSI are highlighted in
the atomic structures below). Alignments produced in Genedoc (Nicholas & Nicholas
1997) and images of 2gls (Yamashita, Almassy, et al. 1989) in PyMOL (Delano 2004).
Figure 3. Homology model
confidence. Sequence identity
between GSIII and GSI was not
globally high enough to yield a
confident prediction for the
entire GSIII molecule. The
highest confidence in the
predicted structure resided in
the highly conserved central
regions forming the α/β barrel
fold. Rendered in UCSF
Chimera (Pettersen, Goddard,
et al. 2004).
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Figure 4. Gel filtration chromatography.
During purification a significant and
sudden loss of activity was observed.
Possibly specific inhibition or the effect of
the conditions? Reported previously
(Southern et al. 1987). A distribution of
MW species was seen during GF
chromatography. The MW species
redistributed after purification and the
lower MW species was most active.
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Figure 7. Docking confirmed the presence of the predicted αβ barrel fold. N and C-terminal
insertions of the proposed homology models could be accounted for but the 3D structure could
not account for insertions at the periphery of the pinwheel arms. This is possibly due to
truncation of the molecular envelope’s density by partial staining or inherent protein flexibility
(c.f. 2D average in Figure 5). Rendered in UCSF Chimera (Pettersen, Goddard, et al. 2004).

EM and image processing
Figure 4. Micrograph (low-pass
filtered to 20Å) of negative stain
preparation of GlnA. Particles
marked with an arrow are
thought to represent single
hexamers (from partial staining
or dissociation ) in comparison
to the larger dodecamers. Inset:
computer average of particles
marked with an arrow, after
alignment.

Conclusions
This work has:
• Revealed the first ever structure of a GSIII.
• Demonstrated the presence of putative αβ barrel active
site folds in GlnA.
• Made steps towards understanding the regulation of this
enzyme:
It is hypothesised that GlnA occurs as both active
hexamer and an inactive dodecamer - thought to
represent reversible post-translational regulation.

Figure 1. The iterative angular refinement (Penczek, Radermacher, et al. 1992)
reconstruction strategy employed, was divided into three steps: reference-based alignment
(Joyeux & Penczek 2002) to classify and align particle images (12587) to a starting model,
calculation of a new reference volume from the class averages by back-projection, and
projection of the new reference volume to generate templates for the following round of
alignment. This procedure was iterated until the reconstruction converged on a stable
volume. Reconstruction without symmetry gave sufficient evidence for the C6 averaging.

Figure 5. Comparison of 2D average of GlnA (blue)
and a projection of one ring of the GSI crystal
structure (red). The large difference in sequence
length between the enzymes is reflected in the
volume differences between their structures.
However, despite limited homology (9%), the
quaternary structures do share similar low
resolution features. The left-handedness of GlnA
was derived from this similarity.

Both 3D reconstructions converged to the same structure (to a
resolution of 2.1nm as determined by FSC).

Bioinformatics approaches were undertaken to:
• Investigate the relationship between GSIII and the other GS families

o

Automated alignment servers: mGenTHREADER threading algorithm
(Jones 1999) & FUGUE 3D-profile based sequence-structure alignment
server (Shi, Blundell, & Mizuguchi 2001).
Manual alignment strategy
 Profile-based alignment of GS family sequences
 Structural information incorporated involved conservation of:
• Previously reported regions I-V
• Active site residues (Eisenberg, Gill, Pfluegl, & Rotstein 2000).
• An N-terminal motif reported in the Pfam database
• Secondary structure packing interactions

• To predict the structure GlnA with a view to interpreting the low resolution EM
structure.
o

o

Homology models derived from 2 manual and 2 automated alignments based on the crystal structure of S. typhimurium GSI (Yamashita, Almassy,
et al. 1989).
Docking – Manually in UCSF Chimera (Pettersen, Goddard, et al. 2004) &
automatically in SITUS (Wriggers, Milligan, et al. 1999).
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Bioinformatics / Homology modelling

o

In summary, this work has made progress towards
understanding the structure/function of the poorly
characterised GSIII family and has paved the way for future
structural studies into this novel enzyme.

Figure 6. Alternate views of the molecular envelope of GlnA. In contrast to preliminary
EM observations, which identified GlnA as a hexamer, this work has revealed a
dodecameric structure, with subunits (82.8KDa) arranged in two opposing hexagonal
rings with distinct handedness. This is similar to the quarternary structure of GSIs and
GlnTs except that the complex is 50% longer and the two rings are not symmetrically
related. They differ not only in diameter (16.5 or 15.0nm) but also the degree of separation
of subunits. As such the particle possesses only C6 and not D6 symmetry. The
reconstructed volume is shown as a surface representation with the density contoured to
enclose 1360nm3. Rendered in UCSF Chimera (Pettersen, Goddard, et al. 2004).
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