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 ABSTRACT 
 

THREE-DIMENSIONAL STRUCTURE OF A TYPE III GLUTAMINE SYNTHETASE BY 
SINGLE PARTICLE RECONSTRUCTION 

 
J.M. van Rooyen 

 
MSc minithesis, Faculty of Natural Sciences, University of the Western Cape and 

Faculty of Science, University of Cape Town. 
 

 
This study represents the first structural investigation of any type III glutamine synthetase (GS). The 
GS, GlnA, from the medically important opportunistic human pathogen Bacteroides fragilis was 
studied with a view to better understanding its structure/functioning in relation to the extensively 
characterised GSIs. GSIIIs are the most recently discovered family of GSs and are the most 
phylogenitically distant GSs from the GSIs.  
 
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. A  
reconstruction based on an ab initio starting model, derived by a common-lines based simultaneous 
minimization of rotationally invariant K-mean clustered class averages, converged to the same 
structure as a reconstruction based on a GSI starting model to a resolution of 2.1nm as determined by 
Fourier shell correlation). 
 
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 quaternary 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 and as such the particle 
possesses only C6 and not D6 symmetry. The finding that particles lie in a preferred orientation, with 
the larger ring in contact with the carbon support, accounted for this asymmetry, through partial 
staining. Hexameric views, with similar overall arrangement but larger size in comparison to GSI, were 
also observed. However, it was uncertain whether these were true hexamers resulting from dissociation 
of the dodecamers or were a consequence of partial staining. 
 
Homology modelling was also undertaken in an attempt to predict the structure of GlnA based on GSI, 
with a view to interpreting the low resolution EM structure. Due to the failures of state of the art 
algorithms in detecting the distant homologies between GS families, manual profile-based alignment 
strategies, incorporating structural information, were employed. Through the first full length 
alignments of GS sequences from all four families, conservation of all active site residues, core active 
site αβ barrel fold motifs, and additional previously unreported regions was demonstrated. Docking of 
these homology models into the 3D structure confirmed the presence of the αβ barrel fold predicted by 
the bioinformatic analysis of the sequences alone, thus, identifying the indentations between subunits in 
the volume as putative active sites. 
 
In addition to providing unequivocal proof that GlnA is a GS and confirming the presence of putative 
αβ barrel active site folds, this work has made steps towards understanding the regulation of this 
enzyme. It is hypothesised that GlnA occurs as both active hexamer and an inactive dodecamer, the 
interconversion of which, is thought to represent a means of reversible post-translational regulation. 
 
 
December 2004
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CHAPTER 1 

INTRODUCTION 
 

1.1   BACKGROUND 

 
Nitrogen metabolism is a fundamental aspect of cellular physiology and is thus 

ubiquitous to all higher life. It is through these metabolic pathways that a large 

number of vital biomolecules are synthesised. Consequently, nitrogen metabolism is 

subject to extensive regulation at every level from genetic to post-translational 

modifications of vital enzymes to ensure that metabolic requirements for growth are 

met under all conditions (Merrick & Edwards 1995). In particular, the glutamine 

synthetase (GS) enzyme 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 other critical biomolecules. In enteric bacteria the primary route of 

nitrogen assimilation under low nitrogen conditions is the dual enzyme system of GS 

coupled to glutamate synthase (Merrick & Edwards 1995). In this system the 

synthesis of glutamine is driven by the energy from the hydrolysis of ATP to ensure 

efficiency in the absence of high levels of nitrogen. This is the only known route for 

the biosynthesis of glutamine ((Tyler 1978) cited in (Abrahams 1996)). 

 

Because of their importance and complexity, GS enzymes have been the subject of 

study for over four decades and a wealth of knowledge has accumulated about their 

function, regulation, and more recently, structure (Eisenberg, Gill, et al. 2000). The 

insights gained from this research have not only led to a far greater understanding of 

the regulation of nitrogen metabolism, but also served as a paradigm for post-

translational regulation (Stadtman 2001). Due to their importance, GS enzymes are 

found in almost all life forms from primitive to higher organisms (Pesole, Bozzetti, et 

al. 1991). This family of ubiquitous enzymes is, therefore, large and evolutionarily 

diverse. The majority of insights have been derived from studies into GSIs 

(prokaryotic) and GSIIs (primarily eukaryotic) (Eisenberg, Gill, et al. 2000).  
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It was discovered relatively recently (1986), that the GS possessed by Bacteroides 

fragilis represented a novel type of GS, termed a GSIII, which had previously not 

been recognized (Southern, Parker, et al. 1987). As such, very little is known about 

the functioning and in particular the regulation of this enzyme. With the recent 

sequencing of the B. fragilis genome, an additional putative GS has been discovered 

in the organism (personal communication, Abratt; Kuwahara, Yamashita, et al. 2004). 

This appears to be a GSI but has not been proven to be functional.  

 

B. fragilis is a medically important anaerobic opportunistic human pathogen. It is the 

primary causative agent of abdominal infections following trauma to or surgery on the 

digestive tract (Gibson III, Onderdonk, et al. 1998). It is known that low levels of 

nitrogen, as presumed to be found outside the digestive tract, can induce the secretion 

of proteases by B. fragilis (Gibson & Macfarlane 1988). This in turn allows invasion 

of tissues by the necrotic bacteria. GS is a potential control point for the regulation of 

nitrogen metabolic pathways because of its unique ability to synthesise glutamine 

under conditions of low nitrogen. Ultimately it is hoped that research into the role 

played by this critical enzyme will lead to a better understanding of the relationship 

between the pathogenesis and nitrogen metabolism of B. fragilis. Furthermore, 

because of it unique ability to synthesise glutamine, GS could potentially offer a 

target for the control of this important organism, through the design of selective 

inhibitors against GSIII. GS has already been targeted in plants by herbicides 

(Obojska, Berlicki, et al. 2004), and research is currently underway to design specific 

inhibitors against the extracellular secreted GS of Mycobacterium tuberculosis (Harth 

& Horwitz 1999).  

 

Structural analyses can reveal a great deal about the function and regulation of this 

enzyme. Insights gained through the study of the more well known GS enzymes can 

assist in inferring these directly from the structure, while at the same time reveal the 

unique features of this enzyme. This would enhance the body of knowledge about all 

GSs structure-function relationships. The evolutionary distance between GSIII and, 

GSI, the only GS enzyme for which an atomic resolution structure has been 

determined, is too great to permit the structure of GSIII to be determined solely by 

bioinformatics and modelling tools. Thus, the intended approach in this and future 
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studies is to use two complementary state-of-art structural biology techniques, 

namely: electron microscopy together with image processing and X-ray 

crystallography, to achieve this aim. 
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1.2    LITERATURE REVIEW 

 

PREVIOUS GS STRUCTURAL STUDIES BY EM AND IMAGE PROCESSING 

 

This is a historical review of the previous structural investigation of GS enzymes by 

EM and image processing. It aims to reveal the type of information that can be 

derived from EM studies, highlight any potential problems and motivate, via previous 

successes, why EM together with image processing has been chosen to investigate the 

structure of GSIII.  

 

GSI 

 

First direct visualization of GS structure: 

 

The first efforts to directly determine the structure of GS were carried out in 1968 on 

the GS purified from E. coli (Valentine, Shapiro, et al. 1968). This collaboration grew 

out of the efforts in the lab of E.R. Stadtman to understand the regulation of the 

enzyme (Stadtman 2001). Prior to this study the only information about the 

quaternary structure of GS came from electrophoeretic and ultracentrifugation studies 

which revealed stoichiometric and hydrodynamic volume of the GS complex. 

However, these results were often difficult to interpret and conflicting, for example, 

the resolution of density-gradient ultra-centrifugation results revealed that GS was 

composed of 12-14 identical subunits but a precise prediction was not possible 

(Woolfolk, Shapiro, et al. 1966). Electron microscopy was therefore employed to try 

and reveal the arrangement and stoichiometry of GS subunits. Additionally, 

biochemical studies had revealed that the GS enzyme could exist in two additional 

and distinct states, characterized by differing levels of activity, metal ion occupancy, 

and hydrodynamic volumes, from the native ‘taut’ enzyme. A catalytically inactive 

“relaxed” state results from treatment of native GS with EDTA at raised pH ( ~8) and 

subsequent treatment of this ‘relaxed state’ with 1M urea causes complete 

dissociation of the enzyme into its component subunits. Some catalytic activity can 

however be regained from the “relaxed” and even dissociated forms of the enzyme by 

the reintroduction of the divalent metal cations, Mn2+, and lowering of the pH, 
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Table 1.1: Quaternary structures of glutamine synthetases investigated by EM 

Family GSI GSII GlnT GSIII ? 

Subunit 
stoichiometry Dodecamer Cubic octamer Twisted cubic 

octamer Tetradecamer Dodecamer Hexamer Hexamer 

D6 (622) D4 (422) D4 (422) C6 (6) D3 (322) 

Symmetry 

 

 

 
 

D7 (722) D6 (622) 

 

 

 

 

Distribution 

Prokaryotes & 
potentially higher 

plants as evidenced by 
gene sequence 

(Mathis, Gamas, et al. 
2000)  

 
Animals: rodent liver (Tate, 

Leu, et al. 1972), chicken 
neural retina  (Sakar, 

Fischman, et al. 1972), ovine 
brain (Wilk, Meister, et al. 

1970); Root nodule cytosol: 
yellow lupin (McPharland, 

Guevara, et al. 1976); Fungi: 
N. crassa (Palacios 1976); 
Green algae: A. braunii 
(Rasulov, Shakirov, et al. 

1986). 
 

Root cytosol: 
pumpkin; Leaf 

cytosol: pea; Leaf 
chloroplast: pea; 

Bacteroids:  
R. lupine. 

(Tsuprun, Zograf, et 
al. 1987).  

 

Alfalfa and 
Humans (Kiang 

2000). 

Prokaryotes: 
Rhizobium 

(Espin, Moreno, 
et al. 1990), 

Agrobacterium. 
 

Prokaryotes: 
Anaerobes - Bacteroides 
fragilis (Southern, Parker, 
et al. 1987), Butyrivibrio 

fibrisolvens  (Goodman & 
Woods 1993) 

Cyanobacteria – 
Synechocystis sp.(Reyes & 

Florencio 1994). 

Algae: Chlorella 
(Rasulov, 

Evstigneeva, et 
al. 1977). 

 

Example 
reconstruction  

 
2D Reconstruction, 

low-dose, image 
processing (Kunath et 

al. 1984) 
 

 
 
 

 
 
 
 
 
 

 
(Tsuprun, Zograf, et al. 1987) 

 

 
 
 
 
 
 
 
 
 
 
 
 

(Tsuprun, Zograf, et 
al. 1987) 

 

 
 

(Kiang, C.H. 
2001) 

 
 
 
 
 
 
 
 
 
 

(Tsuprun, 
Zograf, et al. 

1987) 
 

? ? 
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resulting in the formation of the “tightened” enzyme. The primary objective of this 

investigation was to ascertain whether changes in molecular architecture accompany 

the interconversion of these different states of the enzyme. 

 

Direct visualization of GS molecular envelope by EM of negatively stained particles 

confirmed the dodecameric composition of the enzyme and for the first time revealed 

the arrangement of these subunits in two symmetrically opposing and eclipsed 

hexagonal rings (point group symmetry 622 i.e. dihedral symmetry D6). This 

arrangement was inferred by Valentine et al. from the three principal views present in 

the micrographs: hexagonal ring shaped particles, tetramers, and double bar-like 

particles, with the latter two views interpreted as side-on projections of the double 

ring. The distinctive appearance of six-fold symmetry in the front-on views led to the 

conclusion that the rings must be eclipsed otherwise a homogenous ring would have 

been present. The tetramer was thought to be formed by the ring standing edge-on in 

the negative stain. In such an orientation the eight subunits, 4 at the top and 4 at 

bottom of the molecule would be aligned in projection and produce strong visible 

contrast in the negative stain compared to the 4 subunits at the sides of the hexamer 

which barely project into the stain  and produce very little contrast as a consequence 

(Haschemeyer & de Harven 1974). Similarly, the double bar-like projections were 

thought to represent side-on views where the subunits at the top and bottom of the 

ring were not aligned and the negative stain between the subunit could, therefore, not 

superimpose to produce a distinctive divide between the subunits as in the tetramer. It 

has been noted that this experiment represented one of the simplest examples of 

image interpretation because of the abundance of these clear and recognisable 

projections (Haschemeyer & de Harven 1974). The argument of diherdral symmetry 

came from the double layered appearance seen in the side views. Each ring was 

suggested to be formed by heterologous interactions between adjacent subunits and 

the two hexameric rings were proposed to associate via isologous interactions. It was 

noted by these authors that these isologous interactions, which result in dihedral 

symmetry, prevent the GS molecules from stacking into long polymers, which would 

occur with C6 symmetry. Consequently, the fact that addition of divalent cations 

caused the linear  polymerization of the molecule, led to the suggestion that, new 
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binding sites are formed  on the outer surfaces by rearrangement of the molecular 

symmetry in the ‘relaxed’ state.   

 

Measurement of the molecular dimensions was also possible after 5-fold averaging of 

images in three distinct molecular views in order to reduce the noise and enhance the 

features of the molecules. Each subunit was shown to be ellipsoidal with dimensions 

45×45×53 Å (the major axis is oriented radially, perpendicular to the 6-fold axis of 

symmetry), which was in agreement with previous hydrodynamic data (Woolfolk, 

Shapiro, et al. 1966) and the overall molecular dimensions was shown to be 140×90 

Å.  

 

Unfortunately, no distinction could be made between the molecular arrangement of 

the ‘taut’ and ‘relaxed’ forms, despite sedimentation data to the contrary. Examination 

of the ‘tightened’ form did, however, explain their characteristically low solubility by 

revealing the unexpected face-to-face stacking of GS molecules that produces 

extended hexagonal tubes, and given enough-time, large-paracrystalline aggregates by 

further lateral associations of these tubes. By examining the dissociation kinetics of 

the relaxed enzyme, exposed to 1M urea, the important discovery was made that 

breaks in the molecular architecture are more likely to occur between subunits in the 

same ring than between rings. This finding had important implications in 

understanding the forces stabilizing the GS molecule by illustrating that the isologous 

contacts between subunits of a ring are weaker than the heterologous contacts 

between rings, and the bonding energies involved would later be quantified by 

Eisenberg et al. according to changes in solvation energy on oligomerization 

(Almassy, Janson, et al. 1986). Furthermore, of practical importance, was the 

demonstration that the experimental conditions used to prepare a sample for negative 

staining, disrupted the molecular structure. Indeed, the addition of feedback inhibitors 

was thought to possibly facilitate this disruption. Examination of re-associated 

oligomers, similarly, helped explain the transient nature of activity recovered on 

addition of Mn2+, by demonstrating the less-defined molecular envelopes of the 

reconstituted oligomers and their subsequent break-down and aggregation with time.  
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So despite not revealing, due to the limitations of applied technique at the time (either 

intrinsic resolution limitation of EM in 1968 due to a lack of image processing 

computers or the preparative effects of negative staining), the changes associated with 

transitions between the ‘taut’ and ‘relaxed’ forms of the enzyme, this study 

contributed significantly to the understanding of the molecular architecture and 

properties of GS from E. coli.   

 

Despite employing rudimentary image averaging to reduce the noise level and 

enhance molecules features, the development of the full potential of EM and 

associated image processing techniques to reconstruct the molecule in three 

dimensions only took place 7 years later. 

 

Low resolution Reconstruction from helical cables. 

 

Frey et al. described the first 3-dimensional, low resolution, reconstruction of E. coli 

GS from electron micrographs of negatively stained molecules arranged in 7-stranded 

cables (Frey, Eisenberg, et al. 1975). As described above, GS was known to form 

paracrystalline aggregates after treatment with EDTA and subsequent reintroduction 

of the divalent metal cations: Mn2+ or Co2+. It was known to Valentine et al. that 

addition of Co2+ also caused face-to-face stacking but these lateral associations were 

observed to form more random aggregates than the Mn2+ treated enzymes. The 

subsequent discovery that made the 3D-reconstruction possible was the finding that 

addition of Co2+ to ‘relaxed’, or even native ‘taut’ enzyme, at low temperatures (4°C) 

caused the GS molecules to stack face-to-face and to wind around each other forming 

ordered cables rather than random aggregates like the ‘wheat sheaths’ described by 

Valentine et al. (Valentine, Shapiro, et al. 1968). These aggregates were observed as 

single, three and, seven (6 strands surrounding a central cable) stranded cables. The 

discovery by these researchers that Co2+ induced linear polymerization of native 

enzymes was significant because it inferred that new binding sites, which were 

suggested by Valentine et al. to form in the transition to the relaxed state, are already 

present in the native enzyme but require activation by the divalent metal cations. 
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This reconstruction employed the then newly described technique of 3-dimensional 

reconstruction from electron micrographs of helical arrays of biological molecules 

(De Rosier & Klug 1968). Briefly, this method involves the reconstruction of the 

object from the optical diffraction pattern, derived from electron micrographs, using 

Fourier-Bessel techniques. Because, the helical lattice is determined from the 

distribution of maxima in the optical diffraction pattern, the technique takes advantage 

of the improved signal-to-noise ratio offered by the ordered arrangement of molecules 

resulting in higher resolution reconstructions. Consequently, the reconstruction of GS 

cables was carried out from micrographs of the 6+1 cable which contained 24 views 

of the GS molecules. These cables were 400+-30 Å in diameter with a repeat unit of 8 

GS molecules, each related to its neighbour by a rotation of 7.5°. 

 

The 3-dimensional reconstruction of GS from the cables achieved a resolution of 30-

50 Å. The reason for the range in the estimate is because the resolution was 

aniosotropic, i.e., the increased order present along the axial direction compared to the 

limited order present in the finite lateral diameter of the cable, results in higher 

resolution along the former (30 Å) and lower resolution along the latter (50 Å). The 

results of this reconstruction confirmed the molecular architecture and packing 

interactions described by Valentine et al. in their initial study (Valentine, Shapiro, et 

al. 1968), such as D6 symmetry and eclipsed subunit arrangements, but also provided 

some novel insights. Specifically, at higher resolution, it was seen that a disk-shaped 

void exists between molecules packed along the cable’s axial direction, demonstrating 

that the surface of the hexameric rings are “dished-in”. The higher resolution and 3-

dimensionallity of the data also allowed refined estimates of the subunit dimensions. 

The subunits were found to be ellipsoidal when viewed radially (perpendicular to the 

6-fold axis) but they appeared circular in the axial direction (parallel to the 6-fold 

axis). As such, the subunits were characterised as “oblate ellipsoids of revolution”. 

The minor and major axes were measured to be, 48 Å and 63 Å respectively. 

 

It was subsequently show by the same researchers that a distribution of helical pitches 

exists in these cables (Frey & Eisenberg 1984). In particular the helical pitch of 6+1 

cables was found to vary from 320-540nm. By implication, the authors concluded that 

the variation in pitch must arise either from variations in intermolecular contacts, of 
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the order of 4-10 Å, along the cable or from movement of the protein domains 

responsible for bonding relative to the remainder of the GS molecule.  

 

EM of crystals of GS from E. coli 

 

Further conformation of the symmetry and arrangement of the GS oligomers came 

from EM analysis of crystallization solutions (mother liquor) of E. coli GSI (Bywater, 

Carlisle, et al. 1975). In agreement with previous studies, dodecameric particles with 

subunit diameters of 45-50 Å were observed. Furthermore, the subunits making up the 

particles were also found to be non-spherical, as described previously. Linear 

polymers of GS molecules stacked along their six-fold axes and larger aggregates of 

these columns in lateral association were also observed. 

 

However, despite the agreement with previous research these were not the only 

particles present in solution. The numerous other configurations observed included: 

(i) large open square tetramers, which could also have been interpreted as cubic 

octamers, were seen to aggregate into squarely packed arrays. The overall dimensions 

of these tetramers were measured at 120 Å, in agreement with the diagonal of the 

tetramer projection proposed by Valentine et al. (ii) Narrow rods with a diameter of 

60 Å, which were thought to comprise a double row of particles (subunits) spaced at 

intervals of 40 Å. Interestingly, these rods were found to associate lengthwise in a 

parallel fashion, but not in close contact throughout their length, and also transversely 

by lying across each other at an angle of 45°. Other configurations such as pentamers, 

larger rings and globules were also noted. 

 

Haschemeyer has summarized the usefulness of periodic arrays and aggregates of 

biological molecules for revealing additional information about the constituent 

molecules structure, which would otherwise not be possible from solution studies 

(Haschemeyer & de Harven 1974). Firstly, in the case of periodic arrays, the large 

number of identical orientations visible reinforce the validly of a particular projection. 

Secondly, such arrays are more amenable to measurements of molecular dimensions 

than molecules free in solution. Indeed, from the arrays seen, it was evident that the 

tetramers certainly do represent real projections and precise measurements of their 

19



dimensions were made possible. However, the variety of aggregates formed by GS 

under the conditions of this experiment only serve to confuse the interpretation of the 

solution state quaternary structure of GS. Furthermore, because breakdown products 

of the GS microcrystals could not be visualized, no correlation between the type of 

aggregation seen in solution and productive crystallization could be reached by these 

researchers  

 

It appears that under the specific crystallization conditions employed, different 

subunit associations are more stable compared to the conditions in solution were the 

dodecameric structure predominates. In a subsequent study on crystalline GS from 

E.coli, the packing of GS in the crystal was evaluated based upon low resolution 

diffraction data, in particular, the systematic absences (Kabsch, Kabsch, et al. 1976), 

and the known molecular arrangement previously determined by Valentine’s EM 

studies. This study showed that GSI was able to crystallize as a dodecamer. 

 

Low Resolution Reconstruction of GS using computer averaging 

 

With the introduction of computer averaging, reconstructions were no longer 

constrained to periodic arrays of pre-aligned molecules like crystals and helices, 

which provide sufficient signal through interference phenomena to allow 

reconstruction. By employing this technique Frank et al. were able to reconstruct, to a 

low resolution, the structure of GS molecules dispersed in negative stain (Frank, 

Goldfarb, et al. 1978). Prior to the introduction computer averaging, averaging 

involved manually excising and translating the asymmetric units of the molecular 

lattice into coincidence to produce a stack or array of aligned images which were then 

averaged by optical filtering or as a montage (Frank, Goldfarb, et al. 1978). 

Automatic averaging, however, utilises a computer to arrange the dispersed particles 

in silico, rather than relying on the existence of an ordered lattice. This technique 

employs algorithms to determine the rotational and translational parameters relating 

the images of the particles to each other. A final average is produced by arithmetic 

summation of the pixel values in the aligned images with a subsequent improvement 

in the signal-to-noise ratio because the random nature of the noise present in the 

images, from such sources as structural variation in the particles and photographic 
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noise, are random in nature and therefore average out. Unlike visual alignment, as 

used in the first direct visualization of GS (Valentine, Shapiro, et al. 1968), computer 

alignment automates the process allowing a far greater number of particles to be 

averaged, thereby recovering higher resolution information. In this specific example, 

the researchers. averaged ten times as many particle images (50) as Valentine et al. 

and when 6-fold rotational averaging was employed the reconstruction was derived 

from the average of 300 subunits (50×6). The reconstruction was based on the 

assumption that all the GS molecules interacted with the support film in an identical 

manner and as such the only views down the direction of the 6-fold axis were used. 

 

The overall shape and dimensions of the reconstructed GS particle was found to agree 

with the results of the original study by Valentine et al. and the shape of GS in the 

helical cables (Valentine, Shapiro, et al. 1968; Frey, Eisenberg, et al. 1975). However, 

several novel insights were made that were not possible to derive from the previous 

studies, either because the resolution was too low, as in the case of Valentine’s study, 

or because the stain distribution was effected by the molecular packing in the cables 

of Frey et al.’s study. Firstly, the stain distribution of the final reconstruction revealed 

prominent ellipsoidal stain excluding regions at the periphery of the hexameric ring 

(61 Å radially from the ring’s centre), in turn linked by a smaller stain excluding 

spiral arms to the centre region. The dimensions of the major and minor axes of this 

ellipsoid were measured to be 42.5 and 24 Å, respectively, with the former being 

skewed by 6° to the normal of the molecule radius. Together the arm and ellipsoid 

occupied a circular area of 42.5 Å in agreement with the oblate ellipsoids of 

revolution seen by Valentine et al. (Valentine, Shapiro, et al. 1968). Secondly, the 

reconstruction was found to possess distinct handedness, which had not been observed 

by any previous research. This was unexpected because images formed by the 

electron microscope represent projections of the mass distribution of the molecules 

being viewed and since the subunits in GS are arranged by dihedral symmetry their 

projection should possess mirror symmetry. To account for this irreconcilability the 

authors proposed that a non-uniformity of staining was responsible. By interacting 

differentially with the alternate faces of the molecule, it was suggested that negative 

staining could introduce this handedness.  Alternatively, the authors suggested that 
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differential shrinkage behaviour of the particle might distort the top face differently 

from the bottom face leading to a disruption of the point group symmetry. 

 

Identification of the adenylylation site by immunohistochemistry 

 

It is also worth mentioning the work by Frink et al. who investigated the GSI 

adenylylation site by immunoelectron microscopy (Frink, Eisenberg, et al. 1978). By 

visualizing the negatively stained GS complexed with antibodies, with affinity against 

a modified adenosine moiety, 1,N6-ethanoadenosine, and the fully adenylylated and 

modified GS, these researchers were able to locate the site of adenylylation to within 

10 Å. Although this effort was not intended to reveal any details about the gross 

structure of GS it did provide valuable structural background to what was known 

about the functional regulation of GS at the time.  

 

Low dose imaging 

 

The approach of reducing random noise, from for instance: variation in stain 

distribution, electron shot noise and particle structural variation as a result of 

preparation artefacts and radiation damage (Kunath, Weiss, et al. 1984), by averaging 

large numbers of particles, leaving only the redundant and, therefore, significant 

structural features, has already been discussed. An alternate approach is to minimize 

the source of the noise. With the introduction of low dose techniques (less than 

100e/nm2), which minimize the exposure of the biological sample to the probe 

radiation, structural variations arising from electron beam damage can be minimized. 

The critical dose for biological objects, or the number of electrons passing through a 

defined area that result in observable structural changes, is typically from 50-300 e-

/nm2 (Kiselev, Sherman, et al. 1990). However, because the number of electrons 

passing through the sample is reduced, the electron shot noise is increased. This 

reciprocal relationship represents a trade-off between the level of exposure and the 

number of images that have to be averaged to provide a significant signal-to-noise 

ratio. The method therefore relies heavily on image processing, which involves the 

computational alignment of particle projections via cross-correlation algorithms, and 

their subsequent arithmetic superposition to produce an average.  
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There have been two examples of EM investigations of GSI using the low-dose 

technique  (Kessel, Frank, et al. 1980; Kunath, Weiss, et al. 1984). These studies 

served to demonstrate the usefulness of the low-dose technique and associated image 

processing for extracting high resolution information, and in so doing, revealed 

further details about GSI’s structure. GS has often been chosen as an example for 

image processing studies because of the ease of interpretation of its projections, which 

results from its regular structure and preferential attachment to the carbon substrate.  

 

The first study by Kessel et al. utilized correlation averaging to reveal the subdivision 

of the GSI subunits into two stain-excluding domains (Kessel, Frank, et al. 1980) in a 

similar fashion to that seen by Frank et al. previously (see above) (Frank, Goldfarb, et 

al. 1978). With increasing dose, the stain was seen to migrate from this groove 

separating the subunits leading to a reduction in attainable resolution.  Images were 

recorded at three alternate dose levels and due to the low contrast under minimum 

dose conditions, the alignment parameters for translation had to be determined from 

the higher dose images. Based on the Rose equation (Kuo & Glaeser 1975), which 

reveals the number of electrons required per unit area to define a detail of specific 

size, and the assumption that the predominant source of noise was shot noise, the 

number of images calculated to generate a statistically meaningful average was 45. 

The reconstructions were further 6-fold symmeterized, thus, increasing number of 

asymmetric units by 6-fold.   

 

In addition to standard negative staining glucose/negative stain embedding was also 

tested. Due to the much lower contrast in the latter, “blind” alignment had to be used 

to align the particles, i.e. dual exposures were taken and the higher dose with 

associated higher contrast were used to align the particles and the transformation 

parameters then applied to the low dose images. The glucose/stain revealed similar 

details to the uranyl acetate staining but was much more sensitive to radiation damage 

as judged by loss of symmetry and thus did not offer any improvements over the latter 

technique. 
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The 2D reconstructions displayed clear handedness, as described above for previous 

studies of GSI, which again was attributed to preferential staining of one ring of the 

dodecamer. Proof of the partial staining was attained by recording images at high tilt 

and observing that the face-on views did not lengthen as expected for a cylindrical 

particle tilted about an axis normal to its long axis. Furthermore, side views did not 

transform into the face-on views as expected for completely stained particles. Severe 

flattening, leading to deformation of the particle diameter by as much as 20%, was 

also observed for face-on views in low stained regions.  

  

The aim of the subsequent study by Kunath et al. was primarily to demonstrate that 

time-resolved low-dose EM could be used to isolate the sources of noise discussed 

above and secondly, to use the resulting high-resolution data to investigate the 

structure of GSI’s different functional states (Kunath, Weiss, et al. 1984). Whereas 

previous studies of GSI had involved the enzyme from E .coli,, Kunath et al, 

visualized GS from S. typhimurium thus allowing them to evaluate, to within the 

achievable resolution, biochemical data that suggested the two enzymes were very 

similar (Balakrishnan, Villafranca, et al. 1977).  

 

By using a TV camera, associated digital signal processor, and storage system, 

Kunath et al. were able to produce a series of averaged GS molecules embedded in 

uranyl acetate at different levels of exposure. In order to generate such averages, 

image processing was used to correct for drift, isolate individual molecules and align 

them by cross-correlation techniques before superimposing them. In addition, the use 

of an inline e- counter (scintillator) made it possible to monitor the signal-to-noise 

ratio and consequently the contrast levels in real-time. The reconstructions with the 

highest contrast, least noise and resolution estimated to better than 20 Å, were 

obtained after averaging 32 particles, imposing 6-fold symmetry and then filtering out 

high resolution noise. The shot noise present in these reconstructions was further 

reduced by averaging five 1 e/Å averages of time series resulting in an effective 5 e/Å 

dose average. From contour plots of these reconstructions two rings, an inner ring 

surrounding the central hole and a larger ring at the periphery, both of which were 

segregated into six elements, were apparent. The appearance of the inner ring agrees 

with the observations of Kessel et al, however, the segregation of the outer ring is 
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more pronounced in this instance. Furthermore, it was observed that for the low dose, 

1 e/Å2 time series, both the peripheral and inner elements appear subdivided and a 

bridging density (stain-excluding region) was also seen between the inner and outer 

rings. The arrangement of these sub domains displayed distinct right-handedness.  

These results are similar to the findings of Frank et al. in their low resolution 

reconstruction discussed above, except that the subdivisions visible at higher 

resolution were not previously noticeable. However, progression of the time series 

revealed that the exposure to the electron beam (30 e-/Å) caused a smoothing out of 

high resolution details mainly attributed to stain migration, which is a well 

documented occurrence (Kiselev, Sherman, et al. 1990).  

 

At the time of publication the authors noted similarities between their reconstruction 

and preliminary 10 Å data from X-ray investigations of GS crystals by Eisenberg et 

al. (Almassy, Janson, et al. 1986). This agreement was later reiterated by Kiselev et 

al. (Kiselev, Sherman, et al. 1990) and Tsurprun (Tsuprun, Zograf, et al. 1987) in a 

comparison of the above low-dose density maps with the 3.5 Å crystal structure of S. 

typhimurium GS determined by Alamassy et al. (Almassy, Janson, et al. 1986). The 

latter investigation confirmed the two domain nature of the GS subunit and identified 

a low density protein region were negative stain could penetrate to divide the 

molecule. 

 

In both of the low-dose experiments discussed above, the segregation of the GS 

subunit into two distinct stain excluding domains was thought to correspond with 

previous biochemical evidence from limited proteolysis experiments. This data had 

revealed two cleavage products of 33 and 18 KDa, with similar mass proportions to 

the dual domains visualized by EM (Lei, Aebi, et al. 1979). However, at the much 

higher resolution provided by Eisenberg et al.’s crystal structure (Almassy, Janson, et 

al. 1986), it is obvious that the GSI subunit molecule is divided into a smaller N-

terminal domain (11KDa) and a larger C-terminal domain (40KDa), with the 

susceptible proteolysis cleavage site falling within the latter domain and not at the 

boundary between them. In fact the high susceptibility of this region to proteolysis has 

been revealed by mapping the site to an extended loop region that protrudes into the 

central cavity of the GSI dodecamer (Almassy, Janson, et al. 1986). Furthermore, an 
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analysis of the face-on view of the crystal structure superimposed on the low 

resolution projections of GSI (this work) reveals that the tripartite division seen by 

Kunath et al. does not follow the domain arrangement of the subunit. Instead it 

appears that the partially eclipsed arrangement of the two opposing rings coupled with 

the screw appearance of the subunits results in the two peripheral density peaks and 

the stronger single inner peak, when the oligomers are observed in projection. The 

position of the low density regions between subunits, corresponding to active sites, is 

also in the correct position. The ‘docked’ structure agrees most closely with the 30 

e/Å ensemble average because of the mirror symmetry of these projections. As 

discussed above, the dihedral symmetry of GS precludes the projections of the 

molecule from possessing handedness. However, in the low-dose ensembles seen by 

Kunath et al. a right-handed character is readily apparent. These results tend to 

suggest that the high resolution features observed at lower doses are the result of non-

uniform stain distribution and possibly increased shot-noise. The most reliable or 

precise representation of GS, therefore, is only formed after rearrangement of the 

stain. 

 

From the above discussion it is apparent that the understanding of GSI’s structure has 

paralleled developments in image processing because of the ease of interpretability 

and defined orientation preference of this particle.  

 

An additional study worth mentioning at this point was the investigation into the 

dissociation products of GSI by Maurizi et al. As discussed above, the first 

visualization of GS by Valentine et al. also revealed a distribution of lower molecular 

weight dissociation products, attributed to preparation artefacts. This phenomenon has 

important implications for the interpretation of GS subunit stoichiometry data from 

EM. In the previous discussion it was pointed out that GS was known to exist in two 

principal states, the native or active ‘taut’ state and an inactive ‘relaxed’ state 

produced by removing the divalent metal cations from the enzyme, specifically the n1 

high affinity site (Eisenberg, Gill, et al. 2000). In addition to their activity levels, 

these states are also characterized by differences in hydrodynamic volumes and 

susceptibility to disruption by denaturants. In this study an additional ‘extremely 

tight’ and inactive state, brought about by the tight binding of the inhibitor L-
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methionine-S-sulfoximine (MetSox) to GS, was investigated. In this state the binding 

of MetSox-PO4, ADP and 2 Mn2+ ions per subunit constitutes a very tight complex 

which stabilizes the intra- and inter-subunit bonds of the GS oligomer. Compared to 

the other possible states of the enzyme, the inhibitor-complex is extremely resistant to 

disruption. For instance, it has been shown that whereas the relaxed enzyme is 

completely dissociated into component subunits by 1M urea as described above, the 

native enzyme is less susceptible but can still be completely dissociated in less than 

1min by 6M guanidine-HCl at ph 7.2 and a temperature of 37°C. This is compared to 

the inhibitor-complex which requires 4 hours under the same conditions (Maurizi & 

Ginsburg 1982). Because of this ability to strengthen subunit-subunit associations, the 

inhibitor-complex was an ideal target to investigate the dissociation/association 

kinetics of GS, allowing otherwise unstable intermediates to be observed. By 

investigating the distribution and rate of formation of oligomers when GS from E. coli 

was treated with EDTA (divalent metal ion chelator) and DTNB (sulphhydryls 

disruptor), Maurizi et al, were able to show that the kinetics of dissociation were non-

first order, with dissociation occurring in discontinuous fashion through multiple 

intermediates states  of  4,6,8,10 and 12 subunits. The distribution of oligomers was 

also seen to be correlated with the degree of inhibition of the enzyme prior to 

dissociation. For example, tetramers predominated when less than 20% of the GS 

subunits were inhibited before dissociation. This was explained in terms of the 

stabilizing effects of the inhibitors described above. Due to their stability during 

several rounds of purification and long term storage, these intermediates were thought 

to represent stable oligomers rather than simple equilibrium distributions of 

aggregated species. Further confirmation came from ultra-centrifugation studies 

which showed distinct populations of oligomers and was therefore evidence for the 

lack of rapid association-dissociation equilibria among the species. Most importantly 

with the exception of the large aggregates, these oligomers, even partially saturated 

with MetSox inhibitor, all showed catalytic activity. Therefore, it was concluded that 

the dodecamer structure is not an absolute requirement for activity. It was also 

demonstrated that the dissociated oligomers can reassociate to form the dodecamer by 

addition of mercaptoethanol (to remove the TNB groups) and Mn2+ ions. Using 

scanning-transmision electron microscopy to visualize the oligomers and estimate 

their mass distributions, it was shown that, as in the study by Valentine et al, the 
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oligomers originate by disruption of the heterologous subunit contacts within each 

ring rather than between the rings.  

 

This study does not reproduce in vivo conditions because of the presence of the 

inhibitor. It does, nonetheless, demonstrate that a distribution of breakdown products 

of GS exist (which might otherwise have not been visualize without the stabilizing 

conditions) and that they are also active. These finding have implications for the 

investigation of GS quaternary structures. Depending on the dissociation-association 

kinetics of the oligomeric complexes, specifically the rate of ensemble exchange 

between different intermediate states, and the conditions under which the structure is 

being investigated, the enzyme will be assumed to adopt different oligomeric states 

with associated stoichiometries.  

 

Structural studies have also been undertaken into the other GS families.  

 

GSII 

 

The determination of the structure of GSII has not been as straightforward as GSI, 

primarily as the result of the difficulty interpreting the projections of the particles and 

as a result of the apparent instability of the complex. Interestingly, it appears that the 

visualization of the structure of GSII from sheep brain preceded that of GSI but 

consensus has yet to be reached on the quaternary structure of this enzyme. The 

efforts to investigate the structure of GSII have been reviewed by Haschemeyer 

(Haschemeyer & de Harven 1974) and Kiselev  (Kiselev, Sherman, et al. 1990).  

 

To date, three models have been proposed for the quaternary structure of the 

oligomeric GSII family: 

 

Eclipsed Octamer D4 

 

The structure of negatively stained ovine GSII was first investigated by Haschemeyer 

in 1966 (Haschemeyer 1966). The model proposed for the structure of GSII was that 

of a cubic octamer with the individual protomers arranged at the vertices of a two 
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opposing and eclipsed squares, thus possessing D4 symmetry.  This model was based 

on the interpretation of the projections seen in the micrographs, which included: 

tetramers, double-bars and complex projections resembling the letters H, N or I. In 

comparison to the model for GSI derived by Valentine et al. (Valentine, Shapiro, et al. 

1968), the model for GSII required that the subunits were not spherical in order to 

account for the appearance of the complex projections. Furthermore, it was suggested 

that the isologous contacts between two tetramer rings are made by only two of these 

non-spherical subunits. The double-bar appearance represented the most common 

projection and was explained by a lack of stain penetration between these dimers. 

 

Similar images have also been reported for GSII isolated from a diverse assortment of 

tissues: pea seedling (see below) (Pushkin, Antonyuk, et al. 1985), human brain 

(Wilk, Meister, et al. 1970), rat liver (Tate, Leu, et al. 1972), chicken liver, neural 

retina (Sakar, Fischman, et al. 1972), hamster liver (Tiemeier & Milman 1972), and 

pig brain (Wilk, Meister, et al. 1969). Independently of the first study Haschemeyer et 

al., similar models were inferred from investigations of the latter two enzymes. This 

conformation of eclipsed octameric GSII is not limited to animals. The first plant GS 

to be visualised, that from the soya bean root nodule cytosol (McPharland, Guevara, 

et al. 1976), shares a similar conformation. So does the green algae Ankistrodesmus 

braunii (Rasulov, Shakirov, et al. 1986).  

 

However, doubts about the accuracy of the cubic octamer model for GSII were raised 

at a later date by Haschemeyer (Haschemeyer & de Harven 1974) who noted that 

since the octameric model depends heavily on tetrameric views with four-fold 

symmetry, and these images were not only rare but frequently accompanied by other 

unexplainable profiles, the structure of GSII was still not completely certain. To add 

further difficulties to the problem of interpretation, the views of GSII were likely to 

suffer from the same preferential staining problems as GSI due to their large size.  

 

Partially eclipsed Octamer D4 

 

In comparison to the studies of GSII from higher animals and the cytosol of root 

nodules, the studies of GSIIs from higher plants, their seeds, and prokaryotes 
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uncovered an eclipsed octameric quaternary structure. There are large discrepancies in 

the molecular weights of the different GSII complexes determined by biochemical 

methods (Eisenberg, Gill, et al. 2000). However, Kretovich et al. report that the GSIIs 

with eclipsed octameric structures have molecular weights less than 400KDa 

compared to the partially eclipsed GSIIs which are larger (Kretovich, Evstigneeva, et 

al. 1984). 

  

Investigations into pea plants by Tsuprun et al. revealed four different types of 

glutamine synthetases (Tsuprun, Samsonidze, et al. 1980). These multiple forms of 

GS were identified as isozymes, with different physiochemical, kinetic, and 

immunochemical characteristics (Pushkin, Antonyuk, et al. 1985). Of these, only 

three were investigated in terms of quaternary structure: chloroplasts GS (480KDa), 

leaf cytosol (520KDa), and seed cytosol (380KDa). Prior to the studies by Tsuprun et 

al., the only GS structure from higher plants was from soybean root nodule cytosol. 

This appeared like the GS of higher animals to possess a cubic arrangement. 

However, based on the interpretation of 4 distinct types of views (1 face-on and three 

side views) of pea plant GS, a model arrangement of subunits with D4 symmetry was 

proposed. In this model the subunits were arranged into two planar tetramers which 

were only partially eclipsed down the 4-fold axis i.e. twisted by 40° with respect to 

each other. Computer correlation averaging and symmeterization, according to the 

symmetry determined from rotationally averaged power spectra, were used to 

improve the signal-to-noise ratio of the images. As for GSI, deviations from the 

mirror symmetry expected for views normal to the 2-fold axes of a particle with 

dihedral symmetry were observed. This too was accounted for by an uneven stain 

distribution i.e. preferential staining of either the top or bottom ring. Additionally, the 

appearance of pea seed cytosolic GS was annular with a large central hole, which was 

accounted for by the particles possessing an internal cavity that could be filled with 

stain. 

 

Investigations into the GS possessed by nitrogen fixing bacteroids in root nodules 

revealed that GSII was not exclusive to eukaryotes and the partially eclipsed 

octameric arrangement, which is seen in higher plants, lead to the suggestion that the 

bacteria might have acquired GSII by horizontal gene transfer (Tsuprun, Zograf, et al. 
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1987). However, the discovery of GSII in other non-nitrogen fixing bacteria such as 

members of the Streptomyces (Kumada, Takano, et al. 1990) and Frankiacea 

(Rochefort & Benson 1990) disproved this hypothesis. For instance, Rhizobium lupine 

possesses 3 forms of GS (see below).  

 

Thus, despite the disparate results it appears from these early studies that all GSIIs 

from both eukaryotes and prokaryotes occur as an octamer with dihedral four-fold 

symmetry. However, two alternate conformations have been proposed: an eclipsed 

and a partially eclipsed octamer. The segregation of these structures into these 

differing arrangements does not appear to follow species lines.  

 

The arrangement of subunits into an octamer has important implications according to 

the half-site hypothesis (Eisenberg, Gill, et al. 2000). Because the active sites of GS 

are formed by the latch region from the N domain of one subunit and the remaining 

seven β sheets from α/β barrel of the C domain of an adjacent subunit, two restraints 

can be predicted. Firstly the number of active sites must be a multiple of two and 

secondly they need to be arranged in such a way as to maximize the number of 

complete sites formed by opposite sides of the protomers i.e. in a ring structure. 

However, for an octomeric arrangement with two tetrameric rings the positions of 

these regions only permits two active sites per ring i.e. half the number of active sites 

predicted for an octamer. In support of this, some GSIIs, such as rat liver (Tate, Leu, 

et al. 1972), have been shown to bind only 4 equivalents of ATP per enzyme and 5 

equivalents of the inhibitor MetSOX. On the contrary, evidence also exists to suggest 

that GSII, as in the case of ovine brain GS, can bind 8 equivalents of ATP and 

inhibitor (Wilk, Meister, et al. 1969). The latter findings suggest that domain 

flexibility must be responsible to allow four complete active sites to form per ring. 

 

Annular Biplanar Tetradecamer D7 

 

In stark contrast to the model proposed and held over the previous thirty years, 

investigation of GS from human brain tissue using single-particle techniques has 

recently suggested that the structure of GSII is a bilayered tetradecamer with D7 

symmetry (Kiang 2001). Furthermore, it was found that the GSII oligomer existed in 
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a heterogenous quaternary structure, with three association/dissociation intermediates 

present: the tetradecamer, a planer heptamer, and completely dissociated monomers.  

 

This study was the first application of single-particle 3D reconstruction techniques to 

the structure of any GS. A more detailed description of single particle techniques and 

the associated image-processing will be given in Chapter 4. For now it suffices to say 

that the technique involves reconstructing a 3D structure from a large number of 

images of particles embedded in vitreous water. CryoEM, unlike negative staining, 

requires the use of low-dose exposures (<10 eÅ-2 in this case) to prevent damage to 

the specimen, which are far more sensitive to beam damage without the protective 

effects of the stain. This together with the absence of electron scattering stain means 

that the contrast inherent in these images is much less than that of negatively stained 

particles, necessitating the use of image processing to extract statistically meaningful 

information from the noisy micrographs. As previously discussed for 2D alignments, 

image processing achieves this by improving the signal-to-noise ratio of 

representative views of particles using correlation algorithms to align particle views 

such that they may be averaged. However, a major distinction between 3D 

reconstruction and simple computer averaging is that in order to generate a 3D 

volume from the projections some means of determining the orientations of these 

views in 3D space is required. The previous 2D reconstruction attempts discussed 

above relied on the particular orientation preference of GS, i.e. the predominance of 

face-on GS views, so that the alignment involved only a 3 orientation parameter 

search, i.e. two translational and the azimuthal angle. Single-particle reconstructions 

are more complicated than simple 2D averaging requiring the orientation of each 

representative view to be explicitly determined (3 Euler angle parameters and 2 

translation parameters) such that they can be ‘back-projected’ to form a volume. 

Determining the angular relationship between projections is the crux of solving the 

3D structure. If prior information exists about the structure of the molecules or the 

views are easy to interpret then images can be matched to a template or model and the 

reconstruction performed according to this relationship (see Chapter 4). However, if 

no information exists about the structure, the relationship between the views can be 

determined empirically by first grouping similar projections and then using search 
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algorithms, based on the common-lines theorem, to determine their 3D relationship as 

in the common-lines based simultaneous minimization technique (see Chapter 4).  

 

Unfortunately, Kiang does not describe the reconstruction and preparation methods 

used in detail, which makes it difficult to critically evaluate the contribution of this 

study. For instance, the number of particles used in the reconstruction is vital for 

assessing the resolution of the data, which in this case is claimed to extend to 25 Å. 

Since no mention of classifying techniques was made, it appears that the structure of 

the molecule was inferred by interpretation of the views present in the micrograph and 

based upon this model a reconstruction was performed from frontal and lateral views. 

Electron micrographs displayed the characteristic views seen previously for GSI and 

GSII, namely rounded projections corresponding to face-on views, and two types of 

lateral views: double-bars and tetramers. The trapezoidal projections, characteristic of 

a twisted octameric structure were not observed. However, a novel single-bar 

projection and isolated monomers were apparently obvious and interpreted as 

dissociation intermediates. The proposed double heptamer ring structure had a 

diameter of 14 nm, a height of 10 nm, and a central channel of 4 nm. These 

proportions together with the subunit separation of 4.5 nm are very similar to those of 

GSI and GlnT providing circumstantial evidence (within the uncertainty of 

measurements) for a large ring shaped molecule. 

 

The quaternary structure of GS from human brain has previously been reported to be 

octameric with the subunits arranged in an eclipsed cubic configuration, in agreement 

with the structure of other mammalian brain GSs  (Haschemeyer & de Harven 1974). 

The tetradecameric model proposed in the study by Kiang does not agree with these 

previous observations or with the molecular weight estimates made by direct 

measurement (chromatography and ultracentrifugation), which also indicate an 

octameric structure (Boksha, Schonfeld, et al. 2002).  The observation of circular 

projections in this study together with their large diameter is the main argument 

against an eclipsed cubic configuration, which in all examples to date has a diameter 

less than 11nm.  
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The author suggests that these differences can be reconciled by considering that 

previous experimental efforts to determine the structure have relied on ensemble 

averaged techniques. Within the timescale of negative staining or direct 

measurements like ultracentrifugation, Kiang argues that the rapid dissociation 

kinetics of GSII would lead to a distribution of oligomeric intermediates, but the 

heterogeneity of the population would not be resolved because they are too short 

lived. Single particle techniques applied to cryofixed sample, however, he argues, can 

reveal the heterogeneity of the population by trapping the intermediate dissociation 

products.  However, previous dissociation studies argue against this explanation. The 

rapid dissociation kinetics of GSII are well characterized and even suggested as a 

means of regulating the enzymes activity (Denman & Wedler 1984), yet, even 

employing so called ‘ensemble techniques’, subpopulations of tetramers and octamers 

have been resolved under non-denaturing conditions (Palacios 1976). It, therefore, 

stands to reason that if these intermediates are stable enough to exist under such 

conditions then why are they not accounted for in this experiment? Rather, Kiang 

described the equilibrium as a distribution between novel intermediates: double ringed 

tetradecamers, single ring heptamers and monomers. The dissociation constants 

applied to this equilibrium originate from studies of octamer to tetramer dissociation 

(Denman & Wedler 1984) and it does not stand to reason that the measurements can 

simply be extrapolated to account for the new model. Furthermore without the use of 

classification analysis to group related projections it would be difficult to determine 

the orientation of particles. Interpretation is further complicated by the tetrameric 

appearance of lateral projections of GSII, which should be difficult to distinguish 

from dissociated tetrameric oligomers. These concerns do not, however, account for 

the main characteristic supporting the tetradecamer model, namely the occurrence of 

circular face-on views with apparent seven-fold symmetry. 

  

Preliminary investigation into the quaternary structure of alfalfa GS using EM and 

crystallography appear to confirm the tetradecameric arrangement of subunit in GSII 

(Pfluegl et al. 2002). Due to difficulties in phasing the crystal data, only low 

resolution structural information is available. Both micrographs of the GSII and the 

results of self-rotation function calculated from the crystal diffraction data revealed a 

7-fold symmetry axis.  
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GS glnT 

 

The GS from Rhizobium lupine, with a molecular mass of 600KDa, was revealed by 

negative stain EM and correlation averaging to be large dodecameric complex (13-

14nm diamter & 9nm height) composed of two hexagonal rings arranged with D6 

symmetry, in a very similar fashion to GSI (Tsuprun, Zograf, et al. 1987). This 

similarity also extended to the subdomain structure, which was bilobed as in GSI, and 

to the left-handedness of the reconstructions. Furthermore, the GlnT appeared to form 

stacks as described for GSI. Thus, the similarities in quaternary structure reflect the 

similarity in sequence (~20%) between these GSs (see Chapter 2).   

 

Confusingly, because some Rhizobiaceae spp. species were discovered to posses an 

additional GS to their GSIs and GSIIs, when this new GS was discovered it was 

named GSIII. However, because of their similarity to GSIs (primarily their similar 

sequence lengths compared to the greater variety between the other families, see 

Chapter 2) this group was not recognised as a completely separate group by all 

researchers. As such, when the novel GS from Bacteroides fragilis was discovered, it 

too was termed GSIII and the term GlnT adopted for the third type of GS discovered 

in the Rhizobium spp.  

 

GSIII 

 

EM investigations into the structure of GS III have only been undertaken on a single 

occasion as part of studies into physiochemical properties of the enzyme from B.  

fragilis (Southern, Parker, et al. 1987). These investigations were preliminary and not 

intended as a rigorous determination of the oligomeric arrangement. They rather 

served to verify predictions about the hexameric subunit stoichiometry based on 

hydrodynamic data from gel filtration studies and SDS-PAGE, which gave molecular 

weight estimates for the oligomer and subunits of 490 and 75KDa respectively 

(Southern 1986). Subsequent sequencing of the B. fragilis glnA gene revealed an open 

reading frame of 729 amino acids with a combined predicted MW of 82.8KDa (Hill, 

Parker, et al. 1989). According to Southern et al. GSIII molecules appeared as a 

hexameric rings (although distorted) with a diameter of 12 nm but no tetragonal side 
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views were observed. Due to the poor quality of the staining and the lack of wide field 

views it is difficult to confirm whether the projections can be interpreted in a 

statistically meaningful manner.  

 

Uncategorized GS 

 

Interestingly, a GS isolated from the eukaryotic algae, Chlorella, was shown, by SDS-

electrophoresis to comprise 6, 53KDa subunits (Rasulov, Evstigneeva, et al. 1977). 

EM revealed the subunits to be arranged in a hexamer with 32 point group symmetry 

(D3). This contrasts with later findings for another algae, Ankistrodesmus braunii 

already discussed above, where it was shown that both the GSs from the cytosol and 

chloroplast were octameric with D4 symmetry (Rasulov, Shakirov, et al. 1986). 

Unfortunately, because no sequence information exits for this protein or its gene 

sequence and the imprecision associated with electrophoretic size estimates, it is 

uncertain to which family the Chlorella GS belongs.  

 

Summary 

 

It is clear that EM and associated image processing techniques have played a crucial 

role in elucidating the structure of the GSs. Indeed, in the case of GSI, the ease of 

interpretation and defined orientation of GSI molecules ensured that these insights 

followed and in some cases motivated developments in image processing techniques. 

Although the insights derived from X-ray crystallography studies have exceeded those 

from EM due the higher resolution of the latter technique, such atomic resolution 

structures only exist for two very similar (~ 47% sequence identity, see Chapter 2) 

GSs: the GSI from S. typhimurium and the GSI from M. tuberculosis. Furthermore, 

the structural insights from EM have occurred in timely manner, with the first direct 

observation of GS structure by EM predating the first crystal structure by 18 years 

(see Figure 1.1).  

 

Although, EM studies suffer less uncertainty than quaternary structure determinations 

by biochemical techniques such as chromatography, centrifugation, and 

electrophoresis (Gouaux, Braha, et al. 1994; Haschemeyer & De Harven 1974), 
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Figure 1.1. Timeline comparing GS structural studies by EM and X-ray crystallography. 
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conflicting results have been reported (Stahl & Jaenicke 1972; Tsuprun, Zograf, et al. 

1987; Kiang 2000). In particular, the apparent heterogeneity of GS populations as a 

result of association-dissociation during preparation is a hindrance to interpretation of 

GS structure that needs to be avoided.  

 

In a summery of the literature the following characteristic features have been noted 

for all glutamine synthetases except GSIII (Kretovich, Evstigneeva, et al. 1984). (1) 

GSs consist of an even number of subunits. (2) The number of monomers can equal 

6,8, and 12. (3) GSs are arranged as double layered structures with dihedral point 

group symmetry. 
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1.3    AIMS  

 

It is hoped that the insights gained through the structural investigation in GSIII will 

provide a detailed understanding of the structure, function and regulation of this 

important enzyme and ultimately make the design of an antibacterial drug against B. 

fragilis GSIII a possibility. Furthermore, determination of this structure would be only 

the second type of glutamine synthetase to ever be solved and thus have important 

implications for the broader understanding of the structure-function relationship and 

evolution of this important group of enzymes and enzymes in general. 

 

The work presented here represents the first implementation of this investigation 

strategy, utilizing both bioinformatics and negative stain EM together with single 

particle reconstruction techniques to investigate the structure of the GSIII, GlnA, from 

B. fragilis with a view to better understanding the function and regulation of this 

important enzyme. 

 

The main research questions this work seeks to answer are:  

 

1. What is the oligomeric stoichiometry in solution and is the population 

homogeneous? 

 

2. What is the 3D arrangement of subunits and substructure (domains) i.e. 

quaternary structure?  

 

3. How does the structure relate to other GSs and do these structural relationships 

reflect what is seen at the sequence level?  
 

4. Does enough similarity exist, at the structural level, between GSI and GSIII in 

order to interpret the density from negative stain EM? If so, could any 

inferences be made about the regulation/functioning of GSIII? 
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CHAPTER 2 
 

BIOINFORMATICS 

 

This chapter describes the parallel use of both automated and manual homology 

modelling strategies, relying on the same underlying bioinformatics principles, to 

predict the structure of GSIII with the aim of interpreting the EM structures to be 

investigated. 

 

2.1 INTRODUCTION 

 

The resolution afforded by single particle EM techniques, especially negative stain 

preparations illuminated with a standard thermionic source, is not high enough to 

allow the electron density derived during a reconstruction to be interpreted directly. It 

is, therefore, necessary to have prior knowledge of the subunit structure, in the form 

of an atomic model, permitting the electron density of the imaged complex to be 

interpreted by docking these building blocks into the map.  

 

High resolution structures can be determined using biophysical techniques such as X-

ray crystallography, NMR or electron crystallography, but these require lengthy 

experimentation. Alternatively, bioinformatic approaches offer the possibility of 

predicting the structure of a protein from its sequence alone. Several approaches are 

used at present: ab initio, threading (fold recognition), and comparative modelling.  

 

The most successful of these to date is the latter, comparative or homology modelling, 

which is based on the fact that since structure is more conserved than sequence, 

proteins displaying a high level of sequence homology are likely to share similar 

structures. Homology modelling takes place in four distinct stages: (a) template 

structure selection (b) target-template alignment (c) model building (d) model 

evaluation. The success of homology modelling depends strongly on the accuracy of 

the sequence alignments, which allows subtle homologies to be detected, and also 

requires at least one atomic resolution structure. The higher the homology or 

similarity between sequences, the higher the confidence that they posses similar 

40



structures or that conserved motifs represent conserved structural features. There is, 

therefore, a critical threshold of sequence similarity (<30%), called the twilight zone, 

below which it becomes exceedingly difficult for homology modelling to produce a 

meaningful structural prediction. This is not to say that comparative modelling cannot 

work below this threshold because, in spite of global dissimilarity, it is still possible to 

model the architecture (but not topology) of homologous sub-regions of a protein with 

confidence. The difficulty is in detecting this homology in the conservation of amino 

acid residues.  

 

The predicted success of homology modelling can, therefore, be gauged by the degree 

of similarity between the target and template sequences and the existence of atomic 

resolution structures. 

 

2.1.1 Phylogeny 

 

The GS superfamily represents a diverse group of enzymes (Figure 2.1), as evidenced 

by their varied peptide lengths. Despite their overall diversity, five regions of high 

sequence similarity have been reported initially in GSIs (Almassy, Janson, et al. 1986; 

Janson, Kayne, et al. 1986) and subsequently in GSIIs (Janssen, Jones, et al. 1988) 

and GSIIIs (Wen, Peng, et al. 2003; Reyes, et al. 1994b; Goodman & Woods 1993) 

(Figure 2.1). These regions are, consequently, the most promising targets for 

successful structure prediction by comparative modelling. 

 

The previous studies, however, disagree on the designation of these regions. This can 

be mainly attributed to the diversity of sequences investigated. In particular, for the 

GSIII sequence from B. fragilis the repeated D-X-S-S- motif has lead to alternate 

positions of this motif being reported (see below) (Hill, Parker, et al. 1989; Wen, 

Peng, et al. 2003). Furthermore, these two studies differ in the detection of regions IV 

and V. Hill et al report the absence of region IV but presence of the V, whereas Wen 

et al report the opposite.  

 

With the determination of the atomic structure of the GSI from S. typhimurium 

(Almassy, Janson, et al. 1986), these five conserved regions were shown to be key 
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Figure 2.1. A - Ungapped alignment of representative sequences from all 4 GS families. Positions of the conserved regions/motifs are shown in colour, highlighting 
the conserved distance between the central motifs and the diversity in sequence length. Refer to Table 3  or Fig 2.2 for motif sequences. B – Cartoon representation 
of the structure of GSI from S. typhimurium (Alamassy et al. 1986). The five conserved regions are coded by the same colours used in A.
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structural features of the active site α/β barrel (Figure 2.1B). Region I is a core 

component of the N-terminal latch, a region of β sheet contributed by the N domain of 

an adjacent subunit, which completes the active site.  Regions II-V correspond to 

remaining β sheets from the C domain which comprise the staves of the barrel. 

Therefore, all five regions correspond to structural motifs enclosing the active site. 

Functions have been suggested for two of these regions, based upon sequence 

similarity to known ligand binding motifs from other proteins. Region III is thought to 

be the ATP-binding site because the sequence resembles the ATP-binding motif K-

X(4)-G-X(2)-G-X-G-K-T found in several proteins ((Tischer, Das Sarma, et al. 1986) 

cited in (Hill, Parker, et al. 1989)). Region IV is thought to be the glutamate binding 

site because it resembles the glutamine-binding site D-R-G-A-S-I-V of two glutamine 

dehydrogenases ((Tischer, Das Sarma, et al. 1986) cited in (Hill, Parker, et al. 1989)). 

 
These conserved regions are near the middle of the protein sequences indicating that 

the majority of the divergence between these sequences lies in the termini. This is 

especially true in the case of GSIIIs, which are on average 362, 290, and 254 amino 

acids longer than the GSIIs, GlnTs, and GSIs respectively. The distance between the 

two central most conserved motifs (42 a.a. residues), however, remains the same 

between all the sequences (Figure 2.1). 

 

2.1.2 Structures 

 

Although there have been significant EM investigations into the structures of 

representatives of all the GS families (Chapter 1), to date atomic resolution structures, 

derived by X-ray crystallography, only exist for two GSIs: S. typhimurium (Almassy, 

Janson, et al. 1986) (reviewed by (Eisenberg, Gill, et al. 2000)) and M. tuberculosis 

(Gill, Pfluegl, et al. 2002).  

 

2.1.3 Techniques 

 

Modern protein structure prediction strategies utilize a combination of approaches and 

integrate information from a number of sources. This increases the accuracy of 
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alignments and, therefore, the chance of detecting more subtle relationships and 

extending the limits of successful prediction. Such strategies include: 

 

Ab inito secondary structure prediction. Secondary structures have conserved patterns 

of solvent accessibly because of the way they pack against the hydrophobic core of 

proteins (Jones 1999b). Solvation parameters can, in turn, be predicted for amino acid 

residues based on their level of conservation in multiple sequence alignments. The 

most conserved regions of the proteins will correspond to this conserved core and the 

regions required for catalysis, whereas, the most variable regions are likely to be 

accessible to solvent (Jones 1999b). Thus, secondary structure can be predicted via 

the use of neural networks which have been trained to recognise such patterns of 

solvation parameters, as implemented in the PSIPRED server (McGuffin, Bryson, et 

al. 2000; Sonnhammer, Eddy, et al. 1997). This information is then used as an 

additional constraint in the alignment process. For instance, higher gap penalties are 

calculated for insertions within regions of secondary structure. 

 

Threading or fold prediction. This technique aims to evaluate the quality of an initial 

alignment of a target protein sequence against a template with a known structure. This 

is done by calculating a scoring function based on the local environment (mean force 

pair wise potentials and solvation energy) of each target residue according to its 

position in the template as determined by the alignment. In the guise of fold 

recognition as performed by GenTHREADER (McGuffin, Bryson, et al. 2000), 

candidate templates are first identified by sequence alignments and these are then 

evaluated by threading.  The template exhibiting the highest threading score, i.e. the 

lowest value of the energy function, is thus a likely prediction for the fold of the 

target. Threading can, therefore, predict the fold of a protein sequence but in this 

implementation there is no optimization of the initial alignment based on the 

threading energy of the correctly identified fold. 

 

The use of 3D profiles, on the other hand, achieves this aim of using structural 

information to improve alignment quality. 1D profile based alignments are able to 

increase the likelihood of detecting relationships between distant sequences by 

utilising position specific scoring tables (PSSM) to improve the sensitivity of the 
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alignment algorithms. Similarly, 3D profiles achieve enhanced sensitivity by 

incorporating information about structural homologies between proteins. Such 

profiles are generated by investigating the conservation of structurally important 

features of residues in their local environments. These include: bonding patterns, 

solvation parameters, and secondary structures, as determined from structural 

alignments of proteins contained in databases like HOMSTRAD (de Bakker, 

Bateman, et al. 2001) and FSSP (Holm & Sander 1994). This method can, thus, be 

thought of as a step up from sequence-sequence homology modelling, which works 

because structure is more conserved than sequence. Homology at the primary 

structure level, therefore, reflects homology at higher structure levels. 3D profile 

based alignments, on the other hand, involve sequence-structure alignments, which 

utilize information about conserved structural features to reveal subtle similarities in 

sequence.  

 

The two automated alignment algorithms utilized in this work incorporate such 

features to differing degrees. mGenTHREADER’s primary use is as a fold recognition 

tool (Jones 1999a; McGuffin & Jones 2003). However, the alignment strategy it 

employs to suggest initial templates incorporates a wide variety of information 

enabling it to detect distant homologies between sequences. Specifically it uses: (1) 

Bi-directional profile-based alignments, i.e. not only is the target sequence aligned to 

a profile of templates but individual template sequences are also aligned against a 

profile of generated from the target. (2) 3D PSSM’s calculated from the FSSP (Holm 

& Sander 1994) database. (3) Secondary structure prediction from the PSIPRED 

server, which add additional constraints to the alignment. The second algorithm 

employed, FUGUE, is not as inclusive, but does utilize 3D profiles and structure-

dependent gap-penalties to improve alignment accuracy (Shi, Blundell, et al. 2001). 

These 3D profiles are derived from multiple structure alignments in the HOMSTRAD 

database (de Bakker, Bateman, et al. 2001). 
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2.2 METHODS 

 

2.2.1 Sequences 

 
Table 2.1: GS Sequences used in this study 

Family Organism 

Database identifier (entries 
marked with “gi” are 

Genbank identifiers. All 
others are Swissprot) 

References 

Salmonella typhimurium P06201 (Janson, Kayne, et al. 1986) 

Escherichia coli P06711 (Colombo & Villafranca 
1986) GSI 

Mycobacterium tuberculosis Q10377 (Harth & Horwitz 1997) 

Homo sapiens P15104 (Gibbs, Campbell, et al. 
1987) 

Drosophila melanogaster P20478 (Caizzi, Bozzetti, et al. 1990) 
Arabidopsis thaliana Q9LVI8 (Sato, Nakamura, et al. 2000)GSII 

Schizosaccharomyces pombe Q09179 (Wood, Gwilliam, et al. 
2002) 

Chlorobium tepidum TLS Gi:21674232 (Eisen, Nelson, et al. 2002) 
Synechocystis sp. (strain PCC 

6803) Q59982 (Reyes & Florencio 1994b) 

Prevotella bryantii Q8RNI4 (Wen, Peng, et al. 2003) 
Bacteroides thetaiotaomicron 

BT0543 
 VPI-5482 

Gi:29345953 (Xu, Bjursell, et al. 2003) 

Cytophaga hutchinsonii Gi: 48856327 

whole genome 
shotgun sequence 

NZ_AABD03000001 
 

GSIII 

Bacteroides fragilis P15623 (Hill, Parker, et al. 1989) 

Rhizobium meliloti O87393 (Capela, Barloy-Hubler, et al. 
2001) GlnT 

Rhizobium leguminosarum P31592 (Chiurazzi, Meza, et al. 
1992) 

 

 
2.2.2 Automated alignment strategy 
 

2.2.2.1   Profile based alignment 

 

Profile based alignments of a number of sequences from each major GS family were 

performed using ClustalW (Thompson, Higgins, et al. 1994) accessed through the 
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ClustalX GUI (Thompson, Gibson, et al. 1997). The following parameters were used: 

Gonnet series weighting, gap opening penalties of 10, gap extension penalties of 0.2, 

divergent sequences delays of 30%, and residue specific penalties were enforced.  

 

2.2.2.2 Automated alignment servers 

 

The mGenTHREADER threading algorithm (Jones 1999a; McGuffin & Jones 2003) 

was accessed via the PSIPRED server (McGuffin, Bryson, et al. 2000). The sequence-

structure alignment mode of the FUGUE, 3D-profile based sequence-structure 

alignment server (Shi, Blundell, et al. 2001), was used. The template 1f52 was chosen 

and a profile of GSIII sequence previously aligned with ClustalW (see below) was 

submitted. 

 

2.2.3 Manual alignment strategy 

 

The first step of the alignment procedure was the profile-based alignment of a number 

of sequences from each major GS family using ClustalW (Thompson, Higgins, et al. 

1994) (see above). These profiles were then manually aligned to GSI profile using 

Genedoc (Nicholas & Nicholas 1997). The GSII family was aligned first, followed by 

the GlnTs and finally the GSIII profile. During this process structural information 

from previous studies (section 2.1.1) was incorporated in the form of the following 

constraints: (1) Conservation of regions I-V i.e. these served as anchor regions for the 

alignment. (2) Conservation of active site residues reported in the annotated 

alignments of GSIs and GSIIs by Eisenberg et al (Eisenberg, Gill, et al. 2000). (3) 

Conservation of an N-terminal motif reported in the Pfam database (Sonnhammer, 

Eddy, et al. 1997). A Blosum 62 scoring matrix was used for conservation shading 

and score reports. Regions with low sequence similarity were independently aligned 

using the dynamic programming algorithm (Feng & Doolittle 1987; Thompson, 

Higgins, et al. 1994) in DNAMAN (DNAMAN 1994). The parameters specified 

were: a gap opening penalty of 10, a gap extension penalty of 0.1, a Blosum scoring 

matrix, a % delay divergent sequences of 40, and no residue specific penalties were 

used.  
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The alignments were evaluated by inspecting the local environment of conserved 

residues in the GSI structure to determine whether their conservation was plausible. 

Information about the local environment of conserved residues automatically 

generated from structural alignments in the HOMSTRAD (de Bakker, Bateman, et al. 

2001) database was also used in a similar manner. This information was in the form of 

sequence-sequence alignments between the two GSI structures of S. typhimurium and 

M. tuberculosis annotated with the JOY format (Mizuguchi, Deane, et al. 1998). The 

conservation of secondary structure was also evaluated by inspecting the patterns of 

hydrophobic amino acids.  

 

2.2.4 3D Visualization 

 

The molecular modelling and visualization packages SPDBV (Guex & Peitsch 1997), 

UCSF Chimera (Pettersen, Goddard, et al. 2004), and PyMOL (Delano 2004) were 

used for 3D visualization of the homology models and  inspection of conserved 

residues.  

 

2.2.5 Modelling 

 

The homology models were based on the alternate alignments of B. fragilis GSIII and 

S. typhimurium GSI produced by the manual and automated methods. The atomic 

resolution crystal structure of GSI from S. typhimurium (PDB entry 2gls (Yamashita, 

Almassy, et al. 1989)) served as the template structure. The modelling procedure 

implemented was rudimentary and did not aim to model insertions in the GSIII 

sequence relative to the GSI template structure. However, regions corresponding to 

insertions in the template GSI sequence relative to the target GSIII sequence were 

deleted from the model in the UCSF Chimera package (Pettersen, Goddard, et al. 

2004). 

 

The automated modelling algorithms of the SWISS-MODEL (Guex & Peitsch 1997 ; 

Schwede, Kopp, et al. 2003) and 3D-PSSM (Schwede, Kopp, et al. 2003) servers 

were also evaluated. The fold recognition and the sequence-structure alignment 
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modes of SWISS-MODEL were used, while 3D-PSSM was used in the fold 

recognition and automatic model generation modes. 

 

2.3 RESULTS 

 

2.3.1 Automated alignment 

 

2.3.1.1 Profile alignments 

 

Initially, sequences from the GSI family were aligned independently. It was then 

attempted to align the GSIII sequences against this profile using PSSM’s (data not 

shown). However, this was unsuccessful as typified by the misalignment of the region 

I. Alignment of a GSIII profile against the GSI profile was also unsuccessful. 

 

2.3.1.2 Improved alignments 

 

mGenTHREADER (McGuffin, Bryson, et al. 2000; McGuffin & Jones 2003; Jones 

1999a) was therefore used in an attempt to automatically provide the most accurate 

alignments possible. It was decided to use mGenTHREADER as a first attempt 

because of the inclusiveness of the structural information incorporated into the 

alignments (see section 2.1.3).  

 

The resultant alignment of B. fragilis GSIII against S. typhimurium GSI produced by 

mGenTHREADER is shown in Figure 2.2A.  It can be seen that only regions II, III, 

and V were correctly aligned by the program (assuming true homology between these 

regions). 

 

FUGUE (Shi, Blundell, et al. 2001) was also utilized in an attempt to automatically 

improve the quality of the alignments. The results are shown in Figure 2.2B. It can be 

seen that only regions II and III, the most highly conserved regions, were correctly 

aligned. 
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Figure 2.2.  - Alignment between GSI and GSIII produced by mGenTHREADER (A) and FUGUE (B). The five conserved regions corresponding to the β sheets of 
active site αβ barrel are shown in colour. They are designated as follows: Region (I) Latch region [PYF]-D-[GA]-S-S- ; Region (II) G-X(8)-E-[VD]-X(3,4)-Q-X-[EF]-
; Region (III)  ATP-binding site K-P-[LIVMFYA]-X(3,5)-[NPAT]-G-[GSTAN]-G-X-H-X(3)-S ; Region (IV) Glutamate binding site [ND]-R-X(3)-[IV]-R-[IV]- ; 
Region (V)  [ILF]-E-[FDV]-R-X(6)-[NDPS]-.

A

B

50



2.3.2 Manual alignments 

 

The results of the automated alignment disagreed with the findings of previous 

researchers (section 2.1.1), who first identified the regions of sequence identity 

between GSIII and GSI (Guex & Peitsch 1997; Schwede, Kopp, et al. 2003). It was, 

therefore, decided to attempt to improve the alignments by incorporating these 

previous findings in the alignment scheme.  

 

Details of the alignment strategy, programs, and algorithms used were given in 

section 2.2. Initial attempts to align individual GS family profiles to each other using 

profile based alignments failed, as judged by the misalignment of region I, 

necessitating manual alignment. Figures 2.3 & 2.4 show the results of the alignment 

strategy integrating the information described in section 2.2.3. During the alignment 

exercise, inspection of the Pfam database (Sonnhammer, Eddy, et al. 1997) entry for 

the N-terminal region of GSs revealed the strong conservation of a (FYW)-X(4)-G 

motif. This motif was discovered in all the GS sequences and the alignment was 

adjusted accordingly. Having produced the alignments, these were then evaluated 

according to more general structural principles and information about the 

conservation of residues in their local environments determined from aligned 

structures in the HOMSTRAD database (de Bakker, Bateman, et al. 2001). 

 

2.3.2.1 Conserved regions/residues 

 

The GS homologous superfamily can be divided into four sequence families with 

sequence identities >= 35% (according to the CATH classification scheme (CATH--a 

hierarchic classification of protein domain structures 1997)) based on the alignments 

described above.  

It can be seen from Table 2.2 that the global sequence identity between the GSIs, the 

only family for which structures exist, and all the other families and is very low and 

well within the twilight zone.  
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Figure 2.3. A - Gapped alignment of representative sequences from all 4 GS groups highlighting the five regions (marked in colour) conserved between GSs. They 
are designated as follows: Region (I) Latch region [PYF]-D-[GA]-S-S- ; Region (II) G-X(8)-E-[VD]-X(3,4)-Q-X-[EF]- ; Region (III)  ATP-binding site K-P-
[LIVMFYA]-X(3,5)-[NPAT]-G-[GSTAN]-G-X-H-X(3)-S ; Region (IV) Glutamate binding site [ND]-R-X(3)-[IV]-R-[IV]- ; Region (V)  [ILF]-E-[FDV]-R-X(6)-
[NDPS]-. The adenylylation motif is shown in red. Shading in greyscale represents the conservation of residues (scored according to Blosum62 score table). Marked 
in pink on the S. typhimurium sequence are the positions of 5 important loops, in order: the Asp50 loop or ‘the latch’ (residues 50-64); Tyr179 loop (153-188); 
Asn264 loop (255-267); Glu327 loop or ‘the flap’ (324-329); and Tyr397 loop or ‘adenylylation loop’ (388-411).  
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Table 2.2: Comparison of the identity of the amino acid sequences of GS enzymes from various organisms representing the four GS families. 

GSII GlnT GSI GSIII  

H
. sapiens 

D
. m

elanogaster 

A
. thaliana 

S
. pom

be 

R
. m

eliloti 

R
. legum

inosarum
 

S. typhim
urium

 

E
. coli 

M
. tuberculosis 

C
. tepidum

 

S
ynechocystis 

P
. bryantii 

B
. thetaiotaom

icron 

C
. hutchinsonii 

B
. fragilis 

H. sapiens 373 54% 50% 51% 12% 12% 16% 16% 15% 8% 7% 7% 7% 8% 7% 
D. melanogaster  365 50% 48% 10% 10% 14% 14% 13% 7% 8% 8% 8% 7% 7% 
A. thaliana   354 52% 12% 12% 15% 15% 15% 8% 8% 8% 8% 9% 8% 
S. pombe    359 13% 13% 14% 14% 13% 8% 8% 7% 7% 8% 8% 
R. meliloti     435 85% 20% 20% 19% 9% 9% 8% 8% 9% 8% 
R. leguminosarum      435 20% 20% 19% 9% 8% 8% 8% 9% 8% 
S. typhimurium       468 97% 47% 10% 11% 10% 10% 10% 9% 
E. coli        468 48% 10% 10% 10% 10% 10% 9% 
M. tuberculosis         478 10% 12% 10% 10% 10% 9% 
C. tepidum          714 45% 44% 46% 44% 44% 
Synechocystis           724 42% 40% 43% 41% 
P. bryantii            729 73% 55% 57% 
B. thetaiotaomicron             729 57% 60% 
C. hutchinsonii              724 56% 
B. fragilis                             729 

Results are given as the percentage identity of the a.a. residues in the alignments shown in Figure 2.3 (as calculated by Genedoc). Origins of the sequence information 

and references are described in section 2.2.1. The values marked in bold reflect the % identity between all other GS families and S. typhimurium GSI, the template 

structure upon which the homology models were based. 
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Figure 2.4. A - Multiple sequence alignment of representative sequences from all 4 GS groups. Conserved active site residues, deduced from alignments of GSIs and 
GSIIs and atomic structures of GSIs, are shown in red.  Despite their poor global sequence homology, the GS sequences posses many regions of high similarity and all 
appear to possess the critical active site residues implying a similar catalytic mechanism. These inferences and the key residues for involving GSIs and GSIIs were 
derived from the alignments by Eisenberg et al. (Eisenberg, Gill, et al. 2000) but here all 4 groups are aligned not just GSIs and GSIIs and the alignments differ 
substantially as a result. B – Structure of GSI from S. typhimurium (Yamashita, Almassy, et al. 1989) showing the conserved active site residues, highlighted in A, in 
red.

B
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However, as described in section 2.1.1, all GSs share five regions of high local 

similarity. Table 2.3 lists these regions together with their percentage sequence 

identity to highlight the level of similarity in these regions.  

 

Table 2.3: Regions of high sequence similarity 

 Proposed function Consensus % identity 

I β sheet of active site αβ barrel - 
Latch region 

[PYF]-D-[GA]-S-S- 80% 

II β sheet of active site αβ barrel G-X(8)-E-[VD]-X(3,4)-Q-X-[EF]- 59% 

III 
β sheet of active site αβ barrel - 

ATP-binding site 
K-P-[LIVMFYA]-X(3,5)-
[NPAT]-G-[GSTAN]-G-X-H-
X(3)-S 

67% 

IV β sheet of active site αβ barrel - 
Glutamate binding site 

[ND]-R-X(3)-[IV]-R-[IV]- 58% 

V β sheet of active site αβ barrel [ILF]-E-[FDV]-R-X(6)-[NDPS]- 61% 
See Figure 2.1A and 2.3A for the positioning of these regions in the sequence alignments.  

 

Furthermore, it can be seen from Figures 2.3 A and B that, in addition to the five 

regions discussed above, further regions of high sequence identity were also 

discovered. In particular, the two regions corresponding to S. typhimurium residues 

127-134 and 317-335 where particularly well conserved, with sequence identities of 

74% and 54% respectively.  

 

During the initial alignment it was possible to conserve, between all the GS sequences 

investigated, all but one of the active site residues reported by Eisenberg et al 

(Eisenberg, Gill, et al. 2000) (Figure 2.4). Arg344 in region IV, the position of which 

was conserved in GS families I, II, and GlnT was replaced by a phenylalanine in the 

GIIIs. An alternate alignment (discussed below) based only on the GSIs and GSIIIs 

was however, able to conserve both IV and V. 

 

In addition to these previously reported conserved residues, the alignments revealed 

many other residues conserved between the GS families. These are marked in grey in 

Figure 2.4A. Possible reasons for their conservation are discussed in light of their 

local environments in Table 2.4. 
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Table 2.4: Local environment of conserved residues not directly involved in the 

active site. 

 For details of the conservation of active site residues see (Eisenberg, Gill, et al. 2000 ). The structure 

shown is of GSI from S. tyhphimurium (Gill & Eisenberg 2001). 

 

 Sequence # Consensus Possible Roles Local structural environment 

52 S 

Forms one of the catches 

on the N terminal latch 

(H-bonds to Glu327’ on 

the flap, closing the 

active site) (Gill, 

Pfluegl, et al. 2002)  

 

127 G 
ATP binding site. 

Avoids steric clash.   

 

C
om

pl
et

el
y 

co
ns

er
ve

d 

218 Q 

May contribute to the 

second ammonium 

binding site (Gill & 

Eisenberg 2001) 
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Sequence 

# 
Consensus 

Possible 

Roles 
Local structural environment 

258-259 K-P 

262 G 

267 G 

Form part of 

the Asn264 

loop. Gly262 

is at the 

centre of this 

reverse turn 

317 N 

Just before 

the Glu327 

flap. H-bonds 

to Asn264 

loop main 

chain Lys258 

and Glu461 

of the subunit 

from the 

other ring. 

  

C
om

pl
et

el
y 

co
ns

er
ve

d 

325 G 

Centre of the 

Glu327 loop 

turn. Appears 

to be type II 

reverse turn. 
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Sequence 

# 
Consensus Possible Roles Local structural environment 

21 
Yfw 

(hydrophobic) 

Centre of 

hydrophobic 

core of N 

domain 

26 g 

Gly is the i+3 

residue of this 

type I reverse 

B-turn between 

B-sheets 1 & 2. 

Positive phi 

(HOMSTRAD) 
 

132 
Yfw 

(hydrophobic) 

Centre of 

hydrophobic 

core between 

B-sheets 1,3,4, 

and A-helices 

3,4 of the C 

domain i.e. at 

the back of the 

B-barrel. 

H
ig

hl
y 

co
ns

er
ve

d 

203 g 

Centre of the 

reverse turn 

between A2 

and B2. 
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Sequence 

# 
Consensus 

Possible 

Roles 
Local structural environment 

213 v 

Close to the 

ammonium 

binding 

pocket 

 

233 d 

H-bonds to 

Arg105 at 

the start of 

A1 (C 

domain) and 

Tyr368 of 

A8but is 

also close to 

Arg88 of 

the N 

domain.  
 

241 lvim 

H
ig

hl
y 

co
ns

er
ve

d 

242 lvim 

Participate 

in same 

hydrophobic 

core as 

discussed 

for 132 

above. 

Val241 

participates 

in stacking 

of A3 and 

A4.  
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Sequence 

# 
Consensus Possible Roles Local structural environment 

250 g 

Gly is the i+3 

residue of this 

type I B-reverse 

turn 

 

273 s 

H-bonds to the 

N6 of the 

adenosine 

moiety of ADP  

 

H
ig

hl
y 

co
ns

er
ve

d 

332 ivl 

Positioned in 

the middle of 

the loop 

between 

Arg344 and 

Glu327 on the 

back of the B-

sheet. It faces 

away from the 

active site 

towards a 

hydrophobic 

cavity 
 

 

64



 

Sequence 

# 
Consensus 

Possible 

Roles 
Local structural environment 

338 n 

Next to 

Arg339 and 

Arg344 and 

similarly 

interacts with 

latch 

residues.  H-

bonds to 

Asn61’ 

 

335 st 

H-bonds to 

Asp393 on 

the 

adenylylation 

loop and to 

the two main 

chain N’s of 

the following 

2 residues 

H
ig

hl
y 

co
ns

er
ve

d 

356 ilf 

Participates 

in the 

hydrophobic 

stacking of 

A5 against 

B-sheets 4,5, 

and 6. 
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Sequence 

# 
Consensus 

Possible 

Roles 
Local structural environment 

335 st 

H-bonds to 

Asp393 on 

the 

adenylation 

loop and to 

the two 

main chain 

N’s of the 

following 2 

residues 

356 ilf 

Participates 

in the 

hydrophobic 

stacking of 

A5 against 

B-sheets 

4,5, and 6. 

 

H
ig

hl
y 

co
ns

er
ve

d 

374 ilm 

Participates 

in the 

hydrophobic 

stacking of 

A8 against 

B-4,5, 6 and 

against A5. 
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2.3.2.2 Secondary structure conservation 

 

The active site of GSI is formed by the staves (β sheets) of an α/β barrel (Figure 

2.1B), the outside of which is surrounded by α helices which pack against the β sheets 

hydrophobically. The interior surface of the barrel, however, contains numerous polar 

residues involved in binding effector molecules and ligands to mediate enzymolysis. 

In order to achieve a polar interior and hydrophobic exterior, the sequence of amino 

acid residues comprising the β sheets needs to alternate with the periodicity of the β 

sheets, which is equals two. This means that every 2nd amino acid in a β sheet faces 

the opposite direction. Similarly for α helices to achieve a hydrophobic stripe running 

the length of the helix, every 3-4 residue in a helix must be hydrophobic. Such 

patterns are evident in the β sheets and α helices of GSI. The conservation of these 

patterns, as determined by inspecting the patterns of amino acid physiochemical 

properties, adds confidence to the alignments. In particular, three regions (numbers 

corresponding to the S. typhimurium sequence), which otherwise did not display high 

sequence similarity, were found to posses the correct patterns of hydrophobic residues 

for the secondary structures they were aligned against: 180-218 (α helix), 220-241 (β 

sheet), and 288-316 (α helix). Figure 2.5 demonstrates this relationship for α helix 3 

of the C domain.  

 

The structurally annotated (JOY (Mizuguchi, Deane, et al. 1998)) alignment of S. 

typhimurium and M. tuberculosis GSIs in the HOMSTRAD database (de Bakker, 

Bateman, et al. 2001) confirmed the conservation of these patterns. From such a 

representation it was possible to confirm that these patterns of hydrophobic residues 

represent conserved local structural features, thus indicating the conservation of the 

secondary structures they comprise. Furthermore, all three of the regions described 

above were predicted by the PSIPRED server (McGuffin, Bryson, et al. 2000). 

 

2.3.2.3    Alternate alignments 

 

The task of aligning the terminal regions, with their poor sequence similarity, was 

made more difficult by the fact that the GSIII sequences contained repeats or alternate 

choices for a number of the conserved motifs used to guide the alignments (Figure 
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struc

Physio chem

Example of helix

A

B

C

Alignment key:

A

B

Figure 2.5. A – Multiple sequence alignment (same as Figure 2.3A) coloured according to structural features (see key). B – same as A but coloured according to 
conservation of physiochemical properties. C – View down helix 3 to emphasise the amphipathic nature of the helix packing (hydrophobic residues are shown in grey, 
polar residues in yellow, positive in blue and negative in red). The hydrophobic residues marked in black in B are repeated with the correct period to appear on the 
same side of the helix allowing the helix to stack against the hydrophobic surfaces of the β sheets formed from similar patterns of hydrophobic residues. The other side 
of the helix is covered in polar residues enabling the helix to interact with the solvent. 
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2.3). The first repeat is in region I. Eighteen residues downstream of the [PYF]-D-

[GA]-S-S motif (128-132) is the sequence W-D-X-[ST]-[ST] (151-154). In B. fragilis 

this repeat sequence is D-G-S-S, which is identical to the region I consensus for GSIs 

and GSIIs. The first instance of the motif was chosen to be aligned with the GSI and 

II region I for the following reasons. Firstly, on closer inspection, GSIs were also 

shown to possess an alternate D-X-[SA]-T sequence. Secondly, the hydrophobic 

residues Leu19, Phe21, Trp57, Phe49, Ile54, and Leul67 found in β sheets 4 and 6 all 

participate in the hydrophobic core of the N domain and thus should be conserved. 

Only Trp57 cannot be accounted for by matching the first motif to the GSI consensus 

motif. Leu19, Leu67, and Trp57 cannot, however, be conserved by matching the 

second occurrence of the motif. Finally, Cys89 and Ile91 are present in the correct β 

sheet position in the original but not the alternate alignment. 

 

The second area of confusion involved regions IV and V, where repeats of the 

Asn338-Arg339 and Glu357-X-Arg359 active site residues were found.  This 

alternate alignment of the C-terminus is shown in Figure 2.6. The second E-X-R 

(position 603-605) sequence is 131 amino acid residues downstream of the first 

(position 472-474) and the second N-R (position 469-470) sequence is 10 amino acid 

residues downstream of the first (position 459-460). 

 

The alternate alignment arising from this repetition could not be disregarded based 

upon inspection of the sequences alone and was considered for the following reasons: 

(1) The alternate alignment conserves the hydrophobic nature of C terminus, which is 

involved in inter-ring bonding in GSI (Almassy, Janson, et al. 1986). (2) All active 

site residues can be conserved. Specifically, Arg344 is now conserved at a similar 

distance from the Asn338-Arg339 as in S. typhimurium. (3) A 2% higher score 

between the GSIII and GSIs is achieved. This is up from 9% with the first alignment. 

(4) The patterns of hydrophobic amino acids in C terminal domain helix 10 (starting 

at 414) are conserved. This is discussed further below. 
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Figure 2.6. Alternate alignment of the C-terminal end of GSIIIs. Shading in greyscale represents the conservation of residues (scored 
according to Blosum62 score table). 
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2.3.3 Models 

 

Four models were produced based upon the alternate alignments of B. fragilis GSIII 

and the structure of S. typhimurium GSI (Yamashita, Almassy, et al. 1989) with two 

from the manual alignments and two from the automated alignment programs 

mGenTHREADER (Jones 1999a; Schwede, Kopp, et al. 2003) and FUGUE (Shi, 

Blundell, et al. 2001) (Figure 2.7).  

 

There are several primary differences and similarities between the alignments and, 

therefore, models. Although all the alignments had N terminal insertions, the two 

manually produced alignments differed only in the C terminus and both had N 

terminal insertions of 57 residues. The automated alignments have larger N terminal 

insertions of 70 and 99 for mGenTHREADER and FUGUE respectively. Both 

automated alignments also have large C terminal insertions of 181 and 162 residues 

for FUGUE and mGenTHREADER respectively. The first manual alignment has a 

145 residue C terminal extension whereas the second only has a 122 residue insert 

upstream. 

 

No attempt was made to model the insertions in GSIII relative to GSI because they 

were too large to be contained in loop databases, as demonstrated by error reports 

from failed attempts to use the SWISS-MODEL homology-modelling server 

(Schwede, Kopp, et al. 2003). In addition, they displayed no homology to known 

folds as determined by threading (data not shown). When the B. fragilis GSIII 

sequence was submitted to the automated SWISS-MODEL server for fold prediction 

and model building, a prediction was only possible for residues 198-307, which 

correspond to the most conserved regions of alignment 1. Additionally, the server 

could not produce a model based on alignment 1 and a choice of GSI template 

structure (PDB entry 1fpy (Gill & Eisenberg 2001)).  

 

2.4 DISCUSSION 

 

The results of the automated alignments did not agree with those of previous 

researchers (Section 2.1.1). This suggests that either these algorithms are not sensitive 
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Figure 2.7. Stereo α-carbon traces of models of GSIII based on the four alternate alignments of GSIs and GSIIIs (described in the text) and derived from the structure of 
S. typhimurium GSI. The five conserved regions, corresponding to β sheets, are coded by the same colours used in Table 2.3. Regions of the peptide back-bone 
corresponding to deletions in the alignment between GSIII and GSI are not shown and insertions are marked by text labels (the number before the colon is the residue 
position and the number after is insertion size in residues). Spheres mark the position of large insertions for easy reference. The view is into the active site of the enzyme 
with the 6-fold axis vertical. 

Manual alignment 1 Manual alignment 2 (altered C-terminus)

Automated alignment  
(mGenTHREADER)

Automated alignment  
(FUGUE)
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enough to detect the subtle sequence homology between these proteins or that not all 

the regions previously reported to display sequence homology, represent conserved 

features in the protein. The former seems more likely scenario for the following 

reasons. Firstly, the global similarity between the GS families is very low. Secondly, 

empirical evidence in the form of biochemical studies (Eisenberg, Gill, et al. 2000) 

supports the notion that all GS enzymes share a common catalytic mechanism. Thus, 

the key active site residues and structural folds should be conserved (see below). In 

particular, GSIII has been shown to require the same substrates and cofactors, to show 

similar kinetic profiles, and to be inhibited by similar compounds as GSI and GSII 

(Southern 1986; Garcia-Dominguez, Reyes, et al. 1997; Eisenberg, Gill, et al. 2000). 

 

So, why did the automated procedures fail? They appear to have failed at the point of 

profile alignment using 1D PSSMs, as evidenced by the unproductive attempts to 

align profiles of the GS families together. This is likely the result of too great a 

distance between the families, for example, 9% sequence identity between GSIIIs and 

GSIs. The sensitivity of the profile based alignment methods at detecting subtle 

homologies improves with the number of sequences. The automated procedures 

employed, including those not shown (3D-PSSM (Kelley, MacCallum, et al. 2000) 

and SWISS-MODEL (Schwede, Kopp, et al. 2003) utilise algorithms which searched 

public databases and incorporated many sequences in the profiles. Despite this they 

were unable to correctly align the regions described above. Structural knowledge 

about conserved active site residues and binding motifs together with underlying 

structural principles can be used to detect these subtle homologies at the sequence 

level. The use of 3D profiles attempts to achieve this in an automated manner. 

However, just like 1D profiles, this method relies on a large number of templates to 

generate sensitive 3D-PSSMs. The only structures that exist for GSs, S. typhimurium 

and M. tuberculosis, are both GSIs with 47% sequence identity between their 

sequences. This suggests that the 3D-PSSM derived from their structural alignment is 

not likely to be sensitive towards homology between families. 

 

Manual alignment, on the other hand, was able to demonstrate the presence of 

numerous conserved regions throughout the GS sequences by incorporating 

previously reported homologies and structural insights. In some regions, where 
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sequence identities were not high, it was still possible to demonstrate the conservation 

of patterns of amino acids associated with the interactions of secondary structures, 

thereby inferring their conservation. The nature and importance of these patterns was 

determined by inspecting the local environment of these residues in the GSI structure. 

Such structural homology is not represented by sequence identity figures and adds 

confidence to the alignment and, therefore, the homology models. The regions of high 

local similarity were found predominantly toward the centre of the sequences in the 

alignments, indicating that the diversity between the GS families lies predominantly 

in their terminal regions. This is especially true for the GSIII proteins who have a 

much longer sequence, resulting in them sharing the lowest sequence similarity to the 

other families and making them the hardest to align. It was for this reason that two 

alternate alignments were produced.  

 

According to the manual alignments, the most conserved regions (shown in red in 

Figure 2.8) correspond to (a) the β sheets comprising the main structural motif of the 

C domain, the active site α/β barrel, (b) the short region of the N domain (the latch), 

which is completes the active site on an adjacent subunit, and (c) the loops entering or 

leaving the barrel, which in parallel α/β barrels are critically involved in the active site 

reactivity (Brandon & Tooze 1999). The intervening sequences between the β sheets 

of the barrel form loops and helices, with the latter packing against the back of the 

barrel to form a compact globular structure. It seems likely, therefore, that all GSs 

contain a core conserved α/β barrel fold with the major differences between families 

occurring in the terminal and loop regions. The conservation of these structural 

features together with the finding that all the critical active site residues reported by 

Eisenberg  are conserved between the GS families (Eisenberg, Gill, et al. 2000), 

suggests that all GS enzymes utilize a common fold to carry out similar catalytic 

mechanisms. The low global sequence similarity of the GSIIIs to the GSIs, suggests 

that comparative modelling will not be able to predict the entire structure of GSIII 

from sequence-sequence alignments alone with any degree of confidence. The regions 

of high local similarity, however, are more promising targets for successful 

prediction. The highest confidence in the predicted structure, therefore, resides in the 

central regions forming the α/β barrel. This is further supported by the model 

produced the SWISS-MODEL server (Schwede, Kopp, et al. 2003) (data not shown) 
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Figure 2.8. Confidence of the predicted homology model. Residue conservation between all GSs. A cartoon representation of the 
structure of GSI from S. typhimurium colour coded according to residue conservation (% sequence identity) on a linear scale from blue 
(13%) to white (30%) to red (100%) is shown. The view on the left is into the active site with the 6-fold axis vertical.

180°

low high
% identity
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which only corresponded to this central region. However, it is only the architecture of 

this fold that is likely to be conserved and not the topology. It is, therefore, hoped that, 

if the resolution permits, it will be possible to determine the presence and position of 

the GSIII active site by inspection of the EM structure for such a predicted α/β barrel. 

The large open channel through the centre of the barrel and the fact that the active site 

of GSI is formed between subunits suggest that this will be possible even at 

resolutions below those required to interpret secondary structure directly. Outside of 

this central region, the confidence in the predicted structure wanes as a result of 

uncertainties in the correct alignment. It was for this reason that several models were 

produced according to the alternate alignments and based upon the GSI structure with 

no loop insertions modelled or residues mutated. The two models derived from 

manual alignments of GSIII and GSI possess alternate insertions in these loop regions 

that both seem reasonable. 

 

This chapter has revealed how bioinformatic methods can propose predictions for the 

structure of B. fragilis GSIII. In the absence of close global homology to a known 

structure, however, these methods cannot substitute for empirical structural data. The 

docking of these homology models into the 3D volume, to be determined in Chapter 

4, will not only aid in interpreting the structure but at the same time evaluate the 

accuracy of these predictions. The following chapter describes the purification of 

GSIII in preparation for the empirical structure determination by negative stain EM 

and single particle reconstruction techniques described in Chapter 4.  
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CHAPTER 3 
 

PURIFICATION OF RECOMBINANT 

BACTEROIDES FRAGILIS  GLNA 

 

This chapter describes the expression and purification of recombinant B. fragilis GlnA 

from the glutamine synthetase deficient E. coli host strain, YMC-11. The aim of this 

purification was to achieve a homogeneous particle preparation, which is an absolute 

requirement for structure determination by single particle techniques (Chapter 4).  

 

3.1 INTRODUCTION 

 

3.1.1 Purification 

 

A number of organisms have been shown to possess functional GSIIIs, including: the 

anaerobes Bacteroides fragilis (Southern, Parker, et al. 1987), Butyrivibrio 

fibrisolvens (Goodman & Woods 1993) and Prevotella bryantii B14 (Wen, Peng, et 

al. 2003); the cyanobacteria Synechocystis sp. PCC 6803 (Reyes & Florencio 1994a) 

and Pseudanabaena sp. PCC 6903 (Crespo, Garcia-Dominguez, et al. 1998). 

Additionally, sequence information from the genomes of a several organisms has 

revealed genes possibly coding for GSIII enzymes, for example, the radiation resistant 

bacterium Deinococcus radiodurans (White, Eisen, et al. 1999) and the anaerobe 

Bacteroides thetaiotaomicron (Xu, Bjursell, et al. 2003). However, GSIIIs have only 

been purified from B.  fragilis (Southern, Parker, et al. 1987) and Synechocystis sp. 

PCC 6803 (Garcia-Dominguez, Reyes, et al. 1997). These two proteins share 41% 

sequence identity (Chapter 2) and are, therefore expected, to exhibit similar 

properties. In the first isolation of GSIII from B. fragilis, Southern et al (Southern, 

Parker, et al. 1987) showed the enzyme to be a hexamer as deduced from the results 

of calibrated size exclusion chromatography and non-denaturing electrophoresis. The 

later isolation from Synechocystis sp. PCC 6803, Garcia-Dominguez et al. arrived at 

the same conclusion using similar techniques. However, the latter purification was 

methodologically quite different, employing ion-exchange and affinity 

chromatography, followed by ultrafiltration to purify the enzyme. 
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3.1.2   Regulation 

 

Because of their central importance, GSs are regulated at numerous levels by many 

different mechanisms (Eisenberg, Gill, et al. 2000). Since only two GSIII have been 

purified to date and they have been poorly characterized in comparison to the GSIs 

and GSIIs, little is known about the regulation of the GSIIIs. What is known is as 

follows: GSIII expression is repressed by nitrogen (Southern 1986). The control 

elements responsible for this regulation are thought to reside near the GSIII structural 

gene, as repression is seen for the cloned glnA. Additionally, it appears that the 

activity of GSIII is also rapidly regulated in response to nitrogen. When nitrogen 

starved YMC-11 E. coli cells containing the cloned GSIII are exposed to ammonium 

sulphate (0.25 mM) just prior to protein extraction, the GS activity is twofold less 

than in untreated cells. Similarly, for Synechocystis sp. PCC 6803 it has been shown 

that transcription of the glnN gene (GSIII) increases under condition of nitrogen 

deprivation and the GSIII enzyme is rapidly and reversibly inactivated on addition of 

ammonium to nitrogen starved cells (Garcia-Dominguez, Reyes, et al. 1997). It, 

therefore, appears that in addition to control at the level of transcription, these GSIIIs 

are also subject to post-translational regulation. How this is achieved and whether 

these two enzymes share a common mode of inactivation is unknown. The possibility 

of adenylylation, as seen in the GSIs, has been ruled out by Southern et al. because 

snake venom phosphodiesterase treatment does not lead to reactivation of the enzyme 

(Southern 1986). The other forms of modification, such as feedback inhibition, metal 

ion dependency, pH dependency, and oxidation etc. are all possible. A novel 

mechanism could potentially also be at play. It is interesting to note that the first 

incidence of GS being inhibited by protein-protein interaction was reported for GSI in 

Synechocystis sp. PCC 6803 (Garcia-Dominguez, Reyes, et al. 1999).  

 

3.2 METHODS 

 

3.2.1 Origin of bacterial clones and plasmids 

 

Plasmid pJS139 contains the structural gene coding for B. fragilis BF-1 glutamine 

synthetase in a 8.7kb insert. Southern originally isolated this plasmid from a genetic 
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library prepared from B. fragilis Bf-1 strain by screening for clones that could 

complement the glutamine synthetase (glnA) deficiency in an E. coli (YMC11) 

deletion strain.  

 

Table 3.1: Bacterial strains and plasmids used in this study 

Strain Relevant genotype Reference 

Escherichia coli   

YMC-10 glnA+, ntrB+, ntrC+, ApS (Backman, Chen, et al. 1981) 

YMC-11 glnA-, ntrB-, ntrC-, ApS (Backman, Chen, et al. 1981) 

Plasmids   

pJS139 Apr, glnA+ (Southern 1986) 

pMET104 Apr, glnA- (Wehnert, Abratt, et al. 1990) 

 

Plasmid pJS139 was originally harboured in the E. coli wild type strain YMC-10 and, 

therefore, was transferred to E. coli YMC-11, a glnA deficient strain, to ensure that 

only recombinant GlnA would be purified. E. coli YMC-11 was also transformed with 

pMET104 which is derived from the same pEcoR251 vector but contains an arbitrary 

DNA insert to serve as a negative control (Wehnert, Abratt, et al. 1990). 

 

3.2.2 Growth conditions 

 

E. coli was routinely grown in Luria Bertani broth (LB) (1% tryptone, 0.5% yeast 

Extract, 0.5% NaCl, in distilled water) (Davis, Botstein, et al. 1980). All percentage 

concentrations described here are expressed as weight per volume. Where solid media 

was required such as for colony selection and strain storage, 1.5% (w/v) agar was 

used. Cold Spring Harbour (CSH) minimal medium (Davis, Botstein, et al. 1980) 

(0.45% KH2PO4, 1.05% K2HPO4, 0.047% Sodium Citrate, 0.26% (NH4)2SO4, 0.01% 

MgSO4.7H2O, 1.5% agar, 1ug/ml vitamin B1, 0.2% glucose), was used during 

transformant selection and GS induction. Ampicillin (Ap) was used at a final 

concentration of 100 µg/ml where necessary. 
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3.2.3 Plasmid extraction and transformation 

 

Plasmid DNA was isolated from the YMC-10 (pJS139) strain using the Qiagen mini-

prep plasmid isolation kit according to the manufacturer’s instructions. Competent E. 

coli YMC-11 cells were prepared by the standard procedure of cold glycerol 

permeabilization and then transformed with pJS139 by electroporation (Bio-Rad). 

Transformants were selected on LB agar (LA) medium (Davis, Botstein, et al. 1980) 

containing Ap. The ability of E. coli YMC11 (pJS139) to utilize (NH4)2SO4 as a sole 

nitrogen source was demonstrated by growing transformants on CSH minimal 

medium and Ap, confirming the ability of pJS139 to complement the glutamine 

synthetase deficient E. coli YMC-11 strain and verifying the presence of the 

recombinant structural gene, glnA.  

 

3.2.4 Expression  

 

For protein purification, E.coli YMC11 (pJS139) colonies were picked from freshly 

plated stock cultures (LA + Ap), inoculated into precultures (5 ml LB + Ap) and 

grown with aeration for ~5.5 hours at 37°C. Larger (750 ml) cultures (LB + Ap) were 

then inoculated with the entire 5ml of preculture and incubated with aeration for 

approximately 13 hours at 37°C. The YMC-11 (pJS139) overnight cultures were 

diluted into equal volumes (750ml) of nitrogen-free CSH minimal medium and then 

incubated with aeration for 3 hours at 37°C. CTAB, a cationic detergent and stabilizer 

of GS adenylation state, was added to the diluted culture to a final concentration of 

0.1mg.ml-1 and incubation continued for 10 minutes. 

 

3.2.5 Harvesting and lysis 

 

The CTAB-treated  E. coli YMC11 (pJS139) cells were collected by centrifugation 

for 10 minutes at 7500 rpm at temperature of 4°C, and resuspended in 1/100th the 

original culture volume (i.e. 7.5ml) in extraction buffer (50 mM Imidazole-HCL, 20 

mM MgCl2, 0.1 mg/ml PMSF, and 20 mM 2-mercaptoethanol, pH 7.15). Lysozyme 

was then added to a final concentration of 10 mg/ml and the cells aerated at 37°C for 

30 minutes before being chilled on ice for an additional 30 minutes. Cells were 
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disrupted by sonication for 8 minutes (2 minutes cycles with 30 seconds cooling 

periods between). An ethanol/ice slurry was used to cool the sample during 

sonication. The supernatant was then clarified by centrifugation at 15000 rpm for 30 

minutes and kept on ice. This fraction is referred to later in the text as a cell free 

extract. 

 

3.2.6 PEG precipitation 

 

NaCl was added to the whole cell extract to a final concentration of 0.1 M. PEG (6000 

MW) from a filter-sterilized 20% stock solution was then added dropwise, with 

stirring, to a concentration of 11% (w/v). The sample was maintained on ice 

throughout the precipitation (~ 4hrs) and then stored at 4°C overnight. The precipitate 

was then collected by centrifugation and redissolved in 4 M NaCl at half the original 

precipitation volume.  

 

3.2.7 Gel filtration chromatography 

 

The redissolved precipitate (4.5 ml) was loaded onto a pre-packed 60×1.6cm 

Sephacryl 300 HR column (AP Biotech), equilibrated and eluted with column buffer 

(10 mM Imidazole-HCL, 1% (w/v) KCl, pH 7.15) (C buffer) at 0.2 ml/min. This 

column has a fractionation range of 1×104-1.5×106. Fractions (3ml) were collected, 

and selected fractions were assayed for GS activity (see below) and protein 

concentration, and analysed by SDS-PAGE (7.5% w/v acrylamide concentration and 

coomasie blue staining) (Laemmli 1970). The protein concentration of the eluent was 

measured at 280 nm and recorded by an inline spectrophotometer coupled to a PC. 

The Bradford (Bradford 1976) assay (with BSA as a standard) was also used to 

determine the protein concentration of selected fractions.  

 

The three fractions (3ml) corresponding to the centroid of the activity peak were 

pooled, concentrated (see 3.2.8), and subjected to an additional round of gel filtration 

chromatography. The second gel filtration was performed as above except that all of 

the concentrated protein solution (1.5 ml) was loaded onto the pre-equilibrated 

column and 1.5 ml fractions were collected. 
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3.2.8 Ultrafiltration 

 

The 3 most active fractions of the first gel filtration step were pooled and concentrated 

to 1.5ml by ultrafiltration using a 50ml Amicon bioseparations stirred cell with a 

Millipore PM10 10KDa exclusion membrane.  

 

3.2.9 Ultracentrifugation 

 

In order to avoid the detrimental effects of high salt concentrations on the quality of 

negative staining and to concentrate the sample (~1mg/ml), the most active fraction 

(37) from the second gel filtration run was concentrated and the buffer exchanged for 

a low-salt buffer (Imidazole-HCl, 10 mM; MnCl2, 10 mM; pH 7.15) using a Millipore 

YM10 centricon centrifugal filtration device with a MW exclusion of 100KDa. The 

constituents for this buffer were based on consensus constituents of other purification 

protocols and the conditions used by Southern et al. (Southern, Parker, et al. 1987). 

 

3.2.9 Measurement of activity 

 

GS activity was assayed by the γ-glutamyl transferase (GGT) assay as described by 

Bender et al. (Bender, Janssen, et al. 1977). The modifications determined by 

Southern to provide the optimum conditions for the assay were adopted (Southern 

1986). Specific activity was expressed as µM of glutamyl hydroxamate formed per 

min, per mg protein. According to Southern 1umol of glutamyl hydroxamate gave 

0.525 absorbance units at wavelength 540nm. 

 
3.3 RESULTS 

 

Preliminary purification trials were undertaken to demonstrate the effectiveness of 

Southern et al.’s methods (Southern, Parker, et al. 1987) at producing a homogenous 

sample for study by EM and single particle methods.  
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3.3.1 Transformation  

 

The B. fragilis structural gene product was shown to be the only GS produced by the 

transformed E. coli expression host YMC-11 (pJS139) and to be functional. In vivo; 

the pJS139 plasmid enabled this glnA deletion strain to utilize (NH4)2SO4 as the sole 

nitrogen source, thus, rescuing this auxotroph, whereas transformation of the same 

strain with a control plasmid, pMET104, (same vector but noncoding insert) did not 

alter the auxotrophic phenotype. In vitro, investigation of the specific activity of GS 

in whole cell extracts derived from YMC-11 (pJS139) and YMC-11 (pMET104) 

revealed that only the former had significant activity (20 U/mg) compared to the latter 

(0.0 U/mg).  

 

3.3.2 Expression and purification 

 

The results of the purification trials are summarized in Table 3.2, the most critical of 

these being a significant loss in activity occurring during the PEG fractionation step. 

Results from the initial trial purifications are included to illustrate the significant loss 

of activity. 
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Table 3.2: Purification table 

 

 

Volume 
(ml) 

Concentration 
(mg/ml) 

Total 
protein 

(mg) 

Total 
activity (U) 

Specific activity 
(U/mg) 

Culture 2250     

Cell extract 19.5 46.3*  4563* 19.7* 

Redissolved PEG ppt  (4 
M NaCl) 11   25.3  

Gel filtration volume 
loaded 4.5   10.3  

Pooled fractions from gel 
filtration run 1 9 1.08 9 10.43 1 

Gel filtration run 2 
fraction 36 1.5 0.53 0.79 0.71 0.9 

Gel filtration run 2 
fraction 37 1.5 0.49 0.74 0.89 1.2 

* From first trial purification  
 

 

3.3.2.1 PEG precipitation 

 

In Southern’s original protocol (Southern, Parker, et al. 1987), a selective PEG (6000) 

fractionation between 4% and 6% was used as the first crude purification step after 

cell lysis.  The 4% step was reported to leave GS in solution but precipitate other 

soluble macromolecules. Thereafter, raising the PEG concentration to 6% would 

selectively precipitate GS. However in this study, significant difficulty was 

encountered with the PEG precipitation step using the values described by Southern et 

al (Southern, Parker, et al. 1987). Even after empirically determining the precipitation 

conditions, scale-up of the precipitation resulted in premature precipitation of GS in 

the first step (as determined by supernatant activity). It was, therefore, necessary to 

adopt the protocol of Streicher et al. (Streicher & Tyler 1980). In this protocol the GS 
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enzyme is first completely precipitated by 10% PEG (6000) and then redissolved in a 

high concentration (3-4 M) NaCl solution. The high salt ensures that GS is selectively 

redissolved whereas other proteins and DNA are not. 

 

3.3.2.2 Gel filtration 

 

The first gel filtration step did not produce well resolved peaks (Figure 3.1A). 

However, when the purity of representative fractions was assessed by SDS-PAGE 

(Coomasie blue staining), only one band corresponding to 82KDa was apparent in the 

fractions and its abundance correlated with the protein concentration measured by the 

inline spectrophotometer at 280nm. Furthermore, the main peak of the activity profile 

was quite broad but its central moment did correspond with one of the protein peaks. 

A preparation from the most active fraction was also negatively stained (as described 

in Chapter 4) and viewed under the EM to investigate it homogeneity (Figure 3.1B). 

Large particles were clearly apparent in the preparation including some resembling 

those seen by Southern (with a dark central region) (Southern, Parker, et al. 1987). 

However, the preparation was not homogenous, necessitating an additional gel 

filtration passage. 

 

The results of the second gel filtration step were consistent with the first. The 

maximum activity eluted at a very similar elution volume (Figure 3.2) but there was 

also a broad distribution of unresolved peaks which was unexpected since only the 

fractions corresponding the centre of the peak in the first gel filtration passage were 

loaded the second time. Representative fractions of the protein profile were again 

assessed for homogeneity by EM and all were shown to contain particles of a similar 

size and shape (Figure 3.3A) indicating homogeneity. Fraction 28, one of the first 

fractions to elute, did however also contain what appeared to be protein aggregates.  

 

The final preparation appeared homogenous after desalting except for a small amount 

of contamination by putative GroEL (Figure 3.3B). Due to the quality of the resultant 

purification preparation and the time constraints, it was decided to commence 

structural analysis on this sample and no further preparations or biochemical 

investigations were undertaken. 
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A

Figure 3.3. Electron micrograph of the negatively stained samples during purification. A -
Electron micrographs of negatively stained (see Chapter 4) examples fractions (C buffer) from the 
final gel filtration passage. B - Electron micrographs of final purified sample (in low salt 10 mM
Imidazole-HCl, 10 mM MnCl2, pH 7.15 buffer), negatively stained as described in Chapter 4. 
The ringed particle is putative GroEL.
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3.4 DISCUSSION 

 

The large loss of activity seen during the purification was unexpected. This occurred 

primarily during the PEG precipitation, with a 180-fold loss in total activity. 

Subsequent loss of activity did take place but to a much lesser extent. Initially the 

amount of total activity contained in the crude cell extract (~200U/ml) was far larger 

than that achieved by Southern et al. (2.5U/ml) (Southern, Parker, et al. 1987) and 

twice that accomplished for Synechocystis GSIII (~100U/ml) (Garcia-Dominguez, 

Reyes, et al. 1997). However, the final specific activity (~1 U/mg) was lower than 

achieved by Southern (101.4 U/mg) and for Synechocystis GSIII (36.8 U/mg).  

 

Losses in activity were not exclusive to this purification and were also reported for the 

GSIII purification from Synechocystis sp. PCC 6803 (Garcia-Dominguez, Reyes, et al. 

1997). Despite including stabilizing agents in their extraction buffer (see below) only 

18% recovery was possible. The opposite was true for the original Southern et al. 

purification (Southern, Parker, et al. 1987), where in fact, an increase in specific 

activity was recorded during the purification resulting in a final recovery of 114%. 

This was attributed by these authors to the removal of an inhibitor during the 6% PEG 

(6000) precipitation. Further evidence for the presence of such an inhibitor was cited 

as coming from failed attempts to purify GSIII from native B. fragilis (Southern 

1986). Whole cell extracts displayed almost non existent levels of activity despite 

Western blot analysis confirming the presence of the expressed protein, and all 

activity was subsequently lost during the 4% PEG (6000) precipitation. Furthermore, 

whole cell extracts were shown to be capable of inhibiting purified recombinant GSIII 

isolated from E .coli by 91%. What is most interesting is that extracts from YMC-11 

were also shown to be capable of inhibiting cloned GSIII by 80%. The inhibitor was 

never isolated.  

 

The extent of knowledge about GSIII regulation was introduced in section 3.1.2, 

where it was revealed that both GSIIIs investigated to date are subject to rapid, and, in 

the case of Synechocystis sp. PCC 6803 GlnN, reversible post-translational 

inactivation in response to ammonium ions. In the light of this apparent nitrogen 

regulated inhibition, the question can be asked whether the inactivation seen during 
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the purification of GSIII from E. coli and B. fragilis is a result of some specific 

inhibition, by for example, covalent modification/feedback inhibition, or a result of 

conditions during the purification, such as pH or cofactor concentrations. The 

properties of GS enzymes are modified by a number of effectors and conditions in a 

complex fashion (Eisenberg, Gill, et al. 2000).  One of the most important of these is 

the effect of metal ion cofactors. In GSI family, the enzymatic properties of this 

enzyme, activated by different cations, varies in catalytic potential, reaction kinetics, 

pH optima, sensitivity to feedback inhibitors, and in conformational state via altered 

heterologous subunit interactions (Segal & Stadtman 1972a; Segal & Stadtman 1972b 

). Furthermore, there appears to be complex interplay between the different cations, 

with for example Mg2+ enhancing the affinity of GSII for Mn2+ which has been shown 

to reduce the activity of the enzyme (Eisenberg, Gill, et al. 2000).  

 

Alteration in oligomeric state is another enzymatic property that is strongly affected 

by the type and concentration of divalent metal ions, which together with 

accompanying changes in activity have been reported for both GSIs and GSIIs 

(Denman & Wedler 1984; Maurizi & Ginsburg 1982). Complete removal of metal 

ions by chelating agents results in dissociation of the complexes into lower molecular 

weight species, such as octamers, tetramers, and monomers. These lower molecular 

weight species still exhibit activity but at a much reduced level. Enzyme 

concentrations and the presence of substrates can also alter the oligomeric state of 

these enzymes. For instance, the binding of ligands is thought to enhance intersubunit 

contacts just as increased concentration of divalent metal ions do, causing 

reassociation into higher molecular weight complexes (Maurizi & Ginsburg 1982). In 

particular, the addition of Mn2+ leads not only to reactivation but also to the formation 

of higher order complexes (Denman & Wedler 1984). 

 

It is, therefore, apparent that slight changes in the concentration of effectors, or 

alteration in conditions during purification, can have drastic effects on the stability 

and activity of GS enzymes. There are, thus, several possible explanations for the loss 

of activity seen during this purification. (1) The S300HR column is ideal for 

separation of a 500KDa protein as it falls in the middle of its selectivity range. It was, 

therefore, unexpected that the gel filtration steps did not resolve the protein 

90



constituents satisfactorily. Instead, a distribution of peaks all appearing to be 

comprised of an apparently homogenous (according to subunit MW determined by 

SDS-PAGE) population was obtained. Repassage of sample from the centre of the 

most active peak, which should have produced a single peak, revealed the same 

distribution of peaks indicating that the preparation redistributes to range of molecular 

weights or volumes during the period between gel-filtration runs. The presence of 

aggregates in the first peak to elute suggests that this equilibrium distribution might 

represent degradation products. Dissociation into smaller oligomeric states with 

subsequent loss of activity could also explain the results. The lack of any Mn2+ in the 

gel filtration buffer would support the latter hypothesis. However, Southern achieved 

a homogenous gel filtration profile using the same conditions (Southern 1986), and 

the purified protein corresponded to a hexamer, in agreement with the work of Garcia-

Dominguez et al. who used 2 mM Mn2+ (Garcia-Dominguez, Reyes, et al. 1997). (2) 

Because it is known that PEG precipitation is achieved through increasing the 

excluded volume of proteins in solution or molecular crowding, conditions that 

promote protein-protein association or those that cause dissociation should facilitate 

or impede precipitation respectively (Ingham 1984). Thus, it is possible that the 

difficulties seen during PEG precipitation were a result of other factors affecting the 

oligomeric state of GSIII. Alternatively, PEG, via its effect on excluded volume, 

could have altered the degree of oligomerization and, therefore, activity of the 

enzyme. Similarly, the use of glycerol by Garcia-Dominguez could account for their 

better yield (Garcia-Dominguez, Reyes, et al. 1997). (3) Additionally, any covalent or 

specific inhibition of the enzyme would most likely be noticeable during the PEG 

precipitation because it takes place over lengthy time periods (4hrs and 24hrs). The 

possibility of feedback inhibition seems unlikely because the metabolic products 

required would have been present from the beginning of the purification. However, 

they might only become effective under different conditions. (4) Irreversible 

denaturation due to inappropriate conditions could account for the loss of activity but 

this seems unlikely because of the homogeneity and structural integrity of the 

complexes visualized by EM. Furthermore, the temperature optimum of this enzyme 

is 45°C (Southern, Parker, et al. 1987) excluding the posssibilty of rapid thermal 

denaturation at room temperature. (5) The high concentrations of salt used to 

redissolve the PEG 6% precipitate could have further effected activity, but the 
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majority of inactivation was seen before this. (6) The activity of preparations was only 

measured by the transferase activity of GSIII. It is, therefore, possible that GSIII 

might have exhibited higher activity if measured by the biosynthetic assay, because 

the catalytic potential of these reactions differ according to effectors and conditions. 

Furthermore, it has been shown previously for GSI that the characteristics of 

inhibition, as measured by inhibitor kinetics, can differ between the two principal 

assays used: the forward biosynthetic assay, and the reverse gamma-glutamyl 

transferase assay (Liaw, Pan, et al. 1993). This discrepancy was explained in terms of 

the different metal ion dependencies of each assay (the biosynthetic assay is inhibited 

by Mn2+ compared to Mg2+) and also the relative stabilities of the different GS-

cofactor complexes, GS-ADP and GS-ATP. 

  

It is clear from the above possibilities that further investigation into the mechanism of 

inactivation is required to understand the low levels of GSIII activity in B. fragilis and 

during purification of the recombinant enzyme. In particular, it needs to be 

ascertained whether the inhibition is mediated by a specific inhibitor or by 

perturbation of environmental condition required for activity. Even if the latter turns 

out to be the case, it will still remain to be determined whether this inactivation is of 

physiological significance. Furthermore, Garcia-Dominguez et al mentioned that the 

inactivation seen in Synechocystis sp. PCC 6803 is reversible (Garcia-Dominguez, 

Reyes, et al. 1997). It also uncertain whether the reactivation procedures described for 

GSI and GSII can restore the activity of purified GSIII (Eisenberg, Gill, et al. 2000; 

Maurizi & Ginsburg 1982; Denman & Wedler 1984). 

 

It is acknowledged that more rigorous investigation is required to improve the 

efficiency and reproducibility of purification protocol. Nonetheless, the primary 

objective of the purification, to obtain a homogenous sample for analysis by EM, was 

achieved. The following chapter describes the visualization of the purified GlnA by 

negative stain EM and the elucidation of its 3D structure by single particle 

reconstruction techniques.   
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CHAPTER 4 
 

SINGLE PARTICLE RECONSTRUCTIONS 

 

4.1 INTRODUCTION 

 

4.1.1 General background 

 

Previous structural studies have revealed that glutamine synthetases are, in general, 

double ringed structures, with an even number of subunits and dihedral point group 

symmetry (Kretovich, Evstigneeva, et al. 1984). Biochemical studies and preliminary 

EM investigations into the structure of GlnA from Bacteroides fragilis (Southern, 

Parker, et al. 1987), however, have suggested a hexameric quaternary structure for 

GSIII. This is in agreement with the quaternary structure (determined by size-

exclusion chromatography) of Synechocystis GlnN, the only other GSIII isolated to 

date (Garcia-Dominguez, Reyes, et al. 1997). The results of biochemical techniques 

such as size-exclusion chromatography, centrifugation, and gel electrophoresis are 

often ambiguous due to experimental and theoretical difficulties associated with the 

techniques (Gouaux, Braha, et al. 1994; Haschemeyer & De Harven 1974). Even 

direct visualizations of particles by negative stain EM have yielded conflicting results 

(Stahl & Jaenicke 1972; Tsuprun, Zograf, et al. 1987; Kiang 2000). This uncertainty 

together with the finding that some GS enzymes occur in a range of oligomeric states, 

the inter conversion of which is particularly sensitive to environmental conditions and 

effectors concentrations (Chapter 3), detracts from the confidence of the previous 

findings for B. fragilis GlnA.  

 

Negative stain EM and single particle reconstruction techniques were, thus, 

undertaken in order to better understand the oligomeric stoichiometry of this protein 

in solution and to reveal the 3D arrangement of subunits and substructure of a GSIII. 

In addition to the structure determination, this work aimed to reveal the relationship 

between GlnA and GSI via the docking of homology models (Chapter 2) into the 3D 

volume, thus allowing interpretation of the structure and shedding light on the 

evolution of this enzyme. Depending on the accuracy of the models and the resolution 
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achieved, such interpretations might permit inferences to be made about the function 

and regulation of GlnA based upon the extensive understanding of the 

structure/function relationships of GSI (Eisenberg, Gill, et al. 2000).  

 

4.1.2   Single particle reconstruction  

 

In order to reconstruct a particle in three dimensions it is necessary to determine the 

angular relationship between all projections or views of the particles. This can be 

achieved by collecting views with predetermined angular relationships as in the case 

of single axis tilt series/tomography or, alternatively, single particle methods can be 

used. In the latter technique the views are distributed over multiple randomly 

orientated particles. 

 

In the simplest implementation of the single particle technique, 2D averaging, images 

from multiple particles are aligned together and averaged arithmetically with the 

primary aim of improving the single to noise ratio of the images. Thus, single particle 

techniques can reduce the effects of noise arising from sources such as electron shot 

noise due to minimal dose imaging, which otherwise hamper interpretation of 

molecular details. 2D averaging presumes a defined orientation of the particle on the 

grid and thus only requires the determination of the two translational and single in 

plane rotational angle that relate the images to each other. Combining views from 

different particles also effectively distributes the effect of damaging radiation among 

all members of the particle population because each particle will incur damage in a 

different random location (review by (Glaeser 1999)). On averaging, the 

conformational variation resulting from this damage is averaged out. Negative 

staining also circumvents the sensitivity of biological samples to radiation by forming 

a cast of the molecular structure which is more resistant to radiation induced damage. 

The stain, thus, preserves an imprint of the hydrated structure, with greatly improved 

contrast due to the heavy atom composition, before desiccation and irradiation 

(Kiselev, Sherman, et al. 1990).  

 

In three dimensions i.e. assuming a random distribution of particle orientations, five 

parameters relate projections to each other: three angular parameters (Euler or 
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alternate coordinate system) and the two translational parameters. These need to be 

determined such that the projections may be, by analogy to the 2D example, 

‘averaged’ together by backprojection in three dimensions to form a model volume. 

Multi-reference alignment (Joyeux & Penczek 2002) or in its more complete 

implementation, angular refinement (Penczek, Radermacher, et al. 1992), offers a 

method for determining the parameters by matching projections to views of a 

reference volume. This method therefore requires the availability of a starting model 

of sufficient resolution to either determine all these parameters in the first search or in 

the more sensitive form, the iterative angular refinement procedure, provide a starting 

point for the process to bootstrap the search to higher resolution.  

 

An alternate, means of deriving the relationship between all projections in the absence 

of prior information is given by the simultaneous minimization program based on 

common lines (Penczek, Zhu, et al. 1996). Because of the low signal-to-noise ratio of 

individual images, this method works best with averages of images produced by 

classification. This requires a very large data set so that enough particles occur in 

similar directions to allow averaging whilst maintaining a fine angular sampling. The 

initial model can then be improved by angular refinement as described above or by 

“alignment by classification” which only uses multi-reference alignment against 

projections of the previous model to improve the alignment of images which are 

thereafter subjected to reclassification and the process iterated. 

 

4.2 METHODS 

 

4.2.1 Sample preparation 

 

Recombinant B. fragilis GSIII was isolated from a GS deficient E. coli expression 

host and purified as described in Chapter 3. The final preparation containing ~1mg/ml 

of GlnA in a low salt buffer (10 mM Imidazole-HCl, 10 mM MnCl2 pH 7.15) was 

stored at 4°C. 
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4.2.2 Negative stain electron microscopy 

 

10 ul of a ¼ dilution (in low salt buffer) of GSIII solution was applied to EM grids 

previously coated with thin carbon support film and additionally glow discharged in 

air for 20 seconds, before being stained with 2% uranyl acetate solution using the 

droplet method. Specifically, one 10 ul droplet of sample and three 10 ul droplets of 

stain solution were placed on ParafilmTM. The carbon coated grid was first floated on 

the protein solution for 25 seconds before being removed, blotted and, in quick 

succession with blotting in between, floated for 1 second on the next two stain 

droplets. The protein was left to stain for ~7 seconds on the final droplet, before being 

slowly blotted and air dried. The adsorption and final staining times required, for 

optimal particle concentration on the grid and stain contrast, were optimized 

empirically.  

 

Electron micrographs (160) were recorded by a Proscan 2048×2048 slow-scan CCD 

camera, with 14µm pixels, using a Leo 912 TEM operating at 120kV and a nominal 

magnification of 50000 times magnification with zero-loss energy filtering. Images 

were recorded by the minimum dose technique (Williams & Fisher 1970) 

programmed using the TVIPS software (Tietz, 1986; EM-MENU 2003), to reduce the 

exposure to damaging radiation. During the focussing stage of this procedure, 

astigmatism and defocus were corrected by inspection of the real time power spectra 

calculated from the images. 

 

4.2.3 Image processing and reconstruction 

 

Image processing and 3D reconstruction were performed on an Intel server with two 

2.2 Mhz Xeon processors and 2Gb physical memory operating under the RedHat 9 

Linux operating system. The majority of image processing steps and all reconstruction 

steps were accomplished using the program, SPIDER (Frank, Radermacher, et al. 

1996). Two programs from the MRC image processing package IMAGE2000 

(Crowther, Henderson, et al. 1996) were used in the initial preprocessing stages (see 

below). 
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4.2.3.1  Data handling  

 

Micrographs which had been recorded as unformatted 2048×2048 pixel 16 bit arrays 

were converted to MRC format before being downsized by a factor of 2 using the 

IMAGE2000  program, Label (Crowther, Henderson, et al. 1996), to average adjacent 

pixels. Binning to reduce images size and speed up processing was possible because 

the final predicted sampling, 5.6 Å/pixel still corresponds to an over-sampling by a 

factor of 3.5 for an expected maximum resolution of 1/15 Å and a 14 µm CCD pixel. 

The theoretical maximum sampling required is given by the Whittaker-Shannon 

sampling theorem (Shannon 1949), which states that, in order to avoid aliasing 

effects, the sampling needs to be at least twice the highest frequency present in the 

signal. Over-sampling, however, is necessary to minimise the deleterious effects of 

accumulating interpolation errors during the reconstruction.  

 

Although useful, this value only represents a rough estimate of the sampling because 

the microscope was uncalibrated at 50000× magnification. An accurate determination 

of the sampling is essential for determining correct filter parameters and for ensuring 

the accuracy of model scaling and measurements. Fortuitously, contaminating 

putative GroEL particles were present in preparations. Contaminating putative GroEL 

particles were preprocessed as described below and then aligned together by reference 

free alignment (Penczek, Radermacher, et al. 1992). An atomic structure of GroEL 

(Braig, Otwinowski, et al. 1994) was then imported at different sampling values, low-

pass filtered to 15 Å, and an average image calculated from 40 different projections at 

9° intervals around the particle’s long axis for each differently scaled particle. The 

maximum cross-correlation between the differently scaled atomic structure averages 

and the average from the micrograph yielded the final sampling of the micrographs. 

 

Average periodograms (equivalent to the power spectrum for large number of 

samples) of the micrographs were also calculated using scripts obtained from the 

SPIDER (Frank, Radermacher, et al. 1996) web site 

(www.wadsworth.org/spider_doc/spider/docs) in order to screen for astigmatism, 

drift, and incorrect defocus ranges.  
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4.2.3.2   Particle selection 

 

Particles (12587) were interactively picked from micrographs displayed in the MRC 

program, Ximdisp (Smith 1999), at reduced sampling (factor ½). The files produced 

by this program containing the particle coordinates were then used by SPIDER to 

window these particles, placing them in 80×80 image boxes which were twice the 

particle diameter to avoid the influence of edge effects (ringing in the Fourier 

transforms) produced by the sharp edges of the box in the cross-correlation 

calculations during alignment. 

 

4.2.3.3   Preprocessing 

 

Filtering - Images were band-pass filtered according to standard single particle 

procedures to reduce the influence of noise during the alignment procedure. The high-

pass filter function applied was an inverse top-hat function with the filter radius set to 

exclude frequencies greater than the particle diameter (+20%), i.e. 1/200 Å. The low-

pass function used a Gaussian high-frequency fall-off set to suppress frequencies 

greater than 1/15 Å.  

 

Masking - Masking was used to decrease the influence of neighbouring particles in 

the alignment process which resulted from the high particle density on the grid. It was 

not possible to achieve good particle separation by varying dilution of adsorption time 

without obtaining preparations that were too sparse. The radius of the circular mask 

(25 pixels) was larger than the longest particle dimension (21 pixels) and a Gaussian 

fall off masking function was used to avoid the above mentioned edge effects. 

 

Normalization - Images were normalized after masking to zero average density and a 

constant standard deviation of one. Normalization of images, to achieve similar 

background grey levels and particle contrast, is necessary to prevent differences in 

these values affecting the cross-correlations based alignment procedure. Projections 

from a single specimen should have the same mean density but different variances, 

assuming a homogenous sample. It is, therefore, more correct to set the background 

average to zero and the background variance to one. However, it has been shown that 
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this difference does not have an effect on reconstruction quality (Sorzano, de la Fraga, 

et al. 2004). Normalization was performed after masking to ensure that the mean 

density was only contributed from single particles. 

 

Images displaying dust or inconsistent grey levels were detected from visual 

inspection of all particles in WEB (Frank, Radermacher, et al. 1996) and deleted at 

this point.  

 

4.2.3.4   2D Reconstruction  

 

A 2D-average was generated from 150 pinwheel pre-processed views by reference-

free alignment (Penczek, Radermacher, et al. 1992). The average was further 6-fold 

rotationally symmeterized about its centre.  

 

4.2.3.5   3D Reconstruction  

 

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 (see 

below), 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. Details are given below. 

 

Starting models:  

 

Two independent 3D reconstructions were calculated by angular refinement from 

alternate starting models: 

 

(1) Ab inito model derived by simultaneous minimization based on common lines  

 

Particle images (12587) were aligned together and centred by iterative reference-free 

alignment (Penczek, Radermacher, et al. 1992). Rotationally invariant K-means 
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clustering (Penczek, Zhu, et al. 1996) was then used to classify the aligned particles 

into 100 classes. Images were then recentred according to the centre of gravity of their 

class average, and reclassified. After 3 rounds, iterative multi-reference alignment 

was then used to refine class membership by matching and aligning images to the 

most similar of the 100 class templates, recalculating the averages, and repeating the 

alignment. ‘Trap classes’ i.e. characteristic views of contaminating particles (putative 

GroEL) and pinwheels were included in an attempt to exclude these particles from the 

reconstruction. Classes were inspected and any averages that did not adequately 

represent the class members were deleted. The angular relationships between the 86 

remaining class averages were determined by a simultaneous minimization program 

based on common lines (Penczek, Zhu, et al. 1996) and a 3D model produced by 

backprojection (see below). Class averages were used instead of individual images 

because of their higher signal-to-noise ratios. The choice of 100 classes was based on 

balancing the number of redundant class averages with the homogeneity and signal-

to-noise ratio of the averages (determined visually). 

 

(2) Model based on crystal structure of GSI.  

 

An atomic resolution structure of GSI (Yamashita, Almassy, et al. 1989), low-pass 

filtered to 1/15 Å resolution, was used as the other starting model.  

 

Multi- refinement alignment 

 

Multi-reference alignment was used to classify and align the pre-processed particle 

images by comparison (cross-correlation) with templates, derived by projection of, in 

the first round, these starting models and in subsequent rounds, the previous 

reconstructions. Initially the symmetry of the large particles was unknown and the 

model volumes were projected in quasi-evenly spaced directions covering 3D space. 

The sampling of the projection directions was chosen to adequately represent the 

theoretically attainable resolution. The formula used to calculate the number of 

projections required to obtain a given resolution was first derived for a single-axis tilt 

series reconstruction by Crowther et al. (Crowther, Amos, et al. 1970) and later 
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generalized for all projections directions by van Heel et al. (van Heel & Harauz 

1986):  

 

number of projections = Diameter of  the particle × 2 / desired resolution   

 

Since the multi-reference algorithm employed did not use mirror check it was 

necessary for the projections to cover the entire surface of the angular distribution 

sphere instead of only a hemisphere. Thus, 166 templates at 15° increments represents 

an over-sampling by 166 / (165*2/15) / 2 ≈ 4,  to achieve 1/15 Å resolution. 

Furthermore, if the fact that symmetry related pixels do not represent independent 

signal (Orlova, Dube, et al. 1997) is considered, then the number of templates 

required is reduced even further by the symmetry factor, in this case 6. Additionally, 4 

‘trap’ classes composed of 2 images of the pinwheel view of GSIII  (from the 

simultaneous minimization based on common lines class averages) and 2 images of 

GroEL (from the sampling determination) were included in the template library. In 

each alignment cycle, the same untransformed pre-processed images were aligned to 

the reference volume i.e. transformations did not accumulate during reconstruction, 

necessitating the use of large translational search parameters. These projections were 

pre-processed as described for the raw images. During the alignment procedure, a 

threshold cross-correlation score was imposed to exclude 20% of the particles from 

the reconstruction. Furthermore, those images requiring translational shifts greater 

than 8 pixels were also excluded. Images were aligned by translation and rotation 

according to the parameters determined during multi-reference alignment. Class 

averages were then calculated and empty classes were replaced by their template 

images.  

 

Reconstruction in the absence of circularity 

 

Two approaches were attempted to prove the reliability of the reconstruction 

procedure and the validity of the final model. Firstly, reference-free alignment was 

performed within each class after each round of multi-reference alignment. After 

convergence of the iterative reference-free algorithm (Penczek, Radermacher, et al. 

1992) the 2D average was aligned by reference-based alignment to the original 
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projection template used to classify the images. These 2D class averages were then 

used for the reconstruction. Secondly, aligned images within each class were further 

classified by K-means rotationally invariant clustering after each round of multi-

reference alignment. The number of groups was based on the size of each class with 

200 images being sorted into 10 classes. After classification, class averages were 

calculated for each of the sub-classes. The sub-class average best matching the 

original template projection was then determined by multi-reference alignment and 

the 2D average transformed by the given parameters.  These 2D class averages were 

then used for the reconstruction. 

 

These strategies were tested on the final model derived by angular refinement (as 

described above). For sake of time these reconstructions also utilized several time 

saving modifications not found in the previously described angular refinement 

procedure. (1) After each round of alignment transformed particles were stored for 

use in the following round of alignment. This enabled the search radius to be 

decreased as the alignment proceeded. (2) Only projections spanning the asymmetric 

unit were generated. (3) A mirror-check was initiated in the multi-reference alignment 

algorithm so that only projection directions spanning a hemisphere i.e. theta = 0-90° 

were required instead of twice the number.   

 

3D Reconstruction  

  

Backprojection of these class averages, using interpolation in Fourier space, was used 

to reconstruct the volumes.  

 

C6 symmetry was enforced during reconstructions. This was determined initially from 

a self-rotation function about the putative symmetry axis (Z-axis) of an 

unsymmetrized reconstruction. The reconstruction was projected along its long axis 

and the projection was compared to itself by a 2D rotational search algorithm in 

SPIDER  (Frank, Radermacher, et al. 1996). The six highest cross-correlation peaks 

were found to correspond to multiples of 60° confirming the C6 symmetry (Table 

4.1). 

 

102



 

In the final evaluation of the model (see below) it was decided to reduce the 

projection directions to the asymmetric unit only and employ a mirror-check to speed 

up processing.  

 

Convergence 

 

Convergence of the algorithm was measured by monitoring two statistics, namely, the 

average cross-correlation score between all images and the templates derived from the 

reference volume, and the number of images jumping to different classes between 

alignment cycles. 

 

Resolution criteria 

 

The resolution of the reconstructions was determined by the Fourier shell correlation 

(FSC) (Harauz & van Heel 1986) and Differential Phase residual (DPR) methods  

(Penczek, Grassucci, et al. 1994). The image data set was divided into two and 

independent reconstructions were calculated from each set using the angular 

refinement procedure outlined above with one set using the GSI-based model and the 

other using the ab initio model. After convergence, the structures were aligned and 

their resolution compared by the above methods. As a conservative estimate, the 

resolution was taken as the point where the FSC between data half-sets equalled 0.5, 

which is equivalent to a phase error of 35° (Rosenthal & Henderson 2003). The final 

reconstruction was then low-pass filtered to the given resolution using a Fermi low-

pass filter with a temperature factor of 0.025. 

 

Visualization 

 

Reconstructed volumes were visualized using Web (Frank, Radermacher, et al. 1996 

), SpiderViewer (Burford, Sewell, et al. 2004), and Chimera (Pettersen, Goddard, et 

al. 2004). The threshold for contouring the density was decided based upon the 

volume enclosed by the surface as determined by integrating the voxel histogram in 

SpiderViewer. This was determined from the predicted molecular weight of GSIII 
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(82.7KDa) (DNAMAN 1994), the estimated number of subunits, and an average 

value for protein density of 0.73 Da/Å3.  

 

4.2.3.6   Docking 

 

Initially, an entire ring (6 subunits) from the crystal structure of S. typhimurium GSI 

(without any alteration to the subunit spacing) (Yamashita, Almassy, et al. 1989) was 

manually docked into the larger ring of the GSIII density.  

 

In order to improve the fitting, an individual subunit of GSI was docked automatically 

using a fast Fourier transform (FFT) accelerated, correlation based, docking in SITUS 

(Wriggers, Milligan, et al. 1999) to perform the 6 dimensional search required to find 

the best docking of the high resolution model to the low resolution density. Rigid-

body docking was performed with 15° angular sampling of the search space and 

subsequent optimization of the top 6 results. To speed up the docking, only a sub-

region, corresponding to a radial span of 90° of the larger ring and two-thirds of the 

length of the molecule in the axial direction (cutting off a portion of the smaller ring) 

was searched. 

 

Individual dockings were not performed for each homology model because they did 

not explicitly model inserted density. Instead, the automatically docked GSI subunit 

was used to evaluate the models by annotating the positions of insertions and 

deletions for each alternate alignment.  

 

4.3 RESULTS 

 

4.3.1 Visualization  

 

Initial inspection of the grids under the optimised conditions and in regions of high 

stain depth, revealed a homogenous population of roughly spherical particles with a 

diameter of ~160 Å (Figure 3.3B). Putative GroEL molecules were also observed in 

the final preparation but only as a very minor fraction. It was, however, discovered 

that in lightly stained regions, two distinct particle morphologies existed. In addition 
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to the spherical particles, pinwheel-shaped particles with a similar diameter but clear 

left-handedness, 6-fold symmetry, and a well stained central channel were observed 

(black arrows in Figure 4.1). These pinwheels made up roughly 1.2% of the total 

particles. In Figure 4.1, a low-pass filtered micrograph (not used in the 3D 

reconstruction) is shown, which highlights the differences between the larger more 

heavily stained particles and the lighter end-on pinwheels. Furthermore, at very low 

stain levels, positive staining effects, revealed what appeared to be views of a double-

ringed structure for the larger particle (see white arrows in Figure 4.1).  Together with 

the observation that these particles exhibited all the characteristic views seen for other 

double ringed GSs (Chapter 1) and the fact that smaller hexamers were present, this 

finding led to the putative interpretation of the larger particles as double-ringed 

dodecamers. Two separate reconstructions were calculated from the particle 

population: a 2D average of the pinwheel face-on views and a 3D reconstruction of 

the larger particle. 

 

An example of one of the 160 micrographs used for the reconstructions is shown in 

Figure 4.2. The final depth of stain decided upon for data collection was not as low as 

shown in Figure 4.1 but was low-enough to reveal the pinwheels. Double-carbon 

negative-staining preparations were attempted but due to the thickness of the EM grid 

bars, the useable area was too small and a large degree of particle flattening occurred 

near the centre of each grid square (data not shown).  

 

4.3.2 Sampling 

 

The final sampling in the micrographs was 4.25 Å/pixel, as determined by the scaling 

of a 2D average of GroEL particles against an atomic resolution structure of the 

particle (Figure 4.3). The predicted value, based on a 14µm pixel and a magnification 

50000, was 5.6 Å/pixel (taking 2-fold binning into account). This represents a 

magnification error of 24%.  
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*

Figure 4.1 Electron micrograph (low-pass filtered to 20 Å) of negative stain (2% UA) 
preparation of GlnA. Particles marked with black arrows are thought to represent 
single hexamers (from dissociation or partial staining) in comparison to the better 
contrasted double-ringed dodecamers (examples marked with white arrows). Scale bar
= 18 nm. The particle marked by an asterisk is referred to later in the text.
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33nm

Figure 4.2. Example micrograph of GlnA single particles stained with uranyl acetate (2%) used 
in the reconstruction. The image has been reduced from the original sampling of 4.25 Å/pixel and 
the grey levels have been adjusted for presentation. The sample was prepared and imaged as 
described in chapter 3.
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Figure 4.3. Determination of final micrograph sampling by comparison of an average of all 
contaminating putative GroEL side views against differentially scaled models of an atomic structure 
(Braig, Otwinowski, et al. 1994). A – Plot of the CC score between the 2D average and cylindrically 
averaged projections of the atomic model as a function of sampling. B – Comparison of the 2D average 
and the projection displaying the highest CC score
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4.3.3 2D average of pinwheel views 

 

The pinwheel views were all assumed to lie in the same orientation on the grid 

permitting a simple 2D average to be calculated by reference-free alignment 

(Penczek, Radermacher, et al. 1992). This is a valid assumption considering that for a 

spherical particle of diameter 180 Å, 1/19 Å resolution is still possible for tilts as large 

as 12° from the normal (Crowther, Amos, et al. 1970). 

 

The 2D-average generated from 150 pinwheel views (Figure 4.4A) with 6-fold 

symmetry enforced is shown in Figure 4.4B. The stain distribution of the 2D average 

revealed a particle with an overall similar structure to the previously reported 2D-

averages of partially stained E. coli GSI (Kessel, Frank, et al. 1980) (Figures 4.4C & 

4.4D), which only contained information about the structure of the ring closest to the 

carbon (for a population of face-on views). However, the structures differed in several 

regards. Firstly, the diameter of GlnA pinwheel is 180 Å, 30% longer than that of the 

GSI 2D-average (137 Å). Secondly, both proteins possess prominent ellipsoidal stain 

excluding regions at the periphery of the hexameric rings (61 vs. 60 Å radially from 

the ring’s centre for GSI and GlnA respectively), which are bilobed being divided into 

two subdomains. These are the “oblate ellipsoids of revolution” first seen by 

Valentine et al. investigating GSI (Valentine, Shapiro, et al. 1968). Thirdly, the 

dimensions of the major axes of these ellipsoid domains were measured to be 42.5 

and 60 Å for GSI and GlnA respectively. The minor axes were measured to be 24 and 

30 Å GSI and GlnA respectively. The former axis of these ellipsoidal domains is 

skewed with respect to the normal of the molecule radius by 6° in GSI and 25° in 

GlnA. The ellipsoidal domains are in turn linked by a smaller stain excluding spiral 

arms to the central ring region. Thus, the predominant difference between the 

structures is the larger size of the ellipsoidal domains, and the greater degree of 

rotation of these domains relative to the normal of the particle radius (Figures 4.4C & 

4.4D).  
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Figure 4.4. 2D average of putative hexameric pinwheel form. A – Pre-processed images of face-on 
hexamer, aligned by iterative reference-free alignment, averaged, and 6-fold rotationally symmeterized
to produce the image shown in B. C - Contoured representation of B (-3.24 to 2.48 in steps of 0.95) 
with annotated measurements of the ellipsoidal domains shown in red. The positions of the two density 
peaks comprising the bilobed domain are marked with asterisks. D – overlay of a projection of one ring 
of the GSI crystal structure (shown in red) with the 2D-average of GlnA (shown in blue).
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4.3.4 3D Reconstruction 

 

Unlike the pinwheel views, the large molecules appeared to lie in numerous different 

orientations on the support film, making these structures amenable to 3D 

reconstruction by single particle techniques. Angular refinement, based upon two 

independent starting models, was used to determine the angular relationships between 

all projections such that they could then be backprojected to form a 3D volume for 

GlnA (Figure 4.5). One starting model was derived from the atomic structure of GSI 

and the other was derived ab inito by classification and common-lines based 

simultaneous minimization . The 89 class averages, derived by the latter approach, 

together with the resulting model are shown in Figure 4.6. Preliminary reconstructions 

in the absence of symmetry displayed clear cyclical 6-fold symmetry and self-rotation 

functions about the long axis of the particle confirmed this (Table 4.1). This 

symmetry was, therefore, enforced during the reconstruction procedures. Examples of 

the reference projections and corresponding class averages are shown in Figure 4.7. 

The reason for calculating two  independent reconstructions from different models (as 

determined by FSC) was to avoid the problem of extension of resolution due to the 

correlation of Fourier coefficients in adjacent shells that results from the finite 

boundedness of particles (Yang, Yu, et al. 2003).  

 

Table 4.1: Detection of C6 symmetry by self-rotation function  

about the putative symmetry axis (Z). 

 
Peak 

number* Peak value Rotational 
angle 

Multiple 
of 60° 

1 0.29633 0 0 
2 0.26449 61.989 1 
3 0.26449 298.01 5 
4 0.26066 235.19 4 
5 0.26066 124.81 2 
6 0.25594 180 3 

*only the six highest peaks are reported 
 

Both reconstructions, converged to similar structures (judged by FSC, see below) as 

shown in Figure 4.8A. Figure 4.8B shows the convergence of the reconstruction based 
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…(from previous page)

Figure 4.5. Outline of the angular refinement procedure (details are given in section 4.2.3.5). 
Two alternate starting volumes were used: the crystal structure of GSI filtered to low resolution 
and a model derived by common-lines based simultaneous minimization of class averages from 
rotationally invariant K-mean classification. Reference templates (166) were generated by
projecting the starting model volumes at evenly spaced 15° samplings in 3D space. ‘Trap classes’
i.e. characteristic views of contaminating particles (putative GroEL and the single hexamer) were 
included in an attempt to exclude these incorrectly picked particles from the reconstruction. Pre-
processed images (12587), floated from the original micrographs, were then aligned to the 
reference templates. Multi-reference alignment yielded the three orientation parameters: x-
translation, y-translation and in-plane rotation angle used to align all the images and a correlation 
score between the images and references. Based upon the latter parameter, the images were sorted 
into 171 different classes and averaged. These averaged classes (excluding the trap classes) were 
then used to reconstruct the volume by back projection in Fourier space, with cyclical six-fold 
symmetry imposed during the reconstruction. The resulting symmetric volume was then used as 
the reference volume for the next round of reconstruction. The cycle was iterated until the 
reconstruction algorithm converged, as determined by the average CC score.
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90°

B

90°

Figure 4.6. Summary of the generation of an ab initio starting model by angular reconstitution of class 
averages of rotationally invariant K-mean classified images (details are given in the text). A – class 
averages and ‘trap classes’ (final 3) subjected to angular reconstitution to generate the model shown in B. 
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Figure 4.7.  Examples of the projections and corresponding class averages used in the 
reconstruction based on the ab inito starting model (final round). A – Subset of the 166 template 
projections at quasi-evenly spaced 15° increments. ‘Trap classes’ are shown in the last row. B –
Subset of the corresponding 166 class averages. The success of the reconstruction can be directly 
gauged from a comparison of B with A. The template and class average marked by asterisks are 
referred to later in the text. 
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Figure 4.8. Reproducibility of the reconstruction. A – Convergence of the two independent 
reconstructions, calculated from data half-sets and each starting from a different reference volume, as 
determined by the average CC score. Ab inito model (solid squares), GSI based model (open circles). B –
Surface representations of the volume reconstructed from the ab initio model at incremental stages of the 
reconstruction. No symmetry was enforced during for this reconstruction, unlike in A.
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on the ab inito model in the absence of symmetry. Alternate views of the molecular 

envelope of GlnA as determined by the reconstructions are shown in Figure 4.9 and 

discussed below.  Although the ab inito reconstitution did converge to the same 

structure as the GSI based reconstruction (Figure 4.8A), the angular distribution of the 

class averages did not agree with the angular assignments determined by comparing 

the same class averages with projections of the final model using multi-reference 

alignment (Figure 4.10). 

 

4.3.4.1   Structural insights 

 

In contrast to preliminary EM observations, (Southern 1986) and the results of the 2D 

averaging discussed above, which both identified GlnA as a hexamer, the 3D 

reconstruction revealed a large dodecameric complex with average dimensions 16.5 × 

16.0 nm. The subunits (82.8KDa) of the complex are arranged in two opposing 

hexagonal rings with distinct handedness, each resembling the 2D pinwheel average 

discussed above (Figure 4.9). The two rings are assumed to be face-to-face forming a 

closed space group, otherwise the oligomer would not be limited to only two rings. 

This is similar to the quaternary structure arrangements of the GSIs and GlnTs except 

that the GSIII complex is 60% longer (16.5 vs. 10.3nm) in the axial direction and on 

average 12% wider than GSI (16.0 vs. 14.3 nm) (see Figure 4.11). The two rings are, 

however, only pseudo-symmetrically related, differing not only in diameter (16.5 or 

15.5nm vs. 14.3nm) but also the degree of separation of subunits (Figure 4.9). As 

such, the particle possesses only cyclic 6-fold symmetry in comparison to the dihedral 

symmetry of GSI (Figure 4.11) and consequently projections of the complex in the 

axial direction possess handedness. As discussed earlier, projections of a molecule 

with dihedral symmetry, in a direction normal to any of the 2-fold axes, should 

possess mirror symmetry. The complex also possesses a large central cavity, which 

tapers in diameter towards the ends of the complex in the axial directions. GSI on the 

other hand has a channel of constant diameter extending throughout the axial direction 

(Figure 4.11). 

 

At the contour level chosen, so as to enclose the volume corresponding to 12 subunits, 

subunit contacts are not well resolved. At higher thresholds however, these become 
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Figure 4.9. Alternate views of the molecular envelope of GlnA. The reconstructed volume is 
shown as a surface representation with the density contoured to enclose 1360 nm3. GlnA is a 
dodecameric complex, with subunits (82.7 KDa) arranged in two opposing hexagonal rings 
showing distinct handedness. The two rings are not symmetrically related, differing not only in 
diameter but also the degree of separation of subunits and as such the particle possesses only 
cyclic symmetry. There is a large central cavity which tapers in diameter towards the poles of the 
molecule and a central sphere of density resulting from averaging and not present in models made 
from fewer images has been excluded. 
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Figure 4.10. Comparison of the angular distributions of the class averages in A as determined by 
angular reconstitution (black) and by multi-reference alignment (blue) against the final model. Points 
on the surface of the sphere represent the viewing direction, with longitudinal lines representing θ
and latitudinal lines, Ф. It can be seen that according to the multi-reference alignment, the angular 
refinement failed to correctly determine the angular relationship between the class averages.

119



135°

135°

GSIII GSI
A

B

Figure 4.11. Comparison between the structure of GSIII and GSI (from the crystal structure Yamashita, Almassy, et al.
1989). A - Both structures were low-pass filtered to 21Å and are contoured to enclose the volume calculated for 12 
subunits of: GSIII 82.7 KDa & GSI 51.6 KDa. Symmetry elements are shown in yellow: ovals = 2-fold axes and 
hexagons = 6-fold axes. It can be seen that despite both being dodecamers, GSIII has cyclical 6-fold symmetry whereas 
GSI has dihedral 6-fold symmetry. GSI is also 60% longer and on average 12% wider than GSI (143 Å in diameter 103 
Å along the 6-fold axis). The central cavity of GSIII is larger than that of GSI but tapers to a smaller diameters at the 
top and bottom of the molecule. B – Same as A but contoured at higher density threshold to emphasise handedness of 
each ring. GSI is left-handed as determined by crystallography but the handedness of GSIII is not known. 120



more defined (Figure 4.11). Like the pinwheel averages, each ring has semi-circular 

indentations between subunits. GSI has a similar configuration and these indentations 

correspond to the αβ-barrel active sites formed by the heterologous associations 

between adjacent subunit. The inter-ring contacts (presumably isologous) are more 

extended than in GSI with six stalk-like processes extending below the arms of each 

subunit.  In the larger ring, a further region of continuous density can be seen 

branching off from these stalks and joining with the lower region of the density 

surrounding the invaginations between subunits (data not shown).  

 

Figure 4.12 compares the two structures of the GSIII, GlnA, determined in this work 

with the structures of the other GSs reported previously. It is obvious from this 

comparison that GlnA represents the largest GS visualized to date with a molecular 

mass close to a mega-Dalton. As mentioned above, the dodecameric structure of the 

complex is similar to GSI and GlnT as reflected by the similarity of their structures 

determined by negative stain EM. It must also be noted that differences do exist 

between the 2D average of the pinwheel and the 3D reconstruction. The pinwheel is 

larger (18.0nm), even compared to the bigger ring of the 3D reconstruction (16.5nm) 

and the central channel appears to be of constant diameter as judged by the density of 

contour lines. 

 

4.3.4.2   Statistics 

 

Class distribution  

 

The classes were not equally populated (Figure 4.13A). Classes 2-50 possessed far 

greater numbers of member images than all the others. When the angular assignments 

of the projections were investigated (at higher angular sampling of 5° increments – 

Figure 4.13B) it was revealed that this skewed distribution resulted from a tendency 

of the particle to adopt a preferred orientation. In particular, inspection of the 

histogram of the number of images as a function of theta angle (as defined in the 

Euler coordinate system of SPIDER (Frank, Radermacher, et al. 1996) and 

corresponding to the tilt of the particle about an axis normal to the projection 

direction) revealed the most abundant orientation to be theta 45° and to a lesser extent 
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Figure 4.12. Comparison of face-on views of GlnA from this work with images from previous 
electron microscopy studies of GSs. Images are to scale and those marked with asterisks are 
projections of a low-pass filtered model generated from atomic resolution crystal structures of 
GSI. All others are from negative stain work. 
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theta 135° (Figure 4.13C). These orientations correspond to the particles lying with 

their largest flat surface in contact with the support film (Figure 4.13D).  

 

Unidirectional platinum shadowing was attempted to determine the absolute 

handedness of the particles but the results were inconclusive. 

 

Resolution and quality of the reconstruction 

 

Reproducibility and resolution - Reconstructions calculated from completely 

different starting models (as measured by FSC, data not shown) and independent 

datasets, converged to the same structure (Figure 4.8A). These reconstructions were 

equivalent to 21 Å resolution as measured by FSC with the conservative 0.5 FSC 

measure (Figure 4.14) and 20 Å according to the 0.33 measure for full datasets 

(Rosenthal & Henderson 2003).  

 

Self-consistency - The validity of the reconstruction can be directly gauged from the 

similarity of the characteristic views, generated by multi-reference alignment and 

averaging, to reprojections of the model. A summary of the reconstruction process is 

shown in Figure 4.15, demonstrating how the model can account for the characteristic 

views observed in the micrographs. Even views that at first appear to belong to 

different particle can be accounted for. For instance, the particle marked with an 

asterisk in Figure 4.1 appears rectangular but is in fact a tilted view of the GlnA 

particle as can be seen in Figure 4.7A & 4.7B (asterisk).  

 

To avoid the possibility of circularity, reference-free and classification based 

strategies were implemented during multi-reference alignment (section 4.2.3.5). 

Figure 4.16A shows the convergence of the final model to a similar structure after 

reference-free alignment is initiated between multi-reference alignment and back-

projection, in the original angular refinement procedure. It can be seen from Figure 

4.16B that, with the exception of the underrepresented face-on view (most likely due 

to the trap classes), the reference-free class averages are all very similar to the 

reference-aligned class averages. Further classification of the classes determined by 
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(i)

(ii)

(iii)

(iv)

Figure 4.15. Summary of the reconstruction process. (i) Examples of pre-processed (filtered, 
masked, and normalized) images belonging to the classes averages shown in (ii). (iii) Projections 
of the 3D reconstruction in the directions corresponding to the class average views. (iv) Surface 
representations of the 3D reconstruction, contoured to enclose 1360 nm3, and orientated in the 
same direction as (iii).   
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Figure 4.16. Reconstruction to avoid circularity. A – The final, converged, model derived 
previously by angular refinement (shown on the left) was subjected to further rounds of 
refinement as before but with reference-free alignment performed within each class after multi-
reference alignment to break the circularity between the class averages and the templates.  B –
Class averages as produced by multi-reference alignment alone (i) and by reference-free 
alignment within each class (ii). With the exception of the first class, the reference-free class 
averages are all very similar to the template-aligned class averages and therefore there is little 
change in the 3D reconstruction as shown in A.
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multi-reference alignment into subclasses also yielded a similarly stable result (data 

not shown).   

 

To address concerns raised about orthogonal misalignment of the side views 

displaying 4-fold symmetry (see last column of Figure 4.15) (personal 

communication, Orlova, E.V., 2004), the reference volume was masked by a cylinder 

with a length shorter by about a third than that of the reference and a possessing a 

central cylindrical channel. In spite of the masking, the reconstruction converged to a 

similar structure as that shown in Figure 4.9 but sharply truncated towards the poles 

of the volume’s long axis.   

 

4.3.5 Docking 

 

In order to try interpret the reconstructed volume and to evaluate the homology 

models proposed in Chapter 2, these were docked into the density of the molecular 

envelope derived by negative stain EM described above. The smaller ring was not 

considered because its reduced size is thought be an artefact of the reconstruction 

(discussed below). As shown by Figure 4.17, the docking of one ring from the crystal 

structure of GSI into the molecular envelope of GSIII again suggests the similarity of 

the overall arrangement of these two structures but at the same time revealed their 

large differences in volume. The automated docking of a single GSI subunit into the 

density achieved a similar result but improved the agreement between the model and 

the map (inset, Figure 4.17). In particular, the coincidence between the GSI α/β barrel 

fold, which forms the active site together with the N-terminal ‘latch’ from an adjacent 

subunit, and the indentations between the arms of the pinwheel was clear.  

 

The evaluation of the homology models discussed in Chapter 2, according to this 

docking of the GSI subunit structure, revealed large volumes of empty density near 

the N and C termini of the models in agreement with the positions of the major 

insertions in all but one (the manually aligned model 2) of the alignments of the GlnA 

sequence relative to GSI (blue and red spheres in Figure 4.18). The C terminal 

extensions do not, however, have all of the density in this region available for 

modelling the added residues because this space will also be occupied by the C 
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90°

45°

Figure 4.17. Docking of GSI crystal structure into the molecular envelope of GSIII. The three white 
wire frame volumes show the docking of and entire ring from the crystal structure of GSI into the 
molecular envelope of GSIII. Inset – close-up of the docking of one subunit demonstrating  the 
coincidence of the GSI α/β barrel fold, which forms the active site together with the N-terminal ‘latch’ 
from an adjacent subunit, and the indentation between the spokes of the pinwheel. The contour level was 
chosen to highlight the similarity of the map to the model.
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Figure 4.18. Example docking of one of the four alternate homology models, interactive alignment 1, into the molecular envelope of GlnA. All dockings were based on 
the automated docking of an entire GSI subunit by the program Situs. Regions of the peptide back-bone corresponding to deletions in the alignment between GSIII and 
GSI are not shown and insertions are marked by text labels (the number before the colon is the residue position and the number after is insertion size in residues). 
Spheres mark the position of large insertions for easy reference. The volume is contoured to enclose 1360 nm3 (12 subunits of 82.7 KDa MW each). 130



terminus of the subunit from the opposite ring. The evaluation also revealed several 

incompatibilities between the density and the models. A view from the inside of the 

particle reveals the poor fitting of the β-sheets that form the walls of the channel in 

GSI, to the interior surface of the particle. Most critically, with the exception of the 

alignment produced by FUGUE (Shi, Blundell, et al. 2001) all the other alignments 

have large insertions near residues 236-250, which corresponds to a position near the 

tip of the arms. Based on the current docking, the density does not seem to be able to 

account for the required insertions of 39-56 residues (yellow spheres in Figure 4.18). 

Furthermore, in the case of the second manual alignment, an additional 115 amino-

acid residue insertion is found at a similar position and needs to be accounted for.  

 

4.4 DISCUSSION 

 

4.4.1 2D average  

 

The pinwheel views were immediately recognizable as GS-like with well defined 

arms displaying striking 6-fold symmetry, left-handedness, and a clearly defined 

central hole. This led to the interpretation of these particle as hexamers with C6 

(cyclical 6-fold) symmetry. The possibility of dihedral symmetry was excluded 

because projections, in the axial direction, of particles with dihedral symmetry (at 

least one 2-fold axis of symmetry perpendicular to the direction of projection) possess 

mirror symmetry (Frank, Goldfarb, et al. 1978; Frank, Goldfarb, et al. 1979). Pseudo 

6-fold symmetry resulting from staggered stacking of two rings with 3-fold symmetry 

was also excluded because, on tilting (30°), the pinwheel shortened in diameter (data 

not shown), suggesting that the particle was a flat disk rather than a cylinder viewed 

end-on which would be expected to elongate in diameter when tilted (Frank, 

Goldfarb, et al. 1978). If GlnA does exist in a hexameric form, then this work 

supports stoichiometric data from biochemical studies, including calibrated gel 

filtration and native SDS-PAGE analysis, which previously identified GlnA as a 

hexamer (Southern 1986; Southern, Parker, et al. 1987). Additionally, the only other 

GSIII purified to date, GlnN from Synechocystis sp PCC 6803 was also isolated as a 

hexamer as determined by gel-filtration (Garcia-Dominguez, Reyes, et al. 1997).  
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The exclusive appearance of left-handed pinwheels could only be achieved by 

hexamers with a specific orientation preference. This might result from charge or 

hydrophobically mediated interactions on one side of the dissociated hexamer 

interacting with the glow-discharged carbon support film. Determining whether this is 

the same surface involved in heterologous inter-ring contacts will require the absolute 

handedness of both particles to be determined. Furthermore, based on the small 

number of hexamers present in the preparations (1.2%) it appears that under the 

preparation conditions employed the association-dissociation kinetics lies in favour of 

the dodecamer. 

 

The handedness and number of subunits could alternatively be explained by partial 

staining of dodecameric GlnA particles lying normal to the grid, leading to only 

immersion of one ring in the stain as suggested for 2D-averages of E. coli GSI (Frank, 

Goldfarb, et al. 1978). This would explain the exclusivity of left-handed pinwheels 

because, no matter which ring of a dihedral complex is partially embedded in stain, 

the two-fold axes ensure a similar handedness when viewed in projection normal to 

the grid. However, the distinct appearance of the pinwheels in a field of otherwise 

homogenously stained particles suggests that they are actual hexamers.  

 

Regardless of whether the particle is a hexamer or dodecamer, the 2D average 

contains information about the structure of only a single ring. A comparison with the 

EM structure of partially stained GSI (thought to correspond to one ring) (Frank, 

Goldfarb, et al. 1978) revealed the overall similarity between the two structures 

despite only 9% sequence identity. As expected for a particle of almost double the 

MW, the subunits were, however, larger and are more extended in arrangement, 

accounting for the extra mass. 

 

The possibility of stain induced deformation needs to be considered when interpreting 

negative stain reconstructions. Stain deformation is primarily a problem for particles 

embedded in low stain depths because the stain is not thick enough to support the 

particles during drying and those with internal cavities are most susceptible (Frank 

1996). Deformations as large as 40% in the direction normal to the grid have been 

reported for air dried negatively stained preparations (Frank 1996). As such, there is 
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an uncertainty in the measurements of the hexamer’s dimensions, which is not easily 

estimated. Lightly stained GSI particles from E. coli, viewed face-on, have been 

reported to be as much as 20% larger in diameter than their more heavily stained 

equivalents (Kessel, Frank, et al. 1980). However, the close agreement (4% error) 

between diameter of a single GSI ring determined by negative stain EM (13.7nm) 

(Frank, Goldfarb, et al. 1978) and that determined by crystallography (14.3nm) 

(Almassy, Janson, et al. 1986), suggests that under the correct conditions little 

deformation takes place. Furthermore, the resemblance of GlnA to GSI in overall 

morphology infers that the possible deformation suffered by the particle is likely to be 

similar in extend to that seen previously for the latter. Scaling errors, due to 

deformation of negatively stained GroEL reference standard seem unlikely due to the 

agreement between the average and templates (Figure 4.3). The average matches the 

template most closely according to the height of the particle and the spacing between 

the ‘stripes’ formed by the subunits. These features are less likely to be effected by 

stain deformation than the particle width which could vary with stain depth and 

particle flattening.  

 

4.4.2 3D Reconstruction 

 

The validity of a reconstruction can be directly assessed by comparing the 

characteristic views generated by multi-reference alignment and averaging with 

reprojections of the model. However, because images are aligned against reference 

templates, their class averages will always resemble the templates (Yang, Yu, et al. 

2003). This problem has been termed circularity (Schatz & van Heel 1990). 

Circularity is particularly a problem for images with low signal-to-noise ratios and 

when large numbers of images are used (Grigorieff 2000). Reference-free alignment 

of images within each class or alternatively further classification within classes can be 

used to break this circularity (Yang, Yu, et al. 2003). The convergence of independent 

data sets to the same structure from different starting models confirmed the 

reproducibility of the reconstruction and indicated the presence of strong signal in the 

images, as expected for negative stain EM. This was particularly evident in the 

reconstruction based upon the ab intio model, which despite the complete incorrect 

assignment of the class average angular relationships (6-fold axis was out by 90°), 
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still converged to the same model as the GSI-based reconstruction. It, therefore, 

seems unlikely that circularity was a major problem during the reconstruction 

because, in the presence of real signal and an iterative reconstruction approach, as 

employed here, artefactual similarity between the images and references, developed in 

the first alignment cycle, would diverge. In support of this, both attempts to break 

circularity resulted in a similar structure, albeit with lower resolution. Furthermore, 

the model could account for all views seen in the micrographs, even those that at first 

appeared to not be internally consistent with the other measured particle dimensions. 

This consistency together with the failed attempts to enforce a GSI-like structure by 

masking annulled fears that misalignment of side views was causing the domed 

appearance of the particle. 

 

The putative identification of the larger particles as dodecamers based on the 

appearance of characteristic double-ring views and the visualization of the hexamers 

was confirmed by the 3D reconstruction. GlnA was revealed to be a large 

dodecameric complex formed by two opposing hexagonal rings resembling the 

pinwheels but each differing in diameter. This work, therefore, not only confirms the 

discovery of hexameric views of GlnA reported previously (Garcia-Dominguez, 

Reyes, et al. 1997; Southern 1986) but also demonstrates that GlnA is capable of 

higher order oligomerization to form dodecamers. This dodecameric arrangement of 

GSIII is similar to the quaternary structure of GSI and GlnT, except that these 

particles possess dihedral symmetry, despite sharing only 9% sequence identity with 

GSI compared to the 20% shared between the GSI and GlnT structures. Furthermore, 

the amino-acid sequence of GlnA is 56% longer than that of GSI, and the expected 

size difference is clear from a comparison of the two structures. This structure 

represents, to my knowledge, the largest GS visualized to date in terms of both MW 

and, consequently, volume. Like the pinwheel average, the rings of the structure are 

larger than those of GSI but in three dimensions it can be seen that the complex is also 

much longer in the axial direction accounting for a large proportion of the mass 

difference. 

 

The apparent asymmetry of the GlnA the particle is not consistent with the findings 

for other double-ringed GS enzymes, but similar asymmetry has been found for other 
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multi-ringed structures with otherwise dihedral point group symmetry, such as in the 

chaperonins GroEL (Bochkareva & Girshovich 1994) and CCT (Llorca, Smyth, et al. 

1999). In this case, however, it is most likely to be an artefact of the preparation and 

reconstruction process. The depth of staining in the micrographs was low as indicated 

by the sharp (strongly scattering) stain meniscus surrounding each particle. This 

enhances particle contrast with respect to the background leading to the false 

impression of better staining but can in fact result in a significant loss of finer detail as 

a result of partial staining for particles with diameters greater than 150 Å (Frank 

1996). A low level of staining was ultimately chosen to allow the pinwheels to be 

visualized despite attempts at uniform staining by the double carbon method. This low 

stain depth (relative to the large particle diameter) together with the preferential 

orientation of the particle suggests that the asymmetry results from partial staining. 

The reason for this belief is based primarily on the following lines of evidence. 

 

1) The preferential orientation of the particle is understandable in terms of its surface 

topology. The preferred orientations of GlnA correspond to the most energetically 

favourable orientations for the particle, maximizing contact with the support film. 

In this preferred orientation, half the arms of the ring furtherest away from the 

carbon film would be partially embedded in stain because of the 45° angle (Figure 

4.13D). Therefore, one ring of the reconstructed volume is back-projected from 

incomplete projections which reduce the overall diameter of the ring when the 

volume is rotationally symmeterized. 

2) Projections related by theta = x and theta = 180-x, termed flip/flop projections 

(Frank 1996), are related by mirror symmetry (hence the use of mirror checks in 

multi-reference alignment requiring fewer templates). This relationship only holds 

for projections of entire molecules or equivalently complete projections because 

flip/flop particles truncated from the same direction will be missing different 

regions of density leading to a violation of the mirror symmetry. It was clear from 

the theta angle frequency distribution (Figure 4.13B) that such a violation was 

occurring, because the number of images was skewed towards theta = 45°.  

3) The possibility of particle deformation due to contact with the support film or 

stain induced deformations as a result of air drying are not likely because flip/flop 
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related particles would be equally effected. Equivalently, even a truly asymmetric 

particle would possess projections identically related by mirror symmetry. 

4) The difference in diameter between rings is much smaller at low contour levels 

than at higher levels suggesting that some complete staining did occur.  

5) The most compelling evidence is lack of asymmetry in the side views (see Figure 

4.7B). Potentially, given enough side views, a single-axis (tilt) reconstruction 

could be calculated about the 6-fold axis to reveal this.  

 

Dihedral symmetry was not imposed during the reconstruction because it would have 

led to a reduction in the diameter of the large rings due to averaging effects.  

 

A critical point to consider is the difference (8%) in diameter between the 2D average 

of the hexamer (18.0nm) and the 3D reconstruction of the dodecamer (16.5nm) 

(Figure 4.12). Because of the uncertainty (~20%) associated with the measurements 

of the pinwheels’s diameter, due to stain deformation from low staining, a meaningful 

comparison is not possible. If the hexamer’s dimensions are assumed to be correct 

then it is likely that the diameter of the 3D reconstruction is underrepresented. Four 

possibilities exist to explain this difference. (1) The hexamer could adopt a more 

extended conformation compared to the dodecamer. The molecular contacts required 

to form a double-ringed structure would transmit conformational changes to the outer 

regions of the individual rings leading to a smaller diameter. (2) Stain induced 

deformation could be responsible. (3) Partial staining (as explained for the smaller 

ring of the dodecamer) could equally result in a smaller volume. (4) The possibility of 

flexibility in the outer regions of the pinwheel arms cannot be excluded. This would 

lead to missing density in the 3D reconstruction process because the technique relies 

on correlation-based averaging to improve the strength of signal relative to noise. 

Scaling cannot be a factor because images of both particles originated from the same 

micrographs. Considering the resemblance of the hexamer to partially stained GSI, 

point 1 seems unlikely. The complete coverage of 3D space by template projection 

directions makes systematic stain deformation of the volume unlikely. The most likely 

explanation for the truncated arms is, therefore, partial staining due to the large 

diameter of the complex and also possible backbone flexibility in the outer arms 
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which is stabilized by contact with the carbon support in hexamers allowing the entire 

protein to be visualized. 

 

This is a serious issue because docking will not be able to account correctly for all the 

extra density in GlnA relative to GSI. Contouring the density to enclose the volume 

corresponding to the molecular mass of GlnA will lead to too much density being 

displayed in the remainder of the molecule as a result of the missing density at the tips 

of the pinwheel arms not being considered. 

 

4.4.3 Docking 

 

It was obvious even from the 2D hexamer average that significant similarity existed 

between the structure of GlnA and GSI, the only GS for which a crystal structure is 

available. In particular the “oblate ellipsoids of revolution” which corresponded to 

GSI subunits and the indentations between subunits which corresponded to the active 

site αβ barrels were shared between both structures, as confirmed by docking an entire 

ring of GSI into the 3D density map thus allowing a low resolution interpretation of 

the density.  

 

The resolution of the density map was not, however, high enough to allow rigorous 

evaluation of these dockings and, consequently, confident interpretation of any but the 

low resolution features. The models did reveal, however, where the extra density of 

GlnA was positioned relative to the much smaller GSI as predicted by the alignments. 

For the most part these could be accounted for by the predicted flexibility of the 

polypeptide chain and the large areas of unoccupied density at this low resolution and 

contour level. However, unlike the N and C terminal insertions, the large mid-

sequence insertions in several of the models could not be accounted for. It is uncertain 

whether this is a failure of the model, which might suffer from reduced density (as 

discussed above) or the primary differences in sequence between GlnA and GSI is 

localized to the protein’s termini.  
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CHAPTER 5 
 

SUMMARY AND CONCLUSIONS 

 

5.1 SUMMARY 

 

Bioinformatics approaches were undertaken to investigate the relationship between 

GSIII and the other GS families and to attempt to predict the structure of the enzyme 

with a view to interpreting the low resolution EM structure. 

 

Algorithms utilizing state of the art alignment techniques, capable of detecting subtle 

homologies between sequences, appeared unable to correctly align the GSIII 

sequences with those of the GSIs and GSIIs. This was most likely a result of the low 

global homology between the sequences.  

 

In spite of this, manual profile-based alignment strategies, incorporating structural 

information, were able to reveal regions of significant homology between GSs from 

all four families, indicating the presence of a common core fold of an α/β barrel and 

the conservation of active site residues suggesting that they posses similar catalytic 

mechanisms.  

 

Homology modelling was employed to produce four models for the structure of GSIII 

based on alternate alignments against GSI, with two being generated by automatic 

modelling algorithms and two by manual alignment. However, based on the 

disagreement with previous findings, the former alignments were doubtful. The level 

of sequence identity between the GSIII and GSI enzymes 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. 

  

During the purification of recombinant GSIII from E. coli, a significant and sudden 

loss of activity was encountered. The reason for the loss in activity was not resolved. 

In particular, it was uncertain whether this loss was due to specific inhibition of the 
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enzyme or the effect of the conditions employed during the purification and in the 

case of the latter whether this was physiologically relevant.  

 

A distribution of molecular weight species, of an otherwise pure preparation (as 

determined by SDS-PAGE), was discovered during the gel filtration stage of the 

purification. However, the activity profile only coincided with a single lower 

molecular weight (or volume) species in this distribution. A second gel filtration 

passage of fractions corresponding to the centroid of the previous run’s activity peak 

produced similar results with lower molecular weight species redistributing to higher 

molecular weights and activity again associating with the same lower MW species.  

This suggested that an equilibrium distribution of molecular weights or hydrodynamic 

volumes existed in the preparations, but only one of the lower MW species was 

active. 

 

GSIII was shown via negative stain EM and 3D reconstruction to associate into a 

higher order dodecameric form, in addition to the hexameric form determined 

previously (Southern, Parker, et al. 1987). Hexameric views, with similar overall 

arrangement but larger size in comparison to GSI, were also observed. However, it 

was uncertain whether these were true hexamers resulting from dissociation of the 

dodecamers or were a consequence of partial staining.  

 

The structure of the dodecamer was solved using single particle technique to a 

resolution of 2.1 nm, revealing a dodecameric structure with subunits (82.8 KDa) 

arranged in two opposing hexagonal rings with distinct handedness. This was similar 

to the quaternary structures of the GSI and GlnT enzymes except that the complex is 

50% longer and the two rings are pseudo-symmetrically related. The finding that 

particles lie in a preferred orientation, with the larger ring in contact with the carbon 

support, accounted for this asymmetry, through partial staining.   

 

Indentations between subunits in the model were likely candidates for active sites as 

confirmed by the docking of an atomic structure of GSI. Although the N and C-

terminal insertions of the proposed homology models could be accounted for, the 3D 

structure did not posses enough volume to account for insertions at the periphery of 
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the pinwheel arms.  Possible truncation of the molecular envelope’s density due to 

partial staining or inherent protein flexibility was thought to be responsible.  

 

5.2 DISCUSSION OF THE IMPORTANT FINDINGS 

 

5.2.1 Stoichiometry and inactivation  

 

The sudden loss of activity together with the equilibrium distribution of molecular 

weights, the discovery of hexameric views, and the previous findings showing GSIII 

to be an active hexamer suggests that the GSIII exists in two distinct forms: an active 

hexamer and an inactive dodecamer. It has already been discussed in Chapter 3 that 

many GSs are capable of adopting a range of oligomeric states, the interconversion of 

which is particularly sensitive to environmental conditions, effector concentrations, 

and subunit concentrations. In fact GSIIs are known to be regulated by association-

dissociation (Denman & Wedler 1984). And it has also been revealed that the 

particular N-source contained in the cultivation medium can effect the ratio of 

octamer to tetramer and hence the activity of GSII (Kretovich, Evstigneeva, et al. 

1984). 

  

The discovery of a heterogenous population of particles composed of both apparent 

hexamers and dodecamers, in a biochemically (SDS-PAGE) pure sample helps to 

explain the size distribution seen in the column chromatography by suggesting that 

GSIII is also subject to association-dissociation. The kinetics of this association-

dissociation appears to favour the inactive dodecamer under the conditions of the 

purification. The association appears to occur at a rate commensurate with 

redistribution towards the dodecamer in the time period between elution from the gel 

filtration column and visualization, preventing the isolation of large numbers of 

hexamers. Furthermore, the discovery of aggregates in the apparently higher 

molecular weight fractions also suggests that this dissociation can progress to a point 

where random aggregation rather than specific oligomeric associations dominate. 

However, such amorphous aggregation cannot be responsible for the size distribution 

because it is unable to account for the distinct peaks during gel filtration. The 

presence of dodecamers also explains why the size-exclusion chromatography was not 
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able to resolve the individual peaks satisfactorily, because the MW of the purified 

protein is twice that predicted, placing the size-exclusion selectivity of the column 

outside of its optimum range. 

 

In the introductory chapter it was discussed that both GSIIIs discovered to date 

undergo rapid, and in the case of GlnN, reversible inactivation in response to the 

addition of ammonium. Possible reasons for the inactivation were given in Chapter 3. 

The association of two active hexameric rings into an inactive dodecamer would 

account for this and in particular the reversibility of the inactivation. Whether this is a 

result of specific modification of the hexamer producing new isologous bonding sets 

or the effect of environmental conditions such as the decreased excluded volumes 

during PEG precipitation (the main point of activity loss) will need to be determined.  

 

If the alternate hypothesis, that the pinwheel views represent partially stained 

dodecamers, is considered, then the equilibrium distribution of molecular weights and 

loss of activity remain unexplained. In light of the previous discovery of hexameric 

GSIIIs (Southern, Parker, et al. 1987; Garcia-Dominguez, Reyes, et al. 1997), the 

conditions encountered during the purification must have caused the higher order 

association of GSIII subunits into the dodecamer. The primary difference between the 

purification reported in this study and the previous work by Southern et al. (Southern, 

Parker, et al. 1987) was the purification step involving high salt concentrations to 

redissolve the PEG precipitate. This might have altered the quaternary structure of 

GSIII but not before activity was already lost in the PEG fractionation. Alternatively, 

the results reported by the previous researchers, which were based upon 

electrophoresis and gel filtration experiments, could have been misinterpreted, 

possibly due to dissociation of the GSIII complex.  

 

5.2.2 Docking 

 

The inability of the reconstructed volume to account for the insertions located in the 

periphery of the pinwheel arms of the two most confident models, which were 

produced manually after the failure of automated algorithms, was surprising. Two 

possibilities must be considered. (i) The volume is correct and one of the less likely 
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models, the FUGUE alignment, is, therefore, the most accurate. This would imply that 

GSIII only has large N and C-terminal insertions relative to GSI. (ii) The arms of the 

larger ring, like those of the smaller, could be artefactually too small (Section 4.4.2). 

If the 2D averages reflect the correct diameter of the particles then the extra density 

would help account for large insertions near the tips of the arms making the two 

manually derived models more plausible. The second manual alignment, with an 

alternate C-terminal alignment, had an extra 115 amino-acid residue insertion in a 

similar position to the insertion shared by both manual alignments, which would 

additionally have to be accounted for. It, therefore, seems that the first alignment 

agrees most strongly with volume even if it is an under-representation.  

 

5.2.3 Evolutionary relationships 

 

The low resolution of the maps did not allow a detailed interpretation of the density 

but they did reveal similarities between GSIII and GSI despite them sharing only 9% 

sequence identity. In particular, the overall similar arrangements of subunits and the 

characteristic indentations between them led to the putative identification of the 

positions of the active sites in GSIII.  

 

The previous reporting of a hexameric GSIII (Southern, Parker, et al. 1987; Garcia-

Dominguez, Reyes, et al. 1997), and the subsequent confirmation in this work, do not 

agree with the characteristic features of GS quaternary structure (Kretovich, 

Evstigneeva, et al. 1984). To review: (i) all GS enzymes consist of an even number of 

monomers. (ii) The number of monomers can be equal to 6, 8, and 12. (iii) all GSs are 

double-ringed structures with monomers possessing dihedral point group symmetry. 

The C6 symmetry of the hexamer, therefore, disagrees with the last point. A 

hexameric GS has been isolated before but it possessed D3 symmetry (Rasulov, 

Evstigneeva, et al. 1977). The discovery of a dodecameric two-ringed state of GSIII is 

consistent with previous findings.  

 

An interesting point to consider is which conserved regions of the structures and, 

therefore, sequence are responsible for the characteristic quaternary structure features 

seen for all GS enzymes visualized to date? The requirement for the subunits to 

142



arrange into rings can be understood by the fact that the active site is formed between 

adjacent subunits (Eisenberg, Gill, et al. 2000). In the case of the octameric form of 

GSII this requirement has led to the ‘half-site’ hypothesis where only two active sites 

are present per ring. This limit results from the angular restraints required to form a 

ring (Eisenberg, Gill, et al. 2000). GSIII is clearly arranged in a cyclic fashion and 

features similar in shape and position to GSI are obvious between its subunits, thus 

implying the existence of similar heterologous contacts. 

  

The isologous contacts (related by 2-fold axis) between rings must also be conserved. 

In GSI the two main structural interactions responsible for heterologous interactions 

are the H-bonding of a pair of two stranded β-sheets to form the walls of the central 

channel, and the hydrophobic interaction of the elongated α-helical thong from one 

subunit with a hydrophobic cavity in the opposite subunit (Almassy, Janson, et al. 

1986). The latter is thought to be the energetically more important interaction 

responsible for the association (Almassy, Janson, et al. 1986). However, the sequence 

alignments discussed in Chapter 2 reveal that this helical thong is only present in GSI. 

It, therefore, remains to be determined whether the alignments are incorrect, or 

whether, the former associations and perhaps other unknown interactions are more 

likely responsible for heterologous associations. Considering, the well defined central 

channels of all GSs studied to date, it seems likely that the β-sheets associations are 

important. However, the presence of a β sheet was not predicted by the alignments 

reported in Chapter 2.  In his discussion of the symmetry considerations of protomers 

forming ‘closed crystals’, Hanson, raises the important point that information about 

the symmetry of an oligomer can only provide limited insights into the number and 

types of binding sets because additional binding is possible that does not compromise 

the symmetry between protomers of the oligomers (Hanson 1966). This makes it 

difficult, in this case, to identify the conserved feature responsible for oligomerization 

from the quaternary structures of GSs alone. 

 

5.3 FUTURE DIRECTIONS 

 

Still very little is known about the GSIII family in contrast to the well characterised 

GSIs and GSIIs, despite their discovery seventeen years ago. The work presented in 
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this thesis represents the first implementation of a strategy to elucidate the 

structure/functioning of the GSIII enzymes and has made significant progress in this 

direction. However, the lack of knowledge surrounding the GSIII family still needs to 

be addressed if the functioning of this enzyme is to fully understood.  Further 

structural studies and biochemical characterisation of this enzyme are required.  

 

5.3.1 Biochemical Characterisation: 

 

Extensive enzymatic characterization of GSIII is required to better understand its 

functioning and regulation. This would include studies into the cooperativity, 

stability, association-dissociation kinetics, and the regulation by effectors and 

environmental conditions such as pH and molecular crowding. The short time-scale 

post-translational modification responsible for the loss of activity needs to be 

identified and so does its physiological relevance. Specifically, biochemical evidence 

is needed in support of, or against, the hypothesis of inactivation due to higher order 

association. 

 

As a foundation for this and future structural studies, several improvements to the 

protein purification can be made. A gel filtration matrix with a bigger molecular 

weight exclusion limit is required to achieve better separation of the different 

molecular weight species of GSIII. An additional step such as affinity 

chromatography on a Cibracon blue column (ADP analogue) or Reactive Red agarose 

(NADP analogue) is also be required to avoid contamination by GroEL. Activity 

assays measuring biosynthetic activity need to be implemented to avoid uncertainty in 

the relevance of activity measurements. Stability studies are required and specifically 

the dissociation kinetics of GSIII needs to be investigated by techniques such as, but 

not limited to: gel filtration, ultracentrifugation, cross-linking studies, small-angle 

scattering and native PAGE. Most importantly, an attempt needs to be made to isolate 

hexamers as described by previous researchers. The protocol of Garcia-Dominguez et 

al. (Garcia-Dominguez, Reyes, et al. 1997) would be the starting point for this 

attempt. It would also be of interest to purify GSIII in the presence of the inhibitor 

MetSox, which stabilises inter-subunit contacts (Maurizi & Ginsburg 1982) to reveal 

which MW species can be isolated. 
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In Chapter 1, the ultimate goal of targeting this important enzyme as a means of 

controlling the pathogenicity of B. fragilis, was introduced. If GSIII is to be a 

candidate point of control against B. fragilis, then the functioning of this enzyme 

needs to be understood in its biological context. Firstly, without a better 

understanding of the human GSII enzyme it will be difficult to rationally target the 

pathogen’s enzyme in such a way as to not affect the human GSII enzyme. Secondly, 

the genome sequence of B. fragilis (personal communication Abratt, V.R. 2004) 

suggests the presence of another GSI-like enzyme, and this needs to be investigated. 

If another GS does exist as in the case of Synechocystis sp. PCC 6803 (Reyes, Muro-

Pastor, et al. 1997; Reyes & Florencio 1994a), the interplay of these seemingly 

redundant isozymes needs to be elucidated to reveal whether inhibition of GSIII could 

be compensated for by the other GS. 

 

5.3.2 Structural studies 

 

Future structure determinations by EM will need to circumvent the partial staining 

problem. This would not only reveal the full particle morphology but also 

discriminate between true dissociation of the dodecamer into hexamers and artefacts 

from partial staining. This could be achieved by utilizing alternate staining/embedding 

techniques such as: the double-carbon method, negative stain-sugar embedding on 

holey-carbon, and cryoEM. The latter is the route of choice to avoid any perturbations 

of the molecular structure as a result of the embedding technique and to reveal 

internal density within the structure.  

 

An understanding of GSIII dissociation kinetics would certainly benefit from an in 

depth EM investigation of the nature carried out by Wringely et al. into the 

interconversion of glucose 6-phosphate dehydrogenase (G6PD) tetramers, dimers, and 

monomers (Wringley & Heather 1972). Detailed ultracentrifugation studies revealed 

that G6PD exists as a distribution of oligomeric intermediates, the equilibrium of 

which depends on environmental conditions such as pH and ionic strength. By 

investigating a time series of dissociation and association intermediates, Wringley et 

al. were able to relate the activity of preparations with the oligomeric species present, 
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allowing them to elucidate the kinetics and detail the subunit conformational changes 

associated with the interconversions.  

 

This study has highlighted the difficulties of interpreting a low resolution structure 

according to the docking of homology models with low global homology to a known 

structure. Within the immediate future, bioinformatic modelling tools are not likely to 

reach a point where they can successfully predict the structure of proteins with little 

similarity to regions of already mapped fold-space. Therefore, higher resolution 

structural studies are required if insights are to be gained from the structure of GSIII 

and attempts made to specifically disrupt this enzyme. The ultimate goal of rational 

inhibitor design against GSIII will require a detailed understanding of the active site 

configuration that could only be achieved by X-ray crystallography. Later studies 

could include co-crystallization with different ligands, cofactors and inhibitors. An 

atomic resolution structure of a GS from another family, apart from, GSI would 

greatly facilitate the understanding of the evolution and conservation of the 

structure/function relationships amongst the GS enzymes. This would also improve 

the ability of automated methods to detect such distant relationships by allowing the 

construction of 3D PSSMs reflecting the structural homology between families. 

 

EM and image processing still has a major role to play in elucidating the structure of 

GSIII. Higher resolution EM studies in the presence of different effectors, ligands and 

environmental conditions are required for a better understanding of the relationship 

between structure and function in GSIII. In addition, greater knowledge of the 

inactivation and dissociation kinetics of this enzyme is needed. Even if an atomic 

resolution crystal structure can be solved, the EM data would not be superfluous 

because EM can reveal the dynamic nature of molecules by trapping intermediate 

states that otherwise might not crystallize, and is also a faster route to this 

information. Flexible docking of the higher resolution atomic structure could reveal 

the dynamic motions of GSIII domains (structural transitions) as a result of the 

binding of different ligands, different conditions, and different oligomeric states, thus 

revealing important clues about the functioning and allosteric regulation of this 

enzyme. Additionally, a high resolution EM density map could contribute to the initial 

phasing of the X-ray crystallographic data (Stark 2002) via molecular replacement. 
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Before such studies are attempted, several improvements in the bioinformatic and EM 

methodologies applied in this study, in addition to those listed above, could be 

achieved. Firstly, the accuracy of the homology models might be increased by 

improving the quality of the alignments using larger profile based alignments. 

Incorporating feedback from the threading algorithms i.e. using threading energies 

and 3D-PSSM to generate the best alignments for the correctly identified folds, would 

also improve the alignment accuracy. Secondly, higher resolution data is required to 

allow more accurate interpretation of the molecular density. Data acquisition on 

machines capable of higher resolution e.g. EMs fitted with a FEG or Lab6 emission 

sources, which can perceive higher resolution details, would provide the greatest step 

towards achieving this. Thirdly, due to the low resolution of the density maps, the 

accuracy and efficiency automated docking could be improved by imposing 

constraints during the docking procedure, thus reducing the number of degrees of 

freedom and therefore increasing the data-to-parameter ratio. For example, enforcing 

symmetry during docking i.e. simultaneously find the maximum correlation between 

all subunits of a symmetric model at the same time.  This would be equivalent to the 

docking of a single subunit in only the asymmetric unit but translational and rotational 

parameters of the particle would be constrained by the volumes of the symmetry 

related protomers. Additional requirements derived from knowledge (biochemically 

or bioinformatically derived) of the sites of interaction between subunits, such as the 

requirement the formation of the active site α/β barrel by adjacent subunits, could be 

incorporated. 

 

5.4 CONCLUSIONS 

 

This work has revealed the first ever structure of a GSIII, the most phylogenitically 

distant GS from GSI. These efforts have also highlighted the relationships between all 

GS families and through the first full length alignments of GS sequences from all four 

families, demonstrated the conservation of all active site residues, core active site αβ 

barrel fold motifs, and additional previously unreported regions. In addition to 

providing unequivocal proof of the structural similarity of GSIII and GSI, and 

confirming the presence of putative αβ barrel active site folds, this work has made 
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steps towards understanding the regulation of this enzyme and has put forward a 

hypothesis regarding this regulation. It is proposed that GSIII occurs as both active 

hexamer and an inactive dodecamer, the interconversion of which is thought to 

represent a means of reversible post-translational regulation. 

 

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.   
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