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Abstract 

The periplasmic binding protein (PBP) superfamily is found throughout the 

genosphere of both prokaryotic and eukaryotic organisms.  PBPs function as receptors in 

bacterial solute transport and chemotaxis systems; however the same fold is also used in 

transcriptional regulators, enzymes, and eukaryotic neurotransmitter receptors.  This 

versatility has been exploited for structure-based computational protein design 

experiments where PBPs have been engineered to bind novel ligands and serve as 

biosensors for the detection of small-molecule ligands relevant to biomedical or defense-

related interests.  In order to further understand functional adaptation from a structural 

biology perspective, and to provide a set of robust starting points for engineering novel 

biosensors by structure-based design, I have characterized the ligand-binding properties 

and solved the structure of nine PBPs from various thermophilic bacteria.  Analysis of 

these structures reveals a variety of mechanisms by which diverse function can be 

encoded in a common fold.  It is observed that re-modeling of secondary structure 

elements (such as insertions, deletions, and loop movements), and re-decoration of 

amino acid side-chains are common diversification mechanisms in PBPs.  Furthermore, 

the relationship between hinge-bending motion and ligand binding is critical to 

understanding the function of natural or engineered adaptations in PBPs.  Three of these 

proteins were solved in both the presence and absence of ligand which allowed for the 
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first time the observation and analysis of ligand-induced structural rearrangements in 

thermophilic PBPs.  This work revealed that the magnitude and transduction of local 

and global ligand-induced motions are diverse throughout the PBP superfamily. 

Through the analysis of the open-to-closed transition, and the identification of natural 

structural adaptations in thermophilic members of the PBP superfamily, I reveal 

strategies which can be applied to computational protein design to significantly improve 

current strategies. 
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Chapter 1. Introduction 

Proteins with no detectable sequence similarity but high structural homology can 

be grouped into a protein superfamily.  The evolution and engineering of structural 

adaptation in a protein superfamily is important for understanding the mechanisms of 

diversification of function in a common fold.  Understanding how protein superfamilies 

generate functional diversity then provides insights into the engineering of desired 

properties that are beyond naturally encoded diversity. Comparison of mesophilic and 

thermophilic homologs allows for the understanding of structural adaptations which 

allow conservation of fold and function in extreme environments.  Furthermore 

thermophiles are often well suited as starting points for protein engineering.  This work 

presents the structural analysis of several thermophilic and mesophilic members of the 

periplasmic binding protein (PBP) superfamily.  We sought to understand how receptor-

ligand interactions are diversified in a protein superfamily to better understand how to 

engineer novel function or to re-engineer existing properties.   

1.1 Function of PBPs 

Prokaryotic periplasmic binding proteins (PBP) are the primary receptors of 

numerous extracellular metabolites such as amino acids (Takahashi, Inagaki et al. 2004), 

peptides (Dunten and Mowbray 1995), ions (Heddle, Scott et al. 2003), polyamines 

(Sugiyama, Vassylyev et al. 1996), vitamins (Karpowich, Huang et al. 2003), and 
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carbohydrates (Magnusson, Chaudhuri et al. 2002).  PBPs interact with transmembrane 

components of ligand transport (ATP binding cassette (Shuman 1982)  or tri-partite ATP 

independent transport systems (Kelly and Thomas 2001)), chemotaxis (Zhang, Gardina 

et al. 1999) and inter-cellular communication (Neiditch, Federle et al. 2006) systems to 

regulate activity of the system in a ligand-dependent manner via differential recognition 

of the apo and ligand-bound receptor (Figure 1.1).  Transcriptional control elements 

(Friedman, Fischmann et al. 1995) and eukaryotic neurotransmission proteins(Frandsen, 

Pickering et al. 2005) may also contain the PBP-motif which is incorporated into larger 

multi-domain and multi-protein complexes that utilize similar mechanisms of regulation 

through allosteric control of activity mediated through ligand occupancy and 

conformation of the protein.    

1.2 Structure of PBPs  

Over 50 high-resolution crystal structures of PBPs have been solved to date.  

Although the amino acid sequence diversity among PBPs is high, they form a structural 

superfamily whose members have two pseudo-symmetric domains, linked by a hinge 
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Figure 1.1 PBP mediated transmembrane transport and signaling pathways.  A.  Two 

types of PBP mediated transmembrane ligand transport.  In the E. coli maltose ABC 

transport system, MBP delivers ligand to the heterodimeric transmembrane transporters 

(MalF/MalG) which utilizes the energy generated by dimeric ATP-hydrolase (MalK) to 

transport the ligand across the membrane.  In the R. capsulatus C4-dicarboxylate TRAP 

transport system, the PBP delivers ligand to the symporter (DctM) which uses motive 

force to translocate ligand across the membrane. An auxiliary membrane bound protein 

(DctQ) with unknown function is typically associated with TRAP transporters.  B.  In the 

E. coli chemotaxis pathway, ligand-bound MBP interacting with the dimeric membrane 

receptor Trg alters phosphorylation and methylation rates to ultimately affect the rates 

of cell tumbling.  C.  In the Vibrio harveyi cell density (quorum) sensing pathway, a PBP 

(LuxP) alters the phosphorylation/dephosphorylation rates of its cognate histidine 

kinase (LuxQ) which in-turn affects the phosphorylation state of a phopho-receiver 

protein (LuxU) whose downstream activity alters sigma54 function.  
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with a ligand binding site situated at the domain interface (Tam and Saier 1993).  

Specific ligand recognition is mediated through directly coordinated water molecules, 

co-factors, or polar and non-polar amino acids which are contributed by both domains 

of the protein.  The two domains fold as a three-layered ( Rossmann motif, which 

depending on the topology of the -strands, allows classification into one of three 

structural categories (class I/ribose binding protein fold (RBP), class II/maltose binding 

protein fold (MBP), and class III/Vitamin B12 binding protein fold) (Fukami-Kobayashi, 

Tateno et al. 1999) (Figure 1.2).  Linkage of the two domains is mediated by two or three 

-strands which serve as a hinge for a motion which couples the local conformational 

change of the binding pocket to the global conformation of the protein. 

1.3 Conformational Changes  

PBPs are an example of a general biological phenomenon where changes in 

conformation alters enzymatic activity, affinity for ligand binding, or allows for 

regulated presentation of differential surfaces to cognate binding partners (Gerstein, 

Lesk et al. 1994).  These dynamic fluctuations in conformation link structure and 

function and are generally inherently important for mediating the release or binding of 

co-factors, ligands, substrates or products.  These motions can be loosely grouped into 

three general categories based upon the structural elements involved:  large scale inter-

domain motions (shear motion (McPhalen, Vincent et al. 1992), hinge-   

 



 

5 

 

Figure 1.2 The three classes of periplasmic binding proteins are defined by the topology 

of their core -strands (left column).  (a) Class I, represented by E. coli glucose binding 

protein (PDB code 1GLG (Vyas, Vyas et al. 1988)). The ordering of the six -strands in 

each domain is 213456.  (b) Class II, represented by E. coli maltose/maltotriose binding 

protein (PDB code 1ANF (Quiocho, Spurlino et al. 1997)).  The ordering of the five -

strands in each domain is 21354. (c)  Class III, represented by E. coli vitamin B12 binding 

protein (PDB code 1N4A (Karpowich, Huang et al. 2003)).  The ordering of the five -

strands in the N-terminal domain is 32145 and 2134 for the four -strands in the C-

terminal domain.-sheets are shown in green.  In classes I and II, the N- and C-terminal 

domains are topologically symmetric, while in class III this symmetry is lost. 
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bending motion (Sharff, Rodseth et al. 1992), ball-and-socket motions (Gerstein, Lesk et 

al. 1994)), local intra-domain relative re-organization (re-packing of secondary structure 

elements (Sharff, Rodseth et al. 1992), allosteric transitions (Knapp, Pahl et al. 2006), 

movements of mobile loops (Magnusson, Salopek-Sondi et al. 2004)), order/disorder 

transitions (Bohl, Wu et al. 2007), or changes in side-chain rotamers (Magnusson, 

Chaudhuri et al. 2002).  Due to the inherent dynamic nature of these motions, typically 

only the initial and final states can be captured.  However, what are postulated to be 

pathway intermediates can be captured by site-directed mutagenesis, transition state  

 

Table 1.1 PBPs which have structures of both ligand-bound and ligand-free forms. 
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inhibitors, or transition state mimics.  This dynamic nature of motion also complicates 

the determination of free energy involved in the transition.  However it has been stated 

that they should be fast and have a low energy barrier (Gerstein, Lesk et al. 1994) or be 

compensated by excess ligand binding energy or derived from secondary energy sources 

(ATP-hydrolysis, motive force). 

The ligand-induced conformational changes in PBP have been well characterized 

due to the large numbers of PBPs which have been solved in both the apo and ligand-

bound form (Table 1.1).  The large scale ligand-induced conformational changes in PBPs  

 

Figure 1.3 Model of bending and twisting axes in PBPs.  
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can be described as a rigid body motion of the two domains around the hinge, 

characterized by bending/twisting motions around two axes as shown in Figure 1.3.   

The magnitude of the hinge-bending motion ranges from a maximum of 62° in a mutant 

Escherichia coli RBP (Bjorkman, Binnie et al. 1994) to a minimum 16° in E. coli nickel 

binding protein (Heddle, Scott et al. 2003) (less is observed in the non-canonical 

eukaryotic glutamate receptor (Frandsen, Pickering et al. 2005)).  These states however 

are not static and therefore are only representative intermediates of a continuum from a 

non-defined fully open state to a well-defined closed ligand-bound form. 

The large-scale ligand-induced motion is coupled to local concerted rotations of 

main chain dihedrals of hinge segments (Bjorkman and Mowbray 1998).  Changes in C 

torsion angles, generated by φ/ψ changes, occur in a relatively few (as few as four) hinge 

amino acids.  In the class I E. coli allose and ribose binding proteins, three hinge 

segments, consisting of approximately seven amino acids, are responsible for a change 

in relative orientation of the two domains by as much as 64° (Bjorkman and Mowbray 

1998; Magnusson, Chaudhuri et al. 2002).  The remainder of the protein, including 

amino acid side-chains that directly coordinate the ligands, act as a rigid body which 

suggests the apo-form of both domains are pre-ordered for ligand binding which was 

initially hypothesized to occur in hinge-bending proteins by Chothia (Gerstein, Lesk et 

al. 1994).  However, in other PBPs such as the class I leucine binding protein, the 

conformation of the receptor is not strictly coupled to the hinge region.  Changes in the 
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side-chain rotamers and local orientation of secondary structure elements are also 

observed upon ligand binding (Magnusson, Salopek-Sondi et al. 2004).  Like E. coli MBP 

(Sharff, Rodseth et al. 1992), these changes are largely restricted to one domain, which 

suggests preferential ligand binding and initiation of closing of the domain whose 

binding pocket rotameric state and secondary structure elements are pre-organized.  

 

Figure 1.4 Thermodynamic linkages of ligand binding and ligand-induced structural 

changes in PBPs. O+L, open apo-form; C+L, closed apo-form; O•L, open ligand-bound 

form; C•L, closed ligand-bound form. 

Elucidation of the energetic requirements of structural rearrangements is 

necessary for understanding the biological processes which PBPs are involved in. The 

energetic cost of ligand-induced structural changes in PBPs is largely unknown as only 

the GBapp of ligand binding can be readily measured (Figure 1.4).  Recently, indirect 

experimental evidence for the class II maltose binding protein (MBP) demonstrated that 

the free energy cost  of the open-to-closed transition to be on the order of 7.4kcal/mol 

(Millet, Hudson et al. 2003) which used MBPs whose degree of closure was manipulated 
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through mutation of hinge amino acids (Marvin and Hellinga 2001).  The apparent 

dissociation constant of wild-type maltose binding is 800nM (-8.3kcal) (Marvin and 

Hellinga 2001); however taking into account the free energy of closing, the intrinsic 

dissociation constant is ~3pM.  Unlike the class II MBP, we find that the open and closed 

forms of the class I PBPs, RBP and GBP, are isoenergetic and utilize little or no excess 

binding energy to form the closed state.  We postulate the GOC(A) to be characteristic of 

the class of PBP (Chapter 9).   

The thermodynamics of the ligand-induced structural changes has implications 

not only for the biological processes that PBPs are involved, but also affects the 

computational design process.  Recently the crystal structures of two computationally 

re-designed maltose binding proteins (zinc (Telmer and Shilton 2005) and ibuprofen 

(Miklos, Cuneo and Hellinga, unpublished data)) were determined and found to be in 

the open form, although ligand was bound, and the binding constants were in the 

molar range (Marvin and Hellinga 2001), thus indicating the intrinsic free energy of 

binding was too small to overcome the energy  

barrier of the formation of the closed state in MBP, even at high ligand concentrations 

(10mM ibuprofen).  We can therefore empirically correlate these results with the 

thermodynamics of closing and the difficulty of re-designing in the class II or class I 

PBPs. 



 

11 

1.4 Diversification and Adaptation in Protein Superfamilies  

Protein superfamilies which have diverse substrate specificities or reaction 

mechanisms allow generalization of diversification strategies of a common scaffold, 

which can be adapted or modified for protein engineering experiments.  There are 

several limiting cases to understanding where superfamily diversity is encoded.  Is it 

encoded in the protein side-chain, main-chain, or both?  Furthermore, proteins are not 

static and local and global conformational changes dominate catalysis (Knapp, Pahl et al. 

2006), ligand recognition (binding) (Sharff, Rodseth et al. 1992), protein:protein 

interactions (Arac, Dulubova et al. 2005), and protein:DNA/RNA interactions (Friedman, 

Fischmann et al. 1995).  Therefore how much is encoded in other mechanisms?  We 

categorize these into four different classes which are based on observed natural 

diversification mechanisms.  At the large-scale of adaptation mechanisms you can have 

additions of new elements to an existing superfamily or motif, which can be domain 

additions or amino-acid insertion/deletions.  However diversity can also be encoded 

through smaller-scale adaptation mechanisms based on reorganization of existing 

elements.  We divide reorganization methods into loop movements (also inherently 

included in this is the use of loops for construction of ligand-binding or catalytic sites), 

which is separate from domain repacking/reorientation (which includes large-scale 

movements such as hinge-bending and shear movements), and folding (unstructured to 

structured).  
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Although PBPs share a common overall fold, conformational change, and ligand 

binding mechanisms, they bind ligands that have large variations in size and chemical 

nature and therefore provide an opportunity for systematic analysis of diversification 

mechanisms.  There is also a lot of structural information  

available in this protein class, enabling diversification to be understood in structural  

terms.  Modulation of the binding pocket region allows members of the PBP superfamily 

to bind various ligands from ions (molecular weight ~30Da) (Heddle, Scott et al. 2003) to 

polymeric carbohydrates (molecular weight ~900Da) (Mueller, Choy et al. 2000) in 

proteins whose structure are highly homologous.  This broad substrate specificity of 

PBPs is the result of several evolutionary adaptations which are mirrored in enzymes 

(Allen and Dunaway-Mariano 2004), DNA/RNA modifying proteins (Aravind, 

Anantharaman et al. 2005), and other binding proteins.  PBPs adopt a three-layered 

Rossmann motif () which utilizes the intervening loops between alternating -

strands and -helices to assemble the ligand binding pocket that ultimately serves to 

match the binding pocket volume and physiochemical environment to that of its ligand.  

Protein engineering experiments in this family identified the importance of matching 

ligand size to binding pocket of the closed form (Looger, Dwyer et al. 2003).  Utilization 

of loops allows for highly modular and tunable ligand selectivity while not affecting the 

overall fold and ligand-induced conformational changes.  Furthermore these ligand-

mediated hinge-bending motions allow two solvent-exposed interfaces to completely 
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envelope the ligand in the closed form thus mimicking the desolvated environment of a 

protein core although the ligand initially binds to a solvent-exposed interface (Bjorkman 

and Mowbray 1998).  We postulate that this characteristic of the PBP superfamily is an 

important factor in the ease of their adaptability.   

The ligand adaptability of PBPs is exemplified in the class II MBP fold where 

loop size (Cuneo, Changela et al. 2006), amino acid insertions/deletions (Cuneo, 

Changela et al. 2006), binding co-factors such as carbonate (Shouldice, Dougan et al. 

2003) and phosphate (Bruns, Nowalk et al. 1997), movements of secondary structure 

elements (Magnusson, Salopek-Sondi et al. 2004) and changes in domain orientation 

(both twist and degree of closing) (Evenas, Tugarinov et al. 2001) are used to adjust the 

volume and chemical environment of the ligand binding cavity. 

1.5 Conclusions 

Understanding of ligand-binding adaptation mechanisms and conformational 

changes in PBPs is intrinsically important for elucidating numerous fundamental 

biological processes.  Furthermore if common themes can be identified they can then be 

further modified, enhanced or eliminated through protein engineering experiments.  

Even though PBPs have been extensively studied by structural, thermodynamic and 

kinetic methods, the conformational changes and ligand adaptation mechanisms have 

not been systematically investigated.  In this work we attempt to begin to systematically 

investigate the structural, functional, and conformational diversity of PBPs through the 
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analysis and comparison of the crystal structures of nine ligand-bound and three apo-

forms of thermophilic PBPs to PBPs whose structures have been previously determined 

(Table 1.2).  First discussed is the structural diversity of PBP binding pockets in various 

members of this superfamily. Next an in-depth analysis is provided of ligand-dependent 

conformational changes in thermophilic PBPs which until now have been observed only 

in mesophiles. Finally, through the comparison of a mesophilic and a thermophilic PBP, 

which have very high structural homology, I discuss possible thermal adaptation 

mechanisms. These analyses have furthered our understanding of adaptation by 

identifying common themes that exist in the PBP superfamily which can be 

recapitulated in the computational design process to further increase the adaptability 

and modularity of this superfamily. 

Table 1.2 Crystal structures described in this work. 
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Chapter 2. The crystal structure of a thermophilic glucose binding protein 

reveals adaptations that interconvert mono- and disaccharide binding sites 

2.1 Introduction 

Periplasmic solute binding proteins (PBPs) are integral components of 

prokaryotic ATP binding cassette (ABC) solute transport systems (Hor and Shuman 

1993; Sugiyama, Vassylyev et al. 1996; Hunke, Mourez et al. 2000; Hosie, Allaway et al. 

2001) and in some instances are involved in chemotaxis (Zhang, Gardina et al. 1999; Bren 

and Eisenbach 2000; Schuster, Zhao et al. 2000).  The PBPs form a protein superfamily 

which includes eukaryotic receptors such as GluR and DNA repressors such as LacI 

(Abele, Svergun et al. 1999; Fukami-Kobayashi, Tateno et al. 1999). Three PBP structural 

classes have been categorized based on the ordering of -strands in the domains (Figure 

1.2) (Fukami-Kobayashi, Tateno et al. 1999).. Their structure is characterized by two  

domains linked through a two- or three-stranded -sheet hinge.  Ligand binding is 

typically accompanied by a structural change involving a hinge-bending motion that 

transitions the two domains from an open to a closed conformation thereby enveloping 

a bound ligand within the domain interface (Sharff, Rodseth et al. 1992; Bjorkman and 

Mowbray 1998).   

Bacterial PBPs have been identified for a large variety of ligands such as amino 

acids (Takahashi, Inagaki et al. 2004), peptides (Dunten and Mowbray 1995), ions 

(Heddle, Scott et al. 2003), polyamines (Sugiyama, Vassylyev et al. 1996), vitamins 
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(Karpowich, Huang et al. 2003), and carbohydrates (Magnusson, Chaudhuri et al. 2002).  

Protein engineering experiments in this family identified the importance of matching 

ligand size to the volume of the binding pocket in the closed form (Dwyer and Hellinga 

2004).  In Escherichia coli maltose binding protein (ecMBP) changes in the degree of 

interdomain closure, twist, and bending have been found to be different in the maltose 

(disaccharide), maltotriose (tri-saccharide), and maltotetraose (tetra-saccharide) bound 

forms (Evenas, Tugarinov et al. 2001), suggesting that the hinge-bending motion may 

play a role in adapting the ecMBP binding pocket to ligand size or functionality.  

Members of the PBP superfamily also use loops (Heddle, Scott et al. 2003), co-factors 

such as inorganic phosphate (Alexeev, Zhu et al. 2003) and carbonate (Shouldice, 

Dougan et al. 2003) in the metal binding proteins, and bulky side-chains (Quiocho, 

Spurlino et al. 1997) to modulate the volume of the binding pocket in the closed state.   

The functional adaptability and ligand-dependent hinge-bending motions of 

prokaryotic PBPs have been exploited to engineer reagentless biosensors (de Lorimier, 

Smith et al. 2002; Lager, Fehr et al. 2003), allosteric control elements (Looger, Dwyer et 

al. 2003), and enzymes (Dwyer, Looger et al. 2004).  To date these engineered proteins 

have been based on PBPs derived from E. coli.  For several applications these proteins 

are not as robust as desired, in particular in the area of biosensing (Allert, Dwyer et al. 

2006).  One fruitful route to obtaining robust proteins is by exploiting extremophilic 

organisms (Demirjian, Moris-Varas et al. 2001).  Here we present the isolation, 
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characterization, and structure determination of a periplasmic glucose binding protein 

(GBP) obtained from Thermus thermophilus, a thermophilic bacterium that has become 

the source of a number of proteins of biotechnological interest, and analyze the 

structural adaptations that modulate the size of its binding site to accommodate 

glucose/galactose. 

2.2 Materials and methods 

2.2.1 Cloning 

The ttc0328 gene was amplified from T. thermophilus genomic DNA by the sticky-

end PCR (Zeng 1998) method using the following primers and Thermus aquaticus DNA 

polymerase (New England Biolabs): PO4-TATGAAGCTGG AGATCTTCTCCTGGTG, 

and TGAAGCTGGAGATCTTCTCCTGGTG for the 5’ half of the gene; PO4-

AATTCTAATGGTGATGGTGATGGTG CTGGCCCAGCCGGCCCAGG, and 

CTAATGGTGATGGTGATGGTGCT GGCCCAGCCGGCCCAGG for the 3’ half of the 

gene.  The resulting fragment was cloned into the NdeI/EcoRI sites of a pET21a 

(Novagen) plasmid (pTTGBP) for over-expression in E. coli. This ORF lacks the 

periplasmic signal sequence.  The coding sequence starting at lysine 22 was cloned in-

frame with an ATG start codon, in a pET21a expression vector.  A hexa-histidine affinity 

tag was fused in-frame at the carboxy terminus to facilitate purification by immobilized 

metal affinity chromatography.  Sequencing of several clones revealed the presence of 

two mutations (E153G and V260I; numbering according to NCBI accession number 
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YP004303), which were common to all (7 clones) while the clone which showed the 

highest levels of expression and was used in these studies contained two additional 

mutations (E164K, F328S; numbering according to NCBI accession number YP004303). 

2.2.2 Over-expression and Purification 

pTTGBP was transformed into BL21-DE3-Rosetta cells (Novagen) and grown 

overnight on LB agar (34g/mL chloramphenicol, 100g/mL ampicillin).  A single 

colony was picked and grown in “terrific broth” (TB) media overnight at 37°C.  The 

overnight culture was diluted 1:20 into 2L of TB (34g/mL chloramphenicol, 100g/mL 

ampicillin), grown to an A600 of 0.8 at 37°C, and induced by the addition of IPTG (final 

concentration 1mM).  The cells were grown at 42°C for a further 3-4 hours, harvested by 

centrifugation (5,250g 10 minutes), resuspended in 20mM imidazole, 20mM MOPS, 

500mM sodium chloride, (pH7.0), and lysed by sonication.  A cleared lysate was 

prepared by centrifugation (30,000g, 30 minutes) and filtration (0.45 micron filter).   

Affinity-tagged ttGBP was purified by immobilized metal affinity 

chromatography: 30mL of clarified lysate was loaded onto 3mL bed volume of pre-

equilibrated NTA-resin charged with loaded Ni+2 (Amersham).  Following a wash with 

25mL of 20mM imidazole, 20mM MOPS, 500mM sodium chloride, pH7.0, the protein 

was eluted with a linear gradient of 0-600mM imidazole (20mM MOPS, 500mM sodium 

chloride, pH7.0).  A major peak eluted at ~200mM imidazole.   Pooled fractions 

(~10mg/mL) were concentrated to 12mL (Vivaspin 10,000) and loaded on a Superdex 
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26/60 S200 (Amersham) preparative grade gel filtration column pre-equilibrated with 

20mM Tris-HCl (pH 7.8), 300mM NaCl.  ttGBP eluted as a single peak, and was 

concentrated to ~12mg/mL (Vivaspin 10,000), and dialyzed against 10mM Tris pH 7.8, 

20mM NaCl.  Purity and molecular weight were confirmed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis and MALDI-TOF (Applied Biosystems) mass 

spectrometry.  Protein concentration was determined spectrophotometrically 

(280=111,000M-1cm-1; determined by the von Hippel method(Gill and von Hippel 1989)). 

An average of 6 mg of pure protein was produced per liter of medium. 

To prepare selenomethionine-substituted ttGBP (Se-Met-ttGBP), pTTGBP was 

transformed into the E. coli methionine auxotroph B834 (Novagen).  200mL of an 

overnight culture grown in TB was pelleted and resuspended in 4L of M9 minimal 

media supplemented with 100mg/L selenomethionine.  This was grown to an A600 of 0.8 

at 37°C, and induced by the addition of IPTG (final concentration 1mM), followed by 

further growth at 42°C for 3-4 hours.  Protein was purified as described above for the 

native protein except that 5mM dithiothreitol was added to all buffers. 

2.2.3 Circular Dichroism 

Circular dichroism (CD) measurements were determined on an Aviv Model 202 

circular dichroism spectrophotometer. Thermal denaturations were determined by 

measuring the CD signal at 222nm (1cm path length) as a function of temperature, using 

5M protein (10mM Tris-HCl pH7.8, 20mM NaCl), GdCl at various concentrations, in 
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the presence or absence of 1mM sugar (ribose, xylose, maltose, maltotriose, glucose or 

galactose).  Protein samples were incubated for 15 minutes prior to collecting data.  Each 

measurement includes a 3-second averaging time for data collection and a 60 second 

equilibration period at each temperature.  Data was fit to a two-state model which 

accounts for the native and denatured baseline slopes, to determine the Tm 

values(Schellman 1987; Cohen and Pielak 1994).  The Tm values in the absence of 

denaturant were determined by linear extrapolation. 

2.2.4 Binding Assays 

Ligand-binding affinities were determined by direct titration (Marvin, Corcoran 

et al. 1997), measuring changes in intrinsic tryptophan fluorescence emission.  To 

monitor tryptophan fluorescence, protein was dialyzed into 10mM NaPhosphate pH7.0, 

100mM NaCl, and diluted with the same buffer to 10nM.  Steady-state fluorescence 

measurements were determined at 50°C in a Fluorolog 3 fluorimeter.  The intrinsic 

tryptophan fluorescence was measured by recording the emission spectra from 310 to 

380 nm with a fixed excitation wavelength of 280 nm (5nm slit width) and averaging 

three scans; the signal was recorded once a steady emission level had been attained 

following direct addition of ligand.  Emission fluorescence intensities from three 

separate titrations were corrected for dilution by aliquot addition, normalized, averaged, 

and the values fit to a two-state hyperbolic binding isotherm and plotted on a semi-log 

scale (Marvin, Corcoran et al. 1997). 
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2.2.5 Crystallization and Data Collection   

Glucose or galactose was added to ttGBP in 5-fold molar excess prior to 

crystallization.  Crystals grew by hanging drop vapor diffusion in drops containing 2l 

of the protein solution mixed with 2l of 10% (w/v) isopropanol, 0.1M NaCitrate pH 5.6, 

10% (w/v) PEG 4000 equilibrated against 900l of 10% (w/v) isopropanol, 0.1M 

NaCitrate pH 5.6, 10% (w/v) PEG 4000 (Nextal Biotechnologies).  Diffraction quality 

crystals belonging to the space group P212121 (a=121Å, b=135Å, c=160Å) typically grew 

within one week at 17°C. Both the native and the Se-Met forms of ttGBP crystallized 

under identical conditions.   

Native ttGBP crystals complexed with galactose or glucose diffract to a 

resolution of 1.56Å and 1.9Å respectively; the Se-Met-ttGBP galactose complex crystals 

diffract to 1.8Å.  For cryoprotection crystals were transferred stepwise to 10% 

isopropanol (w/v), 0.1M NaCitrate pH 5.6, 10% PEG 4000 (w/v) incrementally 

supplemented with ethylene glycol or glycerol in 5% steps up to 15% final concentration.  

Crystals were mounted in a nylon loop and flash frozen in liquid nitrogen.  All data 

were collected at 100K at the SER-CAT 22ID and 22BM beam lines at the Advanced 

Photon Source.  The diffraction data were scaled and indexed using HKL2000 

(Otwinowski 1997).     
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2.2.6 Structure Determination Methods, Model Building and Refinement 

The structure was determined by the single wavelength anomalous dispersion 

method using data collected at the selenium peak wavelength (0.97917 Å) from a 

galactose-bound Se-Met ttGBP crystal. The SHELXD (Schneider and Sheldrick 2002) 

programs was used to identify 63 out of a possible 72 selenium sites, corresponding to 6 

monomers in the asymmetric unit. The top substructure solution from SHELXD yielded 

total and weak correlation coefficients of 64.0 and 44.7, respectively, and a PATFOM 

figure of merit of 5.4. Density modification in SHELXE (Weeks, Adams et al. 2003) 

produced an interpretable electron density map into which a partial model for one of the 

monomers could be built. The use of non-crystallographic symmetry aided further phase 

improvement and phase extension to 1.57 Å resolution in RESOLVE (Terwilliger 2003). 

The improved phases were input into ARP/wARP (Perrakis, Morris et al. 1999), which 

was able to trace 2,312 of the total 2,352 residues in the asymmetric unit. Further manual 

model building was carried out in O (Jones, Zou et al. 1991) and refined using 

REFMAC5 (Murshudov, Vagin et al. 1997). The final model for the ttGBP-glucose 

complex includes 6 intact ttGBP monomers (residues 1-392), 6 glucose molecules, and 

1,937 water molecules. The ttGBP-galactose model consists of 6 intact ttGBP molecules, 6 

galactose molecules, and 2,625 water molecules. Both models exhibit good 

stereochemistry as determined by PROCHECK (Laskowski 1993) and MolProbity(Davis, 

Murray et al. 2004); final refinement statistics are listed in Table 2.1. PDB coordinates  
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Table 2.1 Data collection, phasing and refinement statistics 
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and structure factors for the ttGBP-glucose and ttGBP-galactose structures have been 

deposited in the RCSB Protein Data Bank (Berman, Westbrook et al. 2000) under the 

accession codes 2B3B and 2B3F, respectively. 

2.3 Results 

2.3.1 Identification 

T. thermophilus is an aerobic heterotroph that has maximum and optimal growth 

temperatures of ~85°C and 70-75°C respectively, and was isolated in 1968 from a hot 

spring in Izu, Japan (Oshima 1974; Henne, Bruggemann et al. 2004).   A search of the 

recently published T. thermophilus genome identified at least 100 genes that are the 

putative components of PBP mediated transport systems (Henne, Bruggemann et al. 

2004).  Open reading frame (ORF) ttc0328 is annotated as a GBP.  However, its amino 

acid sequence shows little homology to GBPs from E. coli and Salmonella typhimurium 

(class I PBPs), but has higher sequence similarity with maltodextrin binding proteins 

(MBP) (class II PBPs) (Vyas, Vyas et al. 1988; Zou, Flocco et al. 1993).  The predicted 

amino acid sequence of ORF ttc0328 is also similar in size to MBPs, whose average 

length of ~400 amino acids is typically ~100 amino acids longer than their class I 

counterparts.  ORF ttc0328 is part of a larger putative operon composed of components 

that are typically conserved in PBP-mediated transport systems. An additional putative 

transcription regulatory protein is present (Hor and Shuman 1993; Sugiyama, Vassylyev 

et al. 1996; Hunke, Mourez et al. 2000; Hosie, Allaway et al. 2001), although the usual 
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ATP-hydrolyzing subunit of the transport system is absent (Figure 2.1).  Immediately 

upstream to ttc0328 are two genes that are putative transmembrane components of the 

ABC transport system for glucose.  At the 3’ end is a putative repressor protein that has 

sequence homology to a Bacillus subtilis xylose operon repressor (Gartner, Degenkolb et 

al. 1992).  The glucose uptake operon in Pseudomonas aeruginosa shows a similar gene 

organization (Figure 2.1) (Adewoye and Worobec 2000).  The amino acid sequences of 

the components of P. aeruginosa and T. thermophilus operons show high identity and 

similarity (Figure 2.1) suggesting that the cognate ligand for ttc0328 is glucose.   

 

Figure 2.1  Comparison of the genetic linkage in the glucose transport operons of T. 

thermophilus (a) and P. aeruginosa (b), indicating sequence similarity and identity of their 

components (c).  Predicted open reading frames and direction of translation are 

indicated by arrows.  The gene numbers and annotations are taken from NCBI 

nucleotide database (accession number NC005835 and NC002516). Location in the 

genome is indicated by numbering at both ends of the gene. 
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2.3.2 Expression and stability 

ORF ttc0328 was cloned from T. thermophilus genomic DNA by the polymerase 

chain reaction (PCR).  DNA sequencing revealed several differences between this clone 

and published sequences (E153G, E164K, V260I, F328S; numbering according to NCBI 

accession number YP004303).  Residues 1-21 were identified as a putative membrane 

translocation leader sequence.  The ttc0328 ORF lacking this periplasmic signal sequence 

was cloned into a pET21a vector in frame with a C-terminal hexa-histidine tag for over-

expression.   The corresponding expressed gene product (P0328) was purified by 

immobilized metal affinity chromatography and gel filtration chromatography, eluting 

at an apparent molecular weight consistent with its monomeric form.   

The stability of P0328 was determined by thermal denaturation using circular 

dichroism.  Complete thermal transitions could be determined only in guanidine 

hydrochloride (GdCl), since the transition is incomplete at 100°C, and found to fit to a 

two-state model which accounts for the native and denatured baseline slopes (Figure 

2.2) (Schellman 1987; Cohen and Pielak 1994).  The transition mid-point ( Tm ), in the 

absence of denaturant was determined from the linear extrapolation of a series of Tm 

values determined at various concentrations of GdCl and found to be 100±2°C for the 

apo-protein (Figure 2.2). 
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Figure 2.2  Thermal denaturation of ttc0328 determined by circular dichroism.  (a)  

Thermal denaturation of P0328  in 3M GdCl in the absence (■) or presence of 1mM 

galactose (●), glucose (▲), ribose (+), maltose (x), maltotriose (*), or xylose (▼ ).  Solid 

lines in (a) are fit to a two-state model which accounts for the native and denatured 

baseline slopes(Schellman 1987; Cohen and Pielak 1994).  (b)  Extrapolated Tm of P0328 in 

the absence (■) or presence of 1mM galactose (●) or glucose (▲) obtained from a series 

of thermal melting curves at different concentrations of GdCl. Solid lines represent 

linear fits to the observations. 

2.3.3 Ligand binding 

To identify cognate ligands thermal melts were determined in the presence and 

absence of various mono-, di-, and tri-saccharides (1mM ligand, 3M GdCl).  Under these 

conditions the Tm value in the absence of sugar or in the presence of xylose or ribose is 

59±0.6°C; addition of maltose or maltotriose raises the Tm to 62±0.5°C and 63±0.5°C 

respectively; glucose or galactose raise the Tm value to 82±0.4°C and 77±0.5°C 

respectively (Figure 2.2).  These ligand-mediated increases in protein stability indicate 

that glucose and galactose are the cognate ligands for this protein (the slight stabilization 

observed upon addition of 1mM maltose or maltotriose is attributed to contamination of 
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these ligands with glucose).   In the absence of denaturant, glucose and galactose 

increase protein stability by 11±1°C and 6±3°C respectively (Figure 2.2).  Addition of 

these sugars also increases the slope of the correlation between Tm and GdCl 

concentration (the equivalent of m-value in protein denaturation experiments(Myers, 

Pace et al. 1995)).  This can be interpreted as an increase in the differential burial of 

solvent-accessible surface area (Myers, Pace et al. 1995) in unfolded and native states in 

the presence of ligand, consistent with ligand-mediated formation of a closed state. 

At 50°C, addition of glucose or galactose reduces tryptophan fluorescence by 5% 

and 10%, respectively (Figure 2.3).  This ligand-mediated change in fluorescence was 

used to determine dissociation binding constants by direct titration (Marvin, Corcoran et 

al. 1997) with glucose and galactose which were found to be 0.08±0.03M and 

0.94±0.04M respectively (Figure 2.3).  This 12-fold difference in affinities is consistent 

with the observed ligand-mediated change in stability (Matulis, Kranz et al. 2005).  The 

binding constants for E. coli GBP (EcGBP) are also in the low micro-molar range, 

although ecGBP exhibits only a two-fold difference in affinity for glucose over galactose 

(Vyas, Vyas et al. 1988). 

Taken together these results unambiguously demonstrate that the gene product 

of ttc0328 is a T. thermophilus glucose/galactose binding protein (ttGBP). 
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Figure 2.3  Sugar affinities determined by intrinsic tryptophan fluorescence emission 

titration at 50°C.  (a) Glucose titration: inset, emission spectra (■ apo, and ▲ glucose-

saturated ttGBP); bottom, fit to a hyperbolic binding isotherm on a semi-log plot 

(Marvin, Corcoran et al. 1997).  (b) Galactose titration: inset, emission spectra  (■ apo,  

and ● galactose saturated ttGBP); bottom fit to a hyperbolic binding isotherm on a semi-

log plot (Marvin, Corcoran et al. 1997).  

  

2.3.4 Structure determination 

The X-ray crystal structure of ttGBP was solved by single-wavelength anomalous 

dispersion (SAD) using a selenomethionine derivative.  The data collection and 

refinement statistics are shown in Table 2.1.  The selenium derivative crystals of the 

galactose complex form diffracted to 1.8Å, whereas crystals of the native ttGBP galactose 

and glucose complexes diffract to 1.57Å and 1.9Å, respectively (Table 2.1). A total of six 

molecules exhibiting two-fold non-crystallographic symmetry are present in the 

asymmetric unit.  The geometry of the final refined models was analyzed using 

PROCHECK (Laskowski 1993) and the MolProbity server (Davis, Murray et al. 2004). 



 

30 

The final models of the glucose- and galactose-bound forms exhibit excellent 

stereochemistry and were refined to Rcryst and Rfree values below 19% and 23%, 

respectively.  These two complexes are nearly identical in conformation, with an 

R.M.S.D. of 0.14Å for alignment of all atoms in both crystal forms (excluding waters and 

ligand).  Superposition of the individual monomers in the asymmetric unit results in an 

average R.M.S.D. of 0.19Å with a minimum of 0.12Å and a maximum of 0.26Å. 

 

 

Figure 2.4   Overall structure of the galactose-bound ttGBP.  The ordering of -strands 

(yellow) in the N-and C-terminal domains allows ttGBP to be categorized as a class II 

PBP.  The N- and C-termini and the order of the N-terminal -strands are indicated.  The 

-strands which compose the hinge are shown in orange and the galactose is green.  

Molecular graphics were generated using Pymol. 
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2.3.5 Overall structure 

The ttGBP / fold is characteristic of class II PBPs (Figure 2.4).  The N- and C-

terminal domains are composed of five strands which are flanked by seven and ten 

helices respectively.  Ordering of the -strands is 21354 in both domains, consistent 

with the class II PBP topology (Figure 2.4).  The hinge is composed of three -strands 

(residues 119-120, 272-276, and 340-344) which serve as linkers between the -sheets 

cores of the two domains. The carbohydrate binding pocket is located at the domain 

interface.  Residues from both domains are involved in ligand binding: amino acid side-

chains from the N-terminal domain contribute the majority of polar contacts with the 

ligand whereas the C-terminal domain makes extensive van der Waals interactions. 

2.3.6 Sugar binding pocket 

In the glucose-bound form the sugar ring hydroxyls are arranged equatorially 

and form hydrogen bonds with polar amino acid side-chains arranged in an annulus 

whose mean plane is approximately coincident with the sugar.  The C6 hydroxyl of the 

sugar also makes interactions with this annulus (Figure 2.5).  The residues in the 

annulus present both hydrogen bond acceptors (to the sugar hydroxyl protons) and 

donors (hydroxyl oxygens) (Table 2.2).  The majority of the hydroxyls form both donor 

and acceptor interactions indicating that their hydrogen bonding potential is satisfied.  

In the galactose-bound form the C4 hydroxyl is axial and no longer forms a hydrogen 

bond with Lys312, consistent with the observed lower affinity for galactose (Table 2.2).   
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Figure 2.5 Sugar binding pocket in ttGBP: (a) galactose; (b) glucose-bound form.  The 

galactose complex of ecGBP (Vyas, Vyas et al. 1988) (c) is shown for comparison.  

Hydrogen bonding partners that are within 3.4Å are indicated with black dashed lines 

drawn between the ligand amino acid side-chains.  The dashed lines between Lys312 

and the C4 hydroxyl in the ttGBP bound forms are shown in orange.  Molecular graphics 

were generated using Pymol (Delano 2002). 
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Table 2.2  Hydrogen bonding amino acids of the glucose and galactose ligands. Lysine 

312 which is involved in discrimination of glucose and galactose is bolded. 

 

The O5 of the sugar ring hemiacetal forms a hydrogen bond with the N atom of 

Trp8, the aromatic ring of which is perpendicular to the sugar.  On the opposite side the 

sugar ring carbon atoms form extensive van der Waals contacts with the coplanar 

aromatic ring of Trp244. 

Similar modes of sugar binding are seen in the class I PBP ecGBP (Vyas, Vyas et 

al. 1988).  Two of the four aromatic binding pocket residues of ecGBP, (Trp183 and 

Phe16), form extensive van der Waals interactions with the ligand. Eight polar side-

chains form a hydrogen-bonding annulus; the hydrogen-bonding potential of the sugar 

hydroxyls is fully satisfied (Figure 2.5).  In contrast to ttGBP, the number of hydrogen-

bonds in galactose and glucose complexes are the same in ecGBP consistent with only a 

two-fold difference in affinities (Vyas, Vyas et al. 1988).  Another significant difference is 
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that in ecGBP there are 3 water-mediated hydrogen bonds, whereas in ttGBP the sugar 

does not form contacts with water (Vyas, Vyas et al. 1988). 

2.3.7 Structural adaptations that interconvert saccharide binding sites 

ttGBP has the highest structural homology (Holm and Sander 1993) with the 

disaccharide binding Thermococcus litoralis maltose/trehalose binding protein (tlMBP) 

(Diez, Diederichs et al. 2001), with which it also shares an amino acid sequence identity 

of 18% and an overall similarity of 60% (Figure 2.6).  Therefore comparison of ttGBP and 

tlMBP provides an example of structural mechanisms by which the size of ligand 

binding sites can be controlled in this protein super-family fold.  Superposition of the 

ttGBP and tlMBP structures results in an R.M.S.D. of 2.6Å for C atoms (Kleywegt and 

Jones 1997).  Superposition of the C- and N-terminal domains individually results in 

R.M.S.D. values of 2.9 Å and 1.5 Å respectively, suggesting that the structural 

adaptations responsible for the alterations in ligand binding are largely confined to the 

C-terminal domain. 

Structural alignment of the two N-terminal domains (Figure 2.6) as a reference 

point reveals that the wide groove accommodating the disaccharide in tlMBP has been 

partially occluded in ttGBP by two loops (loop 1, residues 40-44 and loop 2, 344-351) and 

an -helix (a.a. 166-181) (Figure 2.6).  The monosaccharide observed in ttGBP overlaps 

with one of the tlMBP trehalose sugar rings (ring 1), whereas the site for the other  
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Figure 2.6  Sequence (a) and structural (b and c) homology relationships between the 

Thermococcus litoralis maltose/trehalose-binding protein (tlMBP), PDB code 1EU8(Diez, 

Diederichs et al. 2001) and the Thermus thermophilus glucose-binding protein.  (a) The 

sequence alignment was generated by ClustalW(Chenna, Sugawara et al. 2003).  Loops 

that occlude the di-saccharide binding site are red.  (b)  Superposition of the N-terminal 

domain of tlMBP (yellow) and ttGBP (blue) using LSQMAN(Kleywegt and Jones 1997).  

Residues that could not be aligned, or have a greater distance of 3.5Å from its tlMBP 

counterpart are colored red in ttGBP. Close-up view (c) of the binding pocket region 

shows residues that occlude disaccharide (blue) binding in the monosaccharide (green) 

binding site.  Two loops (red) fill the binding pocket in ttGBP (blue) thereby decreasing 

the tlMBP (yellow) disaccharide-binding site volume (loop 1, residues 40-44 and loop 2, 

344-351).  Note that in ttGBP His348 (red) occupies the position of the trehalose (blue) 

rings in tlMBP. Molecular graphics were generated using Pymol(Delano 2002). 
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trehalose ring (ring 2) is filled in by secondary structure elements (Figure 2.6).  

Consequently ttGBP cannot accommodate ligands larger than monosaccharides.  Loop 

1corresponds to a gap in the sequence alignment of ttGBP and tlMBP (Figure 2.6).  This 

insertion in ttGBP leads to an increase in loop size filling in the site occupied by the 

trehalose ring 2 and also positions the amino nitrogen of Ala42 within hydrogen 

bonding distance of the C6 sugar hydroxyl.  Loop 2 aligns in both amino acid sequences 

but adopts different conformations in the two structures, pointing into the ttGBP 

binding pocket and outwards to the solvent in tlMBP (Figure 2.6).  The structural 

adaptation by this eight-residue loop plays a dominant role in modulating the size of the 

binding pocket.  The occluding conformation of loop 2 is stabilized in ttGBP by a 

hydrogen bond between the side-chain of His348 and the glucose/galactose C1 hydroxyl. 

Motions in the -helix formed by residues 166-181 serve to further modulate the size of 

the binding cavity.  In ttGBP this -helix is shifted into the binding pocket towards the 

sugar ring positioning Trp167 within 4 Å of the sugar in ttGBP. 

2.4 Discussion 

We have demonstrated biochemically that T. thermophilus ORF ttc0328 is a 

periplasmic glucose/galactose binding protein.  The X-ray structure reveals that ttGBP is 

homologous to class II MBPs, rather than other class I GBPs.  Class II PBPs typically bind 

ligands larger than monosaccharides, such as di- and tri-saccharides (Quiocho, Spurlino 

et al. 1997) or peptides (Dunten and Mowbray 1995) (exceptions include class II PBPs 



 

37 

that bind ions (Heddle, Scott et al. 2003)).  In class I PBPs the binding pocket size 

typically limits binding to monosaccharides (Vyas, Vyas et al. 1988) and amino acids 

(Sack, Saper et al. 1989).  The MBP of T. litoralis (tlMBP) is most closely related to ttGBP 

by sequence and structural homology.   Analysis of the structural differences between 

ttGBP and tlMBP has led to understanding the structural adaptations that accommodate 

monosaccharides in a class II fold: loop insertions/deletions and reorganization of 

secondary structure elements.  Loop insertions/deletions place amino acid side-chains 

and main chains in the binding pocket region to occlude/widen the site for mono- and 

di-saccharides.  Similar mechanisms of loop-mediated adaptations are seen for 

interconversion of class II periplasmic ion and sugar binding proteins(Heddle, Scott et 

al. 2003).   

Understanding such mechanisms of structural adaptation is necessary not only 

for interpreting diversification of function by evolution, but also for protein engineering 

experiments.  Structure-based computational design studies have shown that matching 

ligand and cavity volume is an important prerequisite for successful rational redesign of 

specificity (Dwyer and Hellinga 2004).  The question is posed whether variable 

positioning of secondary structure and loop insertions can be successfully recapitulated 

in the protein design process to further redesign natural ligand specificity.  Future 

design experiments will aim to answer this question by mimicking cavity volume 

adaptations illustrated in ttGBP.   
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Chapter 3. Binding pocket size alters ligand specificity in periplasmic 

maltose binding proteins 

3.1 Introduction 

In prokaryotes maltodextrin acquisition is mediated through periplasmic 

maltose/maltotriose binding proteins (MBP) (Kellermann and Szmelcman 1974).  The 

MBP in Escherichia coli, MalE is part of the Mal operon which includes its cognate ATP-

binding cassette (ABC) transport proteins MalF and MalG and the ATP-hydrolyzing 

subunit, MalK (Silhavy, Brickman et al. 1979).  The E. coli Mal operon is part of the Mal 

regulon which consists of 10 genes whose expression is altered in response to the 

availability of maltodextrins and various related carbohydrates (Boos and Shuman 

1998). The liganded MBP complex interacts with MalF and MalG at the inner membrane, 

resulting in ATP-dependent ligand transport across the membrane catalyzed by MalK 

(Davidson, Shuman et al. 1992; Hor and Shuman 1993).   

E. coli MBP (ecMBP) has broad ligand specificity and binds numerous 

carbohydrates with high affinity (nanomolar to low micromolar range) including two 

ring maltodextrins (maltose) to greater than four rings (Miller, Olson et al. 1983; Duan, 

Hall et al. 2001; Evenas, Tugarinov et al. 2001) (Figure 3.1).  Two to six ring 

carbohydrates are transported through the membrane by a MalF/MalG/MalK2 inner 

membrane complex.  Larger maltodextrins (greater than 6 rings) are further digested 

into smaller ring units by a periplasmic-amylase, MalS (Shuman 1982; Freundlieb and 
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Boos 1986; Spiess, Happersberger et al. 1997).  Although ecMBP has affinity for a range 

of saccharides, it has been shown that this is not always true for the MBPs.  The recent 

characterization of the T. thermophilus glucose binding protein (Cuneo, Changela et al. 

2006) and the T. thermophilus trehalose/maltose/sucrose/palatinose binding protein 

(Silva, Sampaio et al. 2005) have shown this fold can be used to specifically bind mono- 

or di-saccharides respectively (Figure 3.1). Understanding what determines ligand 

specialization or diversification in MBPs will allow a better understanding of the 

mechanisms of protein ligand recognition. 

 

Figure 3.1 Ligands which have been shown to be bound by proteins that have the MBP 

fold. 
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Thermus thermophilus is a thermophilic bacterium which has optimal and 

maximal growth temperatures of 70-75°C and ~85°C respectively (Oshima 1974; Henne, 

Bruggemann et al. 2004).  Members of the Thermus genus are the source of numerous 

biotechnologically relevant proteins due to their high chemical and thermal stability 

(Pantazaki, Pritsa et al. 2002; Shigemori, Mikawa et al. 2005).  Based on sequence 

homology to the canonical E. coli Mal operon two gene clusters in T. thermophilus have 

been annotated as Mal operons.  Unlike other Mal operons the ATP hydrolyzing 

subunit, MalK, is not present and was located in different regions of the genome (Henne, 

Bruggemann et al. 2004; Silva, Sampaio et al. 2005).  Components both operons have 

been characterized biochemically, and Mal1 (composed of ttc1627/malE1, ttc1628/malF1, 

and ttc1629/malG1), has been demonstrated to bind and transport trehalose, maltose, 

and sucrose while only transport activity was shown for palatinose.  However no 

binding or transport function could be determined for Mal2 (composed of 

ttc1288/malE2, ttc1287/malF2, and ttc1286/malG2) (Silva, Sampaio et al. 2005).  Here we 

present biochemical and X-ray crystallographic data which demonstrates that 

ttc1288/MalE2 from the T. thermophilus Mal2 operon (ttc1288) is responsible for the high-

affinity binding of maltotriose and not the disaccharides which are transported in the 

Mal1 operon.  This ligand selectivity of Mal2 is anticipated as several organisms with 

two annotated Mal operons have shown to have different ligand specificity.  

Comparison of the Mal2 crystal structure to other proteins in the MBP family allows the 
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identification of the mechanisms used to adapt this binding pocket to a wide variety of 

ligand sizes and specificities. 

3.2 Materials and methods 

3.2.1 Cloning Over-expression and Purification 

The ttc1288 gene was amplified from T. thermophilus genomic DNA (ATCC) by 

the sticky-end PCR method using the following primers: PO4- 

TATGAAGATCACCGTCTGGACCCACTTC, and 

TGAAGATCACCGTCTGGACCCACTTC for the 5’ end of the gene; PO4- 

AATTCTAATGGTGATGGTGATGGTGCCTGCCGATGGCCTTCTTGATCTC, and 

CTAATGGTGATGGTGATGGTGCCTGCCGATGGCCTTCTTGATCTC for the 3’ end of 

the gene (Zeng 1998).  The resulting fragment was cloned into the NdeI/EcoRI sites of a 

pET21a (Novagen) plasmid (pTTMtBP) for over-expression in E. coli. This ORF lacks the 

periplasmic signal sequence.  The coding sequence starting at lysine 20 was cloned in-

frame with an ATG start codon.  A hexa-histidine affinity tag was fused in-frame at the 

carboxy terminus to facilitate purification by immobilized metal affinity 

chromatography.  DNA sequencing of pTTMtBP revealed the presence of two amino 

acid mutations (T104A and A172V, numbered according to NCBI protein database 

accession number YP_005257) when compared to the published amino acid sequence.  

Protein concentration was determined spectrophotometrically (280=58,000M-1cm-1;)(Gill 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=46199590
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and von Hippel 1989). The resulting gene product was expressed and purified as 

described with an average of 60 mg of pure protein produced per liter of medium. 

3.2.2 Circular Dichroism 

Circular dichroism (CD) measurements were carried out on an Aviv Model 202 

CD spectrophotometer. Thermal denaturations were determined by measuring the CD 

signal at 222nm (1cm path length) as a function of temperature, using 1.5M protein 

(10mM Tris-HCl pH7.8, 20mM NaCl) in 4M guanidinium hydrochloride in the presence 

or absence of 1mM sugar (trehalose, sucrose, maltose, maltotriose).  In the absence of 

denaturant the protein is too stable to exhibit temperature induced denaturation.  

Protein samples were incubated for 15 minutes prior to collecting data.  Each 

measurement includes a 3-second averaging time for data collection and a 60 second 

equilibration period at each temperature.  Data was fit to a two-state model, to 

determine the Tm values (Schellman 1987).   

Ligand-binding affinities were determined by direct titration, measuring changes 

in ellipticity (Marvin, Corcoran et al. 1997; Thomas, Southworth et al. 2006).  

Concentrated protein was dialyzed into 10mM NaCitrate pH5.7, 20mM NaCl, and 

diluted with the same buffer to 1.5M.  The molar ellipticity change was measured by 

recording the spectra from 230 to 215 nm (in 1nm steps) followed by direct addition of 

ligand with a 3-second averaging time for data collection and a 30 second equilibration 

period.  Changes in ellipticity were corrected for dilution by aliquot addition, 
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normalized, and the values fit to a two-state hyperbolic binding isotherm (Marvin, 

Corcoran et al. 1997). 

3.2.3 Structure Based Sequence Alignments 

Using LSQMAN the amino acid sequences of the proteins being aligned were 

used to determine the sequence based structure alignment with the NWunsch command 

with a gap penalty of five (Kleywegt and Jones 1997).  This alignment operator was 

applied and improved upon using the IMprove command, and the structure based 

sequence alignment and the super-position distance matrix for this operator was 

determined by the NWunsch command with a cut-off distance of 5.0Å. 

3.2.4 Crystallization and Data Collection   

Maltotriose was added to ttMtBP in three-fold molar excess prior to 

crystallization.  Crystals were grown by hanging drop vapor diffusion in drops 

containing 2l of the protein solution mixed with 2l of 0.1M MES pH 6.5, 12% (w/v) 

PEG 20000 equilibrated against 900l of 0.1M MES pH 6.5, 12% (w/v) PEG 20000.  

Diffraction quality crystals typically grew within several days at 17°C.  The ttMtBP 

crystals diffract to a resolution of 1.95Å and belong to the P212121 space group (a=58.09Å, 

b=68.994Å, c=90.085Å).  Crystals were transferred stepwise to 0.1M MES pH 6.5, 20% 

(w/v) PEG 20000 for cryoprotection, mounted in a nylon loop, and flash frozen in liquid    
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Table 3.1 Data collection, refinement and stereochemistry statistics. 
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nitrogen.  Data were collected at SER-CAT 22ID beam line at the Advanced Photon 

Source.  Diffraction data were scaled and indexed using HKL2000 (Otwinowski 1997). 

3.2.5 Structure Determination Methods, Model Building and Refinement 

The structure was determined by molecular replacement using the Amore 

program using the ligand-bound form of a maltotriose binding protein from Thermotoga 

maritima (gene tm1839, unpublished results) as the search model (Navaza 1994). 

Rotation, translation, and fitting functions revealed a clear solution yielding higher 

correlation coefficients and a lower R factor than all the others. Manual model building 

was carried out in the programs O and COOT and refined using REFMAC5 (Jones, Zou 

et al. 1991; Murshudov, Vagin et al. 1997; Emsley and Cowtan 2004). The final model for 

the ttMtBP complex includes one intact ttMtBP monomer (residues 2-378), one 

maltotriose molecule, and 281 water molecules. The model exhibits good 

stereochemistry as determined by PROCHECK and MolProbity; final refinement 

statistics are listed in Table 3.1 (Laskowski 1993; Davis, Murray et al. 2004). PDB 

coordinates and structure factors have been deposited in the RCSB Protein Data Bank 

under the accession code 2GH9.  

3.3 Results 

3.3.1 Sequence and Operon Homology 
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The complete DNA sequence of the T. thermophilus genome identified the 

presence of two regions which have been annotated as the putative components of a 

canonical Mal operon (Figure 3.2) (Henne, Bruggemann et al. 2004).  A similar 

organization of two Mal operons can be found in the genomes of many organisms, some 

of which have been characterized biochemically and were shown to be active towards 

different ligands (Nelson, Clayton et al. 1999; Robb, Maeder et al. 2001; Jensen, Peters et 

al. 2002). The two T. thermophilus operons (Mal1 and Mal2) have a similar gene 

organization and the individual proteins have significant amino acid similarity and 

identity (Figure 3.2). This observation suggests that the cognate ligands may also be 

Figure 3.2 Comparison of the genetic linkage in the two putative Mal operons of T. 

thermophilus, indicating sequence similarity and identity of their components.  Predicted 

open reading frames and direction of translation are indicated by arrows.  The gene 

numbers and annotations are taken from NCBI nucleotide database (accession number 

NC 005835). Location in the genome is indicated by numbering at both ends of the gene. 
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similar although the membrane transporters, MalF/MalG, are approximately 150 amino 

acids longer in the Mal2 operon (Figure 3.2).   

3.3.2 Protein Expression and Ligand Binding 

The periplasmic binding protein from the Mal2 operon MalE2 (ttc1288) was 

cloned in E. coli lacking its periplasmic signal sequence.  Cytoplasmic over-expression in 

E. coli followed by immobilized metal affinity and gel filtration chromatography of the 

resulting gene product (P1288) produced 60 mgs of pure soluble monomeric protein per 

liter of medium.  

 

Figure 3.3 Thermal denaturation of ttc1288 determined by circular dichroism.  Thermal 

denaturation of P1288  in 4M GdCl in the absence (■) or presence of 1mM sucrose (▼), 

trehalose (▲), maltose (●), maltotriose (□).  Solid lines in are fit to a two-state 

model(Schellman 1987).   

Circular dichroism was used to detect ligand-mediated changes in the thermal 

denaturation mid-point (Tm) of P1288 in the presence of 4M guanidine hydrochloride.   

In the absence of sugar and in the presence of 1mM trehalose or sucrose the Tm is 74°C; 
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addition of 1mM maltose or maltotriose raises the Tm to 86°C and 102°C respectively, 

indicating that the dissociation constants (Kd) for maltotriose is less than the Kd for 

maltose (Figure 3.3).   

Addition of maltose or maltotriose to the apo-protein changes the molar 

ellipticity by as much as 20% in the far-UV region of P1288 (Figure 3.4).  This ligand-

mediated change in molar ellipticity was used to determine dissociation constants by 

direct titration with maltose and maltotriose, which were found to be 80±20M and 

1±0.1M respectively (Figure 3.4) (Marvin, Corcoran et al. 1997; Thomas, Southworth et 

al. 2006).  This is consistent with the observed ligand-mediated changes in protein 

stability.  

 

Figure 3.4 Sugar affinities determined by intrinsic change in the molar ellipticity.  (a) 

Titration with maltose (●) and maltotriose (□) fit to a hyperbolic binding isotherm on a 

semi-log plot.  Inset, C.D. spectra of the apo (■) and maltotriose (□) saturated forms of 

ttMtBP (b) Linear plot of the stoichiometric maltotriose (□) titration from (a). 
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The maltotriose Kd and the protein concentration used in the experiment are 

within the error of each individual measurement and it is postulated stoichiometric 

ligand binding is being observed and the apparent binding constant of 1M is the upper 

limit for the Kd (Figure 3.4).   

PBPs normally bind ligand in the low micromolar to nanomolar range and the 

80M maltose dissociation constant is likely due to contamination with maltotriose 

(Miller, Olson et al. 1983; de Lorimier, Smith et al. 2002).  The MBPs from Pyrococcus 

furiosus and Thermotoga maritima have been shown to bind maltotriose in the low 

micromolar range and also have low or no affinity for maltose (both organisms contain 

two putative Mal operons) (Evdokimov, Anderson et al. 2001)(Höcker, personal 

communication).  Furthermore the P. furiosus MBP was purified and crystallized in the 

presence of maltose however the electron density of the ligand clearly showed the 

presence of maltotriose while crystallization of the T. maritima MBP (tm1204) in the 

presence of maltose resulted in an un-liganded open form (Chapter 6) (Evdokimov et al. 

2001).  Binding of contaminating maltodextrins has also been observed in the 

characterization of other maltodextrin binding proteins, as commercially available 

maltose is only 99% pure (Evdokimov, Anderson et al. 2001; Silva, Sampaio et al. 2005).  

Considering the above data it is postulated that ttc1288/MalE2 is a maltotriose binding 

protein (ttMtBP) and the putative Mal2 operon is a maltotriose transport operon. 
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3.3.3 Structure Determination 

The X-ray crystal structure of the maltotriose-bound form of ttMtBP was solved 

to 1.95Å by molecular replacement using the X-ray crystal structure of a related 

maltotriose binding protein from Thermotoga maritima (tm1839, unpublished results) as 

the search model.    One molecule bound with maltotriose in the binding pocket was 

found in the asymmetric unit and the structure was refined to Rcryst and Rfree values of 

19.7 and 25.4 respectively.  The final model contains 378 amino acids, a maltotriose 

molecule, and 281 water molecules and is missing the N-terminal methionine and the C- 

terminal seven residues (Arg379 and the hexa-histidine tag).  Data collection, 

stereochemistry, and refinement statistics are summarized in Table 3.1. 

3.3.4 Overall structure and binding pocket 

ttMtBP adopts the  fold that is characteristic of MBPs and shows the highest 

structural homology with E. coli MBP (C RMSD of 2.0 Å) (Holm and Sander 1993; 

Quiocho, Spurlino et al. 1997).  Like E. coli MBP, ttMtBP is a two-domain protein with 

the carbohydrate binding site located in a deep groove at domains interface (Figure 3.5).  

Connecting the two-domains is a hinge which is composed of an -helix and two anti-

parallel -strands.  Sandwiching the carbohydrate is a network of aromatic amino acids 

which makes extensive van der Waals interactions with the three carbohydrate rings 

(Figure 3.5).  A total of 22 hydrogen bonds are made with the ligand.  Eight hydrogen 

bonds are from polar amino acids (His8, Asp65, Asp155, Arg305, and Trp345) while the  
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Figure 3.5 Structure of ttMtBP complexed with maltotriose.  (a) Overall structure.  The 

N- and C-termini are indicated, -strands are yellow sugar is green.  (b) Close up view 

of aromatic residues (yellow) that sandwich the maltotriose (green).  (c) Polar amino 

acids (yellow) form a hydrogen bonding network with the maltotriose ligand (green).  

Hydrogen bonds with the protein amino acids/ maltotriose, and the water/maltotriose 

are shown as black dashed lines.  Hydrogen bonds between water molecules (purple) 

which are directly coordinated by protein amino acids are shown as red dashed lines.     

Molecular graphics were generated using Pymol (Delano 2002). 
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remaining hydrogen bonding potential of the carbohydrate is satisfied by a network of 

nine water molecules, two of which are directly coordinated by the amino acid side-

chains (Figure 3.5).   

3.3.5 Controlling ligand specificity in an MBP fold 

The E. coli MBP (ecMBP) is a high affinity receptor for maltose (Kd=3.5M) and 

maltotriose (Kd=0.16M) (ecMBP also binds maltotetraose with a Kd=3.5M) (Evenas, 

Tugarinov et al. 2001).  Comparison of the ttMtBP crystal structure to the ligand-bound 

form of ecMBP should lead to a better understanding of the mechanisms which 

determine specificity in ttMtBP and ecMBP. A structure-based sequence alignment 

generated by LSQMAN was used to determine the regions of ttMtBP and ecMBP where 

the largest differences occur (Figure 3.6) (Kleywegt and Jones 1997).  There are several 

gaps in the sequence alignment and three regions in the vicinity of the binding pocket 

serve to increase the ttMtBP binding pocket size allowing the sugar to be positioned 

deeper in the binding cleft (in positions A, B, and C) when compared to ecMBP 

(positions B, C, D)(Figure 3.6).  This leads to a register shift of the ttMtBP trisaccharide 

by one glucose ring (relative to E. coli MBP) which places the ttMtBP sugar in the region 

occupied by the ecMBP side-chains D14 and K15 which are involved in coordinating the 

ecMBP ligands  
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Figure 3.6 Structural differences of ttMtBP and ecMBP.  LSQMAN generated structure-

based sequence alignment (a) of ttMtBP and ecMBP showing the regions of the binding 

pocket which could not be aligned (red) (Kleywegt and Jones 1997).  These changes (b) 

lead to the ttMtBP (blue) tri-saccharide to sit farther in the binding pocket than the tri-

saccharide in ecMBP (yellow) thus a register shift of one ring occurs which places the 

side-chains D14 and K15 from ecMBP (yellow) in the region occupied the ligand in 

ttMtBP.  The nomenclature for sugar position is indicated.  Molecular graphics were 

generated using Pymol (Delano 2002). 
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(Figure 3.6).  A similar mode of ligand binding is also seen in the P. furiosus and T. 

maritima maltotriose binding proteins which do not bind maltose (Evdokimov, 

Anderson et al. 2001).  The register of the ligand in the binding pocket may play a role in 

trisaccharide over disaccharide specificity however this cannot be separated from the 

energetics of a disaccharide binding in a binding pocket that has evolved for a tri-

saccharide.   

This carbohydrate register shift is not limited to tri-saccharide binding proteins.  

The disaccharide specific trehalose binding protein from Thermococcus litoralis (tlMBP) 

binds deep in the binding pocket (positions A and B) and is also out of register relative 

to ecMBP (2.3Å C RMSD from ttMtBP and 2.2 Å from ecMBP) (Diez, Diederichs et al. 

2001).  The binding pocket of tlMBP, like ttMtBP is more opened up in the ring A 

position however the region occupied by the maltotriose ring in position C is filled in 

with an -helix (Figure 3.7).  Filling in of the ring C position effectively limits the tlMBP 

binding site to disaccharides.  The monosaccharide specific Thermus thermophilus 

glucose/galactose binding protein (ttGBP), which is also an MBP fold (2.8Å RMSD from 

ttMtBP), has a deeply buried glucose binding site which is in the position of the ttMtBP 

ring A.  The remainder of the binding pocket is filled in by a network of loops which 

limits only monosaccharide binding (Figure 3.7). 
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Figure 3.7 Structural differences of MBP family members.  Alignment (a) of ttMtBP 

(blue) and tlMBP (yellow) showing the regions of the binding pocket of tlMBP which 

could not be aligned (red).  Alignment (b) of ttMtBP (blue) and ttGBP (yellow) showing 

the regions of the binding pocket of ttGBP which could not be aligned (red).  The 

nomenclature for sugar position is indicated.  A structure based sequence alignment in 

LSQMAN was used to generate aligned structures (Kleywegt and Jones 1997).  

Molecular graphics were generated using Pymol (Delano 2002). 

 

3.4 Discussion 

E. coli uses one copy of the canonical maltodextrin binding and transport operon 

(Mal operon) which functions as a binding protein dependent di-, tri-, and tetra-

saccharide transport system.  This does not appear to be the case in T. thermophilus 

where one of the operons, Mal1 was previously determined to be responsible for 

binding and transport of numerous disaccharides.  Through biochemical and X-ray 

crystallographic experiments we have shown that the binding protein component of the 

other Mal operon, Mal2, is the high affinity receptor for the tri-saccharide maltotriose 

and un-likely binds the disaccharides which are transported in the other Mal operon.   
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Comparison of the ttMtBP crystal structure to other MBPs allows the 

identification of the mechanisms which determine ligand specificity in this fold.  The 

relatively non-specific ecMBP has a wide open binding pocket which makes little 

discrimination between di-, tri-, and tetrasaccharides.  The ttMtBP binding site is shifted 

out of register by a glucose ring (deeper in the binding pocket) relative to ecMBP and 

binds a trisaccharide with high affinity.  The disaccharide in tlMBP is also shifted out of 

register by a ring relative to ecMBP and its disaccharide specificity is achieved by filling 

in the binding pocket with an -helix to restrict the size of the binding pocket.  The 

monosaccharide specific ttGBP uses a network of loops and an -helix to limit the 

binding pocket size even further.   
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Chapter 4. Inter-conversion of polymeric binding sites in a thermophilic 

cellobiose binding protein 

4.1 Introduction 

The uptake of primary metabolites such as amino acids (Hsiao, Sun et al. 1996), 

carbohydrates (Duan and Quiocho 2002), ions (Shouldice, Dougan et al. 2003) and 

polyamines (Sugiyama, Vassylyev et al. 1996) are mediated by members of the 

periplasmic binding protein (PBP) super family.  The broad substrate specificity of PBPs 

is the result of several evolutionary adaptations.  PBPs adopt a three-layered  

Rossmann fold () which utilizes the intervening loops between alternating -

strands and -helices to construct a ligand binding site that ultimately serves to match 

the binding pocket volume and physiochemical environment to that of its ligand.  

Furthermore PBPs undergo a hinge-bending motion upon addition of ligand which 

allows two solvent-exposed interfaces to completely envelope the ligand in the closed 

form thus mimicking the desolvated environment of a protein core (Sharff, Rodseth et al. 

1992; Bjorkman and Mowbray 1998).   

PBPs are categorized into three classes based on the ordering of the core -

strands that compose each of the two domains (Fukami-Kobayashi, Tateno et al. 1999).  

The size of the class I PBP binding pocket limits binding to a relatively narrow size range 

of ligands when compared to the class II PBPs.  The class II maltose binding protein 

(MBP) fold exemplifies this adaptability where highly homologous structures are used 
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to bind ligands that have a broad range in size (monomeric (Cuneo, Changela et al. 2006) 

to oligomeric (Evdokimov, Anderson et al. 2001) saccharides) and chemical properties 

(oxyanions (Lawson, Williams et al. 1998), cationic metals (Shouldice, Dougan et al. 

2003) and amino acids (Oh, Pandit et al. 1993)).  However, not all class II PBPs are able to 

bind such chemically distinct ligands.  The di/oligopeptide binding protein (OpBP) fold 

has been shown to be responsible for acquisition of only di- (Dunten and Mowbray 

1995) to oligomeric (Tame, Dodson et al. 1995; Sleigh, Seavers et al. 1999) amino acids.  

The E. coli nickel binding protein also has the OpBP fold, however it is the only 

structural example, and recognition of nickel is mediated through specifically bound 

water molecules and not through the protein side- or main-chain (Heddle, Scott et al. 

2003).  Unlike the MBP fold the OpBPs are relatively non-specific and show little 

discrimination of the ligand’s amino acid side-chains (Sleigh, Seavers et al. 1999). 

The sequencing of the genome of the hyperthermophile Thermotoga maritima 

identified numerous PBP binding proteins (Nelson, Clayton et al. 1999).  Based on 

sequence and operon homology, 12 genes could be annotated as OpBPs.  However, five 

of these were recently shown to be responsible for acquisition of various 

carbohydrates(Nanavati, Thirangoon et al. 2006).  One of these gene clusters was shown 

to encode a disaccharide (cellobiose ((14) linked glucose) and laminaribiose ((13) 

linked glucose)) binding protein (tm0031) (Nanavati, Thirangoon et al. 2006) that based 

on amino acid homology was an OpBP.  This is counter-intuitive as most class II 
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carbohydrate binding proteins use the MBP fold whose binding pocket is smaller than 

the binding pocket in the OpBP fold.  Using X-ray crystallography we sought to 

understand the structural adaptations that allow the OpBP fold to be used to acquire 

small disaccharides.  We found that the tm0031 gene product binds not only 

disaccharides but it also binds oligosaccharides.  However, unlike other mono- to 

oligosaccharide binding protein (such as the Escherichia coli MBP), only the first two 

sugar rings are recognized specifically (hydrogen bonds, van der Waals interactions), 

while the remainder of the ligand is placed into a large solvent filled cavity in the 

interior of the binding pocket.  We postulate that this binding pocket has little 

discrimination of ligands other than through the specific recognition of the first two 

sugar rings and the sterics of the cavity (allowing/dis-allowing different size 

carbohydrates).  This is the first time this has been observed in a PBP, and we postulate 

this is a novel mechanism of PBP-mediated oligomeric carbohydrate acquisition which 

will be observed in other carbohydrate binding proteins that use the OpBP fold. 

4.2 Materials and methods 

4.2.1 Over-expression and Purification 

The tm0031 was a kind gift from the laboratory of K. Noll and was expressed and 

purified as described (Nanavati, Thirangoon et al. 2006). 
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4.2.2 Circular Dichroism 

Circular dichroism (CD) measurements were carried out on a Jasco CD 

spectrophotometer. Thermal denaturations were determined by measuring the CD 

signal at 222nm (1cm path length) as a function of temperature, using 1.0M protein 

(10mM Tris-HCl pH7.8, 150mM NaCl).  To determine the Tm-values in the absence of 

GdCl a series of thermal melts in the presence of decreasing amounts of GdCl was 

extrapolated to 0M GdCl.  Protein samples were incubated for 15 minutes prior to 

collecting data.  Each measurement includes a 3-second averaging time for data 

collection and a 60 second equilibration period at each temperature.  Data was fit to a 

two-state model to determine the Tm-values (Schellman 1987). 

4.2.3 Crystallization and Data Collection   

Crystals of tmCBP were grown in the presence of 1mM ligand.  tmCBP-5 was 

crystallized by hanging drop vapor diffusion in drops containing 2l of the protein 

solution mixed with 2L of 0.1M NaCacodylate pH 6.3-6.5, 18-24% (w/v) PEG 4000 and 

equilibrated against 900L of 0.1M NaCacodylate pH 6.3-6.5, 18-24% (w/v) PEG 4000.  

tmCBP-2 was crystallized by hanging drop vapor diffusion in drops containing 2l of 

the protein solution mixed with 2L of 0.2M magnesium acetate 0.1M MES pH6.5, 0.2M 

Ammonium sulfate, 30% (w/v) PEG MME 5000 and equilibrated against 900L of 0.2M 

magnesium acetate 0.1M MES pH6.5, 0.2M Ammonium sulfate, 30% (w/v) PEG MME 

5000.  The tmCBP-2 and tmCBP-c5 crystals diffract to 1.50Å resolution and belong to the 



 

61 

P4(1)2(1)2 space group (a/b=107.3, c=118.2) and the P2(1)  space group (a=62.1Å, 

b=101.5Å, c=108.3Å, =94.1°) respectively (Table 4.1).  Crystals were transferred stepwise 

to the precipitant solution containing 10% ethylene glycol for cryoprotection, mounted 

in a nylon loop, and flash frozen in liquid nitrogen.  All data were collected at 100K at 

the SER-CAT 22ID beam line at the Advanced Photon  

Table 4.1 Data collection and refinement statistics. 
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Source.  Diffraction data were scaled and integrated using HKL2000 or XDS (Kabsch 

1993; Otwinowski 1997).     

4.2.4 Structure Determination Methods, Model Building and Refinement 

The structure of tmCBP was determined by molecular replacement using the N- 

and C-terminal domains from the β-1,4-mannobiose binding protein (PDB code 1VR5) as 

a search model in the program PHASER.  Manual model building was carried out in the 

programs O and COOT and refined using REFMAC5 (Jones, Zou et al. 1991; 

Murshudov, Vagin et al. 1997; Emsley and Cowtan 2004). The final model for the 

tmCBP-cellobiose includes two intact monomers, two cellobiose molecules, and 436 

water molecules. The final model for the tmCBP-cellopentaose includes two intact 

monomers, two cellopentaose molecules, and 887 water molecules.  The models exhibits 

good stereochemistry as determined by PROCHECK and MolProbity; final refinement 

statistics are listed in Table 4.1 (Laskowski 1993; Davis, Murray et al. 2004). PDB 

coordinates and structure factors of tmCBP-cellobiose and tmCBP-cellopentaose have 

been deposited in the RCSB Protein Data Bank under the accession codes 2O7I and 2O7J 

respectively. 
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4.3 Results  

4.3.1 Thermal Stability and Ligand Binding 

The stability of the T. maritima cellobiose binding protein (tmCBP) was 

determined by thermal denaturation using circular dichroism (CD).  In the absence of 

guanidine hydrochloride (GdCl), no significant change in the CD signal (up to 100°C) 

could be observed as a function of temperature (data not shown) and all subsequent 

measurements were carried out in the presence of GdCl (Figure 4.1).  Melting curves 

were found to fit a two-state model (Schellman 1987; Cohen and Pielak 1994).   A 

thermal transition midpoint (Tm) of 108±1°C in the absence of GdCl was determined by 

  

Figure 4.1 Thermal denaturation of tmCBP determined by circular dichroism.  A.  

Thermal denaturation of tmCBP  in 2M GdCl in the absence (■) or presence of 1mM 

cellobiose (●), cellotriose (▲), cellotetraose (▼), cellopentaose (♦), cellohexaose(+).  Solid 

lines in (a) are fit to a two-state model(Cohen and Pielak 1994).  B.  Extrapolated Tm of 

tmCBP in the absence (■) or presence of 1mM cellopentaose (♦) obtained from a series of 

thermal melting curves at different concentrations of GdCl. Solid lines represent linear 

fits to the observations.   



 

64 

linear extrapolation of a series of melting point determinations carried out at different 

concentrations of GdCl (Figure 4.1).   

Since the tmCBP operon contains a -glucosidase which typically hydrolyzes -

glucosides up to six sugar rings, we used CD to test the substrate specificity of the 

TM0031 receptor using various length cellulose hydrosylates (cellobiose-cellohexaose).  

Although cellobiose has been shown to bind (Nanavati, Thirangoon et al. 2006) to 

tm0031, addition of this ligand gives no change in the apparent Tm-value (Apo 

Tm=91.2°C, cellobiose Tm=90.9°C).  As the length of the oligosaccharide is increased the 

protein stability is increased, however the Tm-values obtained for cellopentaose (Tm 

=96.7°C) and cellohexaose (Tm=96.8°C) are essentially the same which indicates that no 

more stabilization is gained beyond the five-ringed sugar (Figure 4.1).  The greatest 

relative difference in Tm-value (3.4°C) is observed for cellobiose (Tm =90.9°C) and 

cellotriose (Tm =94.4°C).  However the relative Tm-value for cellotriose/cellotetraose 

(1.4°C) and cellotetraose/cellopentaose (0.8°C) are similar which indicates that the first 

three sugar rings make the greatest contribution towards the free energy of ligand 

binding.   

4.3.2 Structure Determination 

The tmCBP X-ray crystal structure was solved in the presence of cellobiose 

(tmCBP-2) and cellopentaose (tmCBP-5) to 1.5Å.  These two complexes are nearly 

identical in conformation, with an R.M.S.D. of 0.21Å for alignment of all atoms in both 
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crystal forms (excluding waters and ligand).  tmCBP-2 was solved by molecular 

replacement using the N- and C-terminal domains of the unliganded/open form of a 

related carbohydrate binding protein (PDB code 1VR5) from T. maritima.   One molecule 

bound with cellobiose in the binding pocket was found in the asymmetric unit of 

tmCBP-2, and the structure was refined to Rcryst and Rfree values of 19.2 and 21.6 

respectively.  The final model contains 582 amino acids, a cellobiose molecule, and 500 

water molecules and is missing three N-terminal residues and seven C-terminal residues 

(Met584 and the hexa-histidine tag).  tmCBP-5 was solved using the cellobiose bound 

form of tmCBP.  Two molecules bound with cellopentaose in the binding pocket were 

found in the asymmetric unit of tmCBP-5 and the structure was refined to Rcryst and Rfree 

values of 19.5 and 21.3 respectively.  The final model contains 1164 amino acids, two 

cellopentaose molecules, and 887 water molecules and is missing three N-terminal 

residues and seven C-terminal residues (Met584 and the hexa-histidine tag). Data 

collection, refinement, and stereochemistry statistics are summarized in Table 4.1. 

4.3.3 Overall Three-Dimensional Structure 

tmCBP adopts the  fold that is characteristic of OpBPs and shows the highest 

structural homology with a tripeptide complexed (KWK) E. coli OpBP (C RMSD of 2.1 

Å) (Holm and Sander 1993; Quiocho, Spurlino et al. 1997).  Like E. coli OpBP, tmCBP is a 

three-domain protein with the carbohydrate binding site located in a deep groove at the 

domain interface (Figure 4.2).  Domain 1 consists of residues 2-20, 165-260 and 510-  
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Figure 4.2 Overall structure of the tmCBP.  A.  The cellobiose bound form of tmCBP.  B.  

The cellopentaose bound form of tmCBP. Domain I (blue), domain II (cyan) and domain 

III are indicated.  -strands are colored yellow, -strands which compose the hinge are 

shown in orange and the cellobiose/cellopentaose is shown in ball and stick 

representation with red oxygens and gray carbons. 

557.  Domain 2 consists of residues 21-164 and 558-583.  Domain 3 which is the largest of 

the domains consists of residues 261-509 (Figure 4.2).  The cellobiose binding site is 

found at the interface of domains one and two while the cellopentaose binding site 

occupies the entire interface between domains 1/2 and domain 3.   
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4.3.4 Sugar Binding Pocket/Cavity 

The cellobiose is bound to one extreme of the tmCBP binding pocket.  A network 

of polar interactions mediates specific recognition of the hydroxyls in the two sugar 

rings through a total of ten hydrogen bonds (Figure 4.3).  Two polar amino acids (N216, 

D383) contribute four of the ten hydrogen bonds, three are made by the protein main-

chain (A14O, G232O, F234N) and three are made aromatic binding pocket residues 

through either polar hydrogen bonds or aromatic hydrogen bonds (Figure 4.3).   

Extensive van der Waals interactions made by aromatic binding pocket residues 

desolvate the cellobiose ligand and few waters are found in the immediate vicinity of the 

two sugar rings (Figure 4.4).  However adjacent to the cellobiose ligand is a large cavity 

that is shielded from solvent however it is completely filled with water molecules and 

notably lacking in aromatic residues which are typically used for sugar recognition in 

PBPs (Figure 4.4 and Figure 4.5).  In the cellopentaose bound form the remaining three 

rings are placed into this cavity (Figure 4.5).  However, unlike the cellobiose bound form 

there is little specific recognition and van der Waals interactions with the sugar rings 

that are placed in this cavity (Figure 4.3).  A total of four hydrogen bonds are made with 

the three extra sugar rings, one of which comes at the expense of an aromatic hydrogen 

bond with the cellobiose C1 hydroxyl, the other three are ligand/main chain interactions 

at the far extreme of the cavity made by two glycine residues (G103, G104).  Although 

the cellopentaose ligand occupies the entire length of this cavity the remaining volume is 
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occupied by numerous water molecules which serve to satisfy the hydrogen bonding 

potential of the ligand (Figure 4.4). The steric restrictions of this cavity limit binding to 

the five ringed sugar which was confirmed by crystallization in the presence of 

cellohexaose which resulted in the cellopentaose bound form due to contamination of 

the cellohexaose.   

 

  

Figure 4.3 The tmCBP sugar binding pocket.  A.  Cellobiose bound form.  B.  

Cellopentaose bound form.  Hydrogen bonding partners that are indicated with black 

dashed lines drawn between the ligand and amino acid side-chains (ball and stick 

representation with red oxygens and gray carbons). 
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Figure 4.4 The tmCBP ligand binding cavity.  A.  The cellobiose ligand (ball and stick 

representation with red oxygens and gray carbons surrounded by a gray surface 

representation) is located in the region of the binding pocket that is formed by a network 

of aromatic amino acids.  Adjacent to the binding site of the cellobiose is a large water 

filled (red spheres) cavity in the interior of the binding pocket.  B.  The cellopentaose 

ligand (ball and stick representation with red oxygens and gray carbons surrounded by 

a gray surface representation) is placed into the binding pocket cavity. However, it does 

not fill the entire volume of the binding pocket and numerous water molecules still 

remain to satisfy the hydrogen bonding potential of the ligand. 

4.3.5 Comparison to Other Polymeric PBP Binding Sites 

The E. coli maltose binding protein (ecMBP) specifically binds 14) linked 

glucose molecules that range in size from two (maltose) (Quiocho, Spurlino et al. 1997) 

to four (maltotetraose) rings (Quiocho, Spurlino et al. 1997; Boos and Shuman 1998) 

(Figure 4.6).  Although tmCBP binds 14) linked glucose molecules from two to five 

rings the mechanisms of carbohydrate recognition in tmCBP is distinct from ecMBP.    
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Figure 4.5 Surface representation of the tmCBP ligand binding cavity.  A.  Cellobiose 

(ball and stick representation with red oxygens and gray carbons surrounded by a gray 

surface representation) is bound to one extreme of the tmCBP binding pocket and is 

immediately adjacent to large cavity (blue ball and stick and surface representation) in 

the interior of the binding pocket. B.  Cellopentaose (ball and stick representation with 

red oxygens and gray carbons) is placed into this cavity where unlike the cellobiose 

binding site little specific recognition of the sugar occurs. 

The location of the minimal (disaccharide) ligand binding site in tmCBP is shifted to one 

extreme of the binding pocket thus allowing full utilization of the interdomain region for 

ligand binding (Figure 4.2).  However in ecMBP the minimal carbohydrate binding site 

is centered about the domain interface and essentially only half of the interdomain 

region is used for ligand recognition (Figure 4.6).  Due to the placement of the ligand 

binding site in ecMBP only four sugar rings in are specifically recognized by both 

hydrogen bonds and van der Waals interactions that serve to sandwich in and desolvate 

the ligand.  The ligand placement also allows for the fourth sugar ring in ecMBP to be 

directed toward solvent which allows oligosaccharides up to seven rings to be bound by 
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ecMBP (Boos and Shuman 1998) (Figure 4.6).  In tmCBP, specific recognition occurs only 

in the minimal disaccharide binding site which is used as a “specificity handle” to bind 

larger oligosaccharides.  Rather than being directed towards solvent, as in ecMBP, larger 

oligosaccharides are placed into a solvent filled cavity in the interior of the binding 

pocket and unlike ecMBP this places steric limitations on the size of oligosaccharides 

which can be bound.    

4.4 Discussion 

We have biochemically demonstrated that the tm0031 ORF encodes for a 

periplasmic polymeric carbohydrate binding protein that binds (14) linked glucose 

molecules that range in size from two to five rings.  The mechanisms of carbohydrate 

recognition in tmCBP and hence the binding pocket is distinct from what is seen in other 

PBPs where the ligand binding site is located at the interface of two domains which 

undergo a ligand-induced transition from a solvent-exposed environment to a ligand-

bound form that mimics the desolvated environment of a protein core.  This enables 

specific recognition of the ligand by both domains of the PBP and also matches the 

physiochemical environment (sterics, hydrophobicity, polarity) of the ligand to that of 

the binding pocket, and therefore PBPs are generally specific for a narrow range of 

ligands.  However the mechanisms of ligand binding in tmCBP binding pocket can 

differentiated from the standard PBP.  We postulate that the combination specific 

recognition of only two sugar rings and the large solvent filled binding pocket cavity in 
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tmCBP (as compared to all five) is used as a mechanism to decrease discrimination of 

oligosaccharides whose sugar rings are not homogeneous in their linkages ( as 

compared to , 13 as compared to 14), composition, and length which would be 

expected in natural populations of oligosaccharides. 

 

Figure 4.6 The E. coli maltose binding protein ligand binding site.  A.  The minimal 

disaccharide binding site in E. coli maltose binding protein(Quiocho, Spurlino et al. 1997) 

lies in the center of the domain interface.  B.  Specific recognition of four sugar rings (ball 

and stick representation with red oxygens and gray carbons) occurs in ecMBP(Quiocho, 

Spurlino et al. 1997) through a network of hydrogen bond (black lines) and van der 

Waals interaction mediated by binding pocket amino acids (ball and stick representation 

with red oxygens and cyan carbons). 
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Chapter 5. The X-ray crystal structure of a thermophilic TRAP family 

periplasmic binding protein  

5.1 Introduction 

Based upon the mechanism of ligand translocation, periplasmic binding protein 

(PBP) mediated transport systems can be classified as one of two major types.  In ATP 

binding cassette (ABC) transport systems (Nikaido 1994) a PBP delivers its ligand to 

transmembrane transporters that use the energy of ATP hydrolysis to drive ligand 

transport across the inner-membrane (Davidson, Shuman et al. 1992; Hor and Shuman 

1993) (Figure 5.1).  Tripartite ATP-independent periplasmic (TRAP) transport systems 

utilize H+/M+ motive forces to facilitate translocation (Forward, Behrendt et al. 1997; 

Rabus, Jack et al. 1999) (Figure 5.1). Typically in both transport systems highly 

conserved operons contain the genes for both the components of the transport system 

and enzymes for downstream ligand processing, modification, or utilization (Silhavy, 

Brickman et al. 1979; Forward, Behrendt et al. 1997). 

Only a small number of TRAP transport systems have been well characterized.  

TRAP transport systems, such as that from Rhodobacter capsulatus (Forward, Behrendt et 

al. 1997), are typically three protein systems composed of a PBP, a small integral 

membrane protein, and a large integral membrane protein which shows amino acid 

homology to ion symporters (Figure 5.1).  Unlike ABC transporters, it is not uncommon 

to see various arrangements of these components into a multi-domain polypeptides with 
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as many as all three components fused together (Kelly and Thomas 2001).  Ligands that 

are transported in TRAP systems, such as ascorbate (Thomas, Southworth et al. 2006), 

sialic acid (Severi, Randle et al. 2005) and C4-dicarboxylates (Walmsley, Shaw et al. 1992) 

are typically not transported in their ABC counterparts (Figure 5.1).     

 

Figure 5.1 Two types of PBP mediated transmembrane ligand transport.  A.  In the E. coli 

maltose ABC transport system maltose binding protein delivers ligand to the 

heterodimeric transmembrane transporters (MalF/MalG) which utilizes the energy 

generated by dimeric ATP-hydrolase (MalK) to transport the ligand across the 

membrane.  In the R. capsulatus C4-dicarboxylate TRAP transport system the PBP 

delivers ligand to the symporter (DctM) which uses motive force to translocated ligand 

across the membrane. An auxiliary membrane bound protein (DctQ) with unknown 

function is typically associated with TRAP transporters.  B.  Ligand known to be 

transported in TRAP transport systems. 
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Numerous examples of high resolution atomic structures of PBPs have been 

determined (Quiocho and Ledvina 1996; Cuneo, Changela et al. 2006). Although the 

amino acid sequence similarity among members of the PBP super family is low, the 

overall fold is conserved (Tam and Saier 1993).  PBPs are two domain proteins with a 

ligand binding site located at the domain interface.  The domains are connected by two 

or three -strands, which serve as a hinge for a ligand-induced conformational change 

which alters the relative orientation of the domains by as much as 43° (Sharff, Rodseth et 

al. 1992; Bjorkman and Mowbray 1998).  PBPs have been categorized into three classes (I, 

II, and III) based upon the topology of the -strands which compose the two domains 

(Fukami-Kobayashi, Tateno et al. 1999) (Figure 1.2). In the absence of a three-

dimensional it was not possible to assign TRAP-PBPs to one of these classes until the 

first crystal structure of a sialic acid TRAP-PBP from Haemophilus influenzae was reported 

(Muller, Severi et al. 2006).  This protein is structurally divergent from other PBPs 

however the ordering of -strands in the N- and C-terminal domains is that of a class II 

PBP.   

 A search of the genome of the hyperthermophile Thermotoga maritima (Nelson, 

Clayton et al. 1999) identified a large number of PBPs representing each of the three PBP 

classes.  Among the annotated PBPs, ORF TM0322 shows little amino acid and operon 

homology to ABC related PBPs.  Immediately adjacent to tm0322 are two ORFs (tm0323 

and tm0324) which show significant amino acid homology to the R. capsulatus TRAP 
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integral membrane transporters (Forward, Behrendt et al. 1997) and it is therefore 

presumed that this gene cluster is a T. maritima TRAP transport system (Figure 5.2).  

Sequencing of this region revealed that the gene for the small integral membrane 

component (tm0323) of this transport system contains a frame-shift mutation that may 

lead to a mis-translated protein.  The role of this component in TRAP transport is not 

well understood but appears to not always be necessary so the functionality of this 

system in the absence of this protein is not known.  Here we present the characterization 

and X-ray crystal structure of the PBP component of a putative TRAP transport system 

from the hyperthermophile Thermotoga maritima 

 

Figure 5.2 Comparison of the genetic linkage in the TRAP transport operons of T. 

maritima (A) and R. capsulatus (B), indicating sequence similarity and identity of their 

components (C).  Predicted open reading frames and direction of translation are 

indicated by arrows.  The gene numbers and annotations are taken from NCBI 

nucleotide database (accession number NC000853 and X63974 ). Location in the genome 

is indicated by numbering at both ends of the gene. 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=2224835
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5.2 Materials and methods 

5.2.1 Cloning, Expression and Purification 

The tm0322 gene was amplified from T. maritima genomic DNA by sticky-end 

PCR (Zeng 1998) using the following primers: PO4-TATG 

TCAGCGGTATTTGGCGCGAAGTACACACTGAG, and 

TCAGCGGTATTTGGCGCGAAGTACACACTGAG for the 5’ half of the gene; PO4-

AATT 

CTAATGGTGATGGTGATGGTGCCCAGACTCTCCCTTCACTTCCTTGATCAGCTGG, 

and 

CTAATGGTGATGGTGATGGTGCCCAGACTCTCCCTTCACTTCCTTGATCAGCTGG 

for the 3’ half of the gene.  The resulting fragment was cloned lacking it periplasmic 

signal sequence into the Nde1/EcoR1 sites of a pET21a (Novagen) plasmid for over-

expression in E. coli. A hexa-histidine affinity tag with a glycine-serine linker was fused 

in-frame at the carboxy terminus to facilitate purification by immobilized metal affinity 

chromatography.  Both wild-type and Se-met substituted protein were expressed and 

purified as described (Cuneo, Changela et al. 2006) with an average of 70-100 mg of pure 

protein produced per liter of medium. 
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5.2.2 Circular Dichroism 

Circular dichroism (CD) measurements were determined on an Aviv Model 202 

circular dichroism spectrophotometer. Thermal denaturations were determined by 

monitoring the CD signal at 222nm (1cm path length cuvette).  For the dependence of Tm 

on [GdCl], final buffer concentration was 12.5mM sodium phosphate pH 7.65, 5mM 

NaCl.  For the pH dependence on the Tm, proteins were first dialyzed into the buffer of 

the appropriate pH.  Final concentration of buffer was 50mM sodium phosphate, 10mM 

NaCl.   Protein samples were equilibrated for 15 minutes prior to collecting data.  Each 

measurement includes a 3 second averaging time for data collection and a 60 second 

equilibration period at each temperature.  Data was fit to a two state model, to 

determine the Tm values (Schellman 1987; Cohen and Pielak 1994).  The Tm values in the 

absence of denaturant were determined by linear extrapolation. 

5.2.3 Crystallization and X-ray Data Collection 

TM0322 was crystallized by hanging drop vapor diffusion in drops containing 

2l of the protein solution mixed with 2l of 1.9-2.3M ammonium sulfate, 0.1M 

phosphate/citrate buffer pH 4.2 equilibrated against 900l of 1.9-2.3M ammonium 

sulfate, 0.1M phosphate/citrate buffer pH 4.2.  Large crystals belonging to the space 

group P6522 (a=119Å, b=119Å, c=427.3Å) typically grew within three to four days at 

17°C. Both the native and the Se-Met forms of TM0322 crystallized under similar 

conditions.  For cryoprotection crystals were transferred stepwise to 2.2M ammonium 
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sulfate, 0.1M phosphate/citrate buffer pH 4.2 incrementally supplemented with glycerol 

in 5% steps up to 25% final concentration.  Crystals were mounted in a nylon loop and 

flash frozen in liquid nitrogen.  All data were collected at 100K at the SER-CAT 22ID and 

22BM beam lines at the Advanced Photon Source.  Diffraction data were scaled and 

indexed using HKL2000 (Otwinowski 1997). 

5.2.4 Structure Determination Methods, Model Building and Refinement  

The structure was determined by the multi-wavelength anomalous dispersion 

method using data collected at the selenium peak wavelength (0.97934 Å), the inflection 

(0.97920) and high remote (0.97167) from a Se-Met TM0322 crystal. The SHELXD 

(Schneider and Sheldrick 2002) program was used to identify 36 out of a possible 44 

selenium sites, corresponding to 4 monomers in the asymmetric unit. The top 

substructure solution from SHELXD yielded a pseudo-free correlation of 74.35, and a 

contrast and connectivity of 0.831 and 0.944 respectively. Initial phases calculated after 

density modification in SHELXE produced an interpretable electron density map. The 

use of non-crystallographic symmetry aided further phase improvement and phase 

extension in RESOLVE(Terwilliger 2000). The improved phases were input into 

ARP/wARP (Perrakis, Harkiolaki et al. 2001), which was able to trace 1214 of the total 

1316 residues in the asymmetric unit. Further manual model building was carried out in 

O(Jones, Zou et al. 1991) or COOT (Emsley and Cowtan 2004) and the model was refined 

in REFMAC5 (Murshudov, Vagin et al. 1997). The final model for the TM0322 includes 4 
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intact TM0322 monomers and 529 water molecules. The models exhibit good 

stereochemistry as determined by PROCHECK (Laskowski 1993); final refinement 

statistics are listed in Table 5.1.  Coordinates and diffraction data for the Se-met TM0322 

structure have been deposited in the Protein Data Bank with accession code 2HPG. 

Table 5.1 Data collection, phasing, and refinement statistics for TM0322 
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5.3 Results 

5.3.1 Expression and Thermal Stability  

ORF tm0322 was cloned from T. maritima genomic DNA by the polymerase chain 

reaction (PCR).  The tm0322 ORF lacking its periplasmic signal sequence (residues 1-16) 

was cloned into a pET21a vector with a C-terminal hexa-histidine tag with a glycine-

serine linker.  Over-expression produced ~70mg of protein per liter of medium.   The 

corresponding expressed gene product (TM0322) was purified by immobilized metal 

affinity chromatography and gel filtration chromatography, eluting at an apparent 

molecular weight consistent with its monomeric form (32kDa).  

The stability of TM0322 was determined by thermal denaturation using circular 

dichroism (CD).  In the absence of guanidine hydrochloride (GdCl), no significant 

change in the CD signal could be observed as a function of temperature (data not 

shown) and all subsequent measurements were carried out in the presence of GdCl 

(Figure 5.3).  Melting curves were found to fit a two-state model (Schellman 1987; Cohen 

and Pielak 1994) and a thermal transition midpoint (Tm) of 130°C in the absence of GdCl 

which was determined by linear extrapolation of a series of melting point 

determinations carried out at different concentrations of GdCl (Figure 5.3).  The Tm was 

highly pH dependent.  TM0322 has a maximum Tm of 130°C at pH 7.65 and 4M GdCl, 

approximately one pH unit above the optimal growth pH of 6.5 for T. maritima (Henne, 

Bruggemann et al. 2004).  Below pH4.87 and in the presence of 4M GdCl TM0322 no 
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longer demonstrates two state unfolding properties (Figure 5.3).  This behavior is 

uncharacteristic of PBPs which are usually stable over a wide pH range (unpublished 

data Cuneo and Hellinga) and must indicate that TM0322 is stabilized by hydrogen 

bonds/salt bridges that are affected by pH. 

 

Figure 5.3 The thermal and pH stability of TM0322.  (A)  Thermal denaturation of 

TM0322  at various concentrations of GdCl (■/4.0M, ●/4.5M, ▲/5.0M, ▼/5.5M, /6.0M, 

+/6.5M).  Solid lines in (A) are fit to a two-state model which accounts for the native and 

denatured baseline slopes(Schellman 1987; Cohen and Pielak 1994).  (B)  Extrapolated 

Tm’s of TM0322 obtained from the series of thermal melting curves at different 

concentrations of GdCl. Solid line represents a linear fit to the observations.  (C)  

Thermal denaturation of TM0322 in 4M GdCl at various pH’s (■/pH 4.87, ●/pH 5.85, 

▲/pH 6.33, ▼/pH 6.76, /pH 7.03, +/pH 7.65, /pH 7.81, /pH 8.55).  Black line is drawn 

to connect the data points.  (D)  Tm values from (C) plotted as a function of pH. 
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5.3.2 Structure Determination 

The 1.90Å crystal structure of TM0322 was solved by a three-wavelength 

anomalous dispersion (MAD) experiment using selenomethionine substituted protein.  

Experimental phases were determined using 36 Se atoms from four molecules in the 

crystallographic asymmetric unit using SHELX (Schneider and Sheldrick 2002). The final 

model has an R of 21.3% and an Rfree of 23.9% (Table 5.1).  Data collection, phasing, 

refinement, and stereochemistry statistics are summarized in Table 5.1.   

5.3.3 Overall Structure  

TM0322 is a two domain  protein which, based on the ordering of -strands is 

a class II PBP (Figure 5.4).   The Protein Data Bank contains only one structural homolog, 

the sialic acid binding protein(SaBP) from H. influenzae (Muller, Severi et al. 2006).  

TM0322 superposes on ligand-bound SaBP and apoSaBP with C  RMSDs of 2.5Å and 

3.0Å RMSD respectively(Holm and Sander 1993).  Unlike other class II PBPs, TM0322 

has several regions of 310 helix, most notably a 7 residue stretch from K97 to N103 which 

is located in the inter-domain region.  310 helices have previously been seen only in Class 

III PBPs.  Both N- and C-terminal domains are sandwiches with significantly twisted 

-sheet cores. The central -sheets of the two domains are similar in the ordering of 

strands, but the C-terminal domain has an additional -strand.  These -strands are 
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connected by either  or 310-helices (Figure 5.4).  The two domains are joined by a hinge 

consisting of two  -strands, ( -strands 4 and 8) and -helix 11.  Typically only class III 

PBPs have an -helix which is a major component of both the N- and C-terminal 

domains but -helix 11 in TM0322 is  as long as the entire protein (almost 55Ǻ), and 

spans both domains and the hinge. 

 

Figure 5.4 Overall structure and secondary structure assignment.  (A)  Two orthogonal 

views of TM0322 colored by secondary structure (-strands=green, -helix=red, 3/10-

helix=blue. Molecular graphics were generated using Pymol (Delano 2002).  (B)  STRIDE 

(Heinig and Frishman 2004) secondary structure assignment of the TM0322 crystal 

structure. 
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5.3.4 Ligand Density  

Numerous ligands (succinate, fumarate, maleate, xylulose, ectoine, glutamate, -

ketogluatarate, sialic acid and oxalic acid) typically associated with TRAP transport 

were screened for binding to TM0322 by monitoring melting point changes with circular 

dichroism.  None of the screened ligands bound to TM0322, and no ligands were 

included in crystallization experiments.  It was initially assumed that the crystal 

structure represented an apo-form of the protein.  TM0322 however shares higher 

structural homology with the ligand-bound form of the H. influenzae SaBP (Thomas, 

Southworth et al. 2006), and the TM0322 binding pocket contains low occupancy ligand 

density which we attribute to the presence of bound ligand that persisting through 

purification.  To increase the occupancy of this unknown ligand the protein was 

dialyzed against yeast and Escherichia coli extract.  Electron density improved slightly. 

However we were unable to conclusively identify the ligand.  The substrate clearly has a 

substituted ring structure (Figure 5.5).  Branching off of the ring is a several atom chain 

that has a small one or two atom branch immediately adjacent to the ring.  The end of 

this chain could be modeled well as a keto or amino acid, both of which can be 

coordinated by the surrounding protein; the amide nitrogen or carbonyl groups of G180, 

V198, and F200 are all with in hydrogen bonding distance. The side-chains of four polar 

amino acids, D88, Q154, R157, and N221 (hydrogen-bond donors and acceptors) also 

appear to coordinate the ring or its substituents (Figure 5.5).  W184 stacks directly 
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beneath the ring in a manner characteristic of sugar binding PBPs. The branch 

immediately adjacent to the ring is coordinated by the eta nitrogens of R157 and R177 

indicating that this region may be a hydrogen-bond acceptor. 

 

Figure 5.5 Ligand density in TM0322.  (A)  Ribbon diagram of TM0322 colored by 

secondary structure overlaid with (binding pocket region) Fo-Fc electron density (blue) 

contoured at 2.0. (B)  Close-up view of the binding pocket region with amino acids that 

are within hydrogen bonding distance of the unknown electron density.  Molecular 

graphics were generated using Pymol (Delano 2002). 

Even though the ligand density is well defined it was not present in all 

monomers in the asymmetric unit and the occupancy varied from crystal to crystal 

although it was always present in molecule A.  The conformation of the protein 

backbone in the binding pocket was found in numerous conformations in the four unit 

cell molecules and this may have affected ligand occupancy.  This however may have 

biological relevance for TRAP PBPs, as ligand was present in only one of the four 
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molecules in the asymmetric unit of the ligand-bound form of the H. influenzae SaBP 

(Muller, Severi et al. 2006). 

5.4 Discussion 

We have determined the X-ray crystal structure and measured the stability of 

ORF TM0322, the putative PBP component of an unknown TRAP transport system from 

T. maritima.  TM0322 adopts the two domain fold that is characteristic of PBPs, and the 

organization of the central of -strands in each domain is that of a class II PBP.  

However, the structure is significantly different from PBP that are involved in ABC 

transport, and furthermore from class II PBPs.  This is deviation uncommon since 

members of the same PBP class usually have high structural homology although the 

sequence homology may be quite low.  Since both TRAP PBPs determined to date share 

a common, distinct fold, we designate this new type of class II PBP the TRAP family 

fold. 
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Chapter 6. The crystal structure of redundant maltotriose binding proteins 

from Thermotoga maritima 

6.1 Introduction 

The genome of Thermotoga maritima contains numerous gene clusters which are 

annotated to be ATP-binding cassette (ABC) transport systems (Silhavy, Brickman et al. 

1979; Nelson, Clayton et al. 1999).  In T. maritima almost 18% of the genome is involved 

in periplasmic binding protein (PBP) dependent acquisition and ATP-dependent 

transport of numerous metabolically important substrates (Nelson, Clayton et al. 1999).  

Solutes are bound by freely-diffusing or membrane-tethered PBPs which in the ligand-

bound form interact with ABC transport proteins and in some organisms 

transmembrane chemotaxis proteins (Davidson, Shuman et al. 1992; Zhang, Gardina et 

al. 1999).  In the Escherichia coli ABC maltose transport operon (Mal operon), interaction 

of the maltose/maltodextrin binding protein (MBP) with the hetero-dimeric membrane 

bound transport proteins, MalF and MalG, stimulates ligand translocation coupled to 

ATP hydrolysis via an auxiliary ATP-hydrolase, MalK (Davidson, Shuman et al. 1992; 

Hor and Shuman 1993; Nikaido 1994).  

Two copies of the canonical Mal operon can be found in the T. maritima genome 

however the ATP-hydrolase is not found in the region of either operon and the MalF 

component of the Mal2 gene cluster contains a frame-shift mutation (Nelson, Clayton et 
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al. 1999) (Figure 6.1).  The presence of two Mal operons is unlike the single E. coli Mal 

 

Figure 6.1 Comparison of the genetic linkage in the two putative Mal operons of T. 

maritima, indicating sequence similarity and identity of their components.  Predicted 

open reading frames and direction of translation are indicated by arrows.  The gene 

numbers and annotations are taken from NCBI nucleotide database (accession number 

NC 000853). Location in the genome is indicated by numbering at both ends of the gene. 

operon however recent biochemical and genetic analysis has demonstrated the presence 

of two Mal operons to be a common occurrence in some organisms (Nanavati, Nguyen 

et al. 2005; Silva, Sampaio et al. 2005).  The two Mal operons in Thermus thermophilus 

were recently shown to be specific towards di- or tri-saccharide carbohydrates while the 

two Mal operons of Sinorhizobium meliloti have been shown to be responsible for 

transport of the disaccharides trehalose and sucrose (Jensen, Peters et al. 2002).  

Although the homology of the two operons is typically high (around 60%) they have 

been shown to be active towards different carbohydrates (Silva, Sampaio et al. 2005) 

(Chapter 3).  The PBPs from the two T. maritima Mal operons have very high sequence 
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homology (91%) which is uncommon as PBPs typically share little (~25%) amino acid 

sequence homology despite their high structural homology (Tam and Saier 1993; 

Quiocho and Ledvina 1996) (Figure 6.1).  The MalG component of the putative operons 

shares an amino acid similarity of 65% which is common among transporters with 

similar substrate specificities.   

The PBP from the Mal2 gene cluster (Figure 6.1) has previously been shown to be 

a high affinity receptor for maltose (Kd of 24M), maltotriose (Kd of 0.008M), and 

(14)-mannotetraose (Kd of 38M), while the PBP from the Mal1 cluster (Figure 6.1) 

has been shown to be the receptor for maltose (Kd of 8.4M), maltotriose (Kd of 11M), 

and trehalose (Kd of 9.5M) (Nanavati, Nguyen et al. 2005).  To understand the 

underlying structural mechanisms of substrate specificity we undertook further 

biochemical and X-ray crystallographic characterization of the Mal1 and Mal2 PBPs.  

The results presented here demonstrate that these two gene products have the highest 

affinity for maltotriose and show little or no affinity for trehalose and sucrose while the 

Mal1 PBP has apparent affinity for maltose (which we attribute to maltotriose 

contamination).   The X-ray crystal structures of Mal1 and Mal2 were solved in the 

presence of maltotriose and attempts to crystallize Mal1 in the presence of maltose 

resulted in the un-liganded form of the receptor.  These results contradict the other body 

of work on these proteins and furthermore are evolutionarily counterintuitive as one 

would not expect to have two proteins with 91% sequence homology and similar 
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functions to be retained unless it conferred a downstream selective advantage or was a 

recent gene duplication event. 

6.2 Materials and Methods 

6.2.1 Cloning, Over-expression, and Purification 

The Mal1 and Mal2 genes were amplified from T. maritima genomic DNA 

(ATCC) by the sticky-end PCR method using the following primers: PO4- 

TATGAAGATCACCGTCTGGACCCACTTC, and 

TGAAGATCACCGTCTGGACCCACTTC for the 5’ end of the gene; PO4- 

AATTCTAATGGTGATGGTGATGGTGCCTGCCGATGGCCTTCTTGATCTC, and 

CTAATGGTGATGGTGATGGTGCCTGCCGATGGCCTTCTTGATCTC for the 3’ end of 

the gene and PO4- TATGAAGATCACCGTCTGGACCCACTTC, and 

TGAAGATCACCGTCTGGACCCACTTC for the 5’ end of the gene; PO4- 

AATTCTAATGGTGATGGTGATGGTGCCTGCCGATGGCCTTCTTGATCTC, and 

CTAATGGTGATGGTGATGGTGCCTGCCGATGGCCTTCTTGATCTC for the 3’ end of 

the gene for Mal1 and Mal2 respectively (Zeng 1998).  The resulting fragment was 

cloned into the NdeI/EcoRI sites of a pET21a (Novagen) plasmid for over-expression in E. 

coli. This ORF lacks the periplasmic signal sequence.  The coding sequence starting at 

glutamine 19 and lysine 22 was cloned in-frame with an ATG start codon for Mal1 and 

Mal2 respectively.  A hexa-histidine affinity tag was fused in-frame at the carboxy 

terminus to facilitate purification by immobilized metal affinity chromatography.  
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Protein concentration was determined spectrophotometrically (280=44,500M-1cm-1 for 

Mal1 and 280=46,000M-1cm-1 for Mal2) (Gill and von Hippel 1989). The resulting gene 

product was expressed and purified as described with an average of 70-100 mg of pure 

protein produced per liter of medium. 

6.2.2 Circular Dichroism 

Circular dichroism (CD) measurements were carried out on an Aviv Model 202 

CD spectrophotometer. Thermal denaturations were determined by measuring the CD 

signal at 222nm (1cm path length) as a function of temperature, using 1.0M protein 

(10mM Tris-HCl pH7.8, 20mM NaCl) in 4M guanidine hydrochloride in the presence or 

absence of 1mM sugar (trehalose, sucrose, maltose, maltotriose).  In the absence of 

denaturant the protein is too stable to exhibit temperature induced denaturation.  To 

determine the Tm value in the absence of GdCl a series of thermal melts in the presence 

of different amounts of GdCl was linearly extrapolated to zero.  Protein samples were 

incubated for 15 minutes prior to collecting data.  Each measurement includes a 3-

second averaging time for data collection and a 60 second equilibration period at each 

temperature.  Data was fit to a two-state model, to determine the Tm values (Schellman 

1987; Cohen and Pielak 1994).  The Tm values in the absence of denaturant were 

determined by linear extrapolation. 

Ligand-binding affinities were determined by direct titration, measuring changes 

in ellipticity (Marvin, Corcoran et al. 1997; Thomas, Southworth et al. 2006).  
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Concentrated protein was dialyzed into 10mM Tris pH7.8, 20mM NaCl, and diluted 

with the same buffer to 1.0M.  The molar ellipticity change was measured by recording 

the spectra from 230 to 215 nm (in 1nm steps) followed by direct addition of ligand with 

a 3-second averaging time for data collection and a 30 second equilibration period.  

Changes in ellipticity were corrected for dilution by aliquot addition, normalized, and 

the values fit to a two-state hyperbolic binding isotherm (Marvin, Corcoran et al. 1997). 

6.2.3 Crystallization and Data Collection   

Maltotriose was added to Mal1 and Mal2 in three-fold molar excess prior to 

crystallization and maltose was added in a three-fold molar excess to Mal1.  Crystals 

were grown by hanging drop vapor diffusion in drops containing 2l of the protein 

solution mixed with 2l of 0.2M magnesium chloride, 0.1M bis-tris pH 5.5, 25% (w/v) 

PEG 3350 equilibrated against 900l of 0.1M bis-tris pH 5.5, 25% (w/v) PEG 3350 for 

Mal1-maltotriose and Mal1-apo.  For Mal2-maltotriose 2l of 0.2M sodium acetate, 0.1M 

sodium cacodylate pH 6.5, 30% (w/v) PEG 8000 was equilibrated against 900l of 0.2M 

sodium acetate, 0.1M sodium cacodylate pH 6.5, 30% (w/v) PEG 8000.  Diffraction 

quality crystals typically grew within several days at 17°C.  The Mal2 maltotriose 

crystals diffract to a resolution of 1.6Å and belong to the P21 space group (a=35.836Å, 

b=56.183Å, c=88.794Å; =94.67) The Mal1-apo crystals diffract to a resolution of 2.1Å and 

belong to the P212121 space group (a=73.040Å, b=106.23Å, c=186.040Å) The Mal1-

maltotriose crystals diffract to a resolution of 1.6Å and belong to the P1 space group 
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(a=34.728Å, b=55.510 Å, c=93.556Å; =96.89 =93.08 =102.05) (Table 6.1).  The Mal1-

maltotriose and Mal1-apo crystals were transferred stepwise to 0.1M bis-tris pH 5.5, 35% 

(w/v) PEG 3350, for cryoprotection, mounted in a nylon loop, and flash frozen in liquid 

nitrogen while the Mal2-maltotriose crystals were frozen directly from the precipitant 

solution.  The Mal1-apo and Mal1-maltotriose data were collected at 100K at the SER-

CAT 22ID beam line while the Mal2-maltotriose was collected at 100K at the SBC-CAT 

19ID beam line at the Advanced Photon Source.  The diffraction data were scaled and 

indexed using HKL2000 or XDS (Otwinowski 1997).     

6.2.4 Structure Determination Methods, Model Building and Refinement 

The structure of Mal2-maltotriose was determined by molecular replacement 

using the Amore program with the ligand-bound form of the E. coli MBP as the search 

model.  The Mal1-maltotriose structure was determined by molecular replacement in the 

Amore program using the Mal2-maltotriose structure (Navaza 1994). Rotation, 

translation, and fitting functions revealed a clear solution yielding higher correlation 

coefficients and a lower R factor than all the others. The Mal1-apo structure was 

determined by molecular replacement using the Phaser program to separately search for 

the N- and C-terminal domains.  Manual model building was carried out in the 

programs O and COOT and refined using REFMAC5 (Jones, Zou et al. 1991; 

Murshudov, Vagin et al. 1997; Emsley and Cowtan 2004). The final model for the Mal1-

maltotriose complex includes two intact Mal1 monomers (residues 3-376), two  
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Table 6.1 Refinement and Data Collection Statistics for tmMtBP-1 and tmMtBP-2 

 

maltotriose molecules and 707 water molecules. The final model for the Mal1-apo 

complex includes three intact Mal1 monomers (residues 4-376) and 431 water molecules.  

The final model for the Mal2-maltotriose complex includes one intact Mal2 monomer 
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(residues 6-377 and 5 residues of the hexa-histidine affinity tag and a glycine-serine 

linker; residues 378-384) one maltotriose molecule, and 330 water molecules.  The 

models exhibit good stereochemistry as determined by PROCHECK and MolProbity; 

final refinement statistics are listed in Table 6.1 (Laskowski 1993; Davis, Murray et al. 

2004). PDB coordinates and structure factors have been deposited in the RCSB Protein 

Data Bank under the accession code 2FNC, 2GHA, and 2GHB for the Mal2-maltotriose, 

Mal1-maltotriose, and Mal1-apo respectively. 

6.3 Results 

6.3.1 Expression and Stability 

The predicated open reading frames (ORF) of T. maritima genes tm1204 (Mal1) 

and tm1839 (Mal2) were cloned from T. maritima genomic DNA by PCR.  The putative 

periplasmic signal sequences were removed and C-terminal hexa-histidine tags were 

added for affinity purification.  After gel filtration chromatography ~70-100mgs of pure 

monomeric protein was obtained per liter of medium.   

Circular dichroism (CD) was used to determine the thermal stability (Tm) of Mal1 

and Mal2.  In the absence of denaturant no change in CD signal could be observed (data 

not shown) and all subsequent measurements were carried out in the presence of 

guanidine hydrochloride (GdCl).  To determine the Tm in the absence of denaturant a 

linear extraction of a series of melting curves at different GdCl concentrations was used 

to extrapolate and calculate a Tm of 119±2°C for Mal1 and 111±2°C for Mal2 (Figure 6.2).   
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Figure 6.2 Thermal denaturation and Tm determination of Mal2 and Mal1.  Thermal 

denaturation of Mal2 (A) and Mal1 (B) in 4M GdCl in the absence (▲) or presence of 

1mM sucrose (+), trehalose (×), maltose (■), maltotriose (∆).  Solid lines are fit to a two-

state model.  Extrapolated Tm of Mal2 (C) and Mal1 (d) in the absence (▲) or presence of 

1mM maltose (■) or maltotriose (∆) obtained from a series of thermal melting curves at 

different concentrations of GdCl. Solid lines represent linear fits to the observations. 

6.3.2 Ligand Binding 

To identify the cognate ligands CD was used to detect ligand-mediated changes 

in stability in the presence and absence of sucrose, trehalose, maltose, and maltotriose 

(Figure 6.2).  In 4M GdCl, Mal1 shows slight stabilization (~1°C) for trehalose and 
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sucrose, while a change of 4°C and 13°C is observed for maltose and maltotriose 

respectively.  Mal2 shows no stabilization in the presence of trehalose or sucrose while a 

change of 3°C and 13°C is observed for maltose and maltotriose respectively (Figure 

6.2).  The apparent maltose induced Tm change is attributed to contamination of the 

maltose with maltotriose.  However Mal1 has a higher Tm for maltose than Mal2, so 

maltose was included as a potential ligand in further characterization of Mal1. 

Linear extraction of a series of melting curves at different GdCl concentrations 

was used to determine the Tm’s in the absence of denaturant for the ligands which 

induced a significant stability change.  In the presence of maltose and maltotriose Mal1 

showed a 4°C (123±0.6°C) and a 9°C (128±0.8°C) change relative to the apo-protein 

respectively while Mal2 showed a 9°C (121±2°C) shift in the presence of maltotriose 

(Figure 6.2). 

 

Figure 6.3 Sugar affinities of Mal2 and Mal1 determined by intrinsic change in the molar 

ellipticity at 228nm.  (A)  Addition of maltotriose (open triangles) to the apo (▲) forms 

of Mal1 and Mal2 (inset) leads to changes in the observed molar ellipticity signal in the 

far-UV region. (B) Titration of Mal1 with maltose (■) and maltotriose (∆) and Mal2 with 

maltotriose ( ) fit to a hyperbolic binding isotherm on a semi-log plot. 
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Ligand-mediated changes in the far-UV CD spectrum of Mal1 and Mal2 were 

used to determine a dissociation constant (Kd) by direct titration with either maltose or 

maltotriose (Figure 6.3) (Thomas, Southworth et al. 2006).  A Kd of 0.6±0.4M and 

1.5±0.7M is observed for maltotriose binding to Mal1 and Mal2 respectively.  A Kd of 

95±5M is observed for maltose binding to Mal1 which is well above the typical binding 

constant for a PBP and may be a representation of binding contaminating maltotriose.   

This series of ligand binding experiments does not agree with previous 

characterization of Mal1 and Mal2 (Wassenberg, Liebl et al. 2000; Nanavati, Nguyen et 

al. 2005).  In those experiments the binding preference for Mal1 was determined to be 

maltotriose>>maltose≥(14)-mannotetraose (no binding of trehalose was detected) 

with Kd’s of  0.008M, 24M, and 38M respectively (Nanavati, Nguyen et al. 2005). 

While the binding preference for Mal2 was determined to be 

maltose≥trehalose≥maltotriose with Kd’s of 8.4M, 9.5M, and 11M respectively 

(Nanavati, Nguyen et al. 2005).  Characterization of Mal2 by another research group 

produced binding constants on a similar order however the binding preference was 

maltose≥maltotriose≥trehalose (Wassenberg, Liebl et al. 2000).  In all of these previous 

characterizations changes in tryptophan fluorescence was used to determine the binding 

constants where as our characterization uses CD which depends on ligand binding 

producing a more stable form of the protein.  This may not always be the case however 
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considering maltotriose binding significantly changes stability it would also be expected 

that other ligands would as well if they bound to the protein in a similar manner.  

Maltose was found to increase the stability for both Mal1 and Mal2, and ligand titration 

of Mal1 with maltose indicated a Kd of 95±5M.  However crystallization of Mal1 in the 

presence of maltose resulted in an open unliganded form of the receptor and the 

apparent binding and stability increase can be attributed to contaminating maltotriose. 

6.3.3 Structure Determination 

The X-ray crystal structures of the maltotriose bound forms of Mal1 and Mal2 

were solved by molecular replacement using the ligand-bound form of Mal2 and E. coli 

MBP respectively while crystals of Mal1 which were grown in the presence of maltose 

could not be solved by using the closed form of Mal1.  Separately searching for the N- 

and C- terminal domains of Mal1 produced a solution which was in an open un-

liganded form. The crystals diffracted to a resolution of 1.6Å, 1.7 Å, and 2.1 Å for Mal1-

maltotriose, Mal2-maltotriose, and Mal1-apo respectively and were refined to Rcryst and 

Rfree values of 16.2 and 19.6, 19.4 and 23.0, and 21.2 and 24.9 respectively.  Data 

collection, refinement, and stereochemistry statistics are summarized in table 6.1. 

6.3.4 Overall Structure and Ligand-induced Structural Changes 

The two T. maritima MBPs adopt the two domain / fold is characteristic of 

MBPs (Quiocho, Spurlino et al. 1997).  Mal1-maltotriose and Mal2-maltotriose differ  
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Figure 6.4 Structural and sequence homology relationships between Mal1 and Mal2.  

Overall structure (ribbon representation) of the maltotriose (green ball-and-stick) bound 

forms of (A) Mal1 and (B) Mal2 colored by secondary structure (-helix=red; -

strands=yellow, loops=blue).  Molecular graphics were generated using Pymol (Delano 

2002).  (C)  The sequence alignment of the amino acid sequences of Mal1 and Mal2 was 

generated by ClustalW (Chenna, Sugawara et al. 2003).  The predicted periplasmic 

signal sequence is underlined and the beginning of the cloned region is marked in green.  

Residues involved in ligand binding are in bold and underlined.  Binding pocket 

residues which are the same for Mal1 and Mal2 are bolded black and underlined, while 

residues which are different or show different hydrogen bonding patterns are bolded 

red and underlined. 
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from the maltotriose bound form E. coli MBP with a 1.3Å and 1.1 Å C RMSD of 

respectively (Figure 6.4).  Owing to their high amino acid sequence identity and 

similarity aligning Mal1-maltotriose and Mal2-maltotriose gives 0.5Å RMSD for all 

atoms (Figure 6.4) (Kleywegt and Jones 1997).   

Connecting the two domains are two -strands which serve as a hinge to 

facilitate ligand-induced domain reorganization which was observed by solving both the 

apo and maltotriose-bound forms of Mal1 (Figure 6.5) (Duan, Hall et al. 2001).  This 

hinge-bending motion serves to sandwich in the maltotriose ligand with a network of 

polar and non-polar amino acids.  Few changes in the side-chain rotamers of the binding 

pocket residues are observed for this transition indicating that the binding pocket 

orientation is pre-organized for ligand binding (Figure 6.5).  However the largest 

differences in pre- and post-ligand rotamers are in the polar N-terminal domain which is 

consistent with previous data of E. coli MBP that indicates ligand first binds to the 

hydrophobic amino acid rich C-terminal domain in the open-form prior to domain 

closure rather than to the polar amino acid rich N-terminal domain (Figure 6.5) (Duan 

and Quiocho 2002).   

6.3.5 Carbohydrate Binding Pocket 

The maltotriose ligands are bound in the binding pocket by polar and non-polar 

amino acids which make extensive van der Waals interactions and numerous hydrogen 
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Figure 6.5 The open to closed transition of Mal1.  (A) Crystallization of Mal1 in the 

presence of maltose resulted in the open-form (left) of the protein.  Comparison to the 

maltotriose bound form (right) shows that Mal1 undergoes the canonical hinge bending 

motion that is characteristic of periplasmic binding proteins.  Alignment of the C-

terminal domains of the apo (blue carbons) and maltotriose bound (green carbons) 

forms of Mal1 (B) shows few changes in the binding pocket amino acid rotamers state 

while alignment of the N-terminal domains reveals the changes in the binding pocket 

rotamers (C) .  Molecular graphics were generated using Pymol(Delano 2002). 



 

104 

 

bonds with the ligand.  A total of 18 and 24 hydrogen bonds are made between Mal1 

and Mal2 respectively and the maltotriose ligand.  Polar amino acids satisfy 7 and 9 

hydrogen bonds in Mal1 and Mal2 respectively while the remaining 11 and 15 are 

satisfied by ordered bulk waters and directly coordinated water molecules (Figure 6.6).   

 

Figure 6.6 Polar and non-polar ligand interactions in Mal2 and Mal1.  The hydrogen 

bonding potential of the maltotriose ligand (green) in Mal2 (A) and Mal1 (B) is satisfied 

by a network of direct, indirect, and bulk-water mediated hydrogen bonds.  Binding 

pocket residues which are the same for Mal2 and Mal1 are indicated with black lettering, 

while residues which are different or show different hydrogen bonding patterns are 

indicated with red lettering.  Sandwiching the ligand in Mal2 (C) and Mal1 (D) is a 

network of non-polar aromatic residues some of which whose mean plane is coincident 

with the plane of the sugar rings. 
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Although Mal1 and Mal2 have high sequence and structural homology 

comparison of the two binding pockets demonstrates the differences in the ligand 

binding mechanism even though the binding constants are essentially the same (Figure 

6.4 and Figure 6.6).  The non-polar amino acids that contact the ligand are essentially the 

same however residue 159 is a tyrosine in Mal1 and a phenylalanine in Mal2 (Figure 6.4 

and Figure 6.6).  The hydroxyl of Y159 in Mal1 allows for an extra hydrogen bond 

between a water molecule which is involved in satisfying two hydrogen bonds to the 

O6A and O6B hydroxyls in both the Mal1 and Mal2 ligands (Figure 6.6).  The amino 

nitrogen of F41 is also used to coordinate a water molecule which hydrogen-bonds with 

the O1 hydroxyl of the ligand however this coordination is only observed in Mal2. The 

hydrogen bonding pattern of the ligand is further altered by differences in polar binding 

pocket residues (Figure 6.4 and Figure 6.6).  In Mal1 Q42 coordinates a water molecule 

which hydrogen bonds with the O6A hydroxyl however in Mal2 this residue is a glycine 

and water satisfy the hydrogen bonding potential.  In Mal1 N347 coordinates a water 

molecule which hydrogen bonds with the O6C hydroxyl however this residue is a 

glycine in Mal2 and the O6 hydrogen bonding potential is satisfied by a water molecule 

and N156 which in Mal1 is a glutamic acid that is not involved in any hydrogen bonding 

with the ligand.   
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6.4 Discussion 

The T. maritima genome contains a relatively large number of ABC transporters 

compared to its genome size and it is postulated this large number arose from 

duplication and divergence or horizontal gene transfer mechanisms.  We have 

demonstrated biochemically that the PBP components of two of these operons are 

redundant high affinity binding proteins for the same ligand which is evolutionary 

counterintuitive unless they confer a selective advantage to the organism or arose 

through a recent gene duplication event.  This selective advantage can lie in the 

acquisition of ligand (e.g. one protein has a higher binding constant relative to the other, 

broader substrate specificity relative to the other, greater stability relative to the other, 

etc), or in the transcriptional control of the proteins which utilize or transport the ligand 

(e.g. different environmental conditions stimulate differential operon/regulon 

expression levels).  The data presented here is conflicting with previous 

characterizations of these mal operons which have shown that the ligand specificity and 

transcription in the presence of various sugars is different and therefore does little to 

further address the issue of operon redundancy.  Without further biochemical 

characterization it is not known why proteins with essentially the same binding 

constant, amino acid sequence and three-dimensional structure would be differentially 

regulated although this may likely be the case as previously indicated.  However, 

although the structure and ligand binding constants of Mal1 and Mal2 are essentially the 
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same Mal1 is 7°C more stable than Mal2 which may be important for maltotriose 

acquisition at higher temperatures where Mal2 is destabilized.  Moreover, the MalF 

component of the Mal2 operon contains a frame-shift which may lead to a non-

functional transport system.  Further structural and biophysical characterization will 

lead to better functional assignments of the operon components, surrounding genes, and 

transcriptional control proteins which will ultimately lead to an improved 

understanding of operon redundancy. 
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Chapter 7. Ligand-induced conformational changes in a thermophilic 

ribose binding protein 

7.1 Introduction 

Bacterial periplasmic binding proteins (PBP) are the primary receptors for many 

extracellular solutes relevant to metabolism (Boos and Shuman 1998), chemotaxis 

(Davidson, Shuman et al. 1992), and intercellular communication (Neiditch, Federle et 

al. 2006).  PBPs form a structural super family that consists of two pseudo-symmetric 

domains, linked by a hinge, with a ligand binding site situated at the domain interface 

(Tam and Saier 1993).  The two domains fold as a three-layered ( Rossmann motif 

which depending on the topology of the -strands allows classification into one of three 

structural categories (class I/ribose binding protein fold, class II/maltose binding protein 

fold, and class III/Vitamin B12 binding protein fold) (Fukami-Kobayashi, Tateno et al. 

1999).   The ligand-binding pocket is formed by loops and turns between alternating -

helices and -strands.  Ligand free PBPs adopt an open solvent-exposed conformation.  

Solute binding induces a conformational change producing a ligand-bound form in 

which the ligand is completely bound at the domain interface and completely enveloped 

by the surrounding protein (Bjorkman and Mowbray 1998; Evenas, Tugarinov et al. 

2001; Magnusson, Chaudhuri et al. 2002).  This conformational change is typically 

coupled with binding to other molecular components which triggers cellular processes 

such as transmembrane signaling of chemotaxis (Zhang, Gardina et al. 1999), quorum 
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sensing (Neiditch, Federle et al. 2006), and transmembrane ligand transport (ATP 

binding cassette (ABC) transport) (Nikaido 1994).  A similar ligand-dependent 

conformational coupling mechanism is involved in neurotransmission in  eukaryotes by 

receptors that contain the PBP fold in a larger multi-domain protein (Mayer, Olson et al. 

2001). 

  

Figure 7.1 A representation of the principle axes of ligand-induced motion in 

periplasmic binding proteins.  The twist and bending axis are indicated. 
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The domain motions of PBPs have been well characterized due to the large 

number of pairs of crystal structures in their apo and ligand-bound states (Table 1.1).  

The large scale ligand-induced conformational changes can be characterized as a rigid 

body motion of the two domains, characterized by bending/twisting motions around 

two axes as shown in Figure 7.1.  The magnitude of this hinge-bending motion ranges 

from maximums of 52° in the lysine/arginine/orinthine binding protein (Oh, Pandit et al. 

1993), 54° in the di-peptide binding protein (Dunten and Mowbray 1995; Nickitenko, 

Trakhanov et al. 1995) and 56° in the glutamine binding protein (Hsiao, Sun et al. 1996; 

Sun, Rose et al. 1998) (a 62° is observed in a mutant E. coli ribose binding protein 

(Bjorkman and Mowbray 1998)) to as little as 22° in the ferric-iron binding protein 

(Bruns, Nowalk et al. 1997; Bruns, Anderson et al. 2001), 16° in nickel binding protein 

(Heddle, Scott et al. 2003), and less in members of the glutamate receptor family 

(Hogner, Greenwood et al. 2003; Frandsen, Pickering et al. 2005).  PBPs such as the E. coli 

ribose binding protein (RBP) and allose binding protein have been shown to adopt a 

series of intermediate bends in the apo form clearly indicating that the motions 

represent a continuum between the two extremes: the closed form (defined), and a fully 

open conformation (less easily defined) (Bjorkman and Mowbray 1998; Magnusson, 

Chaudhuri et al. 2002; Magnusson, Salopek-Sondi et al. 2004).   

To fully define the range of motion in PBPs one must consider not only the large-

scale (inter-domain) movements but also the local intra-domain ligand-induced 
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movements (binding pocket side-chain reorganization, loop movements and relative 

movements of secondary structure elements).  In E. coli RBP (ecRBP) these movements 

are restricted to the hinge region while the secondary structure elements in the two 

domains and the binding pocket amino acids are in essentially the same conformation in 

the apo and ribose-bound forms indicating preordering of the apo state for ligand 

binding (Bjorkman and Mowbray 1998).  However in E. coli leucine binding protein, the 

hinge region, binding pocket amino acid side-chains and loops show ligand dependent 

changes in their conformational states, many of which are restricted to one domain, 

which suggests ligand preferentially binding to one domain over the other  in the apo 

state before closing (Magnusson, Salopek-Sondi et al. 2004).   

  The effect of extreme thermal stability on PBP conformational changes remains 

an open question.  To investigate this, we have characterized the stability, determined 

the ligand binding properties and solved the X-ray crystal structures of the apo and 

ligand-bound forms of a thermophilic periplasmic ribose binding protein (RBP) from the 

hyperthermophile Thermotoga maritima (tmRBP), of which the mesophilic homolog, 

ecRBP, has been studied in detail.  The two proteins share 39% sequence identity, but 

differ by 52°C in thermal stability.  We find that the interdomain motions, although not 

of the same magnitude are produced by similar movements. However the tmRBP sugar-

binding pocket undergoes ligand-induced conformational changes, whereas this site in 

the apo ecRBP is essentially pre-arranged for ligand binding. 
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7.2 Materials and methods 

7.2.1 Cloning, Over-expression, and Purification 

The tm0958 gene was amplified from T. maritima genomic DNA (American Type 

Culture Collection) by the sticky-end PCR method using the following primers to make 

the tmRBP-ribose (residues 30-323) and tmRBP-apo (residues 30-310) constructs 

(numbering according to NCBI Protein Database NP_228766): PO4-TATG 

TCAGCGGTATTTGGCGCGAAGTACACACTGAG, and 

TCAGCGGTATTTGGCGCGAAGTACACACTGAG for the 5’ half of the gene; PO4-

AATT 

CTAATGGTGATGGTGATGGTGCCCAGACTCTCCCTTCACTTCCTTGATCAGCTGG, 

and 

CTAATGGTGATGGTGATGGTGCCCAGACTCTCCCTTCACTTCCTTGATCAGCTGG 

for the 3’ half of the gene (Zeng 1998).  The resulting fragments were cloned into the 

NdeI/EcoRI sites of a pET21a (Novagen) plasmid for over-expression in E. coli. This ORF 

lacks the periplasmic signal sequence.  The coding sequence starting at lysine 30 was 

cloned in-frame with an ATG start codon.  A hexa-histidine affinity tag was fused in-

frame at the carboxy terminus to facilitate purification by immobilized metal affinity 

chromatography.  Protein concentration was determined spectrophotometrically 

(280=41,000M-1cm-1;) (Gill and von Hippel 1989). The resulting gene product was 
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expressed and purified as described with an average of 50 mg of pure protein produced 

per liter of medium. 

7.2.2 Circular Dichroism 

Circular dichroism (CD) measurements were carried out on an Aviv Model 202 

CD spectrophotometer. Thermal denaturations were determined by measuring the CD 

signal at 222nm (1cm path length) as a function of temperature, using 1.0M protein 

(10mM Tris-HCl pH7.8, 150mM NaCl) in the presence or absence of 1mM ribose.  In the 

absence of denaturant tmRBP is too stable to exhibit temperature-induced denaturation.  

To determine the Tm-values in the absence of GdCl a series of thermal melts in the 

presence of decreasing amounts of GdCl was extrapolated to 0M GdCl.  Protein samples 

were incubated for 15 minutes prior to collecting data.  Each measurement includes a 3-

second averaging time for data collection and a 60 second equilibration period at each 

temperature.  Data was fit to a two-state model to determine the Tm-values (Schellman 

1987).   

7.2.3 Crystallization and Data Collection   

Crystals of tmRBP-ribose were grown in three-fold molar excess of ribose.  

tmRBP-ribose crystals were grown by micro-batch under paraffin oil in drops that 

contained 2l of the protein solution mixed with 2l of 0.1M MES pH 6.0, 20% (w/v) 

PEG 8000 and 0.1M RbCl.  Crystals of tmRBP-apo were grown in micro-batch drops 
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containing 2l of the protein solution mixed with 2l of 0.1M Bis-Tris pH 5.9, 25% (w/v) 

PEG 3350, 0.2M NaCl. Diffraction quality crystals typically grew within two weeks at 

17°C.  The tmRBP-ribose crystals diffract to 2.15Å resolution and belong to the I222 space 

group (a=72.07Å, b=98.242Å, c=131.099Å) (Table 7.1).  The tmRBP-apo crystals diffract to 

1.4Å resolution and belong to the F222 space group (a=120.901Å, b=136.826Å, 

c=144.465Å) (Table 7.1).  Crystals were transferred stepwise to the precipitant solution 

containing 15% ethylene glycol or glycerol for cryoprotection, mounted in a nylon loop, 

and flash frozen in liquid nitrogen.  All data were collected at 100K at the SER-CAT 22ID 

beam line at the Advanced Photon Source.  Diffraction data were scaled and integrated 

using HKL2000 (Otwinowski 1997). 

7.2.4 Structure Determination Methods, Model Building and Refinement 

The structure of tmRBP-ribose was determined by molecular replacement using 

the Amore program using the ligand-bound form of the E. coli ribose binding protein as 

the search model (Navaza 1994). The N- and C-terminal domains of tmRBP-ribose were 

used as a search model for tmRBP-apo.  In both cases, rotation, translation, and fitting 

functions revealed a single clear solution yielding higher correlation coefficients and a 

lower R factor than all the others. Manual model building was carried out in the 

programs O and COOT and refined using REFMAC5 (Jones, Zou et al. 1991; 

Murshudov, Vagin et al. 1997; Emsley and Cowtan 2004). The final model for  
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Table 7.1 Data collection and refinement statistics. 
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tmRBP-ribose includes one intact monomer (residues 30-323), one ribose molecule, and 

142 water molecules. The final model for tmRBP-apo includes two intact monomers 

(residues 30-310) and 627 water molecules.  The models exhibits good stereochemistry as 

determined by PROCHECK and MolProbity; final refinement statistics are listed in 

Table 7.1 (Laskowski 1993; Davis, Murray et al. 2004). PDB coordinates and structure 

factors of tmRBP-ribose and tmRBP-apo have been deposited in the RCSB Protein Data 

Bank under the accession codes 2FN8 and 2FN9 respectively. 

7.3 Results 

7.3.1 Expression and Thermal Stability 

The RBP homolog of ecRBP was identified in the T. maritima genome sequence 

(Nelson, Clayton et al. 1999), corresponding to open reading frame (ORF) tm0958, by 

sequence similarity and linkage of this ORF within an operon containing ABC 

transporters characteristic of the solute transport function of this PBP.  ORF tm0958 

lacking its periplasmic signal sequence (residues 1-29) was amplified from T. maritima 

genomic DNA by the polymerase chain reaction.   The resulting gene was cloned into a 

pET21a vector with a C-terminal hexa-histidine tag with a glycine-serine linker.  The 

nucleotide sequence was confirmed by DNA sequencing of the resulting vector.  Over-

expression produced ~50mg of pure protein per liter of medium, which was purified by 

immobilized metal affinity chromatography and gel filtration chromatography.  
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The stability of TM0958 was determined by thermal denaturation using circular 

dichroism (CD) (Cohen and Pielak 1994).  No significant change in the CD signal could 

be observed as a function of temperature (data not shown) and all subsequent 

measurements were carried out in the presence of the chemical denaturant guanidine 

hydrochloride (GdCl) to bring thermal denaturation into a measurable range (Figure 

7.2).  Melting curves were found to fit a two-state model (Schellman 1987; Cohen and 

Pielak 1994).  A thermal transition midpoint (Tm) in the absence of GdCl was determined 

 

Figure 7.2 The thermal stability of TM0958. (A)  Thermal denaturation of apo TM0958  in 

5.5M GdCl (■), TM0958 in 1mM ribose, 5.5M GdCl (●), apo ecRBP (▲), ecRBP in 1mM 

Ribose (▼).  Solid lines in (A) are fit to a two-state model which accounts for the native 

and denatured baseline slopes(Schellman 1987; Cohen and Pielak 1994).  (B)  

Extrapolated Tm’s of TM0958 apo (■) and TM0958 sat (1mM ribose) (●) obtained from the 

series of thermal melting curves at different concentrations of GdCl. Solid line represents 

a linear fit to the observations. 
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 by linear extrapolation of a series of melting point determinations carried out at 

different concentrations of GdCl (Figure 7.2) and was found to be 108±3°C which is 

approximately twice that of the ecRBP (Tm–value is 56°C) (Figure 7.2). 

7.3.2 Ligand Binding 

Ribose binding was detected by observing ligand-mediated changes in the Tm of 

TM0958 in the presence of 5.5M GdCl by circular dichroism.  Under these conditions 

and in the absence of sugar the Tm is 71°C; addition of 1mM ribose raises the Tm to 97°C, 

indicating that TM0958 is a T. maritima ribose binding protein (tmRBP) as predicted from 

its amino acid sequence and operon structure (Figure 7.2).  For the ligand-bound form, a 

Tm of 131±3°C in the absence of GdCl was determined by linear extrapolation of a series 

of melting point determinations carried out at different concentrations of GdCl (Figure 

7.2).  The Tm for addition of ligand to tmRBP in the absence of denaturant is 23°C which 

is 8°C greater than the Tm for ecRBP thus indicating that tmRBP has a tighter 

dissociation constant (Kd) than ecRBP which binds ribose with a Kd of 0.13M (Binnie, 

Zhang et al. 1992) (Figure 7.2).   

7.3.3 Structure Determination 

The X-ray crystal structure of ribose-bound tmRBP (tmRBP-ribose) was solved 

by molecular replacement using E. coli ribose binding protein as the search model 

(Bjorkman, Binnie et al. 1994).   The apo-form of tmRBP (tmRBP-apo) was solved by 
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separately searching with the N- and C-terminal domains of the ribose-bound form of 

tmRBP.  Crystals of tmRBP-ribose complex were grown using a construct (residues 30-

323) which lacks the periplasmic signal sequence (residues 1-29) while tmRBP-apo was 

crystallized using a construct that consisted of residues 30-310 (numbering according to 

NCBI NP_228766).  tmRBP-apo also contains a M142A mutation which was made to 

prevent expression of an in-frame ORF.  The crystals of tmRBP-apo and tmRBP-ribose 

diffracted to 1.4Å and 2.15Å resolution respectively and were refined to Rcryst/Rfree values 

of 18.0/20.3 and 19.3/22.3 respectively.  Data collection, refinement, and stereochemistry 

statistics are summarized in Table 7.1. 

7.3.4 Overall Structure and Comparison of tmRBP-apo to E. coli RBP-apo 

tmRBP-apo has the same overall fold as the apo-form of E. coli RBP (ecRBP-apo).  

However, the same degree of opening is not observed (see below) (Bjorkman and 

Mowbray 1998) (Figure 7.3). Two molecules (A and B) are found in the asymmetric unit 

and each is in a different conformation (1.3 Å C RMSD).  This could be 

crystallographically induced. However the magnitude of this change is significant (see 

below) and consistent with an open form of ecRBP in which the asymmetric unit 

contained two distinct conformations of the protein. Molecule A and molecule B have a 

1.0Å and 1.9Å C RMSD respectively with the apo form E. coli RBP which is postulated 

to the dominant solution conformer (Bjorkman and Mowbray 1998) (Figure 7.3). 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=15643718
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Figure 7.3 Structure of tmRBP-apo comparison to ecRBP-apo.  (A)  Overall structure of 

tmRBP-apo molecule A.  (B)  Overall structure of tmRBP-apo molecule B. (C) Overall 

structure of ecRBP-apo.  The N- and C-termini are indicated, -strands are yellow sugar 

is green.  Structures are aligned about the N-terminal domain.  Hinge segments where 

large torsional changes are observed are indicated with arrows. 

7.3.5 Overall Structure and Comparison of tmRBP-ribose to E. coli RBP-

ribose 

tmRBP-ribose adopts the two domain  fold characteristic of RBPs.  Its 

structure is similar to the ribose-bound form of E. coli RBP (ecRBP-ribose) (Bjorkman, 

Binnie et al. 1994);  the two structures superimpose with a 1.0Å C RMSD (Figure 7.4). 

The largest difference between ecRBP-ribose and tmRBP-ribose is at the C-terminus 

where tmRBP is 13 residues longer than ecRBP.  These additional residues form a short 

helical region followed by a -hairpin which is similar to the C-terminus of E. coli  
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Figure 7.4 Structure of the tmRBP-ribose and homology to ecRBP.  (A)  Overall structure 

of tmRBP-ribose.  The N- and C-termini are indicated, -strands are yellow sugar is 

green.  (B)  Overall structure of ecRBP-ribose (PDB code 2DRI (Bjorkman, Binnie et al. 

1994)).  The N- and C-termini are indicated, -strands are yellow sugar is green.  (C) 

Close up view of polar amino acids (gray carbon atoms) in tmRBP that form a hydrogen 

bonding network with the ribose ligand (green).  Hydrogen bonds with the protein 

amino acids/ribose are shown as black lines.  (D) Close up view of polar amino acids 

(gray carbon atoms) in tmRBP that form a hydrogen bonding network with the ribose 

ligand (green).   
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Figure 7.5 Close up view of the aromatic binding pocket residues of ecRBP (cyan) and 

tmRBP (blue).  In ecRBP (PDB code 2DRI (Bjorkman, Binnie et al. 1994)) a phenylalanine 

(F15) is replaced by a tryptophan (W15) in tmRBP leading to the only binding pocket 

residue which is not conserved among them.  Superposition of the two structures 

demonstrates the positioning of the six-membered ring of the tryptophan indole 

(tmRBP) coincident with phenylalanine six-membered ring. 

glucose binding protein (Vyas, Vyas et al. 1988).  The ligand binding site of tmRBP is 

composed of a network of polar amino acids which is identical in sequence and 

hydrogen bonding pattern to ecRBP-ribose (Bjorkman, Binnie et al. 1994) binding site 

(Figure 7.4).  Seven polar amino acids make a total of eleven hydrogen bonds with the 

ribose.  The ligand is sandwiched between three non-polar amino acids (W15, F16 and 

F172) which make extensive van der Waals interactions with the ribose.  In ecRBP all 

binding pocket non-polar residues are phenylalanines.  The six-membered ring of F15 in 

ecRBP is coincident with the six-membered ring of W15 in tmRBP.  As this is the only 

binding pocket amino acid which is not conserved among the two this may account for 
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the difference in ligand binding affinity and ligand-induced stabilization of ecRBP and 

tmRBP (Figure 7.5). 

7.3.6 Open to Closed Transition:  Global Changes 

The addition of ligand to tmRBP induces a conformational change from an open 

form where the binding pocket of the two domains is solvent-exposed and separated by 

as much as 28° to a closed ligand-bound state which is largely desolvated and resembles 

a protein core (Figure 7.6).  The magnitude of this motion is significantly different than 

the open form of ecRBP (43° open form) which is postulated to exist in 

solution(Bjorkman and Mowbray 1998).  The effects of these motions on the protein 

backbone are largely confined to the hinge region where similar movements are also 

seen in ecRBP (Figure 7.7). The two molecules in the asymmetric unit have different 

degrees of closure.  Molecule B is related to molecule A by an 8° closing about the hinge 

and this movement is mainly mediated through one of the two strands (residues 100-

110) which connect the two domains (Figure 7.7).  The magnitude of C torsion changes 

going from an open to closed state is significantly greater for molecule B than molecule 

A (Figure 7.7).      
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Figure 7.6 The open to closed transition of tmRBP.  Cartoon representation of the open 

(left) and closed form (right) of tmRBP aligned about the C-terminal domain.   
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Figure 7.7 Changes in C dihedrals of tmRBP and ecRBP.  Absolute value of the changes 

in Cdihedral (|C) of (a) tmRBP-open molecule A/tmRBP open molecule B, (b) 

tmRBP-open molecule B/tmRBP-ribose, (c) tmRBP-open molecule A/tmRBP-ribose and 

(d) ecRBP-open/ecRBP-ribose.  The N- and C-terminal domains are indicated.  Regions 

near the binding pocket are marked by an asterisk and hinge residues are indicated with 

↑.  The mean of the |C dihedral angle and one standard deviation away from the 

mean are indicated by a dashed and solid line respectively. 

7.3.7 Open to Closed Transition: Local Changes 

Large scale structural changes dominate the open to closing transition of ecRBP.  

Although one would expect global motions also dominate tmRBP ligand-induced 

conformational changes, numerous local structural reorganizations are also observed 

which facilitate ligand binding.  In ecRBP these local changes are largely restricted to the 
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hinge region of the protein while the binding pocket C torsions and side-chain 

rotamers remain largely constant (Figure 7.7 and Table 7.2).  In tmRBP local changes are 

also found in the hinge region however unlike ecRBP the binding pocket region 

undergoes rearrangement upon ligand binding (Figure 7.7 and Table 7.2).  Furthermore 

unlike ecRBP, the change in the side-chain rotamers in the tmRBP binding pocket in the 

absence and presence of ligand are of a greater magnitude in the N-terminal domain 

which indicates preordering of the C-terminal domain binding pocket residues (Figure 

7.7 and Table 7.2).  The domain of the PBP with pre-ordered binding pocket side-chains  

Table 7.2 Changes in the side-chain rotamers of ecRBP and tmRBP (tmRBP-open mol. A) 

binding pocket residues.  Amino acids in the C-terminal domain are bolded.  Hinge 

amino acids are indicated with ↑. 

 

is more likely to be the initiator of ligand binding prior to domain closure as the entropic 

costs of fixing the side-chains for ligand binding should be reduced.  In tmRBP six of the 

eleven protein-ligand hydrogen bonds are pre-ordered in the apo form of the C-terminal 

domain with solvent (and interactions with other residues in the domain) mimicking the 

ribose hydrogen bonding pattern (Figure 7.8).  This network is not as well defined in the 
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N-terminal domain which has significant changes in side-chain rotamers and C torsion 

angles of binding pocket residues (Figure 7.7 and Table 7.2).     

 

Figure 7.8 A network of waters pre-orders the C-terminal domain of tmRBP for ribose 

binding.  Overlayed models of the tmRBP binding site in the open (magenta tones) and 

closed (cyan tones) forms.  The C-terminal residues of the open (light magenta) form are 

in a similar conformational state as the ligand-bound form (light cyan) while the 

conformational state of the N-terminal domain open (dark magenta) and closed (dark 

cyan) forms are in different states and requires a 180° flip of W15.  Several of the C-

terminal binding pocket residues in the open form interact (black lines) with bulk 

solvent (red spheres) in a similar manner as the ligand-bound form does with the ribose 

ligand thus pre-organizing the apo form. 

7.4 Discussion 

We have demonstrated biochemically that the T. maritima ORF tm0958 is a 

periplasmic ribose binding protein.  The X-ray crystal structure reveals that although 
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tmRBP is twice as stable and shares 39% and 58% amino acid identity and similarity 

respectively, to its closest structural homolog ecRBP, the binding pocket regions of these 

two proteins has in common all but one of the amino acids in the binding pocket.  

Detailed analysis of the open and closed forms of tmRBP allows the identification of the 

mechanisms of ligand recognition in the apo form which is mediated through pre-

ordering of the binding pocket residues by a network of water molecules and amino 

acids in the C-terminal domain which mimic the hydrogen bonding pattern of the 

ligand-bound form.  In ecRBP-apo the side-chain rotamers of the binding pocket 

residues in both domains shows little differences from the ligand-bound form and no 

clear pattern of solvent pre-ordering of the binding pocket is observed.  Therefore based 

upon hydrogen bonds and buried surface area it was concluded that unlike tmRBP, 

ligand first binds to the N-terminal domain (Bjorkman and Mowbray 1998).  Due to the 

rotameric state and the binding pocket pre-ordering of the C-terminal domain of tmRBP-

apo we hypothesize that in tmRBP ligand preferentially binds to the C-terminal domain 

before closure.   
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Chapter 8. Ligand-induced motions of a thermophilic glucose binding 

protein 

8.1 Introduction 

The ligand-induced motions of periplasmic binding proteins (PBP) allow 

differential recognition of the ligand occupancy state of the receptor by altering the 

spatial relationship of amino acids that interact with transmembrane receptors involved 

in chemotaxis (Davidson, Shuman et al. 1992), ligand transport (Boos and Shuman 1998) 

or inter-cellular communication (Neiditch, Federle et al. 2006).  Over 25 structures of 

PBPs have been solved in both their ligand-bound and ligand-free states and the large 

scale conformational change can be described as a canonical hinge-bending motion 

which alters the relative orientation of the two domains by as much as 62° (Sharff, 

Rodseth et al. 1992; Bjorkman and Mowbray 1998; Magnusson, Chaudhuri et al. 2002).  

These motions are mediated by φ/ψ changes in a relatively few amino acids found in the 

connecting inter-domain hinge region.  In Escherichia coli ribose binding protein (ecRBP) 

the ligand-induced local rearrangements of rotamers and φ/ψ angles are restricted to 

amino acids in the hinge region (Bjorkman and Mowbray 1998).  In other PBPs, such as 

E. coli allose (ecABP) (Magnusson, Chaudhuri et al. 2002) or leucine (ecLBP) binding 

proteins (Magnusson, Salopek-Sondi et al. 2004), these motions are coupled to 

rearrangements in side-chain rotamers and positioning of loops in the binding pocket.   



 

130 

The mechanistic details of ligand-induced changes in glucose binding proteins 

(GBP) are unknown.  To understand the structural basis of ligand-induced 

rearrangements in the GBP fold, we solved the X-ray crystal structure of a thermophilic 

GBP from Thermotoga maritima (tmGBP) in the presence and absence of ligand.  In the 

apo form, the two domains of tmGBP are separated by 38°.  Addition of glucose induces 

large scale changes in the conformation of two of the three hinge segments, while 

smaller scale motions occur in side-chain rotamers and secondary structure elements in 

the binding pocket region.  In other structural homologs, different mechanisms are used 

to transition between the open and closed form which indicates that the local 

rearrangements which accompany ligand binding need not be conserved. 

8.2 Materials and methods 

8.2.1 Cloning Over-expression and Purification 

The tm0114 gene was expressed and purified as described.  The construct used in 

these studies contained two cysteines that were reduced at all times by the presence of 

1mM reductant (either TCEP or DTT) in all buffers.  Prior to crystallization, concentrated 

purified protein was dialyzed against two exchanges (1:1000 dilution) of 10mM Tris pH 

7.8, 20mM NaCl, 1mM TCEP. 
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8.2.2 Crystallization and Data Collection   

Crystals of tmGBP were grown by hanging drop vapor diffusion in drops 

containing 2l of the protein solution mixed with 2l of 0.1M BisTris pH 6.5, 25% (w/v) 

PEG 3350, 0.2M ammonium sulfate equilibrated against 900l 0.1M BisTris pH 6.5, 25% 

(w/v) PEG 3350, 0.2M ammonium sulfate.   Diffraction quality crystals typically grew 

within one week at 17°C.  The tmGBP crystals diffract to 2.7Å resolution and belong to 

the P2(1)2(1)2(1) space group (a=76Å, b=82Å, c=100Å) (Table 8.1).  Crystals were frozen 

in precipitant solution, mounted in a nylon loop, and flash frozen in liquid nitrogen.  All 

data were collected using a Rigaku rotating anode X-ray generator.  Diffraction data 

were scaled and integrated using XDS (Kabsch 1993).     

8.2.3 Structure Determination Methods, Model Building and Refinement 

The N- and C-terminal domains of tmGBP were used as a search model for 

tmGBP-apo using the program PHASER.  Manual model building was carried out in the 

programs O and COOT and refined using REFMAC5(Jones, Zou et al. 1991; Murshudov, 

Vagin et al. 1997; Emsley and Cowtan 2004). The final model for the tmGBP includes 

two intact monomers and 131 water molecules.  The models exhibits good 

stereochemistry as determined by PROCHECK and MolProbity; final refinement 

statistics are listed in Table 8.1 (Laskowski 1993; Davis, Murray et al. 2004).  
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Table 8.1: Data collection and refinement statistics. 
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8.3 Results 

8.3.1 Structure Determination 

The X-ray crystal structure of tmGBP was solved to 2.7Å resolution by molecular 

replacement using the N- and C-terminal domains of the previously determined tmGBP 

glucose-bound structure as the search models.  The data collection and refinement 

statistics are shown in Table 8.1.  Two molecules are present in the asymmetric unit; one 

of the molecules is in an open ligand-free form, and the other is in a closed glucose-

bound form.  Although no glucose was added to the crystallization trials, it is postulated 

that glucose persisted through purification and dialysis from the growth media (Figure 

8.1).  The geometry of the final refined model was analyzed using PROCHECK 

(Laskowski 1993) and MolProbity (Davis, Murray et al. 2004); it exhibits excellent 

stereochemistry and was refined to Rcryst and Rfree values of 20.7% and 26.0%, respectively 

(Table 8.1). 

8.3.2 Overall Structure and Structural Homologs 

The ligand-bound form of tmGBP (tmGBP-glucose) is essentially in an identical 

conformation as (backbone RMSD 0.3Å) the previously described tmGBP structure 

(Figure 8.1).  Although tmGBP is a glucose binding protein the closest structural 

homologs of tmGBP-glucose is the ribose-bound form of ecRBP (Bjorkman, Binnie et al. 

1994) and the allose bound form of ecABP (Chaudhuri, Ko et al. 1999) which have C 

RMSDs of 1.6Å and 1.9Å respectively. The Salmonella typhimurium and E. coli GBPs
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Figure 8.1:  Ribbon representation of the crystal structure of the apo (A) and ligand-

bound (B) forms of tmGBP aligned about the N-terminal domain.  The amino acids 

which compose the hinge are shown in green.  (C)  Stereo representation of the binding 

pocket amino acids of the apo (orange ball-and-stick representation) and ligand-bound 

forms (green ball-and-stick representation) of tmGBP generated by separate alignment 

of the N- and C-terminal domains of tmGBP-apo. 

(Vyas, Vyas et al. 1988; Zou, Flocco et al. 1993), whose unliganded forms are not known, 

have C RMSDs of 2.3Å and 1.9Å respectively from tmGBP-glucose.  The two domains 

of the apo-form of tmGBP are in an essentially identical conformation as in tmGBP-
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glucose, with backbone RMSDs of 0.44Å for separate alignment of the N- (residues 1-

101, 239-281) and the C-terminal (residues 106-234, 286-305) domains.  The closest 

structural homologs of tmGBP-apo are the apo-form of ecRBP (chain A) (Bjorkman and 

Mowbray 1998)and ecABP (Magnusson, Chaudhuri et al. 2002) which have 1.8Å C 

RMSDs. 

8.3.3 Ligand-induced Conformational Changes 

The apo and ligand-bound forms of tmGBP are related by a 38° change in the 

relative orientation of the two domains (Figure 8.1).  The N- and C-terminal domains of 

tmGBP are connected by three hinge segments consisting of residues 102-105 (segment 

1), 235-238 (segment 2), and 282-285 (segment 3) and the hinge-bending motion is 

mediated by changes in the conformation of the amino acids in hinge segments 1 and 3 

while the changes in segment 2 are largely restricted to small motions centered about 

Gln236 (Figure 8.2).  Gln236 is conserved among the structural homologs of tmGBP.  

Analysis of the open and closed forms of ecRBP and ecABP indicated that this residue 

and the hydrogen bonding network it forms with residues in both the N- and C-terminal 

domains is a critical residue which links the open and closed states (Bjorkman and 

Mowbray 1998; Magnusson, Chaudhuri et al. 2002).   In the tmGBP glucose-bound form 

Gln236 forms a hydrogen bonding network with both C- (Asp216 Arg158) and N-

terminal (Thr103 and Asp89 (indirectly via water)) amino acids.  Even though they bind 

different ligands ecABP (D227/R151/T111/D91), ecRBP (D216/R141/S103/D89), and 



 

136 

 

Figure 8.2:  Ligand-induced changes in conformation of tmGBP. (A) Alignment of the C-

terminal domain of the apo (orange ball-and-stick representation) and ligand-bound 

forms (green ball-and-stick representation) of tmGBP demonstrates slight local 

reorganization of binding pocket loops.  (B) Alignment of the N-terminal domain of the 

apo (orange ball-and-stick representation) and ligand-bound forms (green ball-and-stick 

representation) of tmGBP demonstrates less movement is observed in the backbone 

atoms of the binding pocket residues in this domain.  (C)  Absolute C torsion plot of the 

tmGBP generated using LSQMAN (Kleywegt and Jones 1997).  Regions which compose 

the hinge and the two domains are indicated.  Binding pocket amino acids are indicated 

with an asterisk. 

   

ecGBP (D236/R158/T110/N91)/stGBP (D236/R158/T110/N91)/tmGBP 

(D216/R158/T103/D89) also have these four residues conserved further indicating the 
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importance of this network in the ligand-induced conformational changes and ligand 

recognition in class I sugar binding PBPs.  Furthermore the conserved asp/asn in 

position 89 or 91 is a Ramachandran outlier in all of these homologs. 

Ligand-induced movements are not strictly localized to the amino acids which 

compose the hinge.  Like ecABP and ecLBP, the side-chain rotamers (Figure 8.1) and the 

conformation of binding pocket loops (Figure 8.2) in both domains are in different 

conformations in the presence and absence of ligand.  However, these changes are 

mainly restricted to the C-terminal domain while little change is observed in the N-

terminal domain (Figure 8.1 and Figure 8.2).  Unlike tmGBP, the binding pocket amino 

acid rotamers and secondary structure elements are in essentially identical 

conformations in the ligand-bound and apo form of ecRBP. 

8.4 Discussion 

The ligand-induced transitions of PBPs can be best descried as a continuum 

between an un-defined fully open state and a defined closed ligand-bound form.  The 

crystal structure of the open form of tmGBP is therefore the first “snap shot” of this 

movement in glucose binding proteins.  Analysis of these motions demonstrates that 

similar residues in tmGBP homologs may be involved in transducing the ligand 

occupancy state of the binding pocket to the global orientation of the two domains 

although the local conformational changes of the binding pocket region need not be 

conserved for this transition.    



 

138 

Chapter 9. Decoupling ligand binding from domain closure in periplasmic 

binding proteins 

9.1 Introduction 

The conformational equilibrium of periplasmic binding proteins (PBP) is altered 

by the addition of ligand, where the two domains shift from being in a predominantly 

open solvent-exposed conformation to a closed ligand-bound state (Sharff, Rodseth et al. 

1992; Bjorkman and Mowbray 1998).  These large-scale motions of PBPs are responsible 

for allosteric control of several processes in prokaryotes such as transmembrane 

signaling (bacterial chemotaxis (Zhang, Gardina et al. 1999), quorum sensing (Neiditch, 

Federle et al. 2006), and eukaryotic neurotransmission (Mayer, Olson et al. 2001)) and 

transmembrane ligand transport (ATP binding cassette (ABC) transport (Nikaido 1994)), 

through differential recognition of the open and closed ligand-bound states.   

Although this structural transistion is important for numerous biolgical 

processes, little is known about the energetic costs of this rearrangement due to the 

difficulty of measuring the intrinsic ligand  binding free energy (Gintr or GBC), rather 

than the apparent ligand binding free energy (GBapp=GBC +GOC(A)) which is readily 

measurable (Figure 1.4).  To determine Gintr, indirect methods which separate GOC(A) 

from GBapp can be used.   

Recently Kay and co-workers (Millet, Hudson et al. 2003) determined the Gintr of 

the class II Escherichia coli maltose binding protein (MBP).  By monitoring the degree of 
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closing of a series of mutant MBPs, whose binding constants were manipulated through 

mutations in the hinge-region (Marvin and Hellinga 2001), it was observed that the 

binding constant was linearly related to the degree of closing (Millet, Hudson et al. 

2003).  Based on this, it was estimated that in MBP the free energy cost is 212 cal/mol per 

degree of closure.  The fully closed state undergoes a transition of 35°, and therefore the 

energetic cost of this transition was estimated to require 7.4kcal/mol (Millet, Hudson et 

al. 2003).  Taking into account the apparent free energy of ligand binding (GBapp) of -

8.4kcal/mol, the intrinsic binding constant (Kdintr) for maltose is -15.8kcal/mol, or a 

dissociation constant of ~3pM. The Kdintr is 2600 times tighter than the dissociation 

constant (Kdapp) (800nM (Marvin and Hellinga 2001)) for the wild-type protein. 

The GOC(A) of class I PBPs, which includes E. coli ribose (ecRBP) and glucose 

binding proteins (ecGBP), is unknown.  To determine the GOC(A), and in-turn the Gintr 

of ligand binding in class I PBPs, we utilized an ecRBP and an ecGBP which are trapped 

in the closed-form by an inter-domain disulfide.  We hypothesize that by locking the 

equilibrium to the closed-form, through an inter-domain disulfide, and then measuring 

the dissociation constant would allow for direct determination of Kdintr and therefore 

GOC(A).  Using circular dichroism to monitor the change in thermal melting temperature 

(Tm) as a function of ligand, in the presence or absence of an oxidized inter-domain 

disulfide in ecGBP and ecRBP, we have found that unlike their class II counterparts the 

open and closed forms are in equilibrium in the absence of ligand (GOC(A) is essentially 
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zero).  Incorporation of an inter-domain disulfide could also have an effect on the 

conformation of the protein which could alter the ligand-induced free energy changes. 

We therefore determined the high-resolution crystal structures of the wild-type ecGBP 

(wtGBP) and the disulfide mutant GBP (ecGBP-S2) in the same crystal form, where it is 

found that structures of the oxidized ecGBP-S2 (ecGBP-oxS2) and wtGBP are essentially 

isomorphous with the exception of the residues involved in disulfide bond formation.    

9.2 Materials and methods 

9.2.1 Computational design of inter-domain disulfides 

Inter-domain disulfides were designed by selecting a residue around which an 

8Å interaction sphere was generated.  At this C-alpha position and all C-alphas within 

this sphere all cysteine rotamers were placed and then evaluated on the S1-S2 (Ls1-s2) 

bond length, and 2 bond angles, and the 3 dihedral.  For cysteine pairs which fell 

within a pre-selected parameter range, the X1 dihedral angle of the cysteine pair was 

finely  sampled to minimize the pair-wise energy (E) with the equation: E= 500 x (Ls1-s2-

2.303)2 + 10 x (-104)2 + 10 x (2-104)2 + 50 x (1-sin23) (Hazes and Dijkstra 1988). 

9.2.2 Cloning, Expression and Purification 

Cysteines were incorporated into wild-type E. coli glucose and ribose binding 

proteins by site directed polymerase chain reaction mutagenesis.  Proteins were 

expressed and purified as described (de Lorimier, Smith et al. 2002).  For circular 
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dichroism experiments, 1mM ligand and 1mM reductant (either TCEP or DTT) was 

added to freshly purified protein to form the closed-reduced state.  This was then 

dialyzed in 10mM Tris pH 7.8, 150mM NaCl, 1mM ligand to form the closed oxidized 

state which was confirmed using Ellman’s reagent.  This was then subjected to extensive 

dialysis in 10mM Tris pH 7.8, 150mM NaCl to form the closed-apo-oxidized state which 

was used for all experiments. 

9.2.3 Determination of Ligand Binding 

Ligand binding is measured by monitoring ligand induced changes in protein 

stability with circular dichroism (CD).  Thermal denaturation was used to monitor 

protein stability which was determined by measuring the CD signal at 222nm (1cm path 

length) as a function of temperature, using 0.5M protein (10mM Tris-HCl pH7.8, 

150mM NaCl) in the presence or absence of 1mM ligand or reductant.  Each 

measurement includes a 1-second averaging time for data collection and a 60 second 

equilibration period at each temperature.  Data was fit to a two-state model to determine 

the Tm-values (Schellman 1987).  Plots of ligand-induced Tm changes were fit in Origin 

using non-linear curve fitting function. 

9.2.4 Crystallization and Data Collection 

Crystals of ecGBP-oxS2 and wtGBP were grown in three-fold molar excess of 

glucose.  ecGBP-oxS2 and wtGBP crystals were grown by hanging drop vapor diffusion in 



 

142 

drops that contained 2l of the protein solution mixed with 2l of 0.05M HEPES pH 7.5, 

20% (w/v) PEG 6000 precipitant solution, that were equilibrated against 900mL of the 

precipitant solution.  Diffraction quality crystals typically grew within one week at 17°C.  

The ecGBP-oxS2 and wtGBP crystals diffract to 1.15Å and 1.33 Å resolution respectively 

and belong to the P21 space group (a=61Å, b=36Å, c=65Å, =107°) (Table 9.1).  Crystals 

were transferred stepwise to the precipitant solution containing 15% ethylene glycol for 

cryoprotection, mounted in a nylon loop, and flash frozen in liquid nitrogen.  Data for 

wtGBP were collected at 100K at the SER-CAT 22ID beam line at the Advanced Photon 

Source.  Data for ecGBP-oxS2 were collected at 100K at the BioSync 8.2.1 beam line at the 

Advanced Light Source.  Diffraction data were scaled and integrated using HKL2000 or 

XDS (Kabsch 1993; Otwinowski 1997). 

9.2.5 Structure determination, model building, and refinement 

The structure of wtGBP and ecGBP-oxS2 were determined by molecular 

replacement using the Amore program using the ligand bound form of the E. coli GBP as 

the search model (Navaza 1994). In both cases, rotation, translation, and fitting functions 

revealed a single clear solution yielding higher correlation coefficients  
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Table 9.1 Data collection and refinement statistics. 

 

and a lower R factor than all the others.  Manual model building was carried out in the 

programs O and COOT and refined using REFMAC5 (Jones, Zou et al. 1991; 

Murshudov, Vagin et al. 1997; Emsley and Cowtan 2004). The final model for the wtGBP 



 

144 

includes one intact monomer, one glucose molecule, and 523 water molecules. The final 

model for the ecGBP-oxS2 includes one intact monomer and 361 water molecules.  The 

models exhibits good stereochemistry as determined by PROCHECK and MolProbity; 

final refinement statistics are listed in Table 9.1 (Laskowski 1993; Davis, Murray et al. 

2004). PDB coordinates and structure factors of wtGBP and ecGBP-oxS2 have been 

deposited in the RCSB Protein Data Bank under the accession codes 2HPH and 2IPN 

respectively. 

9.3 Results 

9.3.1 Computational design of inter-domain disulfides 

Interdomain disulfides were incorporated into E. coli RBP and E. coli GBP based 

on an energy function which minimizes the pair-wise energy strain between probable N- 

and C- terminal cysteine positions based on S1-S2 (Ls1-s2) bond length, and 2 bond 

angles, and the 3 dihedral.  The search was limited to peristeric (the perimeter of the 

interdomain cleft forming the ligand-binding pocket) amino acids, and designs were 

executed without consideration of backbone motion.  Pairs were selected with the 

criteria that they crosslink the two domains.  One design was selected and characterized 

for ecRBP and ecGBP.  The ecRBP disulfide (ecRBP-S2), which has the lowest predicted 

energy of the positions selected, contains cysteines at position 68 and 136, and has an 

energy value of 44.7 with values of Ls1-s2=2.23Å, °2=104.0°, and the 3 

dihedral values of -142.5°.  The ecGBP disulfide (ecGBP-S2), which has the second lowest 
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predicted energy of the positions selected, contains cysteines at position 15 and 213, and 

has an energy value of 3159.5 with values of Ls1-s2=2.0Å, °2=94.9°, and the 3 

dihedral values of -169.7°.   

9.3.2 Thermal Stability of ecGBP-oxS2 and ecRBP-oxS2 

Circular dichroism (CD) was used to determine the effect on incorporation of 

interdomain disulfides on the stability and ligand-induced stabilization of the oxidized 

forms of ecGBP-S2 (ecGBP-oxS2) and ecRBP-S2 (ecRBP-oxS2).  Addition of 1mM ribose in 

the presence of 1mM reductant raises the thermal transition midpoint (Tm) of ecRBP-oxS2 

from 56°C to 72°C (Figure 9.1).  In the absence of reductant the Tm is 76°C in the apo 

form and 88°C in the presence of 1mM ribose (Figure 9.1).  Addition of 1mM glucose in 

the presence of 1mM reductant raises the thermal transition midpoint (Tm) of ecGBP-S2 

from 51°C to 63°C (Figure 9.1).  In the absence of reductant the Tm is 55°C in the apo 

form and 73°C in the presence of 1mM glucose (Figure 9.1).   

The effects of ligand binding on thermal stability are well known (Brandts and 

Lin 1990; Matulis, Kranz et al. 2005).  A ligand-induced change in the thermal stability is 

a function of the amount of ligand added and the dissociation constant of the ligand.  To 

determine the effect of disulfide bond incorporation on the ligand binding affinity of 

ecGBP-oxS2 and ecRBP-oxS2, a series of Tm determinations were carried out in the presence 

or absence of 1mM reductant while varying the concentration of ligand (either glucose 

or ribose respectively).  These ligand response curves show an initial pre-transition 
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baseline where no increase in Tm is observed.  When sufficient ligand is added to 

populate a ligand-bound state a transition occurs where ligand dependent changes in Tm 

are observed.  Changes in the ligand binding constant will alter the concentration of 

ligand where the transition takes place and the slope of the post-transition region 

(Matulis, Kranz et al. 2005).  For ecRBP-S2 and ecGBP-S2 the presence of the disulfide has 

no effect on this transition and the slope of the post-transition region, qualitatively 

indicating that the binding constant is unaltered.  Therefore incorporation of the 

disulfide has no effect on GBapp (Figure 9.1).  

9.3.3 Structure Determination 

The X-ray crystal structure of glucose-bound wtGBP was solved by molecular 

replacement using E. coli GBP as the search model (Bjorkman, Binnie et al. 1994).   The 

oxidized double cysteine mutant form of GBP (ecGBP-oxS2) was solved using wtGBP.  

Crystals were grown using a construct (residues 24-332) which lacks the periplasmic 

signal sequence (residues 1-23) and contains a C-terminal hexa-histidine affinity 

purification tag (numbering according to NCBI NP_416655).  The crystals of ecGBP-oxS2 

and wtGBP diffracted to 1.15Å and 1.33Å resolution respectively and were refined to 

Rcryst/Rfree values of 15.3/16.9 and 15.4/17.8 respectively.  Data collection, refinement, and 

stereochemistry statistics are summarized in Table 9.1. 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&val=15643718
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Figure 9.1 Circular dichroism characterization of ecRBP-oxS2 and ecGBP-oxS2. (A) 

Thermal denaturation of oxidized ecGBP-oxS2 in the presence of 1mM TCEP ( ) or 

presence of 1mM glucose and 1mM TCEP (■) or absence of reductant and glucose ( ) or 

presence of 1mM glucose (●).  Solid lines in (A) are fit to a two-state model which 

accounts for the native and denatured baseline slope.  (B) Thermal denaturation of 

oxidized ecRBP-S2 in the presence of 1mM TCEP ( ) or presence of 1mM ribose and 

1mM TCEP (■) or absence of reductant and ribose ( ) or presence of 1mM ribose (●).  

Solid lines in (B) are fit to a two-state model which accounts for the native and 

denatured baseline slope.  (C)  Tm response curves of ecGBP-oxS2 carried out in the 

presence (■) or absence of 1mM TCEP (●).  Dashed and solid lines in (C) are a 

logarithmic fit of the data in the presence or absence of 1mM TCEP respectively.  (D)  

Tm response curves of ecRBP-oxS2 carried out in the presence (■) or absence of 1mM 

TCEP (●).  Dashed and solid lines in (D) are a logarithmic fit of the data in the presence 

or absence of 1mM TCEP respectively. 
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9.3.4 Overall Structure and Disulfide Bond Geometry  

The introduction of an interdomain disulfide in E. coli GBP produces little 

distortion in the overall structure.  The two high resolution X-ray crystal structures of 

wtGBP and ecGBP-oxS2 have identical unit cells and are in essentially the same 

conformation with a backbone RMSD of 0.08Å (Figure 9.2).  The hydrogen bonding 

pattern and amino acids in the vicinity of the glucose are also in identical conformations.  

The electron density and geometry of the two cysteines in ecGBP-oxS2 indicate the 

presence of an interdomain disulfide bond with a Ls1-s2 bond length of 2.0Å,and 2 

bond angles of 106.8° and 104.75°, a 3 dihedral value of -104.8° and a calculated energy 

of 154.5.  

These values are significantly different than those predicted by the energy 

function used in the design process.  However, analysis of the wtGBP and ecGBP-oxS2 

structures indicates the inherent difficulty (or inaccuracy) of using fixed backbones in 

the computational re-design process.  /ψ changes in the backbone atoms of the cysteine 

at position 213 and the surrounding residues are largely responsible for altering the 

conformation of the protein to form a disulfide with an energy value of 154.5, although 

an energy value of 3159.5 was predicted using the fixed backbone of wtGBP (Figure 9.3). 
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Figure 9.2 Structure of wtGBP and ecGBP-oxS2. (A)  Ribbon diagram of wtGBP colored by 

domain (N-terminal domain is colored red, C-terminal domain is colored blue, -strands 

yellow).  Ca++ is shown in a green sphere representation; glucose is shown in ball-and-

stick representation with yellow carbons.  (B) Ribbon diagram of ecGBP-oxS2 colored as 

in (A).  (C)  Close-up view of the wtGBP residues which were mutated to cysteines; 

colored as in (A) with mutated amino acids shown in ball-and-stick representation.  (C)  

Close-up view of the ecGBP-oxS2 residues which were mutated to cysteines; colored as in 

(A) with cysteines shown in ball-and-stick representation. 
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9.4 Discussion 

Due to the inherent dynamic nature of the PBP conformational change the 

thermodynamic characterization of this process is difficult.  The thermodynamics of the  

ligand-induced structural changes were recently characterized in maltose binding 

protein (Millet, Hudson et al. 2003) through indirectly measuring the change in binding 

constant as a function of closing angle which was manipulated through mutations in the 

hinge region (Marvin and Hellinga 2001).  PBPs which do not have the MBP fold are not 

amenable to this type of characterization due to the positioning of secondary structure 

elements in the hinge region.  To circumvent this, we hypothesized that forcing the 

closed state of the PBP through engineering of interdomain disulfides would allow 

direct measurement of ligand binding to the closed form, or GBC. We postulate this is 

equal to Gintr and in-turn allows determination of the GOC(A).  To determine GBC we 

chose to measure the apparent binding constants of the class I PBPs, GBP and RBP, 

which have engineered cysteines which were predicted to form an inter-domain 

disulfide.  No changes were observed in the apparent binding constant in the presence 

or absence of the disulfide and therefore this suggests that unlike MBP, the GOC(A) for 

the ecRBP and ecGBP is essentially zero and therefore GBapp =Gintr. 

 PBPs are a large superfamily where the structures and ligand-induced motions 

are highly conserved.  Therefore, why is there a large observed difference in the GOC(A) 

for MBP and ecRBP/ecGBP?  Three PBP structural classes have been categorized based 
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on the ordering of -strands in the domains (Fukami-Kobayashi, Tateno et al. 1999).  

MBP is categorized as a class II PBP, while ecRBP/ecGBP are class I PBPs.  The 

differential ordering of secondary structure elements ultimately leads to changes in the 

number of times the main-chain inter-crosses the two domains.  Ultimately the number 

of segments which compose the flexible hinge region and the main-chain composition of 

each domain vary depending on the class, and therefore these differences may underlie 

the observed differences in the energetics of ligand binding of class I (ecRBP/ecGBP) and 

class II (MBP) PBPs.  

 

Figure 9.3 dashed line) and ψ (solid line) changes in the backbone atoms surrounding 

the cysteines at position 15 (A) and position 213 (B). 
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Chapter 10. Thermal stability is encoded in the side-chains of a 

thermophilic ribose binding protein 

10.1 Introduction 

Members of the periplasmic binding protein (PBP) super family have low amino 

acid sequence similarity and high structural homology even among receptors which 

bind different ligands (Tam and Saier 1993).  The high structural homology of PBPs is 

useful in allowing identification of thermal stability mechanisms through comparison of 

mesophilic and thermophilic PBPs (Evdokimov, Anderson et al. 2001).  Several crystal 

structures of thermophilic PBPs have been determined and the overall fold is similar to 

their mesophilic counterparts; however the identities of their amino acid sequences are 

divergent (Diez, Diederichs et al. 2001; Evdokimov, Anderson et al. 2001; Cuneo, 

Changela et al. 2006).  The genome of the thermophile T. tengcongensis contains 

numerous open reading frames (ORF) which could be annotated as PBPs (Bao, Tian et 

al. 2002).  ORF tte0206 was annotated as a putative periplasmic ribose binding protein 

(RBP) which has 57% amino acid identity and 76% similarity to the mesophilic 

Escherichia coli RBP (ecRBP).  It was also recently shown that the two proteins also share 

high structural homology which was recently exemplified in the successful 

transplantation of computationally designed catalytic sites between the two proteins in 

the absence of the three dimensional coordinates of tte0206 (Allert, Dwyer et al. 2006).  

Such high similarity is uncharacteristic of PBPs.  Using X-ray crystallography we sought 
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to understand global stabilization mechanisms which allow adaptation of the T. 

tengcongensis RBP (tteRBP) to a high temperature (80°C) environment while still sharing 

such high amino acid similarity to its mesophilic counterpart (Bao, Tian et al. 2002).  The 

crystal structure reveals that both proteins have essentially the same backbone 

conformation (0.2Å RMSD) so the stability of tteRBP is not encoded in its fold and 

therefore encoded exclusively in the diversity of the amino acid side-chains.  The 

structure of tteRBP also allows the identification of the location of residues which are not 

conserved among the two homologs.  A clear distinction occurs among amino acids 

which can be classified as core, boundary, or surface which suggests separate selective 

pressures on these regions of the protein. 

10.2 Materials and methods 

10.2.1 Cloning Over-expression and Purification 

The tte0206 gene was amplified from T. tengcongensis genomic DNA by the 

sticky-end PCR method using the following primers: PO4- 

TATGAAGATCACCGTCTGGACCCACTTC and 

TGAAGATCACCGTCTGGACCCACTTC for the 5’ end of the gene; PO4- 

AATTCTAATGGTGATGGTGATGGTGCCTGCCGATGGCCTTCTTGATCTC and 

CTAATGGTGATGGTGATGGTGCCTGCCGATGGCCTTCTTGATCTC for the 3’ end of 

the gene (Zeng 1998).  The resulting fragment was cloned into the NdeI/EcoRI sites of a 

pET21a (Novagen) plasmid for over-expression in E. coli. This ORF lacks the periplasmic 
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signal sequence.  The coding sequence starting at glycine 39 was cloned in-frame with an 

ATG start codon.  A hexa-histidine affinity tag and a glycine-serine linker was fused in-

frame at the carboxy terminus to facilitate purification by immobilized metal affinity 

chromatography.  Protein concentration was determined spectrophotometrically 

(280=3800M-1cm-1;) (Gill and von Hippel 1989). The resulting gene product was expressed 

and purified as described with an average of 20 mg of pure protein produced per liter of 

medium. 

10.2.2 Circular Dichroism 

Circular dichroism (CD) measurements were determined on an Aviv Model 202 

circular dichroism spectrophotometer. Thermal denaturations were determined by 

measuring the CD signal at 222nm (1cm path length) as a function of temperature, using 

1M protein (10mM Tris-HCl pH7.8, 150mM NaCl) and GdCl at various concentrations 

in the presence or absence of 1mM ribose.  Protein samples were incubated for 15 

minutes prior to collecting data.  Each measurement includes a 3-second averaging time 

for data collection and a 60 second equilibration period at each temperature.  Data was 

fit to a two-state model, which accounts for the native and denatured baseline slopes, to 

determine the Tm values (Schellman 1987; Cohen and Pielak 1994).  The Tm values in the 

absence of denaturant were determined by linear extrapolation. 
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10.2.3 Crystallization and Data Collection 

Ribose was added to tteRBP in 3-fold molar excess prior to crystallization.  

tteRBP crystals were grown by micro-batch under paraffin oil in drops that contained 

2l of the protein solution mixed with 2l of 0.1M sodium citrate pH 4.0, 50% (w/v) PEG 

1000 and 0.1M potassium phosphate monobasic.  The tteRBP crystals diffract to 2.15Å 

resolution and belong to the C2 space group (a=123.18Å, b=35.8Å, c=118.03Å, =107.02) 

and typically grew within three weeks at 17°C (Table 10.1).  Crystals were frozen in 

precipitant solution, mounted in a nylon loop and flash frozen in liquid nitrogen.  All 

data were collected at 100K at the SER-CAT 22BM beam line at the Advanced Photon 

Source.  The diffraction data were scaled and indexed using SCALA and XDS (Kabsch 

1993; Collaborative Computational Project 1994).     

10.2.4 Structure Determination, Model Building and Refinement 

The structure was determined by molecular replacement using the Amore 

program using the ligand-bound form of the ribose binding protein from E. coli as the 

search model(Navaza 1994). Rotation, translation, and fitting functions revealed a single  

solution yielding higher correlation coefficients and a lower R factor than all the others.  

Manual model building was carried out in the programs O and COOT and refined using  

REFMAC5(Jones, Zou et al. 1991; Murshudov, Vagin et al. 1997; Emsley and Cowtan 

2004).  The final model for the tteRBP complex includes two intact tteRBP monomers 
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Table 10.1 Data collection, stereochemistry and refinement statistics 

 

 



 

157 

(residues 2-275), two ribose molecules, and 346 water molecules. The model exhibits 

good stereochemistry as determined by PROCHECK and MolProbity; final refinement 

statistics are listed in Table 10.1 (Laskowski 1993; Davis, Murray et al. 2004). PDB 

coordinates and structure factors have been deposited in the RCSB Protein Data Bank 

under the accession code 2IOY. 

10.3 Results 

10.3.1 Thermal Stability and Ligand Binding  

The stability of tte0206 was determined by thermal denaturation using circular 

dichroism (CD).  No significant change in the CD signal could be observed as a function 

of temperature (data not shown) so all subsequent measurements were carried out in the 

presence of guanidine hydrochloride (GdCl) (Figure 10.1).  Melting curves were found 

to fit a two-state model (Schellman 1987; Cohen and Pielak 1994).   A thermal transition 

midpoint (Tm) of 102±1°C in the absence of GdCl was determined by linear extrapolation 

of a series of melting point determinations carried out at different concentrations of 

GdCl (Figure 10.1).  The stability of tte0206 is 46°C more stable than the mesophilic 

Escherichia coli RBP (Tm–value is 56°C) (Figure 10.1).  
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Figure 10.1:  Thermal denaturation of tteRBP and ecRBP determined by circular 

dichroism.  (A)  Thermal denaturation of tteRBP in 4M GdCl in the absence (□) or 

presence of 1mM ribose (■).  Thermal denaturation of ecRBP in the absence (○) or 

presence of 1mM ribose (●).  Solid lines in (A) are fit to a two-state model(Schellman 

1987; Cohen and Pielak 1994) which accounts for the native and denatured baseline 

slopes.  (B)  Extrapolated Tm of tteRBP in the absence (□) or presence of 1mM ribose (■) 

obtained from a series of thermal melting curves at different concentrations of GdCl. 

Solid lines represent linear fits to the observations. 

Ribose binding was tested by observing ligand-mediated changes in the Tm of 

tte0206 in the presence of 4.0M GdCl.   Under these conditions and in the absence of 

sugar, the Tm is 72°C; addition of 1mM ribose raises the Tm to 92°C, indicating that 

tte0206 is a T. tengcongensis ribose binding protein (tteRBP) as predicted from its amino 

acid sequence and operon structure (Figure 10.1).  For the ligand-bound form a Tm of 

114±2°C, in the absence of GdCl was determined by linear extrapolation of a series of 

melting point determinations carried out at different concentrations of GdCl (Figure 

10.1).   
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10.3.2 Structure Determination 

The tteRBP crystal structure was solved to 1.9Å resolution by molecular 

replacement using the ligand-bound form of ecRBP as the search model(Bjorkman, 

Binnie et al. 1994).  Two in-tact molecules (residues 40-313) bound with ribose in 

essentially identical conformations (0.12Å RMSD of backbone atoms) are found in the 

asymmetric unit cell and were refined to Rcryst and Rfree values of 19.9 and 23.4 

respectively.  Data collection, stereochemistry, and refinement statistics are summarized 

in Table 10.1. 

10.3.3 Overall Structure and Comparison to E. coli RBP 

tteRBP has the overall fold and topology that is characteristic of periplasmic 

ribose binding proteins (Figure 10.2).  Due to the high amino acid sequence identity and 

similarity, the closest structural homolog of tteRBP is the ligand-bound form of ecRBP 

(Figure 3)(Bjorkman, Binnie et al. 1994).  The binding pocket polar amino acids, non-

polar amino acids, waters and hydrogen bonding pattern are essentially the same in 

tteRBP and ecRBP (Figure 10.3).  As the distance from the binding pocket is increased, 

the conservation of amino acids is decreased.  41%, 21%, and 36% of the amino acids in 

tteRBP are found in the core, boundary, and surface respectively (Figure 10.3).  The 

highest percentage of amino acids which are not conserved among tteRBP and ecRBP 
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are found on the surface and boundary of the protein.  Approximately half of these 

mutations are conservative (charge inversion is not considered conservative).  Unlike 

 

Figure 10.2:  Stereo diagram of the overall structure of tteRBP.  The ordering of -strands 

(yellow) and -helices (blue) are indicated. 

the boundary and surface, one fourth of the core is mutated and likely due to steric 

restrictions 82% of these are conservative differences (Figure 10.3). 

 Alignment of the structure of tteRBP and ecRBP also allows for identification of 

possible thermal stabilization mechanisms (Figure 10.4).  Little differences are observed 

for backbone atoms (C differences, φ/ψ differences), while large differences are seen for 

X1 values, which further suggests the role of the side-chain, rather than main-chain, in 

thermal stabilization (Figure 10.4). 
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10.4 Discussion 

We have characterized the thermal stability and solved the X-ray crystal 

structure of the T. tengcongensis ribose binding protein.  The crystal structure revealed 

that, although tteRBP is much more stable than ecRBP, the backbone trace of these two 

proteins is essentially identical while amino acids which compose the core, boundary, 

and surface show varying amounts of change among the two.  The high structural 

homology of tteRBP and ecRBP allows the identification of residues which are not 

conserved among them, and therefore the residues likely involved in thermal stability 

adaptation.  The core and the binding pocket region (which mimics a protein core in the 

ligand-bound form) show the highest conservation while the surface and boundary 

amino acids have essentially the same diversity (Figure 10.3).  This suggests that the 

thermal stabilization adaptive potential of the boundary and surface residues may be 

coupled to each other and not to the core.  Furthermore, analysis of the aligned 

structures also indicates that the side-chain conformation and amino acid identity, rather 

than main-chain conformation, are important in determining thermal stability (Figure 

10.4).  Future experiments will aim to answer the question of where thermal stability is 

encoded in tteRBP by transplanting amino acids from the core, boundary and surface of 

tteRBP into ecRBP which should address how these three regions interact to stabilize 

tteRBP.   
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Figure 10.3 Homology between ecRBP and tteRBP.  (A)  Backbone atom alignment of 

tteRBP (blue) and ecRBP (magenta).  (B)  Close-up view of the polar binding pocket 

residues in tteRBP (blue backbone with blue ball and stick representation of binding 

pocket residues) and ecRBP (magenta backbone with magenta ball and stick 

representation of binding pocket residues).  The ribose ligand (gray ball and stick 

representation) is shown.  (C)  Close-up view of the non-polar binding pocket residues 

in tteRBP (blue backbone with blue ball and stick representation of binding pocket 

residues) and ecRBP (magenta backbone with magenta ball and stick representation of 

binding pocket residues).  (D)  Classification of amino acids into core, boundary, or 

surface allows identification of the regions which are conserved among tteRBP and 

ecRBP.     
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Figure 10.4 Structural differences in the aligned models of ecRBP and tteRBP generated 

by LSQMAN.  
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